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Abstract Background: Autophagy is an essential self-degradative process critical for cellular homeostasis, acting as a quality
control mechanism by removing damaged organelles, misfolded proteins and intracellular pathogens. While fundamental for cell
survival and preventing diseases like cancer and neurodegeneration, its deregulation can paradoxically contribute to pathology.
The complex dual role of autophagy, coupled with recent advances in understanding its selective forms, necessitates a consolidated
review to bridge the gap between mechanistic insights and therapeutic application. Methods: A systematic literature search was
conducted using major scientific databases (e.g., PubMed, Scopus, Web of Science) for articles published between January 2015
and March 2025. The search focused on keywords including autophagy, autophagy mechanisms, selective autophagy, mitophagy,
autophagy and cancer, autophagy therapeutics and autophagy regulation. Included studies were critically appraised to synthesize
data on the core molecular machinery, regulatory pathways and its multifaceted role in disease pathogenesis and prevention.
Results: The analysis reveals significant progress in delineating the molecular execution of autophagy, particularly the machinery
of selective autophagy. We found compelling evidence that specific disruptions in autophagic flux and cargo recognition are
foundational to diseases ranging from neurodegenerative disorders to metabolic syndromes and cancer. A key synthesis of the data
highlights that autophagy's role is not simply binary (protective vs. destructive) but is highly context-dependent, influenced by cell
type, disease stage and genetic landscape. This clarifies its paradoxical functions, acting as a tumour suppressor early in
carcinogenesis but promoting tumour survival in established cancers. Conclusions: This review consolidates the current
understanding that precise modulation of autophagy, rather than its broad inhibition or activation, represents the most promising
therapeutic avenue. The findings underscore the critical need to develop agents that target specific forms of selective autophagy.
Future research must focus on resolving the spatial and temporal control of autophagic pathways to translate these mechanistic
insights into effective clinical interventions for a wide spectrum of human diseases.
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INTRODUCTION

Cell death occurs through programmed (regulated) or
necrotic (uncontrolled) mechanisms. Apoptosis (Type I
PCD) is the best-studied programmed pathway, while
autophagy (Type II PCD) serves as an alternative. Recent
research reveals regulated necrosis (necroptosis), blurring
the traditional divide. Other forms like pyroptosis

(inflammatory) and ferroptosis (iron-dependent) further
diversify cell death mechanisms. These processes are vital
for development, immunity and disease, with dysregulation
linked to cancer and neurodegeneration [-@].

Autophagy, derived from the Greek words for "self-
eating," is a fundamental cellular recycling process that
degrades and recycles damaged organelles and proteins to
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maintain cellular homeostasis, particularly during nutrient
deprivation or stress. While primarily serving as a pro-survival
mechanism that generates energy and building blocks through
lysosomal degradation, autophagy also plays crucial roles in
preventing  various  pathologies including cancer,
neurodegenerative diseases and infections [3]. Recent studies
have demonstrated that beyond its cytoprotective functions,
excessive autophagy can lead to a distinct form of programmed
cell death called autophagic cell death, which operates
independently of apoptotic caspases [4]. Current research
continues to elucidate the complex regulatory networks that
determine whether autophagy promotes cell survival or
triggers cell death, with particular focus on its context-
dependent roles in development, immunity and disease
pathogenesis [5]. The dual nature of autophagy in cell fate
decisions makes it a promising therapeutic target for various
pathological conditions.

Despite extensive characterization of the individual
molecular components of autophagy and its associated cell
death pathway, a critical gap remains in understanding the
precise regulatory switches that determine its dualistic role
in cellular fate. The fundamental controversy lies in
predicting when and why autophagy transitions from a pro-
survival mechanism to an executor of cell death, a decision
with profound implications for therapeutic intervention in
cancer and neurodegenerative diseases. This review is
undertaken to synthesize the growing yet fragmented body
of evidence on the contextual triggers—such as metabolic
status, stress intensity and cell type—that govern this critical
switch. By systematically evaluating recent advances in the
regulatory networks and crosstalk between autophagic cell
death and other cell death pathways.

This review aims to synthesize recent insights into
autophagy’s dual roles in physiology and pathology,
emphasizing molecular regulation and therapeutic relevance.
It aims also to resolve existing ambiguities and provide a
clearer conceptual framework to guide future research and
the development of context-specific therapeutic strategies.

METHODS

This article is based on a narrative literature review, which
was chosen due to the breadth and complexity of the topic.
To gather relevant literature, an extensive search was
conducted across several academic databases, including;
PubMed, Scopus and Web of Science were queried for
relevant literature published between January 2015 and
March 2025. The search utilized a combination of keywords
and Boolean operators, including; autophagy, autophagy
mechanisms, selective autophagy, mitophagy, autophagy
and cancer, autophagy therapeutics and autophagy
regulation, mTOR, Beclin-1, LC3, neurodegeneration and
metabolic disease. The inclusion criteria were peer-reviewed
original research articles and review articles in English that
focused on the molecular mechanisms, regulation and
disease implications of autophagy. Studies outside the
specified date range or those not directly relevant to the core
focus of this review were excluded. This process identified

over 300 publications, from which the 90 most pertinent and
high-quality references were selected for inclusion and
critical analysis in this review.

RESULTS

Programed Cell Death Morphologies

Clarke's classification identified three cell death types: Type
I (apoptosis) features cell shrinkage and caspase-mediated
fragmentation, while Type II (autophagic death) shows
autophagosome formation and delayed nuclear changes
without DNA fragmentation [4]. Originally viewed as a
survival mechanism, autophagy can paradoxically trigger
cell death under severe stress through caspase-independent
pathways [6]. Modern classifications now include additional
regulated death mechanisms like necroptosis and ferroptosis,
reflecting our evolving understanding of these processes in
development and disease [5]. Current research focuses on the
molecular switches determining whether autophagy
promotes survival or death, with significant implications for
treating cancer and neurodegenerative disorders [[7].

While apoptosis (Type I) and autophagy (Type II) are
well-known, scientists also observe a mysterious Type III
death where cells break down without typical lysosomal
involvement. Even more intriguing? Cells often mix these
programs-like a biological hybrid engine- showing features
of multiple death types at once. This blurring of lines, first
noted in 1990 but now better understood, suggests our bodies
have backup plans to eliminate damaged cells. Recent
research reveals these blended deaths are especially
important in cancer and neurodegenerative diseases, forcing
us to rethink old classifications [[/]. Understanding these
nuances could unlock new therapies, proving that even in
death, cells follow more than one script."

Mechanisms of Autophagy

Cells maintain their health through three specialized
autophagy pathways (Figure 1): macroautophagy, where
double-membrane autophagosomes engulf and deliver cargo
to lysosomes; microautophagy, where lysosomes directly
engulf cytoplasmic material via membrane invagination; and
chaperone-mediated autophagy (CMA), which uses
chaperone proteins (e.g., Hsc-70) to selectively transport
proteins across the lysosomal membrane via the LAMP-2A
receptor. All three pathways converge at the lysosome for
degradation, ensuring efficient recycling of cellular
components. This evolutionary conserved process, regulated
by Autophagy-related gene (Atg) proteins, begins with
phagophore formation and are crucial for preventing
diseases like cancer and neurodegeneration [8-9].

Molecular Regulators

Atg Proteins Initially discovered in yeast, over 30 Atg
(autophagy-related) genes orchestrate the autophagy
process, can be grouped into four functional clusters (1) the
Atgl/ULK] kinase complex, triggering autophagy initiation;
(2) the Atg8/LC3 and Atgl2 conjugation systems, driving
autophagosome membrane expansion; (3) the class III PI3K
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Figure 1: Mammalian cells exhibit three primary autophagy mechanisms: Macroautophagy: A preautophagosome forms and
expands to engulf cytosolic material, forming an autophagic vacuole that fuses with a lysosome for degradation,
Microautophagy: The lysosome directly engulfs small portions of the cytosol through invaginations of its own membrane and
Chaperone-Mediated Autophagy: A selective pathway where a cytosolic chaperone complex delivers specific proteins to the
lysosomal receptor LAMP-2A for translocation and degradation [4]. CMA, Chaperone-Mediated Autophagy; LAMP-2A,

Lysosome-Associated Membrane Protein type 2A.

complex (including Beclin-1/Atg6), regulating vesicle
nucleation; and (4) Atg9 and associated proteins, facilitating
membrane  supply and recycling. Once formed,
autophagosomes fuse with lysosomes, where their cargo is
broken down into reusable amino acids and lipids, sustaining
cellular metabolism [3,10]. Dysregulation of these Atg-
dependent steps is linked to diseases like cancer and
neurodegeneration, highlighting their therapeutic potential [11].

Atgl1/ULK1 Kinase Complex

In mammalian cells, phagophore membranes primarily emerge
from the ER, though they dynamically engage with other
compartments like the Golgi, endosomes, and—under specific
conditions—the nuclear envelope [12-13]. The ULKI1 kinase
complex (homologous to yeast Atgl) initiates autophagy by
activating Atg9-mediated lipid recruitment to the growing
phagophore, a process tightly regulated by mTORC1. mTORC1
suppresses autophagy by phosphorylating ATG13, disrupting its
interaction with ULK1 in nutrient-rich conditions [14]. While
ULK1 is essential for selective autophagy in reticulocytes [[15],
the functional redundancy between ULK1 and ULK?2 in broader
mammalian contexts remains unresolved.

Class III PI3K Complex

The class III PI3K Vps34, in complex with Beclin-1 (Atgo),
plays a key role in autophagy by generating
phosphatidylinositol-3-phosphate ~ (PI3P) to  promote
phagophore expansion and recruit ATG proteins (3). Unlike
other PI3Ks, Vps34 exclusively uses PI as a substrate, making
it critical for autophagosome formation [[16]. Beclin-1,
frequently mono-allelically deleted in breast, ovarian and
prostate cancers, suggests autophagy’s tumor- suppressive role
[17]. The exact composition of Vps34-Beclin-1 complexes at
the ER depends on nutrient-sensing pathways, though their
regulation remains incompletely understood [1§].
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Figure 2: The interaction of Beclin-1 with Bcl-2. Under
normal conditions, the autophagy protein Beclin 1 is kept
inactive through its binding to Bcl-2 on the mitochondria,
while also being tethered by AMBRAI1.Upon nutrient
starvation, cellular signals cause the release of both
AMBRAI and Beclin 1. The active AMBRAI-Beclin 1
complex then translocates to the endoplasmic reticulum (ER)
to trigger the formation of the autophagosome, thereby
activating the autophagy pathway [4]. AMBRAI, Activating
Molecule in Beclin 1-Regulated Autophagy; Bcl-2, B-cell
lymphoma 2 (an anti-apoptotic protein); ER, Endoplasmic
Reticulum
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The Interaction of Beclin-1 with Bcl-2
The interaction between Beclin-1 and anti-apoptotic proteins
Bcl-2/Bcl-XL at the ER membrane inhibits autophagy by
preventing Beclin-1 from binding to Vps34 (Figure 2) [19].
This regulatory mechanism involves the BH3 domain of
Beclin-1 and is reversed during starvation when JNKI
phosphorylates Bcl-2, releasing Beclin-1 to initiate. Bcl-2 thus
exhibits dual functions: (1) its mitochondrial localization
prevents apoptosis by blocking cytochrome c release, while (2)
its ER-localized pool suppresses autophagy through Beclin-1
sequestration [20]. This regulatory switch determines cell fate
decisions between survival and autophagic cell death.
Autophagy progression is governed by ubiquitin-like
conjugation systems that orchestrate membrane dynamics.
The ATGI12-ATG5-ATG16L1 complex, for instance, is
essential for initiating phagophore elongation and
facilitating the subsequent lipidation of LC3, a key step in
autophagosome formation [8,21]. While the molecular
details are complex, the functional outcome is a tightly
coordinated expansion of the phagophore membrane. It is
important to note that unlike the inducible lipidation of LC3,
the conjugation of ATG5-ATGI12 occurs constitutively,
which is why the former is a more reliable marker for
monitoring autophagic activity [5].

LC3 Processing

The conversion of the ubiquitin-like protein LC3-I to its
lipidated, membrane-bound form, LC3-II, is a central event in
autophagy. This processing, mediated by a cascade of Atg
enzymes, is indispensable for phagophore expansion and
cargo recruitment. The presence of LC3-II on autophagosomal
membranes makes it a cornerstone biomarker for assessing
autophagic flux, with its levels directly correlating with the
number of autophagosomes [22-23].

Capture of Random or Selective Targets for Degradation
Growing evidence shows that phagophore membranes
selectively engulf protein aggregates and organelles through
LC3B-II, which acts as a docking site for adaptor proteins
like p62/SQSTMI1. These adaptors bind both ubiquitinated
cargo (e.g., damaged mitochondria, protein clumps) and
LC3B-II, targeting them for degradation [6]. Mutations in
p62/SQSTMI disrupt this process, leading to diseases like
Paget’s bone disorder, where impaired protein turnover
causes bone deformities [24]. Other adaptors, such as NBR1,
play similar roles in clearing ubiquitinated debris,
highlighting the system’s redundancy [25].

Fusion with the Lysosome

Following phagophore closure, the newly formed autophagosome
undergoes sequential fusion with endosomal compartments
before ultimately merging with lysosomes to form an
autolysosome. Initial interactions with early and late endosomes
help acidify the vesicle and deliver essential membrane fusion
components [26]. This process depends on Rab7 GTPase activity
[27] and involves Presenilin-1, whose dysfunction links impaired
autophagy to Alzheimer's pathology [28].

Microtubules  facilitate  autophagosome-lysosome
fusion, as demonstrated by inhibitors like nocodazole that
disrupt this transport [29]. Within lysosomes, cathepsins B/D
degrade engulfed material [30], while LAMP-1/2 proteins
enable membrane stability - their loss causes autophagosome
accumulation [31]. Notably, LAMP-2 mutations cause
Danon disease, characterized by cardiac autophagic vacuoles
and hypertrophy [32].

Atg5/Atg7-Independent Autophagy
While ATGS- and ATG7-dependent autophagy is essential
for neonatal survival during starvation [33], recent studies
reveal an alternative pathway independent of these canonical
genes [34]. This non-canonical autophagy bypasses LC3
processing, instead generating autophagosomes directly
from late endosomes and trans-Golgi membranes [35]. The
pathway plays specialized roles, particularly in
mitochondrial clearance during reticulocyte maturation.
Autophagy functions as a vital cellular quality control
mechanism, maintaining homeostasis by continuously
degrading damaged organelles and misfolded proteins under
basal conditions [10]. This self-digestive process is
dramatically upregulated during nutrient deprivation,
serving as a critical survival mechanism by recycling cellular
components [36]. Multiple stress signals including hypoxia,
infection and therapeutic treatments activate autophagy
through complex regulatory networks that converge on
mTOR-dependent and independent pathways [3,37]. The core
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Figure 3: Nutrient-Rich (mTORC1 ON): Active mTORC1
phosphorylates and inhibits the Ulk1/2-Atg13-FIP200-
Atgl01 complex, blocking autophagy.
Starvation/Rapamycin ~ (mTORC1  OFF): mTORClI
inhibition activates the Ulkl/2 complex, triggering
autophagosome formation [4]. mTORCI1, Mechanistic
Target of Rapamycin Complex 1; Ulk1/2, Unc-51 like
autophagy activating kinase ¥2; Atg, Autophagy-related gene
protein; FIP200, FAK-family Interacting Protein of 200 kDa.
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Figure 4: Autophagy Pathway: PI3K complex. The core autophagy initiation complex containing Vps34, Vps15 and Beclin-1.
Atgl4L-binding complex drives autophagosome nucleation UVRAG/Ambral regulate complex activity. The complex
produces phosphatidylinositol 3-phosphate to form the phagophore, which is conjugated to LC3 (forming LC3-1I-PE) to create
the mature autophagosome [#]. PI3K, Phosphoinositide 3-kinase; Vps, Vacuolar protein sorting; Atg, Autophagy-related gene
protein; UVRAG, UV radiation resistance-associated gene; LC3-II-PE, Microtubule-associated protein 1A/1B-light chain 3-

phosphatidylethanolamine.

autophagy machinery involves key regulators such as ULK1
(the mammalian Atgl homolog) for organelle clearance and
Beclin-1 for alternative autophagy pathways, demonstrating
the system's remarkable plasticity in responding to diverse
cellular demands (Figure 3) [38].

mTOR and AMPK Pathway in Autophagy Regulation
The mechanistic target of rapamycin (mTOR) serves as a
critical signaling hub that coordinates cellular growth with
autophagic activity [39]. This conserved kinase integrates
inputs from nutrient-sensing pathways (AMPK), growth
factors (PI3K-Akt) and oxygen availability to either promote
anabolism or activate catabolic autophagy [40]. A network
of signaling pathways converges to regulate autophagy, with
mTOR acting as a master sensor. In essence, growth-
promoting signals (e.g., via PI3K-Akt) activate mTOR to
suppress autophagy, while catabolic stresses (e.g., energy
depletion via AMPK, hypoxia via HIF-1a) inhibit mTOR to
induce it [41-44]. This regulatory nexus allows the cell to
precisely adjust its degradative capacity in response to the
metabolic environment.

During starvation, inhibited mTOR activity triggers
autophagy initiation through the ULKI1-ATGI13-FIP200
complex, where dephosphorylated ATG13 promotes ULK1
kinase activity [45]. This process is further amplified by
AMPK-mediated phosphorylation of ULKI1, while S6K1
phosphorylation suppresses autophagosome formation [46].

Hypoxia induces autophagy through both HIF-1a-
dependent transcription [47] and HIF-independent mechanisms
involving  AMPK/REDD1-mediated mTOR inhibition [48§].
These adaptive responses enable cells to degrade excess
organelles like ER and mitochondria when oxygen is limited,
preventing oxidative damage [49]. The coordinated regulation
by nutrient and oxygen sensors highlights autophagy's role as a
stress adaptation mechanism [50].

The class I PI3K-Akt signaling pathway serves as a
critical regulator of cellular growth by suppressing autophagy
through mTOR activation (Fig. 4) [51]. Conversely, the tumor
suppressor PTEN counteracts this pathway to promote
autophagy, with PTEN mutations frequently observed in
cancers exhibiting impaired autophagic flux [52]. The
autophagy- specific PI3K complex (containing Beclin-1,
ATG14 and VPS34) initiates phagophore formation, a process
inhibited by 3-methyladenine (3-MA) through VPS34
blockade [53]. Notably, the death-associated protein kinase
(DAPK) family induces both autophagy and programmed cell
death, suggesting therapeutic potential in oncology [54].
These opposing signaling cascades demonstrate how
autophagy sits at the crossroads of cellular metabolism and
cancer biology.

Autophagy is tightly controlled by a balance of
opposing molecular forces. On one hand, growth-promoting
pathways like PI3K-Akt activate mTOR to put the brakes on
autophagy, a mechanism often exploited by cancer cells. On
the other hand, tumor suppressors like PTEN and specialized
complexes involving Beclin-1 work to initiate autophagy
and counteract this suppression. This delicate balance
positions autophagy at the very heart of cellular decision-
making, where its activation or inhibition can tip the scales
between cell survival and death, making it a compelling
target for cancer therapy

The Relationship between Autophagy and Apoptosis
Emerging research reveals an intricate crosstalk between
autophagy and apoptosis, where these pathways can
cooperate, compensate or antagonize each other depending
on cellular context [4]. While molecularly distinct, they
often co-occur in response to stress, with autophagy either
promoting cell survival (e.g., protecting cancer cells from
DNA damage) or facilitating death (e.g., in imatinib-treated
68
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Kaposi sarcoma) [55]. The relationship is bidirectional -
autophagy inhibition can sensitize tumors to radiotherapy,
while in HIV-infected T-cells, autophagy becomes essential
for subsequent apoptotic death [56].

Three key functional relationships exist:

o Cooperative death: Simultaneous activation in prostate
cancer with proteasome inhibitors [57]

« Protective autophagy: Maintains genomic stability in
tumor cells [58]

o Prerequisite autophagy: Required for apoptosis in
viral infections [59]

Physiology and Pathology or Autophagy in Health and
Disease

Fundamental Roles in Cellular and Organismal
Physiology: Autophagy serves as a critical survival
mechanism during stress (starvation, hypoxia, infection),
enabling cells to recycle nutrients and maintain homeostasis
by degrading proteins, lipids and organelles [[10]. This
evolutionarily conserved process is vital during metabolic
transitions, such as neonatal adaptation, where it sustains
energy production after placental nutrient loss [33].
Impairing autophagy triggers rapid cell death under nutrient
deprivation, highlighting its essential protective role [60].

Beyond stress  responses, autophagy  drives
developmental processes like embryogenesis. It eliminates
maternal cytoplasmic components (e.g., mRNAs) and
paternal mitochondria post-fertilization, ensuring healthy
embryonic maturation [61]. These dual roles underscore
autophagy’s fundamental importance in both survival and
life-cycle transitions.

Autophagy facilitates tissue remodeling during
embryogenesis by clearing apoptotic debris and drives
differentiation of erythrocytes, neurons and immune cells
through cytoplasmic reorganization [62]. It maintains
immune cell homeostasis and self-tolerance by regulating
lymphocyte survival and antigen presentation [63]. Caloric
restriction-induced autophagy extends lifespan across
species by removing damaged organelles and protein
aggregates, linking its quality-control function to anti-aging
mechanisms [64].

Quality Control in Health, Aging and Major Organ
Systems

As a critical cellular quality-control mechanism, autophagy
removes toxic protein aggregates (e.g., amyloid-f in
Alzheimer’s, o-synuclein in Parkinson’s), damaged
mitochondria and pathogens [[10]. Its dysregulation drives
neurodegeneration, liver fibrosis and cardiac pathologies—
autophagy impairment exacerbates protein aggregation in
neurons, while excessive activation promotes fibrotic tissue
remodeling [65-66]. In cardiovascular systems, basal
autophagy sustains cardiomyocyte homeostasis, whereas
stress-inducible  autophagy modulates outcomes in
hypertension and ischemia-reperfusion injury [67].

In the pancreas, Autophagy sustains pancreatic [3-cell
function by maintaining organelle quality and insulin secretion
[68]. In the liver, autophagy (lipophagy) breaks down lipid
droplets to prevent hepatic steatosis. Impaired hepatic
autophagy drives metabolic dysfunction, exacerbating insulin
resistance and NAFLD progression [66].

Immunity and Infection

In immunity, autophagy clears intracellular pathogens (e.g.,
Salmonella, SARS-CoV-2) and regulates inflammatory
responses. Genetic variations in autophagy-related genes
like ATGI16L1 and IRGM are linked to increased
susceptibility to inflammatory diseases such as Crohn's
disease, highlighting its role in maintaining immune
homeostasis [69].

A Double-Edged Sword in Metabolic Regulation

The role of autophagy in metabolism is complex and tissue-
specific. Decreases in hepatic autophagy are observed in
models of obesity and insulin resistance and restoring it
alleviates these defects [70-71]. Conversely, autophagy
inhibition in white adipose tissue reduces adiposity and
enhances insulin sensitivity by promoting fatty acid
oxidation [[72]. This tissue-specific duality complicates
systemic autophagy modulation, underscoring the need for
organ-targeted therapies to address metabolic disorders.
Autophagy is also implicated in regulating food intake via
the brain, though its role in this process requires further
clarification [[73].

The Dual Role in Cancer Biology and Therapy
Autophagy exhibits a context-dependent duality in cancer
biology, functioning as a tumor-suppressive mechanism in
early stages by clearing damaged organelles to limit
oxidative DNA damage [6], while later supporting tumor
survival under metabolic stress via nutrient recycling [[74].
In apoptosis-deficient cancers, autophagy sustains viability
during hypoxia or nutrient deprivation, enabling adaptation
to harsh microenvironments [[75]. Paradoxically, impaired
autophagy promotes genomic instability, accelerating
tumorigenesis, while its hyperactivation aids advanced
tumors in evading therapy [76]. Therapeutic strategies now
aim to induce autophagy for cancer prevention in high-risk
contexts and inhibit it in advanced tumors to enhance
treatment efficacy [[77].

Blocking autophagy, a process that helps cancer cells
survive under stress can enhance treatment effectiveness by
pushing these cells toward death. Interestingly, many
standard cancer therapies (like chemotherapy and targeted
drugs) inadvertently activate autophagy, which may weaken
their impact. To counter this, researchers are testing
combinations of traditional treatments with
hydroxychloroquine, an antimalarial drug that blocks
autophagy by preventing lysosomes from breaking down
cellular waste. Early-phase clinical trials (e.g.,
NCTO04132505 for pancreatic cancer) have explored this
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approach, though newer, more precise autophagy inhibitors
are now in development to improve outcomes [55,78].

Autophagy plays a dual role in cancer, acting as both a
protector and promoter depending on the tumor’s stage of
growth. In early stages, autophagy helps prevent cancer by
removing damaged components from cells, blocking this
process might allow abnormal cells to multiply unchecked
[[79]. However, once tumors grow larger and face nutrient
shortages or low oxygen levels (common in poorly
vascularized regions), cancer cells rely on autophagy to
survive these harsh conditions [8(0]. Autophagy also shields
some tumors from radiation therapy by clearing radiation-
damaged mitochondria and delaying cell death, enabling
cancer cells to persist [81]. These opposing roles make
autophagy a complex but promising target for tailored
cancer therapies.

Emerging research highlights how certain cancer
therapies leverage autophagy to combat tumors. For
example, tamoxifen, a widely used breast cancer treatment,
has been shown to activate autophagy by boosting levels of
Beclin-1, a key regulator of this process [82]. Meanwhile,
mTOR inhibitors like rapamycin, while primarily designed
to block cancer cell proliferation by disrupting cell cycle
signals, also indirectly stimulate autophagy [83]. This dual
action complicates their mechanism but underscores
autophagy’s nuanced role in treatment efficacy.

Understanding  autophagy's  shifting  roles—from
guardian to enabler—is as crucial as studying apoptosis in
cancer biology. Continued research into this dynamic
process could unlock new strategies to disrupt tumors'
survival tactics while protecting healthy cells, offering hope
for more effective therapies.

Survival Versus Death Aspects of Autophagy

The scientific community has long debated whether
autophagy actively contributes to cell death or serves a
protective role. Early skepticism arose from autophagy’s
well-known function as a recycling mechanism. Under
normal conditions, autophagy breaks down and recycles
long-lived proteins, organelles like mitochondria and
proteins tagged for disposal (ubiquitinated proteins),
maintaining cellular health [84]. During stress, such as
nutrient deprivation, autophagy is upregulated to help cells
adapt and survive [10]. Experiments disrupting autophagy
genes in nutrient-starved environments revealed a surge in
apoptotic cell death, contradicting the idea of autophagy as
a death promoter. Instead, these findings highlighted its
role as a survival strategy, ensuring cells endure harsh
conditions [85].

The idea that autophagy can drive opposing outcomes
raises a key question: How does the same mechanism lead to
such different results? While survival-promoting autophagy
and autophagy-related cell death share similar structures and
core machinery (like vesicles that engulf cellular
components), studies reveal critical molecular distinctions.
For instance, in L1929 mouse cells, artificially induced
autophagy with the drug zVAD triggers cell death by

selectively breaking down the antioxidant enzyme catalase,
a process absents in autophagy activated by nutrient
starvation [86]. Similarly, both ceramide (a lipid signaling
molecule) and nutrient deprivation activate autophagy
through related pathways involving sphingolipids and
mTOR inhibition. However, only ceramide-induced
autophagy suppresses survival signals (like the Akt pathway)
and activates pro-death proteins such as Beclin-1 and BNIP3
[87]. The balance between two sphingolipids, SK1 and S1P,
may act as a "switch": high S1P levels favor survival, while
low levels tip the scales toward death—a concept termed the
"S1P rheostat" [88].

In line with these observations, Levine and coworkers
proposed a model of cell survival versus death, regulated
by the balance between Beclin-1 and Bcl-2 proteins [89].
Levine’s team introduced a compelling “molecular tug-of-
war” model to explain how autophagy shifts from
promoting survival to driving cell death. Central to this
model are two proteins: Beclin-1 (a key autophagy
activator) and Bcl-2 (a well-known anti-apoptotic protein).
Under normal conditions, high levels of Bcl-2 act as a brake
by binding to Beclin-1, keeping autophagy in check. Small
increases in Beclin-1-such as during mild stress-tip this
balance, triggering controlled autophagy to recycle
resources and sustain survival. However, if Beclin-1 surges
beyond what Bcl-2 can neutralize, autophagy spirals out of
control, leading to cell death. This idea gained support
when mutant versions of Beclin-1, engineered to avoid
binding Bcl-2, caused rampant autophagy and killed
cells—a clear sign that the Beclin-1/Bcl-2 interaction acts
as a life-or-death switch [90].

The context-dependent nature of autophagy is starkly
revealed when comparing its role across major disease
classes. In neurodegenerative diseases like Alzheimer's and
Parkinson's, the fundamental problem is typically a /oss of
autophagic function, leading to the accumulation of toxic
protein aggregates; the therapeutic goal is therefore to restore
autophagy [10,63]. Conversely, in advanced cancer,
autophagy is often Aijacked and hyperactivatedto fuel tumor
survival, creating a rationale for its inhibition [6, 80]. The
most complex and controversial landscape may be in
metabolic diseases like NAFLD and diabetes, where
autophagy's role is highly tissue-specific—protective in the
liver [66, 70] but potentially detrimental in adipose tissue
[72]. This duality presents a significant therapeutic
challenge: how can we systemically modulate a process that
has opposing functions in different organs? A central,
unresolved question cutting across all these fields is
identifying the precise molecular switches that determine
whether autophagy promotes survival or death and how to
therapeutically manipulate this switch without causing
catastrophic side effects.

This review integrates recent mechanistic data with
clinical perspectives, providing a comprehensive synthesis
of autophagy’s dual role. However, the review is limited by
the lack of quantitative analysis and absence of systematic
selection criteria.
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CONCLUSIONS

All data presented above underline the importance of the
cellular context created by the combinatory activation/
inactivation of pro-survival or death pathways, intracellular
levels of key regulatory molecules and the regulation of
selective degradation in converting autophagy from a
protective mechanism to a killing machine. These
advancements promise to refine our understanding of
autophagy's role in cellular survival/death decisions and its
implications across pathologies.

Limitations

The review is limited by its narrative design and lack of
quantitative synthesis. Future studies should integrate
systematic meta-analyses, explore tissue-specific autophagy
regulation and assess therapeutic interventions in clinical
settings.
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