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Abstract: Autophagy is a conserved degradative process which facilitates the degradation of excessive or damaged
proteins and organelles in lysosomes. It plays a crucial role in maintaining cellular homeostasis by liberating
glucose and other nutrients, like amino acids and fatty acids, to support cellular functions during stress conditions
and starvation. Glucose, an important carbohydrate in the human body sustains cellular life. Recent studies have
highlighted the role of autophagy in glucose metabolism. In this review, we summarize the role of autophagy in
glycogen metabolism, glycolysis, and gluconeogenesis. We also explore the relationship between autophagy and
factors involved in glucose metabolism, such as ATP and calcium. Additionally, we discuss the effects of
autophagy on diseases associated with abnormal glucose metabolism, including diabetes and insulin resistance
(IR). Furthermore, we will provide an overview of potential medications that can improve glucose metabolism by
regulating autophagy. Thus, as the main regulator, autophagy is promising as a therapeutic target for addressing
abnormal glucose metabolism-related diseases.
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1. Introduction

Glucose metabolism is a fundamental process that plays a critical role in maintaining cellular homeostasis
and energy metabolism [1,2]. Glucose can be gradually catabolized to release energy and produce intermediates
that can enter other metabolic pathways via a series of enzymatic reactions. Thus, it serves as the major source of
ATP, enabling cells to conduct various cellular processes, such as biosynthesis, active transport, and signaling. In
addition, glucose metabolism provides the carbon backbone for synthesizing molecules that are critical for cells
growth, maintenance, and proliferation, such as nucleotides, amino acids, and lipids [3]. Regulation of glucose
metabolism is a complex process with several regulatory mechanisms to ensure metabolic homeostasis. Glycolysis
is one of the central pathways of glucose metabolism, which converts glucose to pyruvate, generating ATP and
other intermediates [2,4]. Signaling pathways, such as the insulin signaling pathway, respond to nutrient
availability, control the availability of glucose transporters on the cell surface, and regulate the phosphorylation of
key enzymes of glycolysis. Furthermore, heterogeneous and transcriptional regulation of enzymes related to
glycolysis plays important roles in fine-tuning glucose metabolism.

Autophagy is a “self-eating” phenomenon that maintains cellular homeostasis [5,6]. It can keep apart
cytoplasmic components in autophagosomes and deliver them to lysosomes for degradation [7,8].
Macroautophagy (referred to as autophagy), microautophagy, and chaperone-mediated autophagy are the three
types of autophagy [9]. It has been reported that macroautophagy is a highly conserved and evolutionarily ancient
catabolic process, which involves a vesicular structure with a double-layer membrane, named autophagosome.
This vesicle engulfs cellular proteins and organelles and delivers them to lysosomes [9]. Autophagy encompasses

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.




Health Metab. 2025, https://doi.org/10.53941/hm.2025.100024

different stages [10], including initiation, autophagosome formation, autophagosome membrane expansion and
elongation, autophagosome membrane closure, and lysosomal fusion, finally degrading or recycling intracellular
products [11]. Autophagy is controlled by several signaling pathways and occurs at basal level and during cellular
stress.

The role of autophagy in glucose metabolism has been highlighted in numerous studies. We provide a
comprehensive overview of the specific roles of autophagy in regulating glucose metabolism, including glycolysis,
gluconeogenesis, and glucose oxidation. Additionally, we delineate the relationship between autophagy and factors
related to glucose metabolism, such as ATP and calcium. Furthermore, we discuss the involvement of autophagy
in abnormal glucose metabolism, which causes diseases, particularly diabetes and IR. Understanding the diverse
roles of autophagy in glucose metabolism is essential to unravel the underlying molecular mechanisms and identify
potential therapeutic targets for metabolic disorders.

2. The Process of Autophagy

Several factors can induce autophagy, including starvation, hypoxia, infection, medications, exercise,
reactive oxygen species (ROS) [12,13], and apelin [14-16]. Patricia et al. [17] reported that the induction of
autophagy is controlled by two signaling pathways: mammalian or mechanistic target of rapamycin complex 1
(mTORC1) and AMP-activated protein kinase (AMPK). They assemble and activate Unc51-like kinase 1 (ULK1,
known as ATG1) complex, which comprises ULK1, ATG13, ATG101, and the focal adhesion kinase (FAK)
family kinase-interacting protein of 200kDa (FIP200, known as RBI1CC1). Then, this complex activates the
phosphatidylinositol 3-kinase (PI3K) complex, which induces the amalgamation of phosphatidylinositol 3-
phosphate into the phagophore membrane and generates autophagosomes [18]. Autophagosome formation
involves many genes, which are named autophagy-related genes (ATG).

Next, two conjugation reactions promote autophagosomes formation, both of which are catalyzed by ATG7.
On the one hand, in the presence of autophagy-related16-like 1 (ATG16L1), ATGS binds to ATG12. This process
relies on ATG7 and ATG10. Then, the ATG5-ATG12 complex binds to ATG16L1 to expand the membrane of
autophagosomes. On the other hand, ATG4B binds to ATG7 to form the ATG4B-ATG7 complex and induce the
combination of phosphatidyl ethanolamine (PE) to LC3 (MAP1LC3) to create the autophagosome marker LC3-I1
(known as MAP1LC3B). The continuous assembling of these complexes and lipid delivery via the only multi-
membrane-spanning ATG protein ATG9 allows the elongation of the autophagosome membrane to form the
mature autophagosome [10]. Finally, autophagosomes integrate with lysosomes to degrade the contents. The
macromolecular precursors can be used as fuels or recycled in the metabolic pathways. This part is summarized in
Figure 1.
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Figure 1. Autophagy involves a series of coordinated processes.

Autophagy induction activates AMPK and mTORC1, which subsequently induce the ULK1/ATG1 complex,
triggering the PI3K complex formation and autophagosome generation. Subsequently, ATG7 facilitates
conjugation reactions that support autophagosomes formation. Firstly, ATGS5 conjugates with ATG12, and then
the ATG5-ATG12 complex binds to ATG16L1, facilitating the expansion of the autophagosome membrane.
Thereafter, the ATG4B-ATG7 complex forms and allows the conjugation of phosphatidylethanolamine (PE) to
LC3, forming LC3-II. Finally, the autophagosome joins the lysosome, leading to the degradation of their contents.
Macromolecular precursors are either recycled or utilized for cellular processes.
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3. Autophagy Affects Glucose Metabolism by Modulating Key Enzymes Related to Glucose Metabolism

3.1. Autophagy and Glycogen Metabolism

Glycogen is a glucose polymer, including hepatic glycogen and muscle glycogen serves as the primary energy
source in the body. Hepatic glycogen is present in liver. Hepatocytes are the hepatic parenchyma cells of liver that
carry out most of the physiological tasks, including glycogen metabolism [19]. Hepatic glycogen is a major source
of blood glucose in the body, and its fluctuations are influenced by the circadian cycle, and basal autophagy
exhibits a rhythmic behavior accompanying the body’s glucose fluctuations in the liver [19,20]. Unlike hepatic
glycogen, muscle glycogen is source of energy but not for blood glucose in the body, since the shortage of glucose-
6-phosphatase in the muscle. Hepatic glycogen plays a major role in hepatocytes of the postnatal rats, a significant
breakdown of glycogen has been observed, which was accompanied by the spatial and functional distribution of
autophagic vacuoles in glycogen-containing cells [21-23]. Initially, these vacuoles are small and scarce, but
become larger and more abundant with the progression of glycogen breakdown. They are mainly located at the
borders of cytoplasmic glycogen stores [5,24-28]. The molecular structures of liver glycogen in newborn rats are
different from those in adult animals. In the fetal and newborn rats, liver glycogen shows the Cotton effect, whereas
adult rat liver glycogen does not show the Cotton effect in optical rotatory dispersion (ORD) and circular dichroism
(CD) absorption spectra. The Cotton effect of newborn rat liver disappears 3 days after birth [29]. Besides, the
branching degree of the two glycogens is also different since adult liver glycogen is slightly greater than fetal and
neonatal glycogen [29]. This difference may cause by glycogen-specific autophagy named glycophagy [30], and
related to PI3K since PI3K is highly activated during glycophagy [31,32]. Increased autophagic activity was
observed in various conditions of accelerated glycogen mobilization, including phlorizin treatment, isolated
embryonic hepatocytes, hypoxia, or nervous diseases [33—38]. Autophagy affects glycogen catabolism not only in
animals but also in plants. For instance, in magnaporthe, autophagy induces glycogen catabolism to regulate
asexual differentiation by activating MoATGS8 and glycogen phosphorylase 1 (Gphl). MoATGS is essential for
autophagosome formation, which plays a crucial role in autophagic cells death during appressorium formation and
infection-related morphogenesis in magnaporthe. Meanwhile, Gph1 mediates glycogen breakdown in the cytosol [39].

Glycogen is regulated by glycogen phosphorylase (PYG) and glycogen synthase (GS) [30,38]. PYG is the
rate-limiting enzyme for glycogen degradation in the cytosol. There are three subtypes of PYG, including muscle-
type glycogen phosphorylase (PYGM), brain-type glycogen phosphorylase (PYGB), and liver-type glycogen
phosphorylase (PYGL) with distinct tissue distribution patterns and functions [40]. PYGM is mainly expressed in
the skeletal muscle, which mobilizes and decomposes muscle glycogen to provide ATP for myocytes, especially
in the conditional of exercise [40], which coincides with increasing autophagic and mitophagic flux [41]. PYGM
responds strongly and cooperatively to AMP activation to control local energy needs [42]. PYGB is primarily
expressed in the adult brain; however, recent studies indicated that it is also expressed in tumor, fetal, and heart
tissues [40]. PYGL is predominantly expressed in the liver, which catalyzes hepatic glycogen breakdown to
maintain the blood glucose level [40]. Glycogen can be transported to autophagosomes through a selective process
named glycophagy via the interaction with starch-binding domain-containing protein 1(STBD1) and gamma-
aminobutyric acid receptor-associated protein-like (GABARAP) family protein and degraded in lysosomes via
alpha-acid glucosidase (GAA) [30]. PYGL knockdown activated the normal autophagy and glycophagy as
indicated by increasing the expression of p62 GAA, GABARAPL1 and GABARAPL2 in glioblastoma [43].
However, in healthy zebrafish, high expression of PYGL activated autophagy, especially mitophagy, to mobilize
hepatic glycogen to supply energy to confront the cold environment [44]. In summary, autophagy plays a pivotal
role in regulating PYGM, PYGB, and PYGL effects during glycogen breaks down.

Glucose-1-phosphate is converted to UDP-glucose by UDP-glucose pyrophosphorylase. Glucose-1-P is
primarily converted to glucose-6-P by phosphoglucomutase (PGM). However, PGM also catalyzes the reverse
reaction, converting glucose-1-P to glucose-6-P. The dual role of PGM may not drive optimal glucose-1-P
accumulation and glycogen synthesis. The conversion of GDP-glucose to glucose-1-P and GDP is catalyzed by
metabolite control phosphorylase-1(mcp-1) in worms, which is also named GDP-D-glucose phosphorylase 1
(GDPGP1) in mammals [45]. Loss of mcp-1/GDPGP1 decreases steady-state glucose-1-P and glycogen levels.
Notably, pyruvate and glucose-6-P levels remain unaffected. GS knockdown in cultured neurons led to similar
effects [46,47]. Conversely, MCP-1/GDPGP1 overexpression yielded opposite results in hypoxic conditions
[46,47]. Although numerous studies have demonstrated the correlation between MCP-1/GDPGP1 and GS, there
is still a lack of direct evidence to confirm whether MCP-1/GDPGP1 affects glycogen synthesis through
autophagy. GS plays an essential role in autophagy. GS overexpression alone significantly increased the expression
of LC3-I1, decreased SQSTM1/p62 levels, and increased the number of autophagosomes and autolysosomes in

3 of 17



Health Metab. 2025, https://doi.org/10.53941/hm.2025.100024

neuronal cells [48]. In the D. melanogaster larva, GS knockdown effectively blocked CQ-induced autophagosome
formation, implying that GS may be directly involved in autophagosome formation, as it localizes to these
structures and interacts with Atg8 to form a complex [49].

As a highly evolutionarily conserved intracellular serine/threonine kinase, glycogen synthase kinase-3
(GSK3) can inhibit GS via phosphorylation, thus modulating glucose metabolism [50,51]. Insulin inhibits GSK3,
then activates GS and leads to glucose deposition as glycogen [52,53]. Similarly, treating type 2 diabetes (T2D)
and/or obesity in animal models by GSK3p stimulated GS activity, insulin secretion, and glucose metabolism in
the liver and skeletal muscle in the short and long terms [52,53]. It improved the sensitivity to insulin and finally
ameliorated glucose homeostasis [53]. GSK3 has also been implicated in glucose metabolism through autophagy.
For example, GSK-3f inhibited autophagy to promote cell survival in human prostate cancer cells [54]. In
monocytes, LPS inhibited mTORC1, decreased GSK-3B phosphorylation, and finally activated GSK-3f [55].
Weikel et al. [56] found that GSK-38 knockdown can decrease the expression of protein kinase B (PKB, also
known as Akt) but enhance AMPK function and activate the transcription factor fork head box protein Ol
(FOXO1), which can induce autophagosome formation in human aortic endothelial cells (HAECs). Russi et al.
[57] reported that GSK-30/B inhibition upregulated the LC3-II/LC3-I ratio and downregulated p62 expression in
epithelioid sarcoma cells. However, activated GSK-3 phosphorylated ULK1, a downstream target of mTORCI,
induces autophagy in hippocampal neural stem cells [51,58]. These findings suggest that GSK-3 can function as
an upstream regulator of autophagy in the context of glycogen metabolism.

Overall, autophagy is crucial in promoting glycogen metabolism by regulating glycogen degradation and
energy balance and adapting to various metabolic states. Moreover, autophagy is involved in glycogenesis through
interaction with GSK3 and GS, whereas it regulates glycogen degradation by modulating Gphl.

3.2. Autophagy and Glycolysis

Glycolysis is a process of breaking down the glucose into the pyruvate. Glycolysis occurs in the cytoplasm
of all cells in the absence (anaerobic) or presence of oxygen (aerobic). In the anaerobic condition, the end product
of pyruvate is lactate; however, under aerobic conditions, pyruvate can be further oxidized to produce acetyl CoA
then enters the tricarboxylic acid cycle (TCA cycle) to produce CO, and H,O through oxidization [59]. Autophagy
promotes glycolysis in response to nutrient deprivation [60], and this effect may relate to enzymes that regulate
glycolysis process. Lock et al. [61] reported that Atg5 knockout decreases glycolytic flux and glucose uptake in
mouse embryonic fibroblasts (MEFs). Autophagy could also regulate glycolysis in dengue virus (DENV)
infection. It increases the expression of hexokinase 2 (HK?2), a rate-limiting enzyme in glycolysis, and upregulates
the protein levels of glucose transporter 1 (GLUT1), thereby enhancing glucose uptake [62]. The glycolytic
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) can convert glyceradehyde-3-phosphate to 1,3-
bisphosphoglycerate [63]. After transfecting HeLa cells with GAPDH and staurosporine, an apoptosis initiator,
GAPDH translocates to the nucleus, upregulates Atgl2, and promotes autophagosome formation [64]. GAPDH
protects HeLa cells against cells death, which is associated with increased glycolytic flux [64]. After transfection
with siramesine, GAPDH translocates to the plasma membrane, decreases GLUT1 pools, and inhibits glucose
uptake [65]. Rheb is a small GTPase and acts as a proximal key activator of mTORC1. In HEK293 cells, GAPDH
affects the interaction between Rheb and mTOR. GAPDH prevents Rheb from binding to mTOR, inhibiting
mTORCI activity in low glucose conditions [66]. However, high glycolytic flux exhibited the opposite effect [66].
GAPDH silencing or blocking the interaction between Rheb and GAPDH desensitized mTORCI signaling to
changes in glucose levels [66].

Glycolysis also is known as the Warburg effect in tumor cells. Autophagy promotes glycolysis by
upregulating its key enzymes at the transcriptional or translational levels in hepatocellular carcinoma cells. This
affects glucose metabolism and cancer progression. Circ_0020123 and circRNA of Eps15 homology domain
containing protein 2 (EHD2) accelerate glycolysis but inhibits autophagy in non-small cell lung cancer (NSCLC)
cells, indicating an interaction between glycolysis and autophagy [67]. Activation of autophagy increases
monocarboxylate transporter 1 (MCT1) expression, which enhances glycolysis and metastasis in hepatic cancer
[68]. Lactate dehydrogenase A (LDHA), a rate-limiting enzyme of glycolysis, promotes lactate production. Li et
al. [69] demonstrated that starvation induces autophagy and improves aerobic glycolysis by upregulating the
expression of LDHA in bladder cancer cells. This process was reversed by autophagy inhibition. Wang et al. [70]
demonstrated that cadmium (Cd) induces glycolysis by increasing the protein level of GLUT1, pyruvate kinase
M2 (PKM2), LDHA, and HK2 in A549 and HELF cells and promotes glucose uptake and lactate release.
Autophagy is involved in Cd-induced glycolysis given that blocking autophagy by 3MA and CQ downregulated
glycolysis related proteins. ATGS or ATG4B knockdown showed the same effect, while ATG4B overexpression
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enhanced glycolysis. In summary, ATG5, ATG12, LC3II, and mTOR constitute the principal autophagy pathway
involved in glycolysis by modulating enzymes, like GAPDH, HK2, PKM2, and LDHA (Figure 2).
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Figure 2. The involvement of autophagy in glycolysis and gluconeogenesis.

Starvation-induced autophagy decreases p62 level and activates LC3II and ATGS to enhance PFKP
expression. Cadmium induces ATG4 and ATGS to increase GLUT1, HK2, PKM2, MCT1, and LDHA expression.
Cadmium induces ATG4 and ATGS5 to promote HK2, GLUT1, and PKM2 expression. DENV increases GLUT1
and HK2 through autophagy to regulate glycolysis. Staurosporine promotes GAPDH expression by upregulating
ATGI12. Under low-glucose conditions, GAPDH inhibits Rheb binding to mTOR, thereby inhibiting mTORC1
signaling. These pathways regulate glycolysis. Starvation induces autophagy by activating AMPK,
downregulating mTOR and p62, and promoting G6pase and PEPCK expression to promote gluconeogenesis.
Human umbilical cord mesenchymal stem cell-derived exosomes (HucMDEs) reduce gluconeogenesis by
decreasing G6pase and PEPCK expression and increasing the expression of BECN1 and LC31II. ATG7 deficiency-
mediated inhibition of autophagy impaired gluconeogenesis by decreasing G6Pase and PEPCK expression.

3.3. Autophagy and Gluconeogenesis

Gluconeogenesis is the process of new glucose molecule formation in the body. It primarily occurs in the
liver and also occur in the kidney and small intestine. Autophagy can preserve energy and nutrients when nutrient
supply is limited. It also helps maintain blood glucose levels by supporting gluconeogenesis.

In HepG2 cells, starvation induced autophagy by downregulating mTOR, p-mTOR, and p62 and activating
AMPK. Meanwhile, the rate-limiting enzymes of gluconeogenesis, phosphoenolpyruvate carboxy kinase (PEPCK)
and glucose-6-phosphatase (G6pase) were significantly upregulated [71]. Conversely, inhibition of autophagy due
to ATG7 deficiency and absence of beclinl impaired gluconeogenesis by decreasing PEPCK and G6Pase
expression both in vitro and in vivo [72]. Fang et al. [73] reported that growth hormone (GH) activated autophagy,
preserved triglyceride, enhanced gluconeogenesis, and finally prevented hypoglycemia in calorie-restricted mice.
Autophagy participates in the maintenances of blood glucose levels by providing amino acids to convert [74]. In
the holometabolous lepidopteran insect model, helicoverpa armigera, and cotton bollworm, autophagy provided
substrates for gluconeogenesis. Silencing Atg8 blocked autophagy and decreased the production of
gluconeogenesis substrates, such as glycerol and free amino acids (FAAs), finally decreasing glucose levels
[75,76]. These findings demonstrate that autophagy provides amino acids to facilitate gluconeogenesis.

However, there is also a different perspective. Human umbilical cord mesenchymal stem cell-derived
exosomes (HucMDEs) inhibited gluconeogenesis by decreasing the expression of gluconeogenic enzymes G6pase
and PEPCK in L-O2 cells and T2DM rats. HueMDEs promoted autophagosome formation, evidenced by high
expression of BECN1 and LC3II [77] (Figure 2).
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3.4. Mitophagy Is Essential for Glucose Metabolism

Mitochondria is a metabolic organelle for glucose and fatty acids, involved in ATP sythesis [78].
Mitochondrial function is closely related to glucose level, glucose starvation and high glucose all could cause
mitochondrial disorder, then lead to cellular metabolic dysfunction, such as abnormal glucose metabolism, as
indicated by elevating ROS level, altering mitochondrial membrane potential (MMP) and chaotic ATP production
[78-81]. Mitophagy is a selective degradation process by which cells remove and recycle aged or damaged
mitochondria through autophagy to maintain mitochondrial and cellular homeostasis [81]. Advanced glycation
end products (AGEs) and hyperglycemia-induced nucleus pulposus cells degeneration by aggravating the
production of cellular ROS [82]. Excessive ROS causes genotoxicity and cellular damage [83], at this moment,
mitophagy plays a protective role, removing the excessive ROS through the AMPK/mTOR/ULK]1 pathway to
rescue the cells [83].

The role of mitophagy in glycolysis is complex. Enhanced aerobic glycolysis often come with mitochondrial
dysfunction, which causes low mitochondrial respiration causes increased ROS level [84]. Wang et al. reported
that upregulating glycolysis with high expression of HK2 and 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3) is accompanied by decreasing mitophagy [85]. However, Dai et al. with different
standpoint, they reported that mitophagy was activated as evidenced by the upregulation of the mark genes pinkl,
parkin, LC3, Atgl3, Atgl2, and activation of glycolysis, indicated by the elevated HK and phosphofructokinase
(pfk). In addition, during mitophagy activation, the glycogen content was increased, confirmed by increased glut1,
GSK-38, and glycogen synthase in the hepatopancreas [86].

Accumulation of B-amyloid (AB) in neurons of patients with Alzheimer’s disease (AD) inhibits the activity
of key enzymes in mitochondrial metabolic pathways, triggering mitochondrial dysfunction, which plays an
important role in the onset and development of AD. Aberrant mitochondrial metabolism may hinder mitophagy,
promote cellular metabolic dysfunction, such as abnormal glucose metabolism, and lead to neuronal death [87].
Mitophagy increases brain glucose metabolism by increasing brain '®F-FDG uptake, oxygen consumption rate
(OCR), ATP production, maximal respiration, spare respiratory capacity, and basal respiration in APP/PS1 cells [88].

In skeletal muscle, cold exposure impairs mitochondrial function, as indicated by the reduction in
mitochondrial DNA content [89]. At this moment, mitophagy is activated to clear the damaged mitochondrial,
thereby  promote skeletal muscle glucose metabolism [89]. The activating of insulin
IRS2/PI3K/AKT/GSK3B/GLUT4 pathway, leading to increased skeletal muscle glucose uptake, upregulated
expression of the rate-limiting enzyme of glycogenolysis gene PYGL providing further evidence of reduced
glycogen content [89]. Upregulated expression of the metabolism-related genes Hk1, Hk2, and PDK4 was
observed following cold exposure [89]. During glycolysis process, glucose-6-phosphate dehydrogenase (G6PD)
catalyzes the reaction of glucose 6-phosphate oxidating to be nicotinamide adenine dinucleotide phosphate
(NADPH), G6PD knockdown activated mitophagy by PINK 1/Parkin pathway [90].

4. Autophagy and Factors Involved in Glucose Metabolism

4.1. Autophagy and ATP

ATP serves as a vital signaling molecule involved in intercellular communication. It is the primary product
of the TCA cycle. In A549 cells, decreased levels of intracellular ATP and changes in the ATP/AMP ratio regulate
autophagy by activating AMPK and inhibiting p-mTOR [91,92]. Besides, autophagy regulates immunogenic cells
death by promoting lysosomal ATP release [93]. Inhibition of autophagy hinders the release of ATP while
inhibiting extracellular ATP-degrading enzymes elevates pericellular ATP levels in autophagy knockout tumors
and recruits immune cells [94,95]. Extracellular ATP increases Ca?" influx, which activates mTOR and leads to
muscle hypertrophy [96]. Extrinsic ATP also promotes apoptosis by activating the purine receptor P2X7, and
mTOR in MCA3S8 colon cancer cells [91,97]. In contrast, Jiang et al. [98] reported that extrinsic ATP stimulates
the P2X7 receptor on the surface of tumor cells, but inhibits autophagy. Pannexinl, known as panx-1, is a type of
membrane channel that is located in cellular membranes, and function as an ATP-permeable channel to allow ATP
release from intracellular to extracellular [99]. Thus, elevated intracellular ATP causes the panx-1 channel
activation. If the panx-1 is inhibited, low extracellular ATP levels and enhanced autophagy occur [91]. The above
reports demonstrate that autophagy promotes endogenous ATP release, however, extrinsic ATP plays an inhibitory role.
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4.2. Ca?" Plays a Crucial Role in Regulating Glucose Metabolism through Autophagy

As a second messenger, calcium ions (Ca?") regulate several cellular processes, including glucose metabolism
[91]. Ca?" controls glucose metabolism by inhibiting glycogen synthase and activating glycogen phosphorylase,
thereby regulating glycogenolysis and gluconeogenesis [59,100].

Plasma membrane calcium ATPases (PMCA) and Ca?* release activated Ca®" channels (CRACs) are two plasma
membrane calcium channels that can maintain calcium homeostasis. PMCA actively pumps Ca®' to the extracellular
space, and CRACs often mediate the store-operated calcium channel entry [101]. Ca?* release from the endoplasmic
reticulum (ER) can activate CRACs. However, during high cytoplasmic concentration, Ca?" is transported back into ER
by the membrane pump sarcoplasmic/endoplasmic reticular calcium ATPase (SERCA) [101].

Ca?" can activate or inactivate many proteins, such as molecular chaperones, enzymes, and transcriptional
factors involved in autophagy [102]. Ca®* is an important regulator of autophagy both in basal and induced levels
[103]. It plays both stimulatory and inhibitory roles in autophagy [104]. For example, Yuan et al. [105] reported
that autophagy is impaired in a Ca?*-dependent manner. Factors increasing cytosolic Ca?* levels, such as ATP,
ionomycin, thapsigargin, vitamin D3, and its chemotherapeutic analog EB1089, can evoke autophagy, evidenced
by LC3II translocation [106]. Ca*" can be released from intracellular stores via calmodulin-dependent protein
kinase kinase p (CaMKKpB)/AMPK/mTOR signaling pathway [102,107]. Ca>* mediates glucose-stimulated insulin
secretion (GSIS) to control glucose levels in B cells [108].

Glycophagy, an autophagic/lysosomal glycogen degradation pathway, is mediated by the transient
upregulation of lysosomal acid a-glucosidase (GAA) [109]. Ca?" enhances the glycogen hydrolyzing activity of a-
glucosidase and accelerates glycogen degradation. This process is regulated by phorbol myristate acetate, which
promotes Ca®" entry into lysosomes [110].

High-voltage-activated (L-type) calcium channels and transient low-voltage-activated (T-type) calcium
channels maintain cytosolic Ca®' levels through different ages. These two calcium channels are often
overexpressed in various diseases [111]. Studies have shown that blocking the L-type Ca?" channel can induce
mTOR-independent autophagy [112], and decrease fasting plasma glucose and glucose turnover in non-insulin-
dependent diabetic patients, possibly by inhibiting gluconeogenesis [113]. Inhibition of L-type channel blocked
glucose transport and diminished glycolytic intermediary molecules and glucose, leading to ATP depletion in
several cell types [114,115]. Conversely, inhibition of L-type channel enhanced aerobic glycolysis, maintained
ATP level in COLO 205 cells, and increased autophagic flux.

Mitochondrial pyruvate carrier (MPC) facilitates pyruvate transport into mitochondria. Pyruvate
dehydrogenase (PDH) is a Ca?'-dependent enzyme involved in the TCA cycle. Ca** binds to PDH phosphatase to
promote PDH activity [116,117]. PDH phosphorylation changed the matrix Ca?* level. Genetic deletion of MPC1
activated autophagy, attenuated mitochondrial pyruvate uptake, and decreased NADH production [118]. Ca?*
regulated the TCA cycle, lowered matrix Ca®" levels, decreased PDH activity, and induced autophagy to
compensate for substrate insufficiency (Figure 3).
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Figure 3. Ca®" plays a crucial role in regulating glucose metabolism through autophagy.
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PMCA actively pumps Ca?" to the extracellular space, Ca*" release from the endoplasmic reticulum through
SERCA can activate CRACs, which mediate the Ca?" transport to outside the cells. Calcium homeostasis is
controlled by calcium channels. Factors increasing cytosolic Ca?" levels, such as ATP, ionomycin, thapsigargin,
vitamin D3, and its chemotherapeutic analog EB1089, can evoke autophagy, thereby affecting glycogen
degradation. Low Ca?" level and MCP1 deletion activate autophagy but block gluconeogenesis and TCA cycle
then cause ATP depletion.

5. Autophagy Affects Diabetes and Insulin Resistance

Diabetes, especially type 2 diabetes, is a prevalent metabolic disorder characterized by hyperglycemia. It is
caused by impaired insulin secretion from [ cells and insulin resistance in peripheral tissues. Autophagy is
controlled by insulin secretory granules in pancreatic 3 cells, which has been linked to increased incidences of
T2D [119,120]. The relationship between impaired f cells and autophagy in T2D remains to be known. Rutter et
al. [121] have reported that mTORCI inhibition with rapamycin may lead to 3 cells death due to increased insulin
release at low glucose concentrations. In autophagy Becn1F12!A-knockin mice, which are mice with autophagy
hyperactivity, high-fat-diet challenge impaired glucose tolerance but improved insulin sensitivity compared to the
control group [122]. Hyperactivation of autophagy enhanced insulin signaling but decreased insulin secretion
through “vesicophagy” [122]. This process selectively degrades and sequesters insulin granules in B cells.
Autophagy inhibitors transiently reversed reduced insulin secretion, glucose tolerance, and insulin storage.
Intriguingly, autophagy plays a protective role in pancreatic B cells [108]. Insulin-deficient B cells exhibited
increased LC3B-positive puncta levels. Inhibiting autophagy chemically or through shRNA enhanced f cells
death, which was reversed by rapamycin [123]. Depletion of Atg7 by pancreatic intraductal AAV8-shAtg7
infusion in C57BL/6 mice decreased [ cells mass, impaired glucose tolerance and insulin secretion, and enhanced
apoptosis [124]. In vitro, rapamycin stimulated autophagy by increasing autophagosome formation and enhancing
autophagosome-lysosome fusion in Akita B-cells. In vivo, treating diabetic Akita mice with rapamycin improved
diabetes, increased pancreatic insulin content, and prevented [ cells apoptosis [125]. These reports suggest that
autophagy regulates f cells secretion in both harmful and beneficial manners. This dual effect may be affected by
various factors, such as the specific pathological environment of B cells. Further studies are needed to fully
understand the role of autophagy in type 2 diabetes.

IR is considered another major factor in T2D. What is the relationship between autophagy and IR? Some
reports indicated that autophagy ameliorates IR. For example, Wang et al. [126] demonstrated that HFD induced
IR and decreased autophagy-lysosomal proteins Beclinl, LC3II/I, ULK1, SQSTMI1 expression, exercise
significantly restored the impaired autophagy-lysosomal-related protein expressions, and improved glucose
metabolism, and ultimately alleviating HFD-induced insulin resistance in mice skeletal muscle. Luan et al. [127]
suggested that inhibition of autophagy by 3-methyladenine downregulated Beclinl and LC3II/I and upregulated
p62, thereby abolishing the inhibitory effect of the miR-138-5p inhibitor on IR in HepG2 cells and enhancing
glucose uptake and glycogen synthesis. However, some studies found that autophagy inhibition was accompanied
with IR. Mice with Atg3 and Atgl6L1 ablation showed insulin resistance [128,129]. Autophagy was inhibited in
the hepatic cells of T2D mice with insulin resistance [130]. Song et al. [131] indicated that inhibition of autophagy
as evidenced by decreased LC3II/LC3I ratio and reduced expression of Atg5 and Atg7 improved IR in H9¢2 cells.
Skeletal muscle-specific deletion of Atg7 ameliorated diet-induced insulin resistance in mice [132]. Li et al. [133]
suggested that palmitic acid (PA)-induced IR is accompanied by excessive activation of autophagy as evidenced
by decreased expression of Atgl2-AtgS, Atgl6L1, and Atg3 in H9¢2 cells during the first 24h and then decreased
by 36 h. Thus, the effect of autophagy on insulin resistance remains inconclusive, potentially due to different
pathways through which autophagy regulates insulin resistance in various experimental models and the varying
roles of autophagy in different tissues.

6. Potential Drugs Regulating Autophagy to Treat Abnormal Glucose Metabolism

6.1. HucMDEs

Glucagon level is disproportionately increased in patients with T2DM and induces liver glycogen
decomposition and hyperglycemia [77]. Recently, cell-based therapy has emerged as a promising treatment
strategy for diabetes. HueMDEs are considered ideal choices for treating diabetes. Autophagy may play a crucial
role in the therapeutic effects of HucMDEs in diabetes. For example, He et al. [77] reported that HucMDEs
promote hepatic glycolysis by up-regulating the key glycolytic enzymes, GCK, PFK, and PK, while
simultaneously downregulating the gluconeogenic enzymes Go6pase and PEPCK. Furthermore, autophagy
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potentially contributed to the beneficial effects of HucMDEs [77], evidenced by an increased abundance of
autophagosomes and elevated levels of BECN1 and LC3II. Moreover, inhibition of autophagy significantly
attenuated the effects of HucMDEs on glucose metabolism in rats with T2DM [77]. Thus, it can be inferred that
HucMDE:s exert their therapeutic effects on T2DM via autophagy (Figure 4).
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Autophagy is a conserved process that facilitates the degradation of damaged or excessive proteins and
organelles in lysosomes. It plays a crucial role in maintaining cellular homeostasis during stress and starvation.
Here, we summarized the role of autophagy in maintaining the homeostasis of glucose metabolism and discussed
the effects of autophagy on diseases associated with abnormal glucose metabolism. Firstly, factors that induce
autophagy often facilitate glucose metabolism through glycogenesis, glycogenolysis, glycolysis, and
gluconeogenesis. Secondly, medications that improve abnormal glucose metabolism-associated diseases may
activate or block autophagy.

6.2. Sorafenib

Sorafenib has garnered significant attention as the first FDA-approved medication for treating advanced
hepatocellular carcinoma (HCC). However, its overall efficacy has been unsatisfactory. Enhanced glycolysis has
been identified as a crucial resistance mechanism to sorafenib in HCC cells [134]. Studies suggested that sorafenib
can promote autophagosome formation and increase the expression of Beclin-1, Atg5, and LC3II in vivo and in
vitro [135]. Inhibiting autophagy significantly suppressed glycolysis and improved the sensitivity of HCC cells to
sorafenib [136]. Furthermore, sorafenib induced autophagy to promote the deacetylase activity of HDAC6 by
degrading p62, and subsequently promoting PKM2 activity [136]. Therefore, targeting autophagy-associated
glycolysis may represent a potential strategy for improving sensitivity to sorafenib (Figure 4).

6.3. Orlistat

PGM1 plays a crucial role in regulating glucose metabolism by catalyzing the conversion of glucose-1-P to
glucose-6-P reversibly. Cao et al. reported that high expression of PGM1 predicts shorter survival of patients with
gastric cancer (GC) as analysed by Kaplan—Meier plotter database (kmplot.com/analysis) [137]. During glucose
deprivation condition, PGM1 knockout significantly suppressed glycolysis, proliferation, and viability of cells, but
enhanced the anti-cancer effects of orlistat [137]. Treatment with orlistat increased the average number of GFP-
LC3 dots per cell and significantly up-regulated the expression levels of LC3-II [138]. Thus, considering the vital
role of PGM1 in regulating glucose metabolism and autophagy, orlistat may exert its anti-cancer effect by
modulating PGM1 and autophagy (Figure 4).

6.4. Propofol

Propofol (PPF) is an intravenous sedative-hypnotic agent and has been extensively utilized for general
anesthesia and sedation. Neuronal injury often occurs due to glucose deprivation. Sun et al. [139] demonstrated
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that PPF can antagonize oxygen-glucose deprivation and re-oxygenation (OGD/R)-induced neuronal injury by
inhibiting autophagy through the Ca?"/CaMKKB/AMPK/mTOR pathway. Therefore, PPF can serve as a
neuroprotective agent by inhibiting autophagy and subsequently regulating glucose levels (Figure 4).

6.5. Paricalcitol

Diabetic nephropathy (DN) is a serious microvascular complication of diabetes. The formation of advanced
glycation end-products (AGE) is involved in the pathogenesis of DN. Li et al. [140] detected higher SQSTM1
expression, increased LC3-II level, and a higher abundance of autophagic vacuoles in the kidneys of vitamin D
receptor (VDR) knockout diabetic mice. These changes were partly restored by paricalcitol, an activated vitamin
D analog. Defective autophagy and decreased AMPK phosphorylation were also observed in high glucose-induced
HK-2 cells, which was partly reversed by paricalcitol in a VDR-dependent manner [140]. Meanwhile, paricalcitol
reversed the high glucose-induced decrease in Ca?* concentration [140]. Thus, paricalcitol may inhibit AGE
formation in diabetic nephropathy by regulating autophagy (Figure 4).

6.6. KYS05090

KYS05090 is a T-type calcium channel blocker. It induced autophagy in human lung adenocarcinoma A549 cells,
which was inhibited by bafilomycin A, a potent autophagy inhibitor. Meanwhile, KYS05090 inhibited glucose uptake
[141]. Thus, KYS05090 may treat lung cancer by inducing autophagy and inhibiting glucose uptake.

7. Conclusions and Prospective

Autophagy, as a cellular recycling mechanism, has been shown to regulate glucose metabolism. As presented
in Figure 4, in this article, we have highlighted that autophagy regulates specific mechanisms in glucose
metabolism, including glycogen metabolism, glycolysis, gluconeogenesis. Furthermore, the potential
pharmacological agents that modulate autophagy and enzymes involved in glucose metabolism was also
summarized. However, the relationship of these two biological processes is an intricate interplay, further studies
are needed to determine the precise role of autophagy in glucose metabolism and ascertain whether it can be
targeted to treat abnormal glucose metabolism.

Autophagy, as a promising target for treating abnormal glucose metabolism, is a novel target for future drugs
development. Currently, some drugs have been developed to modulate autophagy, including the autophagy inducer
rapalogs and the autophagy inhibitor 3-methyladenine. However, our knowledge of autophagy drugs remain
limited, further studies are needed.

Future research should focus on elucidating the precise molecular mechanisms underlying autophagy’s
regulation in different stages of glucose metabolism. Additionally, targeting autophagy to investigate medication
as potential treatments for glucose metabolism disorder source diseases like diabetes, insulin resistance and other
metabolic diseases. Case studies and rigorous clinical trials must assess to take into account the safety and
effectiveness of the medication, establish optimal treatment plans, and determine the appropriate dosages.

Exploring the relationship between autophagy and mitochondrial function is a crucial area for future research.
Mitochondria is the primary site of glucose metabolism in cells, and defects in mitochondrial function have been
linked to various metabolic disorders. Mitophagy is a selective autophagy has been shown to play a crucial role in
maintaining mitochondrial homeostasis, confirming the underlying the relationship between mitophagy and
glucose metabolism may provide new insights into the regulation of glucose metabolism and the development of
metabolic disorders. Besides, understanding the role of other selective autophagy like lipophagy, reticulophagy,
ribophagy, pexophagy on glucose metabolism could help in the study of drugs that regulate disorders of glucose
metabolism leading to disease.

Lastly, studying the role of autophagy in different tissues and organs is crucial for a comprehensive
understanding of its role in glucose metabolism. Although this article largely focused on the role of autophagy in
the liver and muscles, its function in other tissues such as brain, heart, and adipose tissue needs to be further
explored. The investigation of autophagy’s role in these tissues may provide new insights into the regulation of
glucose metabolism in these organs and its implications for various metabolic disorders.

In conclusion, this article shows that the exact role of autophagy in regulating normal and abnormal glucose
metabolism is not well understood. Thus, future investigations on autophagy and glucose metabolism need to be
strengthened to expand the current understanding and treatment of metabolic disorders. Such studies will pay the
way for the development of innovative treatment strategies and novel drugs that can improve therapeutic outcomes
for diseases associated with abnormal glucose metabolism.
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