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Abstract

Autophagy is a catabolic process essential for the degradation and recycling of damaged proteins and organelles, thereby
contributing to the maintenance of cellular homeostasis and the integrity of the intracellular environment. Although autophagy
serves protective physiological functions, its involvement in various diseases, particularly cancer, is complex and
context-dependent. In the context of tumor development, autophagy plays two distinct roles. During the early stages of
tumorigenesis, it functions as a tumor suppressor by preserving genomic stability. In later stages, however, it promotes tumor
growth, supports the survival of cancer cells, and contributes to therapeutic resistance. Cancer cells are known to change their
metabolic processes to support growth and division. Autophagy and metabolism work together, enabling cells to utilize both
external and internal resources to generate energy and synthesize new molecules. This interaction is especially important in the
stressful environment of tumors, like when there's not enough food or oxygen. In these situations, autophagy helps the tumor
adapt metabolically and grow by breaking down and reusing parts inside the cell. In this review, we systematically examine the role
of autophagy as a key regulator that coordinates diverse metabolic programs in cancer cells. We focus on central metabolic
pathways, including glycolysis, lipid metabolism, and amino acid metabolism, as well as emerging regulatory networks involving
nucleotide metabolism and mitochondrial metabolism. Importantly, we highlight how these metabolic pathways are dynamically
integrated through autophagy to facilitate tumor adaptation, support metabolic plasticity, and drive therapeutic resistance.
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1. Introduction

Autophagy is a cellular self-digestion system
that removes foreign substances and damaged
cytoplasmic components, such as organelles and
protein aggregates. This mechanism was first
reported in human liver cells by Ashford and Potten
in 1962, marking the first documented observation of
the process [1]. Although early research primarily
described autophagy as a clearance mechanism for
maintaining intracellular homeostasis, recent studies
have shown that autophagy also plays a key role in
coordinating metabolic adaptation under stressful
conditions. In  particular, starvation-induced
autophagy enables cells to recycle intracellular

components and reallocate metabolic substrates,
thereby maintaining mitochondrial metabolism and
energy balance [2]. Importantly, a growing body of
evidence suggests that the function of autophagy is
not limited to simple cytoplasmic clearance, but rather
that it acts as a dynamic regulator of metabolic
plasticity in both normal physiological and
pathological states. However, the role of autophagy in
carcinogenesis is context-dependent and often
paradoxical [3]. In the early stages of tumour
development, basal autophagy contributes to genomic
stability by removing damaged mitochondria and
aggregated proteins, thereby suppressing oxidative
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stress and chronic inflammation [4, 5]. However,
many cancer cells use autophagy, the body's own
recycling mechanism, to strengthen their immune
systems and increase their survival in the face of
hypoxia and food restriction once tumors have
developed. Autophagy may alleviate the metabolic
stress caused by therapeutic pressure [6]. It should be
noted that this dichotomy between anti-tumor and
tumor-promoting processes is not universal. Rather, it
varies significantly depending on the tumor
genotype, tissue of origin, and microenvironment.
These complexities highlight the ongoing debate in
the field regarding whether autophagy should be
inhibited or stimulated to achieve therapeutic
benefits. Thus, the fact that cancer cells depend on
autophagy more than healthy tissues suggests that
there is a window of opportunity for treatment.

Cell turnover is a series of interconnected
anabolic and catabolic reactions that collectively
regulate energy balance and protein synthesis [7]. A
key characteristic of cancer cells is metabolic
reprogramming, in which oncogenic signaling
pathways reshape the metabolic network to support
rapid cell proliferation and biomass accumulation [8].
Importantly, recent studies have shown that this
metabolic reprogramming is not only driven by
oncogenes but is also closely coordinated with stress
response pathways such as autophagy. Consequently,
autophagy is increasingly viewed not merely as a
degradation process but as a metabolic regulator that
supports tumor growth by dynamically modulating
the availability of intracellular nutrients. Autophagy
recycles metabolic macromolecules such as glucose,
free fatty acids, amino acids, and adenosine
triphosphate (ATP) [9]. Abnormal metabolism
promotes uncontrolled cell proliferation, disrupts
epigenetic regulation, and reshapes the tumor
microenvironment (TME). Metabolic reprogramming,
particularly under hypoxic conditions, enhances
tumor survival and promotes metastasis through
interactions with stromal cells [10]. In the
nutrient-deprived microenvironments characteristic
of many aggressive cancers, autophagy is widely
activated as a survival mechanism, enabling cancer
cells to withstand metabolic stress. By recycling
intracellular macromolecules, autophagy provides
essential nutrients for maintaining mitochondrial
function, redox balance, and the biosynthetic
pathways required for cancer growth [11].
Nevertheless, there remains intense debate over
whether autophagy primarily promotes tumor
growth or, conversely, increases metabolic
vulnerability. Some studies suggest that excessive
activation of autophagy may trigger metabolic
collapse or autophagy-dependent cell death,
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indicating that the quantitative levels of autophagy
and its dynamic changes are key factors determining
its functional outcomes in cancer [12]. In addition, by
disrupting cancer’s metabolic processes, targeting
autophagy has gradually emerged as a potential
therapeutic approach.

To comprehensively delineate the interplay
between autophagy and cancer metabolism, this
review not only focuses on canonical metabolic
pathways, including glycolysis, lipid metabolism, and
amino acid metabolism, but also integrates emerging
dimensions such as nucleotide metabolism and
mitochondrial metabolism. Rather than functioning as
isolated processes, these metabolic pathways are
highly interconnected and collectively form a
dynamic metabolic network that is tightly
coordinated by autophagy. We aim to elucidate how
autophagy orchestrates this multi-layered metabolic
reprogramming to sustain tumor growth, enable
metabolic plasticity, and confer therapeutic resistance.
Furthermore, we summarize recent advances in
small-molecule agents and rational combination
strategies targeting the autophagy-metabolism axis,
providing a conceptual framework for future
translational applications.

2. Autophagy and cancer

Autophagy is a highly conserved intracellular
degradation process that maintains cellular
homeostasis by recycling cytoplasmic components
and clearing damaged organelles or misfolded
proteins, particularly under conditions of cellular
stress and aging [13]. Autophagy encompasses several
distinct pathways, including macroautophagy,
microautophagy, and chaperone-mediated autophagy
(CMA), which collectively maintain protein
homeostasis and organelle quality [5, 14]. Traditional
descriptions of autophagy have primarily focused on
the classic stages of autophagosome formation and
lysosomal degradation. These three main forms of
autophagy utilize different molecular mechanisms to
transport targets to the lysosomes [15]. Among these,
macroautophagy has been studied most thoroughly;
its process follows a standard sequence of events,
including  initiation, = phagosome  nucleation,
membrane extension accompanied by cargo
separation, and the fusion of the autophagosome with
the lysosome, followed by the degradation of the
enclosed contents [16]. More than twenty essential
autophagy proteins, which are expressed by
autophagy-related genes (ATGs), aid in the
autophagy process. These proteins encapsulate a
cellular component within a double membrane to
form what is known as an autophagosome [17]. When
triggered by nutrient deprivation or oxidative stress,
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the autophagy mechanism is activated, leading to the
formation of a membrane-bound compartment. This
structure continuously expands to engulf damaged
proteins or organelles, then closes to form a
double-membraned  autophagosome [18]. The
autophagosome eventually fuses with a lysosome,
where its contents are broken down; the resulting
breakdown products are then recycled by the cell to
maintain its energy balance and homeostasis [19, 20].
Furthermore, current evidence suggests that the
autophagy network is more robust than this heritable
concept, and that many aspects of it are closely linked
to cancer biology [21]. Specific forms of autophagy,
such as mitochondrial autophagy, lipid autophagy,
and aggregate autophagy, may exert signaling
pathway-specific effects on cellular metabolism [22,
23]. Although this classical framework has been
extensively described, it does not fully capture the
functional diversity of autophagy in cancer. A
growing body of evidence suggests that it is not
merely a process of bulk degradation, but rather that
selective autophagy plays a dominant role in shaping
metabolic outcomes. Crucially, the extent to which
these distinct autophagy programs contribute to
tumor progression remains unclear, and this influence
varies significantly depending on tumor type, stage,
and microenvironmental conditions. Furthermore,
studies indicate that many key ATG proteins also
possess non-autophagic functions that influence
signaling pathways and vesicular transport [24]. Since
autophagy can produce extracellular effects in the
tumor microenvironment, the significance of its
spatial  regulation for  cell-type-specific  or
organelle-restricted = autophagy is  becoming
increasingly acknowledged. Given these complexities,
the investigation of autophagy mechanisms within a
metabolic context cannot be limited to a simple
description of classical pathways. In particular, when
interpreting metabolic phenotypes, it is essential to
distinguish between selective and non-selective
autophagy and to consider the
autophagy-independent functions of ATG proteins.
Therefore, it is crucial to identify which selective
autophagy processes are directly involved in the
metabolic demands of tumor growth and treatment
resistance.

According to recent studies, autophagy is
pathophysiologically involved in a number of human
diseases, such as autoimmune disorders, cancer, and
neurological conditions [25, 26]. Autophagy plays a
dual role in cancer development, and its specific
manifestations vary depending on the type of cancer,
its stage, or the patient’s genetic background [27, 28].
During the precancerous phase, autophagy is a vital
mechanism of self-degradation that plays a key role in
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maintaining the homeostasis of cells and tissues. It
eliminates mitochondria impaired by reactive oxygen
species (ROS), counteracts oncolytic viruses by
breaking them down, and helps maintain genomic
stability [29]. Furthermore, autophagy regulates
oncogene-induced senescence by breaking down
nuclear lamins [30]. In addition to promoting the
lysosomal degradation of pro-tumor factors,
autophagy's tumor-suppressive effects can also be
mediated by altering other transport pathways [31]. A
study indicates that human epidermal growth factor
receptor 2 (HER2) expression on the surface of tumor
cells is reduced when focal adhesion kinase family
interacting protein of 200 kDa (FIP200) mediated
autophagy is disrupted, which eliminates mammary
tumorigenesis in MMTV-Neu [32, 33]. Through these
multifaceted functions, autophagy acts as a critical
protective mechanism in precancerous cells [34].
Another crucial tumor-suppressive mechanism of
autophagy involves the selective degradation of the
autophagy cargo receptor sequestosome 1
(SQSTM1/p62). When autophagy is compromised,
p62 builds up and triggers the transcription factors
nuclear factor kappa-B (NF-xB) and nuclear factor
erythroid 2-related factor 2 (Nrf2) [35, 36] (Figure 1A).
This mechanism promotes cell survival, angiogenesis,
and inflammatory responses, thereby creating a
microenvironment that supports tumor growth [37].

Furthermore, degradative autophagy removes
damaged  mitochondria and  inflammasome
components,  thereby  negatively  regulating

inflammasome activation. Autophagic defects can
lead to cellular damage, necrosis, chronic
inflammation, and genetic instability. These factors
can increase cancer incidence by altering the tumor
microenvironment, increasing oxidative stress, and
causing oncogenic mutations [38]. In cells and tissues
with impaired autophagy, the inability to clear
damaged proteins and organelles leads to cellular
dysfunction and cell death, which in turn triggers
inflammation and ultimately creates an environment
conducive to cancer development [39].

However, the protective function of autophagy
creates a therapeutic paradox, as established cancer
tumors exploit this process to accelerate their growth
and withstand stress. In the advanced phases of
tumor formation, autophagy transitions from its
initial role as an anticancer process to a critical
supporting mechanism that facilitates tumor survival,
progression, and metastasis [33] (Figure 1B). Through
various mechanisms, autophagy significantly
enhances tumor development and metastasis. First,
autophagy breaks down damaged or unnecessary
intracellular components, giving tumor cells vital
metabolic substrates (including fatty acids and amino
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acids) to sustain their growth and survival in the
nutrient-poor tumor microenvironment [11]. Beyond
metabolic adaptation, autophagy also drives tumor
progression through other mechanisms. For instance,
autophagy is required for cancer stem-like properties,
which are associated with tumor initiation and
resistance to therapy. Depletion of Beclinl or
autophagy-related 4 homolog A (Atg4A) in breast
cancer cell lines or genetic ablation of Fip200 in a
mouse model of breast cancer compromises the
maintenance of cancer stem cells [40-42]. The impact
of autophagy on tumor progression is also profoundly
shaped by the TME, wherein its function is spatially
and temporally regulated, exhibiting distinct, often
opposing, roles during early and late tumorigenesis
[6, 43]. A key modulator of this crosstalk is the
heterogeneous population of cancer-associated
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fibroblasts (CAFs) [44]. Under this dynamic
regulation, CAFs drive malignancy through paracrine
signaling, secreting factors such as C-X-C motif
chemokine ligand 12 (CXCL12), interleukin-6 (IL-6),
chemokine (C-C motif) ligand 7 (CCL7), and
transforming growth factor-p superfamily (TGFfs) to
foster a pro-tumor inflammatory niche that enhances
cancer cell survival, proliferation, stemness, and
metastatic initiation [45]. Moreover, the
tumor-promoting function of autophagy can also be
mediated by suppressing immune surveillance. For
example, in the MMTV-PyMT mouse mammary
tumor model, genetic ablation of Fip200 resulted in an
autophagy defect that enhanced the production of the
chemokine C-X-C motif chemokine ligand 10
(CXCL10) and increased the infiltration of cytotoxic T
cells into the primary tumor [31].
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Figure 1. The dual role of autophagy in cancer. (A) Autophagy inhibits the occurrence of cancer by suppressing multiple pro-tumorigenic events, including cell survival,
angiogenesis, inflammation, genomic instability, and HER2 expression on the cell surface. Additionally, autophagy induces senescence, which inhibits tumor formation. (B)
Autophagy promotes the progression of cancer: once tumors form, autophagy drives progression by enhancing tumor cell proliferation, survival, invasion, growth during
metastasis, and tumor stemness. (C) The stage-specific role of autophagy during metastasis progression. Preclinical evidence suggests that autophagy can both inhibit tumor

growth and promote tumor progression at different stages of the metastatic cascade.
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One of the most distinctive characteristics of
cancer is metastasis, which occurs when cancer cells
spread from the original tumor and use the lymphatic
and circulatory systems to enter and colonize distant
organs [46, 47]. Autophagy plays a complicated and
situation-specific role in cancer metastasis. In the early
stages, autophagy inhibits metastasis by hindering
tumor necrosis and cell infiltration [48]. By preventing
pro-tumorigenic traits like proliferation, survival,
migration, and invasion, therapeutic targeting of
autophagy genes like Beclinl and
microtubule-associated protein 1 light chain 3
(MAPILC3) offers a viable therapy approach for
breast cancer [49]. Furthermore, early-stage cancers
are associated with decreased expression of Atg5, an
essential autophagy regulator, which promotes the
proliferation of cancer cells [50]. An investigation
further reveals that inhibiting mTOR signaling
induces autophagy-dependent cell death, hence
limiting metastatic dissemination in gastric cancer

cells [51] (Figure 1C). However, in advanced
metastatic diseases or conditions, autophagy
facilitates cancer cell migration, enhances the

colonization of dissociated cells, induces metastatic
cells to enter a dormant state, and enables them to
survive in new environments [52]. One study has
found that inhibiting autophagy inhibits the
metastatic capabilities of hepatocellular carcinoma
(HCC) cells by lowering their invasion, migration,
and resistance to anoikis, therefore suppressing lung
metastasis in vivo [53]. After reaching the target organ
colonization stage, cancer cells induce autophagy flux
to counteract hypoxia and nutritional restrictions [54].
A key mechanism through which autophagy may
exert these pro-metastatic effects is the regulation of
epithelial-mesenchymal transition (EMT) [55]. By
enhancing cell motility and invasiveness, EMT serves
as a pivotal driver of tumor cell dissemination and,
concomitantly, can mediate drug resistance in human
cancers [56, 57]. Autophagy has been identified as a
crucial process allowing tumor adaptation and
survival under therapeutic pressure, since drug
resistance continues to be a significant obstacle in
cancer treatment [58]. In this light, autophagy has
become a therapeutic target that shows promise for
overcoming treatment resistance.

The dual role of autophagy in cancer is also one
of the most controversial topics in this field. While the
general paradigm of tumor-suppressive autophagy in
early stages and tumor-promoting autophagy in
advanced stages is widely accepted, emerging
evidence challenges this simplistic view. A recent
study reveals that alkb homolog 5 (ALKBHD5)
mediated autophagy inhibition drives the progression
of ovarian cancer and melanoma, while
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ALKBH5-mediated autophagy activation exerts
tumor-suppressive effects in colorectal and gastric
cancers [59]. This suggests that even in early stages,
autophagy's tumor-suppressive function may depend
on specific contexts. Furthermore, the degree to which
autophagy-dependent cancers depend on their
particular oncogenes varies significantly; for instance,
autophagy is necessary for KRAS-induced lung
cancer but not for BRAF-driven melanoma [60].
Additionally, research indicates that autophagy's
influence on metastasis is highly stage-specific,
exhibiting both pro-metastatic and anti-metastatic
activity based on the organ microenvironment and
metastatic stage [52]. These problems highlight the
importance  of context when  developing
autophagy-based therapeutic options. At the same
time, autophagy's dual involvement in cancer and its
function in cellular metabolism are closely
intertwined [61]. Autophagy is a critical metabolic
process that helps cancer cells survive and proliferate
by replenishing their metabolic resources. This
process is triggered by various tumor-associated
stressors, including hypoxia and nutrient deprivation
[62]. This metabolic adaptability is accomplished by
the dynamic interaction of autophagy with major
metabolic processes such as glycolysis, lipid
metabolism, and amino acid metabolism, which will
be discussed in greater detail in the following
sections. In the following part, we'll look at how
autophagy interacts with these critical metabolic
pathways to drive tumor development and
therapeutic resistance.

3. Autophagy and cancer metabolism: key
metabolic pathways

Autophagy is closely linked to metabolic
reprogramming in cancer cells. A well-established
hallmark of cancer is the reprogramming of metabolic
pathways; this leads to the reshaping of key metabolic
pathways that regulate the utilization of glucose,
amino acids, and fats, thereby enabling tumor cells to
proliferate and spread uncontrollably [63]. To meet
this increased metabolic demand, cancer cells use
autophagy to convert catabolic products (such as
amino acids and lipids) into energy and biosynthetic
precursors. This interaction results in a vicious cycle
that not only promotes tumor proliferation but also
confers resistance to medicines [64] (Figure 2).
Through coordinated regulation of several metabolic
pathways, including glycolysis, lipid metabolism,
amino acid metabolism, and emerging processes like
nucleotide metabolism and mitochondrial
metabolism, this section methodically investigates
how autophagy promotes tumor survival and
therapeutic resistance. Crucially, it is incorrect to

https://lwww.thno.org



Theranostics 2026, Vol. 16, Issue 11

think of these metabolic pathways as separate
modules. Rather, a growing body of research
indicates that autophagy serves as a central integrator
that dynamically redistributes metabolic flux across
linked pathways, allowing cancer cells to adjust to
changing stress and nutritional conditions.

Tumors engage in bidirectional interactions with
the body, actively scavenging nutrients and changing
the distribution of nutrients throughout the body,
while the availability of nutrients restricts their own
growth and metabolism. Moreover, metabolites
generated from tumors serve as signaling molecules
that control gene expression and alter the activity of
nearby stromal cells in addition to being sources of
energy and biomass [10]. This dynamic is further
shaped by significant metabolic heterogeneity in
tumor cells, which exhibit different metabolic
adaptation phenotypes in response to changes in the
external  environment [65]. For  example,
metastasis-associated in colon cancer 1 (MACC1) is
significantly upregulated to facilitate the Warburg
effect and ensure gastric cancer growth in glucose
deprivation-induced metabolic stress [66]. Under
nutrient-deprived conditions, hepatic cancer cells
activate the serine biosynthesis pathway to promote
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cancer progression by upregulating oncogene cellular
myelocytomatosis oncogene (cMyc) [67]. Depending
on the stage of the disease's progression, autophagy
has a different role in acute myeloid leukemia (AML).
Reduced  autophagy  levels  drive  tumor
transformation in the early stages of AML, while
enhanced autophagy activity contributes to leukemic
progression and poor treatment response in the
advanced stages of this disease [68]. By activating the
adenosine monophosphate-activated protein kinase
(AMPK)/Unc51-like  kinase-1 (ULK1) pathway,
lipocalin inhibits glycolysis and promotes autophagy
in prostate cancer, reducing the growth and
invasiveness of tumor cells [69]. Additionally, the
activation of ATG-dependent autophagy in prostate
cancer (PCa) cells mediates resistance to glutamine
deprivation, which gives the cells a survival
advantage and acquired resistance to radiation [70]. In
multiple myeloma, autophagy supports tumor cell
survival under hypoxia by enhancing glycolytic and
mitochondrial activity. The ensuing upregulation of
hexokinase 2 (HK2) further activates autophagy to
enhance viability. Therefore, either through HK2
inhibition or direct blockade of autophagy effectively
sensitizes myeloma cells to treatment [71].
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Figure 2. An overview of the interaction between autophagy and cancer metabolism. Abnormal gene regulation (including activation and inactivation of tumor
suppressor genes) and harsh microenvironments (nutrient deficiency, hypoxia, acidosis, and interstitial pressure) trigger autophagy, leading to reprogramming of tumor
metabolism. Glycolysis and pentose phosphate pathway (PPP) catabolism produce ATP and pyruvate for further metabolism in the tricarboxylic acid cycle (TCA) when glucose
is released from glycogen granules by glycogenolysis or autophagy. Lipid droplets (LDs) or lipolytic or autophagic membranes produce fatty acids that are converted into
acetyl-coenzyme A (acetyl-CoA), which supplies the TCA cycle and promotes the synthesis of ATP and citrate. Amino acids are frequently employed to create new proteins.
Through the activity of aminotransferases, some amino acids can enter the tricarboxylic acid cycle route and produce citrate or oxaloacetate, which can be processed to produce
ATP. They can also combine to form citric acid, which promotes lipid synthesis and membrane biogenesis. Ammonia, which is an autophagy activator, is produced during amino
acid catabolism. Nucleosides are synthesized into new nucleic acids and catabolized via a combination of PPP and glycolysis. (The red, blue, purple, and green fonts, respectively,

represent the metabolic processes related to sugar, fat, protein, and nucleotide.)
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In conclusion, autophagy is a key hub for
metabolic adaptability in cancer, coordinating new
metabolic processes like nucleotide turnover and
mitochondrial quality control in addition to
traditional pathways like glycolysis, lipid metabolism,
and amino acid metabolism. Through this integrated
regulation,  autophagy  maintains = metabolic
homeostasis and supports tumor progression under
diverse stress conditions. Targeting autophagy or
metabolic pathways not only helps reveal the
molecular basis of drug resistance and tumor
progression but also provides important theoretical
support for the development of precision therapeutic
strategies in multiple cancer types. Therefore,
understanding ~ how  autophagy  reprograms
metabolism to support tumor growth would provide
valuable insights to improve patient treatment. In this
section, we review the regulation of tumor cell
autophagy by various metabolic pathways and
metabolites.

3.1 Interplay between autophagy and glycolysis
metabolism

Glycolysis catabolizes glucose into pyruvate
through an intermediate step that generates ATP and
nicotinamide adenine dinucleotide (NADH) [72].
Compared to normal cells, tumor cells rely more on
glycolysis; even in aerobic environments, cancer cells
preferentially use glycolysis rather than the oxidative
phosphorylation pathway to produce lactic acid and
ATP, entering a metabolic state known as the
Warburg effect (or aerobic glycolysis) [73]. There are
various benefits for cancer cells from this preferential
use of glycolysis. First of all, glycolysis increases
anabolic metabolism, which is essential for the rapid
proliferation of cancer cells and the production of
building blocks for biological macromolecules,
including proteins, lipids, and nucleic acids [74].
Alternatively, glycolysis produces an acidic
environment that is harmful to healthy cells but has
no effect on tumor cells, giving cancer cells an
advantage over healthy cells in terms of growth [75].
In addition, because glycolysis generates significantly
fewer ROS than oxidative phosphorylation
(OXPHOS), it can shield tumor cells from oxidative
stress and lead to resistance to apoptosis [76]. Cancer
cells depend on aerobic glycolysis to generate
essential biosynthetic intermediates. This metabolic
dependency consequently heightens their
susceptibility to glucose deprivation, which induces
autophagy through the coordinated inactivation of
mammalian target of rapamycin (mTOR) and
activation of AMPK [77]. Specifically, glucose
shortage promotes the binding of HK2, an enzyme
responsible for the first step of glycolysis, to
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mammalian target of rapamycin complex 1
(mTORC1), leading to mTOR inactivation [78].
Moreover, glucose deficiency increases the
AMP/ATP ratio and activates AMPK, thereby
triggering autophagy [79] (Figure 3). Tumor-driving
gene alterations in cancer significantly alter this
glycolysis-autophagy relationship. Oncogenic
signaling in KRAS-mutated pancreatic ductal
adenocarcinoma not only increases glycolytic flux
through HIF-la-mediated transcriptional activation,
but it also creates a novel autophagy dependency in
which autophagy maintains nucleotide pools and
mitochondrial function when nutrients are scarce [80].
This synthetic lethal interaction creates a therapeutic
vulnerability, which has been clinically developed by
combining autophagy inhibitors with MEK inhibitors.
In cancers driven by mutant BRAF (such as
melanoma), autophagy appears to be unnecessary in
baseline metabolism but becomes crucial after BRAF
inhibitor treatment [81]. In this case, therapy-induced
senescence is associated with an increase in
autophagy flux, which promotes cell survival and,
eventually, resistance. These findings emphasize that
the functional role of autophagy in glycolysis is
dynamically determined by the carcinogenic
environment and therapeutic stress. Moreover, the
remodeling of the glycolysis-autophagy axis is
significantly impacted by hypoxia and acidic stress in
the tumor microenvironment [82]. By upregulating
BNIP3 and BNIP3L via HIF-1a, hypoxia stimulates
mitochondrial autophagy while also increasing the
development of glycolytic enzymes to maintain
energy generation in low-oxygen environments [82].
This coordinated response not only enables tumor
cells to adapt to hypoxia but also enhances survival by
limiting ROS accumulation through the clearance of
damaged mitochondria [11].

More complex regulatory nodes that connect
glycolysis to autophagic control have been identified
in recent studies. According to a study on pancreatic
ductal adenocarcinoma (PDAC), the deubiquitinase
OTUD4 and the sodium-glucose transporter SLC5A2
interact to produce a stabilizing complex that
preserves  glycolytic  flow  [83].  Through
glycolysis-dependent pathways, this connection
promotes the growth, migration, and activation of
autophagy in pancreatic cancer cells. An isoform of
pyruvate kinase called pyruvate kinase M2 (PKM2)
functions as a slower metabolizing enzyme that turns
phosphoenolpyruvate into pyruvate, building up
glycolytic intermediates and promoting tumor
growth [84]. Beclinl can be phosphorylated at Thr119
by PKM2 [85]. Beclinl and B-cell lymphoma-2 (Bcl-2)
dissociate as a result of this phosphorylation,
activating Beclinl and starting autophagy [86].
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that occur, such as free fatty acids and amino acids like glutamine, might give them a vital energy source.

Beyond this direct phosphorylation event, there is
growing evidence that PKM2-dependent autophagic
control is dynamically rewired under metabolic stress
circumstances. In endometrial cancer, -elevated
glucose levels trigger the development of
estrogen-related receptor a (ERRa), which activates
the enzymes HK2 and hydroxymethylglutaryl-CoA
synthase 1 (HMGCS1), which prevent the synthesis of
cholesterol and glycolysis [87, 88]. Following their
binding to p62 at particular protein residues (ARG 769
on HK2 and ARG 313 on HMGCSI1), these enzymes
create long-lasting protein complexes that obstruct the
autophagy-lysosomal pathway [87]. By linking
glucose sensing, lipid synthesis, and autophagic flux,
ERRa-mediated metabolic reprogramming
demonstrates how oncogenic transcription factors
regulate multi-compartmental metabolic flexibility.
Similarly, it has been demonstrated that another
important glycolytic enzyme, pyruvate
dehydrogenase kinase-1 (PDK1), interacts with the
essential autophagy protein ULK1 to start autophagy
in cancer cells [89, 90]. Autophagy -catabolizes
damaged or unnecessary organelles and intracellular
lipid droplets (LDs) when tumor cells are starving,
resulting in breakdown products such as glutamine
and free fatty acids, which can be essential sources of
energy.

Cancer cells frequently exhibit increased aerobic
glycolysis as a result of metabolic reprogramming,
which leads to excessive lactate generation and export
via monocarboxylate transporters (MCTs). This

causes extracellular acidification and immunological
suppression in the tumor microenvironment [91]. But
lactate is becoming more widely acknowledged as a
crucial metabolic substrate and signaling molecule in
cancers rather than just a waste product of
metabolism. Under metabolic symbiosis, oxidative
tumor cells can reimport lactate, which lactate
dehydrogenase B (LDHB) then transforms into
pyruvate to power the tricarboxylic acid (TCA) cycle
[92]. Crucially, new research indicates that autophagy
may potentially be regulated by this lactate-driven
metabolic circuit. For instance, it has been
demonstrated that LDHB increases lysosomal acidity
and autophagosome maturation to support basal
autophagic  flux [93]. The intricate and
context-dependent link between glycolysis and
autophagic control in cancer metabolism is
highlighted by the ongoing dispute over whether
lactate-induced autophagy largely promotes tumor
growth or instead constitutes a metabolic
vulnerability [93]. On the other hand, lactate can also
be shuttled to adjacent oxidizing tumor cells, thereby
facilitating metabolic symbiosis [94]. Contrary to the
original Warburg theory, a reduction in mitochondrial
OXPHOS activity does not invariably lead to an
elevation in aerobic glycolysis [95]. The precise reason
why rapidly proliferating cancer cells preferentially
convert glucose into lactate remains an open question.
One proposed explanation is that when the rate of
glycolysis exceeds the capacity of mitochondrial
NADH shuttles, cells sustain aerobic glycolysis,
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which results in NADH accumulation and subsequent
lactate production [96]. This reprogrammed metabolic
state generates a pronounced dependence on glucose
availability. Imaging techniques such as 8F-FDG-PET
exploit this feature by detecting tumors based on their
intense uptake of this glucose analog [97]. Moreover,
aberrant mRNA expression serves as a critical driver
of aerobic glycolysis. It establishes transcriptomic
signatures that are conserved across various cancer
types, and these signatures offer promising
opportunities for therapeutic intervention [98].

Conflicting evidence indicates that excessive
autophagic activity may decrease glycolytic flux by
destroying important metabolic enzymes, despite the
fact that autophagy is widely thought to assist
glycolytic adaptation under metabolic stress. This
disparity emphasizes the need for more research on
autophagy's context-dependent effects on glucose
metabolism. Lipid metabolism is essential for
maintaining tumor development under nutrient
constraint, even if glycolysis offers quick energy and
biosynthetic precursors. We'll look at how autophagy
and fatty acid metabolism work together to promote
the development of cancer in the next section.

3.2 Interplay between autophagy and lipid
metabolism

Lipid metabolism, particularly the synthesis of
fatty acids, plays an essential role in cellular
physiology. This process converts nutrients into
various metabolic intermediates, which are
subsequently utilized for membrane biosynthesis,
energy storage, and the production of signaling
molecules [99]. In cancer cells, lipid metabolism
frequently = undergoes  reprogramming.  Such
reprogramming is characterized by increased uptake
of fatty acids, enhanced de novo lipogenesis, and
elevated fatty acid oxidation (FAO) [100]. Recent
evidence indicates that autophagy contributes to this
metabolic adaptability through the selective
degradation of lipid droplets, a process referred to as
lipophagy. By mobilizing stored lipid reserves,
lipophagy supplies free fatty acids that can be
directed toward [-oxidation and ATP generation
under conditions of metabolic stress [101]. Although
lipophagy has been widely implicated in promoting
lipid utilization and supporting tumor survival, its
precise role in lipid metabolic reprogramming
remains incompletely understood. A key unresolved
question is whether lipophagy universally facilitates
tumor progression or, under certain circumstances,
depletes cellular lipids and creates metabolic
vulnerabilities. Experimental findings suggest that
moderate  lipophagy  helps  sustain  tumor
bioenergetics, whereas excessive lipid degradation
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may trigger lipotoxic stress and consequently impair
tumor growth. Taken together, these observations
indicate that the interplay between autophagy and
lipid metabolism constitutes a finely balanced
regulatory axis. The functional outcome of this axis is
highly dependent on tumor type and the specific
metabolic context.

The full oxidation of a mole of fatty acids
produces around 2.5 times the ATP produced from
glucose because fatty acids are a major source of
energy for cancer cells. Interestingly, even in
nutrient-sufficient environments, some cancer cells
preferentially upregulate FAO and express large
quantities of its catalytic enzymes to promote
proliferation [102]. Recent research discovered that
palmitate, the most abundant saturated fatty acid,
induces autophagy, liberates monounsaturated fatty
acids, and increases agouti-related peptide (Agrp)
expression in hypothalamic cells [103]. Similarly,
oleate, the most common monounsaturated fatty acid,
promotes autophagy by raising ROS levels [104].
Beyond metabolites, many enzymes involved in lipid
metabolic pathways also impact autophagy. For
example, some tumor cells have higher quantities of
fatty acid synthase, an enzyme that produces
saturated fatty acids de mnovo. This suppresses
autophagy and raises p62 levels [105]. A recent study
discovered an atypical carnitine palmitoyltransferase
1 (CPT1) isoform, designated CPT1C, and identified it
as a potential oncogene [106]. It was further
demonstrated that CPT1C expression promotes FAO
and ATP synthesis in cancer cells, stimulates tumor
development, and imparts resistance to mTORCl1
inhibitors [100]. Cancer reprogramming through lipid
metabolism-autophagy interactions is particularly
evident in the spatial heterogeneity of the tumor
microenvironment [107]. In hypoxic regions, HIF-1a
not only induces the expression of the lipid
droplet-enveloping protein PLIN2 to promote lipid
storage but also upregulates BNIP3 to initiate
mitochondrial autophagy [108]. This allows tumor
cells to retain lipids during hypoxia and then generate
energy via fatty acid oxidation upon reoxygenation.
This phenomenon illustrates how autophagy
contributes to metabolic plasticity within the tumor
microenvironment. Additionally, tumor-associated
fibroblasts promote oxidative phosphorylation by
releasing free fatty acids through
autophagy-dependent lipolysis. These fatty acids are
then transferred to nearby cancer cells via cluster of
differentiation 36 (CD36). A phenomenon known as
the "reverse Warburg effect" has been confirmed in a
number of tumor types [109]. These results imply that
both tumor-intrinsic and microenvironmental effects
may need to be taken into account when developing
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treatment approaches that target autophagy. This
metabolic symbiosis creates a non-cell-autonomous
therapeutic target by disrupting the tumor's energy
supply by blocking CAF autophagy or fatty acid
uptake by cancer cells. Furthermore, recent studies
have demonstrated aberrant regulation of the
molecular mechanisms that trigger lipophagy in
cancer. Hypoxia-induced lipid droplet-associated
protein HILPDA attracts E3 ubiquitin ligase RNF213
to the surface of lipid droplets, facilitating K63-linked
ubiquitination of these droplets [110]. Such
ubiquitination enables the autophagy receptors p62
and NDP52 to recognize and degrade the droplets
more efficiently [110]. Through this
ubiquitin-dependent targeting mechanism, lipid
droplets are selectively degraded under metabolic

stress. Furthermore, the endoplasmic
reticulum-resident protein vacuolar membrane
protein 1 (VMP1l) coordinates autophagosome

membrane formation at ER-lipid droplet contact sites,
thereby physically linking lipolysis to autophagosome
biogenesis [111]. Disruption of these contact sites
impairs both lipid droplet turnover and autophagic
flux, underscoring the spatial organization of
lipophagy as a critical regulatory layer.
Starvation-induced autophagy also requires
stearoyl-CoA desaturase 1 (SCD1), which converts
saturated fatty acids into monounsaturated fatty acids
[112]. Cancer cells alter their lipid uptake and
utilization, relying on both endogenous and
exogenous lipid sources to meet metabolic demands.
Accumulating evidence indicates that lipid droplets
(LDs) activate a selective autophagic pathway termed
lipophagy, making it a promising therapeutic target
[113]. Recent mechanistic insights have revealed a
bidirectional relationship: LDs not only serve as
substrates for lipophagic degradation but also actively
contribute to autophagosome formation by supplying
membrane lipids and associated proteins [114].
Specific Rab GTPases and adaptor proteins, such as
Spartin, facilitate the recognition and engulfment of
LDs by autophagic membranes [115]. Cancer cells
obtain free fatty acids (FFAs) through de novo
synthesis or exogenous uptake. These FFAs are
rapidly converted into triglycerides, which form the
core of LDs. After being enclosed by autophagosomes,
LDs are delivered to lysosomes, where lysosomal acid
lipases hydrolyze the stored triglycerides into FFAs.
These FFAs are subsequently metabolized to fuel
mitochondrial OXPHOS [116]. Certain FFAs, such as
palmitic acid and oleic acid, can promote autophagy
by inhibiting mTORC1 or via the protein kinase R
(PKR)-c-Jun N-terminal kinase (JNK) pathway [117,
118]. However, excessive lipid concentrations may
impede autophagy by blocking autophagosome-
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lysosome fusion or by impairing lysosomal
acidification and hydrolase activity [119]. Adipose
triglyceride lipase (ATGL) is a central player at the
interface between lipolysis and lipophagy. As the key
rate-limiting enzyme in triglyceride catabolism,
ATGL hydrolyzes triglycerides into FFAs, thereby
linking lipid droplet breakdown to autophagic
recycling [120]. Moreover, ATGL initiates lipophagy
by interacting with the autophagy marker LC3, which
enhances lipid breakdown [121]. In direct contrast to
the lipophagic pathway, fatty acid synthase (FASN)
directs metabolic flux toward lipid synthesis and
inhibits autophagy. FASN is the principal enzyme
responsible for fatty acid production; it catalyzes the
sequential condensation of acetyl-CoA and
malonyl-CoA [122]. Mechanistically, FASN can
suppress autophagy by activating the mTOR pathway
[113].

Notably, in the context of cancer treatment
resistance, a unique mechanism specific to endothelial
cells has recently been discovered. Tumor endothelial
cells (TECs) in colorectal liver metastases upregulate
the F3 protein, which blocks the autophagy-lysosomal
pathway through the MAPK/JNK-MAPK/ERK-TP53
signaling axis [123]. This inhibition increases FAO and
fosters resistance to anti-vascular endothelial growth
factor (VEGFA) therapy by preventing CPT1A protein
degradation [124]. Additionally, F3 encourages
phagocytosis and lipid uptake, resulting in a
lipid-rich milieu that permits long-term TEC growth
under treatment stress [123]. These findings indicate
that endothelial lipid phagocytosis and fatty acid
oxidation represent targetable vulnerabilities for
overcoming resistance to anti-angiogenic therapies.

Extensive evidence indicates a comprehensive
metabolic reprogramming of lipid-related processes,
including synthesis, storage, and breakdown. These
alterations fuel tumor progression and sustain
oncogenesis [125]. Fatty acids produced by adipocytes
promote FAO and cancer cell survival by activating
peroxisome  proliferator-activated = receptor  y2
(PPARy) and the transcription of its downstream
target genes, such as fatty acid-binding protein 4
(FABP4) and CD36, in cancer cells [113]. For instance,
transporter proteins such as FABP4 and CD36 carry
fatty acids into acute myeloid leukemia (AML) cells
[126]. Notably, adiponectin secreted by adipocytes
binds to its receptor, adiponectin receptor 1
(ADIPOR1), thereby activating the AMPK pathway
and inducing autophagy [127]. It has been
demonstrated that adiponectin inhibits glycolysis and
activates the AMPK/ULK1 signaling pathway,
consequently suppressing the proliferation of PCa
cells [69]. The degradation of perilipins (PLINSs),
which are core scaffold proteins on the surface of lipid
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droplets, represents a key prerequisite that licenses
lipolysis [128]. PLINs are degraded by CMA. This
process is triggered by the binding of heat shock
cognate protein 70 (HSC70) to specific pentapeptide
motifs on PLIN2 and PLIN3. Subsequently, the
HSC70-PLIN complex binds to lysosome-associated
membrane protein 2A (LAMP2A) and is taken up into
lysosomes, where it is degraded [128, 129] (Figure 4).
In this context, a key adaptive change is the activation
of lipogenic pathways. Through these pathways,
cancer cells boost the production of fatty acids and
other lipid molecules to support their rapid
proliferation. Increased lipogenesis is frequently
linked to the activation of essential enzymes, such as
ATP citrate lyase (ACLY) and acetyl-CoA carboxylase
(ACC), under the influence of carcinogenic signaling
pathways, including phosphatidylinositol 3-kinase
(PI3K), protein kinase B (Akt), mTOR, and Myc [130].
Hypoxia is regarded as a defining feature of cancer
and plays a significant part in the metabolic
reprogramming of tumor cells [131]. It promotes the
accumulation of triglycerides and LDs by
upregulating Lipinl, a key enzyme catalyzing the
conversion of phosphatidic acid. Furthermore,
hypoxia enhances lipid storage within these droplets
through the induction of the lipid droplet coating
protein PLIN2 [132]. The survival of cells exposed to
hypoxia-reoxygenation in vitro is decreased when
lipid storage is inhibited, which can significantly
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hinder cancer in wvivo. Therefore, exploring the
changes in lipid metabolism in cancer cells is of great
significance for the development of new cancer
treatment methods.

3.3 Interplay between autophagy and amino
acids metabolism

In addition to reprogramming their metabolism
of fats and carbohydrates, tumor cells have a
noticeably higher need for amino acids in order to
sustain their fast growth and division [133]. Amino
acid metabolism, including that of glutamine, leucine,
and proline, is closely linked to the development and
survival of cancer cells [134]. As the most prevalent
amino acid in human blood, glutamine is essential for
maintaining the regular operations of many cell types
[135]. Nucleotide synthesis is the main function of
glutamine metabolism, while glucose provides carbon
and glutamine supplies nitrogen [136]. Glutaminase
(GLS) is the enzyme that normal cells use to make
glutamine. Nevertheless, the incapacity of tumor cells
to generate enough glutamine to meet their high
growth requirements leads to a glutamine-dependent
phenomenon [136]. The glutamine transporter
proteins sodium-coupled neutral amino acid
transporter 2 (SNAT2) and solute carrier family 1,
member 5 (SLC1A5) are increased as a result of
hypoxia, preventing pyruvate from entering the TCA
cycle [137]. Glutamine metabolism plays a key role in
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Figure 4. Interplay between autophagy and fatty acid Metabolism. FABP4 and CD36 are examples of transporter proteins that move FFAs from adipocytes to cancer
cells. FAO breaks down fatty acids in cancer cells" mitochondria to provide energy. Furthermore, the cellular transcriptional network involving PPARy and its downstream target
genes FABP4 and CD36 can be activated by fatty acids, further promoting FAO and enhancing cancer cell survival. Adipocytes produce lipocalin, which interacts with its receptor
ADIPORI to activate the AMPK pathway and ultimately cause autophagy. By stimulating the JNK pathway or blocking the mTOR pathway, FFAs also cause autophagy.
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energy production, antioxidant defense and cancer
cell growth. After GLS converts glutamine to
glutamate, either glutamate dehydrogenase (GLUD)
or aminotransferase produces a-ketoglutarate, which
enters the TCA cycle to supply cellular energy needs
[70]. In addition, glutamine is an important raw
material for the production of glutathione (GSH) and
is involved in stabilizing ROS [138]. GLS1, often
upregulated by c-Myc in cancer cells, promotes GSH
synthesis to reduce ROS and protect cells from
oxidative damage [139]. Collectively, glutamine
metabolism provides the raw material for hyperactive
glycolysis and OXPHOS in cancer cells. It can also
cause tumor cells to become resistant to
chemotherapy drugs by disrupting the balance of
sugar, lipid and protein metabolism [140].
Proliferative cancer cells can compete with normal
cells for circulating glutamine, and there are
significant differences in glutamine metabolism
between organs at various stages of tumor
progression, suggesting that targeted regulation of
glutamine metabolism is a promising approach to
tumor treatment.

Leucine, isoleucine, and valine make up
branched-chain amino acids (BCAAs), which are the
most prevalent necessary amino acids. They play a
pivotal role in regulating energy homeostasis,
nutritional metabolism, immunity, and various
diseases in both humans and animals [141]. BCAAs
are not precursors for biosynthetic nitrogen
compounds but function as signaling molecules
regulating gluconeogenesis, lipid synthesis, and
protein anabolism. Consequently, BCAAs are also
indispensable for cancer cells, which thus enhance
their uptake and utilization to support proliferation
[142]. The levels of BCAAs are primarily regulated by
the cytoplasmic branched-chain amino acids
transaminase  isoenzyme 1  (BCAT1), the
mitochondrial ~ branched-chain  amino  acids
transaminase isoenzyme 2 (BCAT2), and the
branched-chain a-ketoacid dehydrogenase complex
(BCKDH) [143]. Nitrogen is transferred to
a-ketoglutarate (aKG) by BCAT1 and BCAT2,
resulting in  glutamate and the specific
branched-chain ketone acid (BCKA). After that, the
BCKDH breaks down these ketone acids to create
branched-chain acyl-CoA (BC-CoA). For energy
production and macromolecular synthesis, this CoA
can be further metabolized in several stages to
produce acetyl-CoA and succinyl-CoA, TCA cycle
intermediates [144] (Figure 5). Recent studies have
highlighted  cancer  type-specific =~ roles  of
branched-chain amino acid (BCAA) metabolism in
autophagy regulation. In PCa, BCAT2 is markedly
upregulated and correlates with tumor progression
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and poor prognosis. Mechanistically, BCAT2 interacts
with PCBP1 at the Leu239 site to activate PI3K/AKT
signaling, thereby suppressing autophagy-associated
apoptosis and ferroptosis in PCa cells [143].
Consequently, BCAT2 is identified as a potential
diagnostic and prognostic biomarker as well as a
promising therapeutic target in PCa. In HCC, BCAAs
suppress autophagy through mTORCI-dependent
phosphorylation of ULK1 at Ser757, which impairs
autophagosome formation and stabilizes the tumor
suppressor PDCD4 by preventing its autophagic
degradation. This mechanism suggests that BCAAs
may exert antitumor effects by coordinately
modulating autophagy and tumor suppressor
pathways [145].

Autophagy is traditionally regulated by amino
acids. The transcription of autophagy genes, such as
Atgl2, Atgb, Atg7, and Beclinl, can be triggered by
the general control non-derepressible 2 (GCN2),
eukaryotic initiation factor 2a (elF2a), and activating
transcription factor 4 (ATF4) pathways when amino
acid deficiency occurs. This process elevates
cytoplasmic amino acid levels and triggers the
initiation of autophagy [146]. It should be noted that
AMPK does not directly detect amino acid
availability. However, when amino acids become
scarce, protein synthesis and mitochondrial function
are compromised. As a consequence, the AMP/ATP
ratio rises, which in turn activates AMPK [147]. At the
same time, mTORC1 activity is directly inhibited by
the lack of amino acids, particularly under conditions
of leucine or arginine depletion. This inhibition
facilitates the nuclear translocation of TFEB and TFE3.
Once in the nucleus, these transcription factors drive
increased expression of autophagy-related and
lysosomal  genes [89].  Additionally, via
phosphorylating Raptor and tuberous sclerosis 2
(TSC2), AMPK strengthens this suppression of
mTORC1 [148]. Together, these actions ensure
enhanced ULKI activation and autophagic induction
under amino acid scarcity [149]. Recent advances have
further elucidated the intricate molecular machinery
governing amino acid sensing. The gap activity
towards rags (GATOR) complex, a crucial amino acid
sensor on the lysosomal membrane, is activated in
nutrient-rich environments, especially when leucine
and arginine are abundant [150]. Specifically, the
abundance of amino acids suppresses the activity of
the GATOR1 complex, thereby activating GATOR?2 to
promote the transition of Ras-related GTP-binding
proteins (Rag GTPases) into their active state on the
lysosomal membrane [151]. These active Rag
complexes then recruit mTORC1 to the lysosomal
surface, where it interacts with GTPase ras homolog
enriched in brain (Rheb) to achieve full activation of
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mTORC1 [150]. In the end, active mTORC1
phosphorylates the essential elements of autophagy
initiation, including ULK1, Atgl13, FIP200, and Atgl4,
which stops phagophore production and suppresses
autophagic initiation [152]. Despite substantial
evidence supporting the role of autophagy in
sustaining amino acid pools, emerging studies
suggest that excessive reliance on autophagy-derived
nutrients may create metabolic dependencies that
could be therapeutically exploited. However, the
extent of this vulnerability remains to be
systematically characterized.

Beyond the canonical mTORC1 pathway,
emerging evidence indicates that amino acids can
regulate autophagy through mTORCI-independent
mechanisms. Recent work has shown that glutamine
acts as a signaling molecule capable of binding
directly to HSC70. This binding occurs independently
of known glutamine metabolic or signaling routes
[153]. The interaction between glutamine and HSC70
inhibits the degradation of the deubiquitinating
enzyme OTUD4. As a result, lactate dehydrogenase A
(LDHA) is stabilized through the removal of its
ubiquitin chains [154, 155]. This process suppresses
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the microautophagy-lysosomal pathway, enhances
lactate synthesis, and reduces the expression of
interferon-p and its targets. All of these changes are
hallmarks of immunogenic cell death. The tumor
suppressor p53 is a stress-responsive transcription
factor. It exerts complex and context-dependent
regulation over both autophagy and amino acid
metabolism. Its function is critically influenced by
subcellular localization [156]. In the nucleus, p53
promotes autophagy by transcriptionally regulating
the mTOR pathway and key autophagy-related genes.
In the cytoplasm, however, it inhibits autophagy
under basal conditions [157]. Through the control of
target genes such as glutaminase 2 (GLS2), p53
influences cellular energy supply and redox balance.
It also regulates the expression of several important
enzymes involved in amino acid metabolism,
particularly glutamine metabolism [158]. Conversely,
the availability of amino acids inversely regulates the
activity and stability of p53. In response to amino acid
shortage or cellular stress, p53 transcriptionally
up-regulates tuberous sclerosis complex 2 (TSC2), also
known as phosphatase and tensin homolog (PTEN),
as well as AMPK [157].
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Figure 5. Interplay between autophagy and amino acid metabolism. The GCN2/elF2a/ATF4 pathway, AMPK, and the mTORCI pathway are the primary regulators of
amino acid homeostasis. By regulating protein synthesis and autophagy, these signaling pathways collaborate to monitor intracellular amino acid levels and maintain homeostasis

in vivo.
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In conclusion, cancer cells are able to maintain
their bioenergetic and biosynthetic needs under stress
due to the complex interactions between autophagy
and important metabolic pathways, such as
glycolysis, lipid metabolism, and amino acid
metabolism. This metabolic flexibility, supported by
autophagy-mediated  recycling and signaling
integration, drives tumor progression and therapy
resistance. Consequently, therapeutic strategies that
target the autophagy-metabolism axis—a critical
driver of cancer progression—have attracted
considerable interest due to their potential to disrupt
tumor adaptation. The following section will discuss
emerging small-molecule agents that exploit this
vulnerability.

3.4 Interplay between autophagy and other
metabolic processes

Beyond the classical metabolic pathways
discussed above, accumulating evidence points to
nucleotide metabolism as another critical component
of the autophagy-metabolism network. Cancer cells
commonly exhibit excessive synthesis and utilization
of nucleotide triphosphates (NTPs) and their
deoxyribonucleotide counterparts (ANTPs) [159]. The
synthesis of purine and pyrimidine nucleotides
proceeds through two distinct routes. One is the de
novo pathway, which incorporates small precursors
into nucleotides via a series of energy-intensive,
multi-step enzymatic reactions. The other is the
nucleoside/nucleobase salvage pathway, where
nucleosides or nucleobases are converted into the
corresponding nucleoside monophosphates (NMPs)
through a single phosphorylation or
phosphoribosyltransferase reaction [160]. For both
pyrimidines and purines, de novo synthesis involves
multiple complex steps. These steps convert amino
acids and phosphoribosyl pyrophosphate (PRPP) into
uridine  monophosphate (UMP) or inosine
monophosphate (IMP), both of which participate in
nucleic acid metabolism [160]. The dynamic crosstalk
between autophagy and nucleotide metabolism has
emerged as an important determinant of cancer cell
adaptation and therapeutic resistance [161].
Mechanistically, a metabolic change is brought about
by persistent autophagy suppression, such as in
pancreatic ductal adenocarcinoma cells that have
become resistant to hydroxychloroquine or ULK1/2
inhibitors. This shift moves the cells from de novo
pyrimidine synthesis toward preferential utilization
of the salvage pathway. It is characterized by elevated
aspartate levels and altered pyruvate metabolism
[162]. Such metabolic rewiring creates a vulnerability
to pyrimidine analogs like gemcitabine and
trifluridine, highlighting a compensatory relationship
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between autophagic flux and the maintenance of
nucleotide pools. At the same time, autophagic
regulation and nucleotide metabolism are connected
via RNA epigenetics, specifically
Né6-methyladenosine (m°A) modification [163]. The
research that is now available indicates that the m6A
modification can influence the start and length of
autophagy by controlling the expression of FIP200,
ULK1, and ATG5/ATGY7. Furthermore, it has been
observed that m6A modification regulates the
AMPK/AKT pathway, which is crucial for regulating
autophagy [164]. Specifically, a reduction in m°A
modification suppresses the expression of PPM1A (an
AMPK inhibitor) while promoting the expression of
CAMKK?2 (an AMPK activator). These changes lead to
the activation of autophagy [165]. Reduced mCA
modification levels may activate the AKT signaling
pathway [166]. In response to DNA damage, the
p53-inducible isoform RBM38c undergoes K63-linked
polyubiquitination catalyzed by TRIM21, enhancing
its interaction with Beclinl and promoting assembly
of the ATG14-containing VPS34 complex to initiate
protective autophagy (Figure 6). This
ubiquitin-dependent mechanism couples genotoxic
stress recognition to autophagosome nucleation, and
its  disruption  sensitizes  cancer cells to
DNA-damaging agents [167]. In a study on
triple-negative breast cancer (TNBC), curcumin's
reactive oxygen species interact with LC3 to cause the
inner nuclear membrane protein Lamin Bl to
degrade, discharging damaged DNA into the
micronucleus and initiating the cGAS-STING
immunological pathway. This mechanism connects
immune activation, autophagy clearance, and
nucleotide damage monitoring [168]. Furthermore,
nicotinamide mononucleotide (NMN), the precursor
of NAD", directly activates the AMPK/mTOR axis to
promote autophagy while concurrently modifying
redox balance and ferroptosis sensitivity,
demonstrating how a crucial nucleotide cofactor
combines energy sensing with autophagic flux [169].
By selectively removing malfunctioning
organelles through mitophagy, autophagy not only
provides nucleotide precursors through nucleic acid
catabolism but also acts as a key regulator of
mitochondrial homeostasis, maintaining cellular
energy production and redox balance under
metabolic stress conditions. In order to promote the
growth and survival of cancer cells, mitochondria
work as key metabolic hubs where oxidative
phosphorylation, TCA cycle activity, nucleotide
biosynthesis, and redox homeostasis come together
[170]. By eliminating dysfunctional mitochondria that
generate excessive ROS and fail to meet bioenergetic
demands, mitophagy preserves a  healthy
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mitochondrial network and enables metabolic
flexibility under stress conditions such as nutrient
deprivation, hypoxia, and therapeutic pressure [11].
In cancer, autophagy and mitochondrial metabolism
interact in both directions and are dynamically
controlled [171, 172]. On the one hand, autophagic
activity is directly impacted by mitochondrial
metabolic states. Cytosolic acetyl-CoA is a signaling
molecule that directly regulates mitophagy by
binding to the NOD-like receptor (NLR) family
member X1 (NLRX1), according to a ground-breaking
discovery [173]. Surprisingly, this acetyl-CoA-NLRX1
axis functions independently of the traditional AMPK
and mTOR signaling pathways, exposing a direct
"metabolite-sensing" mechanism  that  links
mitochondrial quality management to cellular energy
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SLC27A3, a lipid metabolism gene linked to a poor
prognosis in clear cell renal cell carcinoma, increases
the formation of acyl-CoA, which causes the
dissipation of the mitochondrial membrane potential
and the development of ROS that initiate
PINK1/Parkin-mediated = mitophagy [174]. By
consuming CPT1A in mitochondria and driving
acyl-CoA toward lipid droplet synthesis and storage,
this mitophagic response simultaneously stops fatty
acid oxidation and modifies the lipid metabolic
landscape to promote tumor growth and provide
resistance to the tyrosine kinase inhibitor pazopanib
[174].  Targeting the autophagy-mitochondria
metabolic axis has been shown to have therapeutic
promise. Icaritin, a naturally occurring substance,
causes ROS generation and mitochondrial damage in

status. On the other hand, to promote cancer growth HCC, which sets off PINK1/Parkin-mediated
and treatment resistance, mitophagy actively modifies =~ mitophagy [175].
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Interestingly, icaritin-induced cell death and
anticancer efficacy are greatly increased when
autophagy or mitophagy is inhibited, suggesting that
mitophagy functions as a cytoprotective mechanism
that restricts therapeutic response [175]. Similarly, via
controlling energy metabolism, oxidative stress, and
cell-fate decisions, mitophagy in breast cancer plays
simultaneous roles in tumor formation, metastasis,
and treatment resistance [172]. These results lend
credence to the idea that mitophagy inhibitors should
be used in conjunction with traditional treatments to
combat medication resistance.

Overall, a highly coordinated adaptive network
that allows cancer cells to withstand metabolic stress,
avoid apoptosis, and withstand treatment is shown by
the interplay between autophagy and nucleotide and
mitochondrial metabolism. In order to sustain growth
and energy production, autophagy, on the one hand,
encourages nucleotide recycling and mitochondrial
quality control. However, these organelles generate
metabolic signals that reciprocally control autophagy
activity, creating a potent homeostatic loop. There are
important  therapeutic = ramifications to this
bidirectional regulation. Drug resistance may be
overcome by controlling mitochondrial autophagy,
either by blocking protective mitochondrial
autophagy or by utilizing metabolite-sensing
vulnerability (such as the acetyl-CoA-NLRX1 route).

Despite  significant ~ progress in  our
understanding of the relationship between autophagy
and metabolism, many important questions still
remain unanswered. Firstly, the context-dependent
dual function of autophagy, tumor-promoting versus
tumor-suppressive, presents a significant challenge
for therapeutic intervention, as clinical outcomes
depend on the timing and duration of autophagy
regulation [176]. Moreover, the precise molecular
processes by which metabolic stress signals are
integrated to activate selective autophagic responses
are not fully understood, with accumulating evidence
indicating cell-type and stress-specific differences
[177]. Following that, the metabolic requirements
regulated by autophagy vary significantly between
cancer types and even within the same tumor,
hindering the development of generally applicable
treatment techniques [178]. Importantly, whether
autophagy primarily supports tumor metabolic
fitness or instead creates metabolic liabilities under
specific conditions remains highly context-dependent.
Furthermore, new research indicates that different
types of autophagy may have different, sometimes
conflicting, metabolic impacts, underscoring the need
for a more complex and comprehensive framework.
These unresolved problems underscore the need for a
deeper understanding of the autophagy-metabolism
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axis, which is what this study attempts to critically
examine. Collectively, these emerging metabolic
dimensions further support the concept that
autophagy functions as a central integrator of
metabolic networks rather than a pathway acting on
isolated metabolic processes. Nevertheless, it is still
unclear how these pathways are arranged
mechanistically and how much each contributes to the
development of tumors.

4. Small-molecule drugs linking
autophagy to metabolism in cancers

An intriguing treatment avenue is the complex
interaction  between autophagy and cancer
metabolism.  Autophagy  provides  metabolic
precursors, including lipids and amino acids, to
maintain biosynthetic pathways under food stress,
and metabolic reprogramming reciprocally adjusts
autophagic flow [37, 179]. The autophagy-metabolism
axis is a viable target for anticancer therapies because
of its bidirectional communication. A crucial part of
this control is played by nutritional sensors: while
nutrients are plentiful, mTORC1 inhibits autophagy,
but under stress, it becomes inactive, enabling
ULK1-driven  autophagosome formation and
metabolic recycling [180]. In the meantime, when
energy is depleted, AMPK is activated,
phosphorylating ULK1 to start autophagy and
simultaneously repressing mTORC1 to move cells
toward catabolism [179]. Furthermore, selective
autophagic processes such as mitophagy preserve
mitochondrial integrity, supporting oxidative
phosphorylation and mitigating reactive oxygen
species in malignancies, including PDAC [102, 181].
Pharmacologically targeting autophagy thus offers a
rational approach to disrupt metabolic adaptability in
tumors, such as glutamine catabolism and
mitochondrial =~ metabolism,  while potentially
overcoming conventional therapy resistance and
minimizing  off-target effects [182-184]. The
mechanisms, effectiveness, and possibilities for
combination therapy of small-molecule medicines
that target both autophagy and important metabolic
pathways are extensively reviewed in this section
(Figure 7).

4.1 Small-molecule drugs targeting the
glycolytic pathway and autophagy

As a central metabolic pathway, glycolysis is
frequently  dysregulated in cancers, fueling
tumorigenesis, proliferation, and therapy resistance
[185, 186]. The bioenergetic and metabolic basis of
malignancies is disrupted by targeting this pathway, a
vulnerability highlighted by recurring mutations in
important enzymes such as succinate dehydrogenase
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(SDH), fumarate hydratase (FH), and isocitrate
dehydrogenase (IDH) [187-189]. This section
discusses small-molecule drugs that exploit this
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vulnerability to treat cancers by targeting glycolytic or
autophagic activity.
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As an HK2 inhibitor, 2-deoxy-D-glucose (2-DG)
effectively  prevents glycolysis by  blocking
HK-mediated phosphorylation, which restricts the
growth of tumor cells [190]. A study showed that
2-DG triggered glucose deprivation without altering
other nutrients or metabolic pathways, activated
AMPK, increased ROS in cancer cells, and triggered
autophagy [191]. To enhance the anti-tumor effect of
2-DG, researchers have proposed to combine 2-DG
with autophagy inhibitors [192]. For example,
combining 2-DG-mediated starvation therapy with an
autophagy inhibitor, black phosphorus nanosheet can
disrupt the autophagy mechanism of tumor cells and
maximize the therapeutic effect [193]. In short, 2-DG
exerts antitumor effects by inhibiting glycolysis and
modulating pro-survival autophagy. Combining
2-DG with autophagy inhibition may therefore
enhance its therapeutic efficacy [190]. Another HK2
inhibitor is 3-bromopyruvic acid (3-BrPA), a pyruvate
analog that suppresses cancer cell energy metabolism
and induces apoptosis by activating autophagy in
myeloma cells under hypoxic conditions [71].
Furthermore, a study showed that 3-BrPA suppresses
the growth of TNBC cells by downregulating c-Myc,
which lowers HK2 expression, hinders glycolysis
(including lactate formation, ATP generation, and HK
activity), and encourages mitochondria-mediated
apoptosis  [194]. Similarly, in thyroid cancer,
3-BrPA-mediated glycolysis inhibition significantly
curbs tumor cell proliferation and invasion, consistent
with its role in disrupting energy metabolism [195].
Rapamycin, a classical mTOR inhibitor that activates
autophagy by suppressing mTOR signaling, exhibits
synergistic antitumor activity when combined with
3-BrPA, concurrently modulating ATGs and
intracellular glucose metabolism in high-risk
neuroblastoma models [196, 197].

Metformin has shown promise as an anticancer
drug against a variety of cancers in addition to its
traditional usage in type 2 diabetes [198, 199]. It works
by lowering cellular energy and triggering AMPK,
which in turn inhibits mTOR and induces autophagy
[200]. By changing the metabolic landscape,
metformin can stop the growth of insulin-sensitive
cancers and increase their susceptibility to
conventional therapies [201]. The investigation of
metformin in combination therapy has been spurred
by these mechanistic findings, particularly for
malignancies like breast and colon cancer that have
changed metabolic pathways [202, 203], and have
inspired a number of related clinical trials [204].
Berberine (BBR), an isoquinoline alkaloid obtained
from Berberis vulgaris, has been used extensively in
traditional Chinese medicine to treat diabetes and
diarrhea. It also possesses anticancer properties
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against a range of cancer cell types, including human
glioblastoma cells [205], colorectal [206], lung [207],
prostate [208], and ovarian cancers [209]. BBR
suppresses tumor cell invasion, an energy-demanding
process, by disrupting glycolytic energy production
and impairing mitochondrial function [210]. In
glioblastoma multiforme (GBM), BBR perturbs
cellular metabolism, curbing glycolysis, altering
mitochondrial dynamics, and enhancing autophagic
flux, collectively reducing invasiveness and
promoting cell death [211]. By controlling the
Akt/AMPK/mTOR pathway, compound 3K, a
specific PKM2 inhibitor, impairs glycolysis and
triggers autophagy, ultimately leading to the death of
ovarian cancer cells [212]. PKM2 catalyzes the
terminal, rate-limiting step of glycolysis, conversion
of phosphoenolpyruvate to pyruvate, and thereby
supports aerobic glycolysis and rapid cancer cell
proliferation [213]. However, its therapeutic benefit in
clinical settings has yet to be clarified, although
current evidence suggests considerable potential for
further development. Polymethoxyflavonoids (PMFs)
are a kind of flavonoid that exhibit broad-spectrum
anticancer and chemosensitizing activities [214, 215].
According to a study, PMFs reverse chemoresistance
in colorectal cancer by suppressing aerobic glycolysis,
reducing ROS and autophagosome formation [216].
With glucose uptake via glucose transporter
proteins, particularly glucose transporter protein 1
(GLUT1), acting as a crucial regulatory node in
glycolytic flux, the Warburg effect highlights the
extreme dependence of cancer cells on aerobic
glycolysis [217, 218]. In a dose-dependent manner,
pharmacological GLUT1 inhibitors such as STF-31
[219] and BAY-876 [220] successfully decrease glucose
uptake, resulting in intracellular glucose scarcity and
energy depletion. This metabolic stress causes cell
cycle arrest and protective autophagy in thyroid
cancer cells by activating AMPK in response to
increased AMP: ATP and ADP: ATP ratios [221].
Furthermore, GLUT1 inhibitors exhibit synergistic
potential with conventional chemotherapeutics [222].
For instance, they enhance the antiproliferative
efficacy of Lenvatinib and sensitize esophageal cancer
cells to cisplatin [223]. Similarly, co-treatment with
BAY-876 and docetaxel augments apoptosis in lung
cancer models [224]. These findings demonstrate the
usefulness of GLUT1 inhibitors as possible cancer
combination treatment options. Beclinl and vacuolar
protein sorting 34 (VPS34) are ubiquitinated and
degraded as a result of the deubiquitination activity of
ubiquitin-specific peptidase 10 (USP10) and USP13,
which is blocked by the strong autophagy inhibitor
spautin-1 [225]. In addition to its conventional
function, Spautin-1 inhibits mitochondrial complex I
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activity, which in turn lowers the unfolded protein
response (UPR) and reduces the survival of cancer
cells during glucose deprivation [226]. ULK1 is a
master regulator that transmits metabolic stress
signals to initiate autophagy and maintain glucose
metabolism [227, 228]. Glioblastoma and lung cancer
cells undergo apoptosis and autophagy inhibition
when exposed to SBI-0206965, a selective small
molecule inhibitor of ULK1 kinase [229]. Additionally,
in non-small cell lung cancer (NSCLC) cells, it has
been shown to increase cisplatin sensitivity [230].
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Furthermore, in clear cell renal cell carcinoma
(ccRCC), SBI-0206965 triggers apoptosis by dual
inhibition of autophagy and the PPP—a glycolytic
branch critical for NADPH production and redox
balance [231, 232]. (Table 1).

In summary, blocking the glycolysis-autophagy
axis using inhibitors of HK2, PKM2, GLUT1, ULKI1,
and other proteins is a proven method of interfering
with the anabolic and bioenergetic processes that are
essential for tumor growth.

Table 1. Small-molecule drugs targeting the glycolytic pathway and autophagy

Drug Chemical Structure

Targets/Pathways

Effect on Cancer Ref

autophagy

Mechanisms of action

2-DG HO HK2

Metformin AMPK

Berberine

Compound 3K

3-BrPA HK2

Polymethoxylated Aerobic
flavones (PMFs)

signaling axis

STF-31 o X GLUT1

BAY-876 GLUT1

AMPK/mTOR/ULK1

Akt/ AMPK/mTOR

2-DG triggers glucose Activate
deprivation, activates
AMPXK, and increases

ROS in cancer cells.

Liver, Breast, [190]
Lung cancer

Activate Pancreatic, [200]
Colon, Breast

cancer

By inhibiting hepatic
gluconeogenesis,
lowering cellular energy
levels, and activating
AMPXK, thereby
inhibiting the mTOR
pathway.

Inhibition of the
AMPK/mTOR/ULK1
pathway weakens
glycolysis-dependent
energy production and
induces mitochondrial
dysfunction.

Activate GBM [211]

Disrupting glycolysis by ~ Activate Ovarian cancer  [212]
regulating the
Akt/ AMPK/mTOR

pathway

Inhibiting HK2 activity, =~ Activate

inhibiting glycolysis

Myeloma [194]

Interfering with aerobic  Inhibit Colon cancer [216]

glycolysis-ROS-autophagy glycolysis in tumor cells

reduces ROS production.

Reduce glucose intake Activate
and activate the AMPK

pathway

Thyroid cancer  [221]

Reduce glucose intake Activate
and activate the AMPK

pathway

Thyroid cancer  [221]
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Drug Chemical Structure Targets/Pathways Mechanisms of action Effect on Cancer Ref
autophagy
Spautin-1 F USP10 and USP13 Inhibition of the Inhibit Prostate cancer  [226]
F deubiquitinating activity
H of USP10 and USP13
N
I

SBI-0206965 ULK1 Inhibition of autophagy  Inhibit Clear Cell Renal [232]

~0
BrfN i O
|
o) \N)\N o~
H
HN-"0
I

and PPP flux triggers Carcinoma

apoptosis

4.2 Small-molecule drugs targeting lipid
metabolism and autophagy

As a lipolytic mechanism, autophagy encourages
lipid turnover to support cancer stem cells (CSCs),
strengthening  their stemness, survival, and
chemoresistance while promoting tumorigenesis and
metastasis [128]. Thus, targeting this process
represents a promising strategy to overcome therapy
resistance, as demonstrated by the autophagy
inhibitor verteporfin, which sensitizes pancreatic
ductal adenocarcinoma to gemcitabine [233].
Targeting autophagy to modulate lipid metabolism
represents a promising strategy to overcome therapy
resistance  in  CSCs. By  inhibiting  the
PI3K/Akt/mTOR  pathway, the plant-derived
substance Rottlerin (Rott) causes lipid modification of
LC3 and triggers autophagy and death in prostate
CSCs [234]. Rott's extensive therapeutic potential
extends beyond prostate cancer, since it induces
mTORCl-independent autophagic cell death in
apoptosis-resistant MCF-7 breast cancer cells [235].
Schisandrin B (Sch B), a bioactive dibenzocyclodiene
derived from Schisandra chinensis, decreases hepatic
steatosis in non-alcoholic fatty liver disease (NAFLD)
via inducing autophagy through the AMPK/mTOR
pathway. Concurrently, Sch B upregulates key
enzymes involved in fatty acid oxidation and ketone
production, indicating a coordinated enhancement of
lipid catabolism [236]. These findings position Sch
B-induced autophagy as a central mechanism
responsible for remodeling hepatic lipid and amino
acid metabolism. The natural sesquiterpene lactone
Dehydrocostus lactone (Dehy), derived from
Saussurea lappa Clarke, exhibits potent anti-gastric
cancer (GC) activity by targeting lipid metabolism
[237]. It suppresses aberrant de novo fatty acid
synthesis through the IKKB/ACLY axis, leading to
lipid depletion that triggers a compensatory
autophagy initiation in GC cells [238]. Dehy, however,
simultaneously inhibits autophagic flow at the stage
of lysosomal breakdown. Dehy's dual mode of action

against GC is highlighted by the fact that insufficient
lipid supply ultimately fails to meet the demands of
rapid cancer growth and produces apoptosis [239]. In
human epithelial ovarian cancer (EOC), MK8722
(Co4H20CIN3Oy), a very effective and direct small
molecule activator of AMPK in mammals, reduces
malignant characteristics and causes cell death via a
complex process involving both autophagy and lipid
metabolism  [240-243]. Mechanistically, MK8722
triggers autophagosome formation via
PI3K/AKT/mTOR inhibition but concurrently blocks
lysosomal fusion, leading to FASN downregulation,
defective  lipophagy and  mitophagy, and
accumulation of autophagosomes, LDs, and ROS that
ultimately induce lethal metabolic stress [243].
Furthermore, by activating AMPK, which targets lipid
metabolism, the thioctic acid analog CPI-613
(Devimistat) suppresses ACC. In pancreatic cancer
cells, this dual effect inhibits de novo lipogenesis,
promotes autophagy, and initiates ROS-dependent
death [244-246]. It has been demonstrated that
LYN-1604, a new small-molecule agonist of ULKI,
modulates lipid metabolism via ULKIl-driven
autophagy,  improving  obesity-related  heart
dysfunction by lowering lipid buildup [247, 248].
Nevertheless, there is still little concrete proof that
LYN-1604 promotes fatty acid oxidation or inhibits
lipid production in lipid-addicted tumors. To clarify
the molecular underpinnings of LYN-1604 in lipid
metabolic reprogramming, more research is
necessary.

As previously stated, LDs, which are common
eukaryotic organelles made up of a phospholipid
monolayer encircling a neutral lipid core, build up in
a variety of malignancies. Increased activity of the
glycolytic regulator PFKFB3, which regulates
glycolytic flux through fructose-2,6-bisphosphate
(F-2,6-BP) production, is correlated with greater LD
levels in ovarian and cervical cancer models [249,
250]. By decreasing LD accumulation through
increased autophagic flux and lipophagy, PFK158, a
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PFKFB3 inhibitor, inhibits tumor development and
eventually induces apoptosis [251]. Furthermore,
etomoxir, a derivative of epoxyalkanecarboxylic acid,
prevents fatty acids from being transported to the
mitochondria and from being further catabolized by
[-oxidation by permanently inhibiting the activity of
CPT1. This compels cancer cells to reduce metabolic
load by using autophagy to break down lipid droplets
[252]. Unfortunately, hepatotoxicity in congestive
heart failure patients led to the cessation of its clinical
development [253]. Unlike most normal mature cells
that get their fatty acids from circulation, cancer cells
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enhance de mnovo lipogenesis, which is mostly
regulated by the master transcription factor sterol
regulatory element-binding protein 1 [254, 255]. This
important pathway is targeted by the naturally
occurring polyphenol resveratrol, which is found in
many foods and plants [256, 257]. Resveratrol has
recently been demonstrated to restrict lipid
metabolism and activate autophagy in oral cancer
cells through downregulation of SREBP1, indicating a
unique mechanism of its anticancer effect beyond its
well-established activities in inducing death in cancer
cells [258, 259]. (Table 2).

Table 2. Small-molecule drugs targeting lipid metabolism and autophagy

Drug Chemical Structure Targets/Pathways Mechanisms of action Effect on Cancer Ref
autophagy
Rottlerin (Rott) PIBK/Akt/mTOR Inhibits mTORCI, triggering autophagy Activate  Prostate [234]
cancer
ACLY Inhibits ACLY, reduces fatty acid Inhibit Stomach [239]
Dehydrocostus lactone 0] synthesis, down-regulates LAMP1 and cancer
(e} LAMP2 expression, and hinders
protective autophagy
MK8722 cl H FASN MK8722 activates early autophagy but  Early EOC [243]
(C2aH20CIN304) ‘ A >70 H inhibits late autophagy by inducing activation;
NG N/ “ O FASN-dependent reprogramming of late
O %7 lipid metabolism inhibition
O "N on
PFK158 F (0] PFKFB3 Activates autophagy and promotes Activate  Ovarian, [251]
F N apoptosis; also targets glycolytic and Cervical
F XX = adipogenic pathways to inhibit tumor cancer
_ S N growth
Schisandrin B ({ o AMPK/mTOR Sch B inhibits hepatic steatosis and Activate  Colorectal [236]

LYN-1604 ULK1
(0]
N
u L
Resveratrol SREBP1

OH

activates autophagy through the
AMPK/mTOR pathway to promote
FAO

cancer

ULKT1 agonists inhibit lipid synthesis by Activate  Breast, [248]
regulating lipid metabolism (e.g., Pancreatic
promoting fatty acid oxidation). cancer

Inhibiting SREBP1-mediated cell Activate  Liver, [260]
survival signaling by regulating Pancreas,

SREBP1 expression to suppress lipid Colorectal

metabolism cancer
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Drug Chemical Structure Targets/Pathways Mechanisms of action Effect on Cancer Ref
autophagy

Etomoxir (0] C{/ CPT1 Irreversibly inhibits the activity of Activate  Ovary cancer [252]

\}— CPT1, blocking the transport of fatty

3 o acids into mitochondria.

OJI/’D
Cl

CPI-613 AMPK-ACC Inhibition of lipid metabolism through ~ Activate  Pancreatic [246]

y

@s MOH

activation of AMPK signaling,
triggering autophagy and ACC
inhibition

cancer

Lipid metabolism reprogramming is essential for
tumorigenesis, chemotherapy resistance, and the
maintenance of cancer stem cell properties. Emerging
research gathered in this section highlights the
therapeutic potential of employing small-molecule
drugs to target the connection between autophagy
and lipid metabolic pathways in cancer. This complex
interrelationship can be pharmacologically disrupted,
which offers intriguing ways to interfere with tumor
metabolic resilience.

4.3 Small-molecule drugs targeting amino acid
metabolism and autophagy

Beyond the lipid metabolism-autophagy axis,
another critical frontier in metabolic intervention lies
in the reprogramming of amino acid metabolism. As
previously stated, the metabolic pathway of
glutamine is a viable novel therapeutic target because
cancer cells are dependent on it [261]. V-9302, the first
small-molecule inhibitor that specifically targets the
glutamine transporter alanine-serine-cysteine
transporter 2 (ASCT2), has demonstrated strong
anticancer potential in preclinical studies [262]. This
metabolic perturbation by inhibiting
ASCT2-mediated glutamine uptake inhibits mTOR
signaling, elevating protective autophagy and altering
redox homeostasis to further promote cell death [262].
Furthermore, the synergy observed when V-9302 and
chloroquine are coupled emphasizes autophagy's
dual function in this context and supports
combination therapy techniques that regulate
glutamine metabolism. Cancer cells use glutamine
metabolism to fuel glycolysis, the TCA cycle, and
biosynthesis, increasing chemoresistance.
Glutaminase (GLS) is a crucial enzyme in this process,
converting glutamine to glutamate and then
a-ketoglutarate (a-KG), making it a promising
therapeutic target [263]. CB-839, a recognized GLS
inhibitor, depletes TCA cycle intermediates, induces

compensatory autophagy, and reduces proliferation
[264, 265]. CB-839 is particularly effective in
glutamine-addicted tumors like TNBC, and it
synergizes with paclitaxel to overcome resistance
[266]. Furthermore, combining CB-839 with the
mTORC1 inhibitor AZD8055 simultaneously reduces
glycolysis and glutamine metabolism, suggesting a
viable therapy for glutamine-dependent malignancies
[136, 267]. Beyond CB-839, the glutamine antagonist
prodrug JHU-083 suppresses tumor growth not only
by impairing glutamine metabolism, which leads to
mTOR inhibition and autophagy activation, but also
by remodeling the tumor immune microenvironment,
promoting CD8+ T cell activity while decreasing
immunosuppressive myeloid cells [268, 269].

L-type amino acid transporter 1 (LAT1) mediates
amino acid uptake, particularly leucine, and is
typically overexpressed in malignancies such as
NSCLC and PDAC, promoting mTOR signaling and
tumor progression [270-272]. Given this significance,
JPH203, a specific LAT1 inhibitor, offers a promising
treatment option. It reduces critical amino acid inflow,
which inhibits mTOR activity and promotes
autophagy [273]. Preclinical evidence suggests its
usefulness in reducing tumor growth in a variety of
cancer types [274]. Similarly, another LAT1 inhibitor,
SKN103, slows cancer growth by blocking mTOR,
activating autophagy, and inducing apoptosis.
Moreover, its efficacy is enhanced in combination
with cisplatin [275]. Additionally, the flavonoid
molecule baicalein, which comes from the traditional
Chinese medicinal herb Scutellaria baicalensis,
suppresses the levels of ASCT2, LAT1, and GLS1
protein  expression, which limits glutamine
metabolism [276, 277]. This inhibition disrupts
glutamine flux into the TCA cycle, reducing a-KG and
ATP production, thereby impairing lung cancer cell
proliferation  [278].  Simultaneously, baicalein
suppresses mTOR signaling downstream of
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glutamine metabolism and activates autophagy,
collectively promoting apoptotic cell death [276, 277].
STAM-binding protein-like 1 (STAMBPL1), a
deubiquitinase that enhances tumor progression and
therapy resistance by modulating networks including
mTOR, can influence the amino acid-sensing
machinery central to this pathway [279]. The natural
compound Gamabufotalin (CS-6), derived from the
traditional =~ Chinese = medicine = Andrographis
Paniculata, targets STAMBPL1 in HCC, inhibiting
amino acid-related metabolic pathways, suppressing
mTOR signaling, activating autophagy, and inducing
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apoptosis [280, 281]. (Table 3).

Overall, focusing on autophagy and amino acid
metabolism has become a very promising approach to
cancer treatment. This strategy is particularly relevant
for cancers harboring specific genetic alterations (e.g.,
Myc activation) or subtypes (e.g., TNBC), which
develop a critical dependency on glutamine. As a
result, key elements of the glutamine pathway, such
as its primary transporters (like ASCT2 and LAT1)
and the enzyme (like GLS), seem logical and attractive
targets for intervention.

Table 3. Small-molecule drugs targeting amino acids metabolism and autophagy

Drug Chemical Structure Targets/Pathways Mechanisms of action Effect on autophagy Cancer Ref
V-9302 ASCT2 Competitively inhibits glutamine uptake Activate HCC [262]
mediated by ASCT2, suppresses mTOR
signaling pathways, and alters intracellular
redox status
O NH
@/\ N /\/\
L : (
\@/\O
CB-839 Glutaminase Inhibition of glutaminase by CB-839 results ~ Activate Breast cancer [136,
F in decreased alpha-ketoglutarate production, 264]
F NH TCA cycle starvation, and induction of
o compensatory autophagy in cancer cells.
N =
N
JHU-083 Glutamine metabolism  Blocking glutamine metabolism, reducing Activate Neuroglioma [268]
0 mTOR signaling, and activating autophagy
0 &
H
Hy
JPH203 HO__O LAT1 Reduced uptake of leucine and other amino  Activate Lung, pancreatic cancer  [274]
acids inhibits mTOR activity and leads to
HZN\" activation of autophagy
Cl Cl
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Drug Chemical Structure Targets/Pathways Mechanisms of action Effect on autophagy Cancer Ref
SKN103 Inhibits leucine transport, downregulates Activate Lung, pancreatic cancer  [275]

LAT1
N

Cl Cl

Baicalein OH O ASCT2, LAT1, GLS1

Gamabuf O
otalin

(CS-6)

STAMBPL1

apoptosis.

Inhibits the protein expression levels of
ASCT2, LAT1, and GLS1, thereby 277]
suppressing glutamine metabolism; inhibits

the mTOR metabolic pathway.

Inhibits HCC malignancy by
down-regulating STAMBPLI, inhibiting
amino acid-related metabolic pathways,
suppressing mTOR activity, stimulating
autophagy, and leading to increased

mTOR signaling, and activates autophagy

Activate Lung cancer [276,

Activate Liver cancer [281]

4.4 Small-molecule drugs targeting other
metabolic processes and autophagy

In addition to the three classical metabolic

pathways of glucose, lipid and amino acid
metabolism, the interaction between nucleotide
metabolism, mitochondrial quality control and

autophagy has gradually become a research hotspot
in the regulation of tumor metabolism. As discussed
before, a bidirectional regulatory network exists
between autophagy and nucleotide metabolism:
autophagy replenishes the nucleotide pool through
nucleic acid degradation, whereas the dynamic
balance of nucleotide metabolism, together with RNA
epigenetic modifications (e.g., m°A), in turn
fine-tunes autophagic activity. Meanwhile, as the
central hub of cellular metabolism, mitochondrial
functional integrity is strictly controlled by
mitophagy, and this quality control mechanism
directly affects tumor cell survival and drug resistance
under metabolic stress. Targeting this complex
interactive network, a series of small-molecule
compounds with novel mechanisms of action have
emerged, providing new avenues for cancer therapy.
(Table 4).

Given that polyamine levels are elevated in
proliferating cells, polyamine biosynthesis has long
been proposed as a potential therapeutic target in
cancer [282]. In this pathway, 5’-methylthioadenosine
phosphorylase (MTAP) catalyzes the conversion of
5-methylthioadenosine (MTA) into adenine and
5-methylthioribose-1-phosphate (MTR), which are
subsequently converted into ATP and methionine,
leading to the generation of S-adenosylmethionine
(SAM), the principal methyl donor for metabolic and

protein methylation reactions [283]. Loss of MTAP is
frequently observed in multiple cancers, including
mesothelioma, urothelial carcinoma, pancreatic
cancer, lung cancer, and glioma, rendering it an
attractive target for synthetic lethality strategies [284,
285]. Methylthio-DADMe-Immucillin-A (MTDIA), a
highly potent transition-state inhibitor of MTAP,
suppresses MTAP activity at nano- to picomolar
concentrations. Studies in yeast models expressing
human equilibrative nucleoside transporter 1
(hENT1) have shown that MTDIA not only disrupts
the nucleotide salvage pathway but also enhances the
activity of rapamycin, thereby effectively inducing
autophagy and exerting broad antitumor activity in
xenograft models of lung, prostate, colon, and TNBC
[286]. In terms of mitochondrial quality control, new
research suggests that tumor cells maintain
mitochondrial ~ homeostasis  via  sphingolipid
compensation and extracellular vesicle-mediated
mitochondrial clearance. Eliglustat targets this
mechanism by inhibiting glucosylceramide synthase,
which  promotes ceramide buildup  within
mitochondria, triggering compensatory mitophagy
and eventually cancer cell death [22, 287]. Sanggenol
L (SL), a natural small chemical derived from
mulberry, efficiently suppresses glioblastoma growth
while considerably increasing sensitivity to the
frontline chemotherapy drug temozolomide (TMZ)
[288]. SL upregulates the E3 ubiquitin ligase TRIM16,
boosting ubiquitin-proteasome-dependent
degradation of the essential autophagy receptor
OPTN, therefore inhibiting mitophagic flow and
triggering death [288]. In contrast, the 3,4-diisobutyryl
derivative of auxarthrol A (DAA), a fungal-derived
small molecule, is an effective autophagy inducer.
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DAA disrupts the connection between dynein light
chain 1 (LIC1) and RuvB-like AAA ATPase 1
(RUVBLL1), causing ribosome collision and activating
the GCN2-elF2a-ATF4 axis. This initiates the
integrated stress response (ISR), which results in
autophagy-dependent cell death. DAA consistently
demonstrates substantial anticancer activity in
NSCLC and improves responsiveness to anti-PD-1
treatment [289]. In addition, some recently
synthesized drugs have demonstrated promise in
targeting this regulatory network. Compound 33a, a
new thioheterocyclic nucleoside derivative, has strong
antiproliferative action in HCT116 colon cancer cells.
Mechanistic studies reveal that 33a inhibits the c-MYC
pathway, raises reactive oxygen species levels, and
produces DNA damage, endoplasmic reticulum
stress, and mitochondrial malfunction, while
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simultaneously suppressing autophagy [290]. From a
clinical  translational  standpoint,  autophagy
frequently plays a cytoprotective role during
metabolic stress, implying that combining autophagy
inducers and inhibitors may produce synergistic
therapeutic effects. For example, the combination of
MTDIA and chloroquine requires more exploration.
Furthermore, specific manipulation of mitophagy
(e.g., using drugs like SL) may allow for more precise
therapeutic intervention while avoiding the systemic
toxicity associated with global autophagy inhibition.
Nonetheless, the majority of these drugs are still in the
preclinical stage, and their pharmacokinetic
properties, long-term toxicity, and efficacy across
tumor types need to be thoroughly evaluated.
Addressing these problems will be critical to moving
from proof-of-concept to clinical translation.

Table 4. Small-molecule drugs targeting other metabolic processes and autophagy

Drug Chemical Structure

Targets/Pathways

Effecton  Cancer Ref

autophagy

Mechanisms of action

Methylthio-DADMe-Immucillin-A
(MTDIA)

NH,
N
—

N
N

AN ZT

(O

OH

fo

Eliglustat

Sanggenol L (SL) OH

3,4-diisobutyryl derivative of LIC1

auxarthrol A (DAA)

Compound 33a

MTAP

Glucosylceramide synthase Inhibiting

TRIM16

c-MYC pathway

MTDIA disrupts the
nucleotide salvage
pathway, enhances the
activity of rapamycin,
and thereby effectively
induces autophagy

Activate  Lung,
prostate,
colorectal
cancer, and

TNBC

[286]

Activate  TNBC [22,287]
glucose-neuraminidase
promotes the
accumulation of
neuraminidase in
mitochondria,
triggering
compensatory
mitochondrial
autophagy, which
ultimately leads to
cancer cell death

SL upregulates the E3  Inhibit
ubiquitin ligase

TRIM16, which

degrades the key

autophagy receptor

OPTN, thereby

blocking the

mitochondrial

autophagy flux and

inducing apoptosis

Glioblastoma [288]

DAA acts directly on  Activate ~ NSCLC [289]
LIC1, disrupting its
interaction with
RUVBL1 and
activating the
GCN2-elF2a-ATF4
axis

Increases reactive Inhibit Colon cancer
oxygen species levels

and induces DNA

damage, endoplasmic

reticulum stress, and

mitochondrial

dysfunction

[290]
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In conclusion, targeting the interaction between
nucleotide metabolism, mitochondrial quality control,
and autophagy offers a promising avenue for
therapeutic development. Small-molecule drugs that
affect this network via various pathways have shown
significant anticancer activity in preclinical trials,
providing the groundwork for future clinical
translation and the development of combination
treatment regimens.

4.5 Clinical translation of
autophagy-metabolism targeting strategies

While the preclinical evidence supporting
autophagy-metabolism targeting is compelling,
successful clinical translation remains limited. Here,
we systematically summarize ongoing and completed
clinical trials evaluating agents that modulate the
autophagy-metabolism axis in cancer.

The growing body of preclinical evidence
supporting autophagy-metabolism targeting has
prompted extensive clinical evaluation of relevant
agents. HCQ, the only FDA-approved autophagy
inhibitor, has been extensively evaluated in clinical
trials [29]. A phase II trial (NCT01510119) combining
HCQ with the mTOR inhibitor everolimus in renal
cell carcinoma demonstrated manageable safety but
limited efficacy, with only 14% partial response rate
[291]. However, the modest single-agent activity of
HCQ has shifted clinical focus toward rational
combination strategies. Preclinical models of PDAC
indicate synergistic effects between MEK inhibition
and autophagy signaling suppression [292]. Several
Phase I and 1II clinical trials are currently underway to
further explore these combination therapies in PDAC
patients. The Phase I THREAD trial (NCT03825289)
and Phase II PaTcH trial (NCT05518110) both
demonstrated the efficacy of trametinib combined
with HCQ in treating patients with advanced
pancreatic cancer [293]. Furthermore, a Phase I clinical
trial is examining the combination of the MEK
inhibitor binimetinib and HCQ particularly for
patients with KRAS-mutated pancreatic cancer
(NCT04132505), highlighting the trend toward
biomarker-driven patient selection [293].

Beyond autophagy inhibition, metabolic
modulators that also affect autophagy have entered
clinical testing. Metformin, a widely used drug for
type 2 diabetes, has been repurposed for cancer
therapy due to its ability to activate AMPK and
induce autophagy [294]. One of the largest current
trials is NCT01101438, a three-phase, triple-masked
randomized  investigation = comprising = 3,649
participants. The study examines metformin as a
supplement to traditional adjuvant treatment in
early-stage breast cancer [295]. A completed
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window-of-opportunity experiment in breast cancer
patients (NCT01266486) found that metformin
treatment stimulates AMPK phosphorylation and
enhances autophagic flux in tumor tissues, giving
direct evidence of on-target efficacy in people [296].
Furthermore, a Phase Ila colorectal cancer prevention
trial (NCT01312467) found that metformin
significantly reduced adenoma recurrence rates in
non-diabetic patients with elevated body mass index,
providing clinical proof-of-concept for metabolic
therapies in cancer prevention [204]. Targeted
metabolic inhibitors have recently made their way
into the clinical setting. Phase II studies for the
glutaminase inhibitor CB-839 have begun. CB-839
plus everolimus was assessed in patients with
advanced renal cell cancer in the ENTRATA study
(NCT03163667) [297]. Exploratory analysis indicated
benefit in patients with particular metabolic
signatures, underscoring the significance of patient
selection even though the combination did not meet
its primary aim of enhancing progression-free
survival. The potential of CB-839 in conjunction with
cabozantinib for the treatment of metastatic renal cell
carcinoma was further proven by the completed
CANTATA trial (NCT03428217) [298]. Significantly,
correlative analyses from these trials showed that
CB-839 treatment causes compensatory autophagy in
patient tumors, highlighting the adaptive character of
cancer metabolism and offering compelling evidence
for the combination of autophagy blockers and
glutaminase inhibitors [299].

All things considered, the aforementioned
clinical experience offers important insights into the
therapeutic  potential of focusing on the
autophagy-metabolism axis as well as the constraints
of its applicability. The success of
autophagy-targeting  treatments is  essentially
dependent on the type of tumor, the stage of the
disease, and the particular function of autophagy in
each situation, as seen by the variation in results
among various trials [300]. While activating
autophagy may trigger tumor suppression
mechanisms in early-stage or residual disease,
inhibiting autophagy may make established cancers
more susceptible to chemotherapy by obstructing
vital survival pathways [301]. The intricate biological
nature of autophagy throughout the cancer process is
reflected in these conflicting tactics, which are not
mutually exclusive. Thus, context-specific trial
designs must replace a "one-size-fits-all" strategy in
future research. Finding patient populations most
likely to benefit from clinical trials based on tumor
biology and illness stage should be the top objective.
However, a significant shortcoming of existing
approaches —the absence of accurate indicators to
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direct patient selection and therapy timing—is
highlighted by the variation in therapeutic outcomes
among research. Adaptive trial designs should be
used to account for the dynamic nature of the
autophagy response, and validated
pharmacodynamic indicators should be included to
demonstrate  target engagement.  Essentially,
matching the right autophagy will be essential for
effective clinical translation. One possible approach to
overcoming metabolic plasticity and treatment
resistance is to target autophagy in conjunction with
metabolic therapies.

5. Conclusion and outlook

Autophagy and metabolic reprogramming are
two unique traits of cancer cells that exhibit strong
cross-regulation and are crucial adaptive mechanisms
for tumor survival under stress. In order to show how
cancer cells dynamically control energy and nutrient
supply through autophagy, maintaining growth and
developing drug resistance in nutrient-deficient
microenvironments, this review offers a thorough
investigation of their intricate interactions in
important metabolic pathways (such as glucose, lipid,
and amino acid metabolism) as well as in the
emerging regulatory networks of nucleotide
metabolism and mitochondrial metabolism. A novel
therapeutic ~ strategy is to  target  the
autophagy-metabolism axis. Small-molecule
medicines interfere with metabolic nodes and
autophagy processes while also disrupting tumor
bioenergetics and biosynthetic pathways, which
eventually compromises the viability of cancer cells.
This strategy has a great deal of promise to get over
the current treatment constraints. Importantly, a key
unresolved challenge is to delineate when autophagy
should be inhibited versus activated in a
tumor-specific and stage-dependent manner, which
remains a major barrier to clinical translation.

In terms of treatment strategies, several
small-molecule medications have shown synergistic
modulation of metabolism and autophagy. For
example, the lipid metabolism modulator MK8722
simultaneously influences autophagy flux and fatty
acid synthesis by activating AMPK; the glucose
metabolism inhibitor 2-DG combined with the
autophagy inhibitor chloroquine blocks
self-protective mechanisms of cancer cells under
glucose deprivation; and the glutamine metabolism
targeting CB-839 activates autophagy by inducing
metabolic stress and blocking the mTOR pathway.
These investigations offer theoretical support for
combination therapy in addition to confirming the
viability of the metabolism-autophagy axis as a
therapeutic target. These preclinical findings have
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received additional support from emerging clinical
research. As mentioned earlier, metformin's ability to
promote autophagic flux has been confirmed in
patient tumor tissues, and studies combining
hydroxychloroquine with MEK inhibitors in
KRAS-mutant pancreatic cancer have demonstrated a
synergistic effect. The therapeutic significance of this
adaptive response is highlighted by the compensatory
autophagy observed following glutaminase inhibition
with CB-839, providing strong support for the
combination of metabolic inhibitors and autophagy
blockers. When taken as a whole, these clinical results
show that focusing on the autophagy-metabolism axis
is not just a theoretical idea but also a workable
method.

This field still faces a number of important
obstacles despite tremendous advancements. Drug
selection and therapy timing are complicated by
autophagy's two-edged sword impact, which plays
opposite functions at different stages of the tumor. In
order to precisely determine treatment windows, it is
necessary to develop imaging technologies or
biomarkers (such LC3-1I/p62 levels) that can monitor
autophagy processes in real-time. Second, differences
in metabolic requirements between cancer types and
even within the same tumor are caused by tumor
heterogeneity. Future initiatives should make use of
technology such as single-cell sequencing to pinpoint
metabolic weaknesses unique to subpopulations,
directing tailored medication delivery. Furthermore,
the need to strike a balance between safety and
efficacy while creating new metabolic/autophagy
modulators is highlighted by the removal of current
medications like etomoxir from clinical use due to
hepatotoxicity. Potential solutions include techniques
like using nanocarriers to increase tumor-specific
medication concentration. To better determine when
and how autophagy should be targeted for cancer
therapy, further research incorporating metabolic flux
measurement, single-cell technologies, and in vivo
tumor models will be crucial.

In summary, this study methodically
investigates the relationships between autophagy and
important metabolic pathways in cancer, suggesting
therapeutic promise in focusing on their
cross-regulatory processes. Although pharmaceutical
approaches that target autophagy or cancer
metabolism  have  demonstrated  promising
therapeutic potential, the context-dependent and
occasionally contradictory roles of autophagy in
tumor growth continue to challenge their clinical use.
Therefore, it will be crucial to get a deeper
mechanistic knowledge of how particular autophagy
processes interact with metabolic networks across
various tumor types. In the end, more accurate
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treatment approaches can be created by utilizing the
autophagy-metabolism axis in cancer through future
projects including merging metabolic analysis,
functional genomics, and patient classification based
on biomarkers.
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