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ABSTRACT

Macroautophagy/autophagy, is widely recognized for its crucial role in enabling cell survival and
maintaining cellular energy homeostasis during starvation or energy stress. Its regulation is intricately
linked to cellular energy status. In this review, covering yeast, mammals, and plants, we aim to
provide a comprehensive overview of the understanding of the roles and mechanisms of carbon- or
glucose-deprivation related autophagy, showing how cells effectively respond to such challenges for
survival. Further investigation is needed to determine the specific degraded substrates by autophagy
during glucose or energy deprivation and the diverse roles and mechanisms during varying durations
of energy starvation.

Abbreviations: ADP: adenosine diphosphate; AMP: adenosine monophosphate; AMPK: AMP-
activated protein kinase; ATG: autophagy related; ATP: adenosine triphosphate; ER: endoplasmic
reticulum; ESCRT: endosomal sorting complex required for transport; GAPDH: glyceraldehyde-3-phos-
phate dehydrogenase; GD: glucose deprivation; GFP: green fluorescent protein; GTPases: guanosine
triphosphatases; HK2: hexokinase 2; K phaffii: Komagataella phaffii; LD: lipid droplet; MAP1LC3/LC3:
microtubule-associated protein1 light chain 3; MAPK: mitogen-activated protein kinase; Mec1: mitosis
entry checkpoint 1; MTOR: mechanistic target of rapamycin kinase; NAD (+): nicotinamide adenine
dinucleotide; OGD: oxygen and glucose deprivation; PAS: phagophore assembly site; PCD: pro-
grammed cell death; Ptdins3K: class Ill phosphatidylinositol 3-kinase; PtdIns3P: phosphatidylinosi-
tol-3-phosphate; ROS: reactive oxygen species; S. cerevisiae: Saccharomyces cerevisiae; SIRT1: sirtuin 1;
Snf1: sucrose non-fermenting 1; STK11/LKB1: serine/threonine kinase 11; TFEB: transcription factor EB;
TORC1: target of rapamycin complex 1; ULK1: unc-51 like kinase 1; Vps27: vacuolar protein sorting 27;
Vps4: vacuolar protein sorting 4.
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Introduction . .
gleaning energy and nutrient resources for cells under starva-

Nutrient and energy metabolism are fundamental to basic
biological and pathological activities and the ability to accom-
modate conditions where nutrients and energy are deficient is
vital for survival. In response to nutrient and energy depriva-
tion, organisms undergo metabolic adaptations by enhancing
catabolic processes to generate energy and limiting anabolic
processes to conserve energy expenditure [1]. The exploration
of energy metabolism is particularly crucial when linked to its
association with various diseases, particularly the metabolic
reprogramming aspects of cancer or in ischemias. In-depth
mechanistic investigations into energy metabolism offer valu-
able insights into such diseases and may lead to advancements
in therapeutic interventions.

Autophagy is a key catabolic process in eukaryotes that
occurs in response to metabolic and energy stress. Autophagy
enables cells to efficiently break down diverse macromole-
cules, such as proteins, lipids and glycogen [2], thereby

tion conditions [2,3]. Autophagy also plays a role in regulat-
ing cellular metabolic status by suppressing anabolism. When
yeast cells are under starvation, ribosomal proteins are
degraded to halt the energy-consuming process of protein
synthesis [4]. In this way, energy deprivation-induced auto-
phagy is widely considered significant as a survival strategy on
both a cellular and organismal level [5,6]. Moreover, the fail-
ure to properly induce autophagy during glucose deprivation
has been associated with poor prognosis in disease conditions
such as ischemia and cancer [7,8]. Despite the growing focus
on the interplay of autophagy and energy metabolism, there
remains a lack of comprehensive reviews that clearly integrate
the roles and mechanisms of autophagy triggered by carbon
or glucose deprivation.

Here, we discuss recent advances in understanding the
interplay between energy metabolism and autophagy. We
particularly focus on the effect of carbon or glucose starvation
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on autophagy and note its physiological and pathological
relevance. While our discussion is mainly on the pathways
in yeast and mammalian cells, we also briefly discuss key
mechanisms in plant cells. We also address unresolved key
issues such as whether autophagy selectively targets specific
substrates during glucose or energy deprivation. Furthermore,
we advocate for rigorous studies to explore the precise
mechanisms that directly impact autophagy during energy
deprivation.

Autophagy Regulation During Carbon Deprivation

In the early 1960s, Ashford and Porter observed that the
treatment of hepatocytes with glucagon increased the number
of lysosomes containing cytoplasmic components [9]. These
were later recognized as autolysosomes. In 1967, Deter et al.,
in their experiments on rat livers, then confirmed that auto-
phagy could be induced by glucagon [10]. This observation
was not further explored until early 1990s when Ohsumi’s
group reported that the depletion of carbon nutrients could
induce extensive autophagic degradation in the budding yeast
Saccharomyces cerevisiae (S. cerevisiae) [11]. Since then,
numerous studies using this yeast have shown that carbon
depletion, including glucose deprivation, can induce macro-
autophagy [12-17], lipophagy (autophagic degradation of
lipid droplets) [18,19], mitophagy (autophagic degradation
of mitochondria) [20] or reticulophagy (autophagic degrada-
tion of the endoplasmic reticulum [ER]) [21]. The induction
of autophagy by carbon starvation was also observed in plants,
such as rice (Oryza sativa) [22], tobacco (Nicotiana tabacum)
[23], Arabidopsis [24,25], and in mammalian cells [26-29].
Glucose deprivation-responsive autophagy shares many com-
mon key aspects with nitrogen starvation-induced autophagy,
but it also has unique mechanisms.

Yeast can assimilate a wide range of carbon sources. While
glucose is the most preferred, other sources such as glycerol,
ethanol, acetate, and lactate are also utilized [30,31]. However, in
the presence of glucose, the utilization of alternative carbon
sources becomes repressed [32]. Based on this observation, sev-
eral studies have explored the specific carbon starvation condi-
tions that induce autophagy in yeast. The initial study was
conducted using a mutant budding yeast strain unable to use
glycerol as a carbon source [11]. In this mutant yeast strain,
autophagy was induced in a standard growth medium where the
only carbon source available was glycerol [11]. Moreover, several
studies showed that glucose starvation induces macroautophagy
[12,14,16] and lipophagy [33] in wild-type strains of budding
yeast, although some studies suggested glucose starvation does
not induce autophagy in budding yeast [15,34]. In fission yeast
(S. pombe), either partial or complete glucose depletion could
trigger autophagy [35].

While much evidence has been gained from studies using
yeasts that were subjected to abrupt carbon starvation, this
approach provided a somewhat artificial scenario, as changes
would more usually occur gradually in natural environments.
To address such shortcomings, Iwama and Ohsumi explored
the processes of yeasts growing in media where energy sources
were more gradually depleted [21]. For glucose-fermenting
yeasts, such as S. cerevisiae, the process can be divided into
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3 phases: the glucose-utilizing phase, the ethanol-utilizing (or
lag) phase, and the ethanol-depleted phase [21]. Initially, yeast
consumes glucose and diverts it to ethanol, acquiring adeno-
sine triphosphate (ATP) from glycolysis in this stage. As
proliferation continues, glucose becomes depleted and yeast
cells begin to utilize ethanol (i.e. diauxic shift) to generate
ATP in the mitochondria and initiate autophagy [36,37]. This
phase is also known as the lag phase reflecting its growth
status [21]. In the final or ethanol-depleted phase, cells enter
stationary status (the period when the cell number stops
increasing) and autophagy is activated to a greater extent
[18,19]. Various cellular components undergo degradation in
different stages. For instance, bulk autophagy, lipophagy, and
reticulophagy are initiated during the ethanol-utilizing phase,
whereas mitophagy is induced during the ethanol-depleted
phase [21]. Methylotrophic yeasts such as Komagataella phaf-
fii present contrasting features relating to their carbon meta-
bolism since they do not ferment glucose. Lipophagy naturally
occurs in K. phaffii after glucose depletion, releasing fatty
acids to produce energy [38,39]. When the carbon source is
shifted from glucose to methanol, K. phaffii undergoes lag
phase autophagy, similar to S. cerevisiae [40].

The studies discussed above suggest that either abrupt or
gradual depletion of available sources of carbon, or a shift
from the preferable carbon source to alternative sources in
yeast cells, induces autophagy. However, it is important to
note that different induction conditions can result in varying
consequences, since there are discernible differences between
abrupt and gradual starvation processes. Following abrupt
glucose starvation, ATP levels drop sharply and are only
replenished gradually [41,42]. In such cases, autophagy can
be a way to recover the energy pool. By contrast, gradual
starvation does not induce such a sudden decline in ATP
levels, at least until the entire carbon source is consumed. It
is also noteworthy that, while the regulation of autophagy by
carbon starvation has been clearly demonstrated in yeasts,
studies on this topic in other organisms have been relatively
limited [26-28,43,44].

Mechanisms of Carbon Starvation-Responsive
Autophagy in Yeast

In yeast cells, the intracellular energy status is sensed by Snfl
(sucrose non-fermenting 1), which is homologous to mamma-
lian AMP-activated protein kinase (AMPK) (Figure 1). As Snfl
responds to declining levels of glucose to regulate metabolic
activities, it is reasonable to hypothesize that Snfl May therefore
play a role in the regulation of autophagy during energy depriva-
tion. Supporting such a hypothesis, Adachi et al. showed that
Snfl is required for autophagy under carbon starvation condi-
tions [15]. Seo et al. showed that Snfl facilitates the translocation
of Atgl4 from the ER to the vacuole membrane, which is critical
for acute glucose restriction-induced lipophagy [33].

In our studies, we have shown that Snfl induces the
recruitment of Atgl to the mitochondria via binding and
phosphorylating Mecl (mitosis entry checkpoint 1,
a homolog of mammalian ATR involved in the DNA damage
response pathway), on the mitochondrial surface [12]. In this
way, the Snfl-Mecl-Atgl pathway was confirmed to act to
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Figure 1. Molecular mechanisms underlying macroautophagy and lipophagy induced by glucose deprivation (GD) in yeasts. Under glucose starvation, Ggc1 recruits
Mec1 to the mitochondrial surface, leading to the formation of Mec1 puncta in a process that requires ROS. Mitochondrial fusion facilitates the binding between Snf1
and Mec1, resulting in Mec1 phosphorylation by Snf1. The phosphorylation of Mec1 promotes the recruitment of Atg1 to the mitochondria. Atg11 mediates the
interaction of Snf1 and Atg1. The Snf1-Mec1-Atg1 complex is necessary for maintaining mitochondrial respiration. In turn, mitochondrial respiration is required for
glucose starvation-induced Mec1 phosphorylation. Atg11 also mediates the association of Atg17 with Atg29-Atg31 and facilitates the recruitment of Atg9 vesicles to
the PAS. Additionally, glucose starvation suppresses the activity of Ryh1, a small GTPase, inhibiting TORC2 and enhancing autophagy. Glucose deprivation also
enhances the activity of Sty1, a MAPK family member, to upregulate autophagy-related genes expression. During lipophagy, Snf1-dependant translocation of Atg14
from the ER to the vacuole is critical for the formation of the raft-like domain, which contains PtdIins4P. NPC/Niemann Pick type C proteins facilitate the expansion of
the raft-like domain. Specifically in glucose starvation, Cue5, a selective aggrephagy receptor in K. phaffii, is degraded together with lipid droplets (LD, spherical

organelles containing lipids) via autophagy.

maintain mitochondrial respiration. We also found that mito-
chondrial respiration is necessary for Mecl phosphorylation
by Snfl and for glucose starvation-induced autophagy. In
response to energy starvation, Mecl forms puncta on the
mitochondria by interacting with Ggcl (GDP/GTP carrier 1),
a mitochondrial transmembrane protein. Mecl also directly
interacts with Atgl3 (an essential protein in autophagy initia-
tion), its binding crucial for recruiting Atgl3 to the phago-
phore assembly site (PAS) and inducing autophagy during
glucose starvation [45].

We further elucidated that the mitochondrial fusion machin-
ery is required for the interaction of Snfl and Mec1 upon glucose
deprivation [46]. These findings of the close relationship
between mitochondria and glucose starvation-induced autopha-
gy are consistent with a report by Adachi et al. [15] where the
authors showed that inhibiting cytochrome C reductase led to
suppression of autophagy induction during carbon starvation.
Their study also showed that carbon deprivation-induced auto-
phagy depends on Atgll and Atgl7 [15]. Upon energy starva-
tion, Atgl1 mediates the interaction between Snfl and Atgl and
enables Snfl to regulate Atgl [13]. In addition, Atgl1 facilitates
the association of Atgl7 with Atg29-Atg31 and the recruitment
of Atg9 to the PAS [13]. All these steps are important for the
formation of the PAS.

Corral-Ramos et al. recently showed that the TOR and
MAP kinase pathways regulate autophagy in fission yeast
during glucose starvation [35]. In nutrient-rich media, Ryhl,
a small GTPase, activates the TOR complex 2 (TORC2) path-
way [47]. Under glucose starvation, the inactivation of Ryhl
suppressed TORC2. This results in subsequent TORCI inhi-
bition and autophagy induction [35]. Their study also showed
that autophagy is regulated by Styl, a MAPK family member
that controls the transcription of ATG genes, in fission yeast
during glucose starvation.

Lang et al. also showed that autophagy initiation occurs
during glucose starvation, evidencing this via the formation of
Atg8 puncta. However, the completion of autophagy and the
delivery of Atg8 to the vacuoles did not occur [34]. This study
suggested that autophagy is suppressed by increased amino
acids, as produced from endocytosis and vacuolar hydrolysis
and induced by glucose starvation. However, Adachi and
colleagues showed that glucose starvation did not induce
Atg8 degradation in two yeast strains [15]. The discrepancy
between these two studies may be due to differences in the
glucose starvation conditions used, such as acute versus
chronic deprivation. Further investigation is needed to clarify
such discrepant results on the effect of glucose starvation on
autophagy.



Mechanisms of Lipophagy in Yeast Stationary Phase

One of the other key mechanisms related to carbon starva-
tion-induced autophagy involves the pathway that regulates
lipophagy in the stationary phase of budding yeast, as
occurs when the whole carbon source is depleted
Figure 1. In such a condition, the size and number of
lipid droplets (LDs, spherical organelles containing lipids
surrounded by a protein-associated phospholipid mono-
layer), increase, and the LDs translocate from the perinuc-
lear ER to the vacuolar lipid rafts to provide inner
contents, such as sterol esters, to maintain the integrity of
the lipid rafts [18]. In a feed-forward manner, the integrity
of lipid rafts supports the delivery of LDs to the vacuoles
during the stationary phase [18]. The molecular mechan-
isms underlying this process have been uncovered to some
extent. Ncrl (Niemann-pick type C Related 1) and Npc2
(Niemann Pick type C homolog 2), which are homologs of
a protein that causes Niemann-Pick type C (NPC) disease,
play a role in facilitating the formation and expansion of
the lipid rafts and lipophagy during the stationary phase.
This process likely occurs through the insertion of sterols
into the lysosome membrane [19]. Additionally, Kurokawa
et al. showed that Pikl (phosphatidyl inositol kinase 1) and
Stt4 (staurosporine and temperature sensitive 4), both
phosphatidylinositol 4-kinases, produce phosphatidylinosi-
tol 4-phosphate (PtdIns4P) and facilitate the engulfment of
LDs by PtdIns4P-positive raft-like domains during the
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stationary phase of budding yeast [48]. How those mole-
cules regulate lipophagy during the stationary phase, and
whether the observed lipophagy is due to carbon source
deprivation, requires further investigation.

In budding yeast, the endosomal sorting complex required
for the transport (ESCRT) complex plays a crucial role in
lipophagy during glucose starvation. Oku et al. showed that
Vps27 (vacuolar protein sorting 27), a component of the
ESCRT complex, particularly its binding with clathrin, is
necessary for the induction of lipophagy after a diauxic
shift switching the carbon source from glucose to ethanol
[36]. Vps4 (vacuolar protein sorting 4) of the ESCRT com-
plex is also required for lipophagy during the stationary
phase of budding yeast [18,49]. However, the role of the
ESCRT complex in lipophagy requires further clarification,
as Zhang et al. suggested that the ESCRT complex plays
a negative role in lipophagy under cases of abrupt glucose
limitation [50].

Regulation of Autophagy During Glucose Starvation
in Mammalian Cells

In mammalian cells, the regulation of autophagy during glu-
cose starvation is mediated by multiple linked pathways.
These have been well summarized in other reviews [51,52].
The central mediator of the mechanism is AMPK (Figure 2).
Glucose deprivation activates AMPK via increasing the
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Figure 2. Schematic diagram illustrating the process of autophagy initiation in mammalian cells in response to glucose starvation. When glucose is deprived, the
decrease in cellular AMP or ADP levels is detected by AMPK. A decrease in fructose-1,6-bisphosphate (FBP), a metabolic intermediate of glycolysis, can activate AMPK
to induce autophagy. In addition, an increase in ammonia produced by amino acid catabolism can also trigger autophagy initiation. Activated AMPK can suppress
MTORC1 via phosphorylating RPTOR (a component of MTORC1) and activating TSC2 (suppressor of MTORC1). Independent of AMPK, MTORC1 can also be inhibited by
enhanced interaction with DEPTOR and HK2 under glucose starvation. PtdIins3P (a phospholipid in cell membranes) is required to initiate autophagy under nitrogen
starvation, while PtdIns5P can substitute for PtdIns3P in glucose deprivation-induced autophagy. Ptdins5P mediates the recruitment of WIPI2 and ZFYVE1 to
phagophores, maintaining ATG12-ATG5 conjugation and autophagy. Dashed lines indicate that the intermediate mechanisms are unclear.
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relative ratio of AMP or ADP level to ATP level [53,54].
Additionally, one recent study confirmed fructose-1,6-bispho-
sphate (a glycolysis metabolite) and ALDO/aldolase mediate
glucose sensing by AMPK [55]. The activated AMPK then
phosphorylates ULK1, the protein kinase that triggers the
initiation of autophagy [26]. AMPK also phosphorylates
RPTOR/raptor [56], a component of MTORCI1, and TSC2
(TSC complex subunit 2) [57-60], an upstream suppressor
of MTORCI signaling. Through RPTOR phosphorylation,
AMPK can enhance autophagy induction. Autophagy can be
enhanced under glucose-deficient conditions through the
inhibition of MTORCI, independent of AMPK activation.
Glucose limitation deactivates RRAG guanosine triphospha-
tases (GTPases) and thereby suppresses the recruitment of
MTORCI to the lysosome for its activation [61]. In cultured
HEK293E cells, glucose deprivation was shown to induce the
accumulation of DEPTOR (DEP domain-containing MTOR-
interacting protein), which binds and inhibits MTORCI and
MTORC2 [62], enhancing autophagy [63]. In addition, glu-
cose deficiency was shown to enhance the interaction between
HK2 (hexokinase 2), an enzyme that catalyzes the production
of glucose-6-phosphate during glycolysis, and MTORC1 [64],
the binding of which suppresses MTORCI activity and
induces autophagy.

In addition to the pathways discussed above, glucose depri-
vation has also been shown to induce autophagy by enhancing
amino acid catabolism that leads to the accumulation of
cellular ammonia. The accumulation of ammonia has been
shown to induce autophagy in both mouse embryonic fibro-
blasts (MEFs) and in a human bone osteosarcoma epithelial
cell line [28,65]. Cheong et al. showed that autophagy could
be induced in the absence of ULK1 and ULK2 through the
accumulation of ammonia during prolonged glucose starva-
tion [28]. Another non-canonical autophagy pathway induced
by glucose starvation involves phosphatidylinositol 5-phos-
phate (PtdIns5P) [66]. While phosphatidylinositol-3-phos-
phate (PtdIns3P)-mediated recruitment of autophagic
effectors such as WIPI (WD repeat domain, phosphoinositide
interacting) proteins are known to be essential for autophagy
induction in response to amino acid starvation [67],
McAlpine et al. and Vicinanza et al. showed in cultured
MEFs and Hela cells that glucose deprivation-induced auto-
phagy does not require PtdIns3P or WIPI proteins, but
instead requires PtdIns5P [29,66]. Upon glucose deprivation,
PtdIns5P mediates the recruitment of WIPI2 and ZFYVE1/
DFCP1 (double FYVE domain-containing protein) to phago-
phores, maintaining ATG12-ATG5 conjugation and autopha-
gy, even in PtdIns3P-depleted cells [66]. These findings
suggest that glucose starvation induces autophagy in mamma-
lian cells via multiple pathways. Such multiple pathways may
have evolved to ensure homeostasis in mammalian cells and
to adapt to the complex and drastically changing environ-
ments encountered during evolution.

Autophagy During Low Energy in Plants

As sessile organisms, plants extensively rely on autophagy to
deal with inevitable existential challenges [68,69]. Autophagy-
deficient Arabidopsis thaliana (A. thaliana) mutants have

shown early senescence under darkness or sugar deprivation
[24,70-72]. Darkness, during which the carbohydrate pool is
depleted in plants, is widely used to create carbon-starvation
conditions, though light signaling might suppress autophagy
independently of carbon starvation [70,72,73].

Several works have contributed to our understanding of
the autophagy mechanism in plants during carbon starvation.
In A. thaliana, ATI1 (ATGS8-interacting protein 1) and ATI2
bind to Atg8 [44]. Located in the ER network and plastids in
favorable growth conditions, ATI1 transports cargo proteins,
such as chloroplast proteins, to the vacuole in response to
carbon starvation [43,44]. Wu et al. showed that ATI1 and
ATI2 regulate reticulophagy in A. thaliana in response to
carbon starvation [74]. In this process, ATI1 and ATI2 recruit
and carry MSBP1 (Membrane Steroid Binding Protein 1)
from the ER to the vacuoles for degradation [74]. MSBP1 is
a scaffold protein that stabilizes P450 enzymes involved in the
biosynthesis of lignin, a complex biopolymer, as a main com-
ponent of the plant cell wall [74,75]. Such a result implies that
the function of P450 enzymes might be regulated by the
reticulophagy under carbon starvation.

Chloroplasts, the site where the core metabolic processes
occur in photoautotrophs, are also degraded and utilized as
a major energy source for survival during energy-limited
conditions such as sugar starvation [76]. According to
a model proposed by Ishida et al, chloroplasts in
A. thaliana are decomposed and transported into specialized
autophagic vesicles called Rubisco-containing bodies when
individual leaves are shaded from light [77]. A similar
model has been proposed in rice (Oryza sativa) where recy-
cling of chloroplastic proteins was observed during darkness,
which is consistent with the finding in A. thaliana [78].

In plants, programmed cell death is intertwined with auto-
phagy during carbon starvation [79]. One study, conducted
on both potatoes and tobacco, suggested that the translocation
of VPE (vacuolar processing enzyme) from the ER to the
central vacuole via autophagy results in programmed cell
death in response to carbon starvation [80]. However, the
role of autophagy in programmed cell death is controversial.
Phillips et al. showed that autophagy-deficient A. thaliana is
prone to programmed cell death under carbon starvation [72].
Further study is necessary to clarify whether autophagy plays
a positive or a negative role in programmed cell death during
carbon starvation in plants.

Autophagy in Supplying Energy and Regulating
Cellular Survival During Energy Stress

One way autophagy maintains energy homeostasis and
supports cell survival during glucose starvation is to mobi-
lize nutrient reserves, such as LDs. For instance, glucose
deprivation-induced autophagy enhances the number of
LDs in mammalian cells that are subjected to lipolysis
thus resulting in the production of ATP [81]. Kaushik
et al. showed that chaperone-mediated autophagy facilitates
lipolysis during glucose starvation via the degradation of
PLIN2 (perilipin 2) and PLIN3 [82]. Lipophagy has been
shown to contribute to energy production in budding yeast
under glucose restriction conditions [17,33]. In mice,



depleting an autophagy gene specifically in the liver or
kidney prevented fasting-induced LD formation and keto-
genesis in those tissues [83,84]. This suggested that auto-
phagy is necessary for the metabolic response to fasting in
mice. Other studies have further confirmed the critical role
of autophagy in supplying energy for animal survival dur-
ing fasting. For example, mouse neonates have been shown
to depend on autophagy for survival due to the limited
availability of food after birth [85]. During this neonatal
period, autophagy breaks down glycogen and proteins,
releasing glucose and amino acids as energy sources, thus
supporting neonatal survival [6,61,86,87].

Besides degrading lipids, glycogen, and proteins, auto-
phagy can also facilitate cells to adapt to glucose depriva-
tion through regulating energy demand or nutrient intake.
For example, starvation-induced hypothalamic autophagy
was shown to upregulate the level of AGRP (agouti related
neuropeptide), which promotes food intake in mice [88].
AGRP levels are regulated by fatty acids generated from the
autophagic degradation of lipids in neurons. Oh et al. also
showed that the hypothalamic AMPK-mediated autophagy
pathway can increase food intake in the mouse by upregu-
lating NPY (neuropeptide Y) expression and downregulat-
ing POMC/pro-opiomelanocortin-a  expression during
glucose shortage conditions [89]. However, the specific
mechanism of how autophagy can affect NPY and
POMC/pro-opiomelanocortin-a expression remains
unknown.

While fasting is a common condition that subjects living
organisms to energy stress, exercise can also cause
a corresponding energy stress challenge in organisms.
Exercise has been shown to induce autophagy in organs
associated with glucose homeostasis, including the liver, pan-
creas and muscle [90]. In response to exercise, autophagy may
play roles in replenishing energy or adjusting energy demand.
For example, He et al. showed that exercise-induced autopha-
gy facilitates the muscle to uptake glucose during exercise
[90]. Liu et al. showed that endurance exercise and glucose
deprivation can facilitate the interaction of Toll-like receptor
9 with BECNI resulting in muscle AMPK activation [91].

In addition to its pro-survival roles, autophagy has been
shown to promote immunogenic cell death [92]. In their
study, Pietrocola et al. showed that autophagy induction
through treating with protein acetylation inhibitors, which
mimics the effects of caloric restriction, enhances the immune
response against tumor cells in mice. Autophagy enhances the
secretion of ATP, a hallmark of immunogenic cell death,
which then triggers the immune response [92,93]. These stu-
dies suggest that starvation-induced autophagy plays complex
roles in regulating biological processes related to energy stress
and cellular survival.

Energy Deprivation and Autophagy in Human Health
and Disease

The proper regulation of autophagy during energy depriva-
tion is closely related to many human diseases [94,95]. In the
following section, we discuss three disease conditions (cere-
bral ischemia, myocardial ischemia, and cancer) where cells
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experience glucose deprivation and their response involves
autophagy. These examples highlight the potential impact of
dysregulated autophagy during glucose deprivation on human
health.

Cerebral ischemia

In the brain, restricted blood supply can lead to the develop-
ment of ischemia and oxygen-glucose deprivation (OGD). An
increasing number of studies have suggested that autophagy
might play crucial roles in cell survival under stress conditions
[96,97]. Wang et al. showed that overexpression of NAMPT
(nicotinamide  phosphoribosyltransferase), a metabolic
enzyme involved in the biosynthesis of nicotinamide adenine
dinucleotide, enhances autophagy in the neurons via inhibit-
ing MTOR, thus presenting a neuroprotective role [98].
However, autophagy does not appear to remain active
throughout the period of cerebral ischemia. In cases of cere-
bral ischemia, TFEB (transcription factor EB) expression is
both increased, and shows increased activity of translocation
into the nucleus. This leads to autophagy activation, which
alleviates the effects of ischemic injury [99]. Specifically,
OGD-induced upregulation of calcineurin facilitates the
translocation of TFEB. As the ischemic condition persists,
the nuclear TFEB levels decrease and autophagy is reduced,
exacerbating the extent of ischemic damage. In one recent
study, Xu et al. showed that the expression of a7nAChR
(alpha7 nicotinic acetylcholine receptor) is reduced in
a mouse model of ischemic stroke [100]. Application of an
agonist of the receptor was then shown to have a protective
effect against the ischemic stroke condition, likely via the
AMPK-MTORCI-autophagy pathway.

In contrast, some studies have suggested that the suppres-
sion of autophagy, rather than its enhancement, plays
a beneficial role in cerebral ischemia [101,102]. Zhang et al.
showed that autophagy inhibition during OGD decreased the
area of cerebral tissue infarction in mice [103]. Using phar-
macological inhibitors of autophagy, Qin et al. showed that
OGD-induced autophagy may at least partly contribute to
ischemic injury of astrocytes in rats [104]. In cell culture
experiments, Pei et al. discovered a microRNA (small non-
coding RNA), miR-190b, that inhibits autophagy and neuro-
nal apoptosis during OGD [105]. One possible explanation is
that excessive autophagy may aggravate neural deficits and the
maintaining of moderate autophagy may therefore be a key to
protecting brain tissue during cerebral ischemia.

Myocardial ischemia

Myocardial ischemia is a pathological condition characterized
by the interruption of blood perfusion in the heart, resulting
in reduced glucose and oxygen supply to cardiomyocytes and
the failure of normal heart function. Enhancing autophagy
has been regarded as a protective mechanism for myocardial
ischemia [7]. In rat or mouse models, acute myocardial infarc-
tion enhancing autophagy via rapamycin treatment or starva-
tion resulted in decreased myocardial infarction size
[106,107]. According to another study in pigs, chronic cor-
onary ischemia increased autophagy in the ischemic
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myocardium, which was reversely correlated with cellular
apoptosis, the direct cause of infarction necrosis [108].

Further evidence of the beneficial effect of autophagy in
myocardial ischemia was provided by a study by Sun et al. in
which the authors showed glucose starvation enhanced auto-
phagy in cultured primary cardiomyocytes [109]. This auto-
phagy was further increased by CDKNI1B/p27 and played
a pro-survival role by inhibiting apoptosis. Matsui et al.
showed evidence that autophagy may play a protective role
during myocardial ischemia via an AMPK-dependent
mechanism [110]. In line with these findings, Sciarretta
et al. showed that glucose starvation inactivates RHEB-
MTORCI signaling thus resulting in induction of autophagy
that protects cardiomyocytes [111]. The beneficial effect of
glucose starvation on cardiomyocytes during OGD might be
at least in part due to the upregulation of many autophagy-
related genes and involving Gabarapll and Atgl2, via FOXO
transcription factors [112].

Despite the beneficial effects of autophagy on cardiac cell
survival, some studies have suggested that autophagy might
have a counteractive effect. Troncoso et al. showed that IGF1
(insulin-like growth factor 1) suppresses autophagy in cardi-
omyocytes but enhances cell survival during prolonged serum
and glucose deprivation [113]. Aki et al. observed that over-
expression of PtdIns3K led to the accumulation of autophagic
vacuoles and subsequent cardiomyocyte death during glucose
starvation [114]. Taken together, these studies suggest that
autophagy can have both beneficial and harmful effects on
cardiomyocyte survival during glucose starvation or myocar-
dial ischemia. Kriel et al. proposed that the extent of autopha-
gy or an autophagy flux threshold might determine whether
autophagy leads to cell death or survival [115]. It is important
to note that autophagic flux was not thoroughly evaluated in
several of the studies discussed above. Thus, further investiga-
tion is necessary to make definitive conclusions.

Cancer

Tumors are characterized by disorganized vasculature and
uncontrolled rapid proliferation of cells. This can lead to
inadequate delivery of nutrients, including glucose, and an
increased demand for energy [116]. Adapting to such
a metabolic status, tumor cells exhibit a preference for glyco-
lysis over oxidative phosphorylation to produce energy even
under aerobic conditions (known as the Warburg effect). This
leads to their increased sensitivity to a reduction in glucose
levels compared to untransformed cells [117,118].

Targeting autophagy in glucose-deficient tumor cells has
been tested as a potential therapeutic strategy for cancer
treatment. Li et al. showed that during glucose deprivation,
ACSS (acyl-CoA synthetase short-chain family member) is
translocated into the nucleus and promotes the transcription
of lysosomal and autophagy genes by its binding to TFEB and
by facilitating its translocation to the respective gene promo-
ter regions [119]. The authors used a xenograft tumor model
to demonstrate that the ability of ACSS to translocate into the
nucleus is important in the induction of autophagy and results
in a reduction in brain tumor growth. Studies on breast or
pancreatic cancer cells have also shown that activating

autophagy can promote cell survival under conditions of
glucose deprivation [120,121]. Walker ef al. showed that auto-
phagy-mediated degradation of SQSTMI1/p62 (sequesto-
some 1) stabilizes NFE2L2/NRF2 (nuclear factor, erythroid
derived 2, like 2), a key transcription factor involved in anti-
oxidative response, thus protecting breast cancer cells during
glucose deprivation [120]. Meng et al. showed that glucose
deprivation-induced degradation of GPX1 (glutathione per-
oxidase 1), an antioxidant enzyme, activates autophagy and
inhibits pancreatic cancer cell death [121].

Although autophagy inhibition has been considered
a potential therapeutic strategy for cancer, it should be
noted that autophagy also plays a role in suppressing cancer
cell growth. One example of the negative effects of autophagy
on cancer cell growth is related to the tumor suppressor gene
TP53/p53, where the mutant form of TP53 is oncogenic.
Rodriguez et al. showed that glucose restriction induces bind-
ing between the mutant TP53 and BECN1, a core protein in
the autophagy machinery, resulting in the activation of auto-
phagic degradation of the mutant TP53 and subsequent tumor
cell death [8]. Pietrocola et al. demonstrated that autophagy
can also have negative effects on lung tumor growth [92].
Using a mouse lung cancer model, the authors showed that
caloric restriction mimic mice showed autophagic-dependent
depletion of regulatory T cells from the tumor. This resulted
in enhanced anticancer immunosurveillance [92]. Taken
together, autophagy triggered in energy-stressed cancer cells
can exert both therapeutic and pathogenic effects. Such dual
effects are likely due to multiple downstream pathways with
different functions involved in responses to stress conditions.
Further understanding of the mechanisms underlying the
effects of autophagy could be beneficial toward the develop-
ment of better cancer therapeutics.

Outstanding Questions

As discussed above, autophagy regulation during glucose or
energy deprivation has unique aspects compared to nitrogen
and other starvation-induced autophagy. Despite the signifi-
cant importance of the topic, there are still many controversial
issues and unresolved molecular mechanisms regarding the
regulation and roles of autophagy during glucose starvation or
energy deprivation. Several noteworthy questions related to
this are discussed below.

Cells recognize glucose and nitrogen starvation as dis-
tinct stresses and cope with them in different ways to
ensure cell survival and homeostasis. It is currently unclear
whether autophagy specifically degrades certain substrates
during glucose or energy deprivation. The only known
example of a glucose starvation-specific autophagy sub-
strate is Cue5, a receptor for aggrephagy (selective auto-
phagy of ubiquitinated protein aggregates), that is degraded
via autophagy during glucose starvation in K. phaffii
(methylotrophic yeast) [39]. Cue5 accumulates on LDs
and is degraded along with LDs via lipophagy in the sta-
tionary phase, thereby generating energy for the yeast cells.
A global-scale proteomics approach has been useful in
identifying proteins degraded during amino acid starvation
[122]. A similar approach could be useful in identifying



proteins degraded during glucose starvation at a global
scale.

Although AMPK is a main player in the pathway that
regulates autophagy in response to glucose starvation, other
molecules have also been identified to regulate autophagy
independently of AMPK during glucose starvation. Some
examples of such proteins include Styl and Ryhl in fission
yeast as well as HK2 and RRAG GTPases in mammalian cells
[35,47,61,64], as discussed above. It is possible that many
more pathways, distinct from AMPK, could independently
regulate autophagy during glucose starvation. For instance,
Mecl, involved in DNA repair, has been found to regulate
autophagy specifically in response to glucose starvation in
budding yeast [12]; Prll has been found to specifically reg-
ulate lipophagy during glucose deprivation in K. phaffii [38];
and PtdIns5P has been identified as essential for autophagy
during glucose deprivation, but shown to be dispensable for
nitrogen starvation-induced autophagy in human cancer
cells [66]. It is possible that more genes regulating glucose
starvation-dependent autophagy, may be identified in the
future.

Glucose starvation induces changes in gene expression and
alters the function of many cellular factors. This makes it
difficult to tease apart the specific mechanisms that directly
affect autophagy. Additionally, the cellular response that
occurs via autophagy during glucose starvation can also vary
depending on the duration of glucose starvation or the cell
type, potentially representing discrepancies among studies.
Achieving a more comprehensive understanding of the mole-
cular mechanisms governing autophagy under glucose starva-
tion or energy deprivation, coupled with rigorous
experimental validation of published works, holds the poten-
tial to resolve controversies within the literature and unlock
novel insights into this pivotal cellular process for stress
response.
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