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A B S T R A C T

Autophagy, a dynamic intracellular degradation system, is critical for cellular renovation and maintaining equilibrium. By eliminating damaged components and 
recycling essential molecules, autophagy safeguards cellular integrity and function. The versatility of the autophagy process across various biological functions 
enable cells to adapt and maintain homeostasis under unfavourable conditions. Disruptions in autophagy can shift a cell from a healthy state to a disease state or, 
conversely, support a return to health. This review delves into the multifaceted role of autophagy during aging and age-related diseases such as cancer, highlighting 
its significance as a unifying target with promising therapeutic implications. Cancer development is a dynamic process characterized by the acquisition of diverse 
survival capabilities for proliferating at different stages. This progression unfolds over time, with cancer cells exploiting autophagy to overcome encountered stress 
conditions during tumor development. Notably, there are several common pathways that utilize the autophagy process during aging and cancer development. This 
highlights the importance of autophagy as a crucial therapeutic target, holding the potential to not only impede the growth of tumor but also enhance the patient’s 
longevity. This review aims to simplify the intricate relationship between cancer and aging, with a particular focus on the role of autophagy.

1. Introduction

Autophagy is a complex catabolic process which is the basic essen
tiality of any cell for maintaining homeostasis. The aberration in the 
autophagy process has been widely studied in various physiological and 
pathological diseases, including neurodegenerative diseases, aging, and 
cancer. However, the paradigm shift showed the involvement of auto
phagy in promoting these diseases as well, making it evident to under
stand the context-dependent nature of autophagy process [1,2]. The 
pathways through which autophagy delivers the cargoes to the lyso
somes are divided into three types based on the formation of 
double-membrane autophagosomes, as mentioned in Fig. 1.

Macroautophagy (hereafter referred to as autophagy) involves the 
formation of autophagosomes comprising of all the degraded cargoes, 
followed by fusing with lysosomes, forming autophagolysosomes or 
autolysosomes (Fig. 1A) [3]. Y Ohsumi developed mutated yeast lacking 
vacuolated degrading enzymes that inhibit the fusion step while auto
phagy is active. The resultant accumulation of autophagosomes, further 
helps in categorising the cascade of steps involved in autophagy process 
[4]. This discovery also led to functionally characterizing the genes 
involved in autophagosome formation. Mechanistically, under 

starvation or calorie restriction, there is inhibition of mTOR (mamma
lian target of rapamycin) and activation of AMPK (AMP-activated pro
tein kinase). This, in turn, leads to the phosphorylation and activation of 
ULK1 (Unc-51 like autophagy activating kinase 1), a key initiator of 
autophagy. Moreover, ULK1 interacts with Atg13, which directly binds 
to FIP200 and further activates downstream Atg genes, forming a 
ULK1/2 complex for initiating the nucleation stage that includes 
ULK1/2 (mammalian homologs of Atg1), ATG13 (a homolog of yeast 
Atg13), RB1CC1/FIP200 (a putative Atg17 homolog), and 
C12orf44/ATG101 (the latter component is not conserved in S. cer
evisiae). ULK1 activates the AMBRA1 and BECN1 components of the 
phosphoinositide 3-kinase complex. Class III Ptd3k consists of PIK3C3, 
PIK3R4, and BECN1, which are part of at least three different compo
nents. BECN1 binds to AMBRA1 after release from the BECN1-BCL2 
complex and activates Atg14. UVRAG further replaces Atg14 and 
forms the UVRAG-AMBRA1 complex, along with its positive regulator 
SH3GLB1, which continues the development of the autophagosome [3]. 
Further, ATG9, an integral membrane protein essential for autophagy, is 
recruited to pre-autophagosomal structure by interacting with ATG17 in 
ATG1 dependent manner [5].

During the phagophore expansion, two ubiquitin protein conjugation 
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systems come into play. The ubiquitin protein conjugation system is 
highly conserved from yeast to mammals. The homologs of Atg8 are LC3 
and GABARAP, wherein LC3 is involved at the stage of phagophore 
elongation and GABARAP comes in later stages of maturation. The ho
molog of Atg4, Atg4B, is a cysteine protease that cleaves the C-terminal 
arginine residue of the pro-LC3, forming LC3-I that further undergoes 
post-translational modifications to be subsequently conjugated by PE to 
generate membrane-associated LC3-II [6].

The conjugation of LC3-PE happens by the Atg12-Atg5-Atg16 ubiq
uitin protein conjugation system [7].

The completed autophagosomes, but not the isolated membrane 
phagophore, contain Stx17 that binds to SNAP-29 and lysosomal SNARE 
Vamp 8, further aids in the fusion [5]. The autophagosome further fuses 
with lysosomes via recruiting lysosomal fusion proteins, and the already 
attached ATG proteins to the membrane of the autophagosomes are 
eventually removed. Understanding this macromolecular complex by 
dissecting each step and monitoring the interactions of different proteins 
in the autophagy process offers profound insights into therapeutic tar
geting for various diseases [8]. It’s also crucial to understand whether 
autophagy’s role within the cellular system is predefined or evolves 
overtime, in the context of aging and tumor development. This 
connection is critical, as older patients often experience heightened side 
effects from anticancer treatments, raising concerns about their quality 
of life. This review consolidates key findings to illustrate how autophagy 
interconnects the complex, age-related processes of cancer and aging, 
with a stepwise analysis covering autophagy’s roles in the interplay 
between aging and cancer.

2. Aging and cancer: A complex interplay

Aging involves gradual accumulation of deleterious changes in cells 

and tissues resulting in impaired cellular functions and eventually 
leading to death. Likewise, advancing age is a major risk factor for 
cancer development, driven by encountered unwanted mutations, 
compromised DNA integrity, and accumulation of toxins [9]. Although 
aging and cancer are intricately interconnected, recent research has 
emphasized the non-linear dimension underlying aging and cancer. It 
was reported by Wang et al. that the survival of pancreatic cancer pa
tients has an inverse relationship with age [10]. However, an increase in 
the uncommon “early onset” of cancer risk is also observed in young 
populations [11]. As recently reported by X Zhuang et al., the 
aging-associated increase in stemness posited to suppress tumorigenesis 
by aging-associated induction of transcription factor NUPR1, which 
leads to iron insufficiency in the aged cells. The time-dependent devel
opment of cancer and aging share several essential characteristics and 
are the common "meta-hallmarks” [12]. 

i) Telomeres and Genomic instability

One key factor linking aging and cancer is telomere length main
tained by telomerase enzyme. Telomeres are protective caps at the ends 
of chromosomes that shorten with each cell division. This can lead to 
genomic instability, irreversible cell cycle arrest (senescence), or cell 
death. To achieve cellular immortality, cancer cells such as lung cancer 
cleverly circumvent replicative senescence and cell death by reactivat
ing telomerases [13,14]. However, the relationship between telomere 
length and cancer risk is complex. While some studies suggest that 
longer telomeres may increase cancer risk in certain populations, others 
indicate that telomere shortening can also contribute to cancer devel
opment by increasing genomic instability. Calado et al. discovered short 
telomeres and loss-of-function mutations in the TERT and TERC genes in 
acute myeloid leukemia, gastrointestinal tumors, and head and neck 

Fig. 1. Types of autophagy. Autophagy is divided into three types on the basis of double membrane autophagosome formation. A. The most commonly studied 
autophagy in cancer cells is macroautophagy. It involves a four step process: 1. Nucleation 2. Pre-autophagosome formation 3. Autophagosome formation 4. 
Autophagosome and lysosome fusion and autolysosome formation. B. Chaperone mediated autophagy includes engulfment of substrates with KFERQ motifs recruited 
by HSC70 and co chaperones to lysosomes. C. Microautophagy includes direct engulfment of substrates into lysosomes.
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cancer [15,16]. Interestingly, exposure of cancer cells to aged fibroblasts 
can lead to the secretion of sFRP2, a Wnt pathway antagonist, which 
disrupts microphthalmia transcription factor (MITF) and β-catenin 
signaling. This disruption further reduces APE1 expression, which pro
motes angiogenesis and metastasis in melanoma cells [17].

The decline in the expression of APE1/Ref-1(involved in base exci
sion repair), with age, contributes to increased genomic instability in 
aging cells [18]. Parallel to this, Li et al. found that decreased APE1 
levels in cancer cells also increase senescence, which can be a potential 
therapeutic target addressing both cancer and aging. This dual impact is 
underscored by the role of ROS, which is a major link between these 
diseases [19]. Xia et al. observed that ROS produced by ovarian and 
prostate cancer cells can regulate the expression of hypoxia-inducible 
factor 1 (HIF-1) and vascular endothelial growth factor (VEGF), which 
can lead to the induction of angiogenesis and tumor growth promotion 
[20]. Additionally, ROS also activates the NF-κB, which can promote 
senescence-associated secretory phenotype (SASP) which is a significant 
player in aging [21,22]. 

ii) Epigenetic Alterations

Epigenetic alterations, involve changes in gene expression without 
altering the DNA sequence, and play a significant role in both aging and 
cancer. These alterations include DNA methylation, histone modifica
tions, and involvement of non-coding RNAs [23].

DNA methylation has proven to be a complex link between aging and 
cancer. Increased aberrant hypermethylation with aging was observed 
in several CpG-island-containing genes, leading to cancer predisposition 
[24]. Conversely, global hypomethylation of repeat elements, an 
epigenetic signature of cancer, also increases with aging [25,26]. In 
aging, enriched DNA hypomethylation was observed at genomic regions 
containing H3K4me1, which is an activating histone modification. On 
the other hand, the loss of DNA methylation in cancer was associated 
with H3K9me3, a repressive histone mark [27]. Deficiency of epigenetic 
enzymes also has a huge influence on cancer and aging. Bonkowski and 
Sinclair reported that a decrease in the activity of histone deacetylases 
like sirtuins can lead to increased chances of DNA damage, leading to 
cancer and aging because of increased chromatin relaxation [28]. The 
human SIRT6 protein, which is an NAD + -dependent histone H3 lysine 
9 (H3K9) deacetylase, can further add to the telomeric deregulation 
discussed earlier by modulating telomeric chromatin [29]. Various sir
tuins can also positively regulate epithelial-to-mesenchymal transition 
(EMT) and metastasis. For example, SIRT1 leads to EMT by cooperating 
with EMT-inducing transcription factor ZEB1 in prostate cancer cells 
[30]. The deregulation of the nutrient-sensing pathways is another 
important factor. Several studies have proved that mutations activating 
or inactivating essential nutrient-sensing genes like PIK3CA and liver 
kinase B1 (LKB1) can lead to cancer [31,32]. 

iii) Deregulation of Nutrient-Sensing Pathways

Calorie restriction, which can influence various nutrient-sensing 
pathways, has also been reported to prevent tumor formation [33] 
and to slow down the age-dependent down-regulation of many cellular 
processes [34]. An interesting observation was reported by Zitvogel 
et al. that our normal gut microbiota also has an important role to play in 
aging and cancer. Gut microbiota disturbance, or dysbiosis, may lead to 
chronic inflammation [35]. Dysbiosis and aging can lead to ’inflam
mageing,’ which causes several age-associated diseases [17] and a 
reduction in the effectiveness of tumor immunosurveillance [36].

Further research is crucial to fully understand this intricate interplay 
and develop effective strategies to promote healthy aging and prevent 
cancer.

3. Autophagy and aging

Autophagy is essential for cellular health, contributing to extended 
longevity and slower aging. Additionally, normal aging is associated 
with a decline in autophagic function, leading to the accumulation of 
harmful substances and cellular damage [37]. 

i) mTOR, a central nutrient regulator

Autophagy, when activated by starvation or calorie restriction, 
supplies essential raw materials, removes ROS, and supports cellular 
health (Fig. 2). mTOR, a major player that inhibits autophagy, is a 
central node in the network, channeling nutrients for cell growth [38]. 
Dysregulation at any step disturbs homeostasis and ignites the mal
functioning of aging-associated metabolic pathways. Activation of 
autophagy by genetically or pharmacologically inhibiting mTOR (by 
rapamycin) can enhance the degradation of aged cellular components. 
mTOR was known to cripple the early stages of the autophagy process 
under nutrient-available conditions [39]; however, in 2015, Young-Mi 
Kim et al. showed that mTOR inhibits later stages of autophagy as 
well by phosphorylating UVRAG, promoting the binding of RUBICON 
that further inhibits the UVRAG-mediated autophagosome maturation 
[40]. Inhibition of mTOR by deprivation of nutrients or by rapamycin 
treatment shifts from the biosynthesis of raw materials to providing 
recycled raw materials using autophagy machinery, which promotes 
age-related decline in tissues in yeast, C. elegans, and D. melanogaster. 
The use of rapamycin to slow the aging process is currently being studied 
to evaluate its longevity benefit at different drug doses [41].

While mTOR regulates various pathways, including protein synthe
sis, it remains unclear whether autophagy induction through stress- 
induced mTOR inhibition alone or in conjunction with mTOR regula
tory pathways like mRNA translation, mitochondrial dysfunction, con
tributes to extended tissue lifespan. 

ii) AMPK Activation

mTOR and AMPK have contrasting roles in the induction of auto
phagy [39,42,43]. Contrary to mTOR, AMPK positively regulates the 
autophagy process and produces distinct outcomes for aging. When the 
ADP/ATP ratio increases during nutrient-deficient conditions, AMP in
teracts with the gamma subunit of AMPK to activate it. AMPK further 
forms a stable complex with ULK1 and is followed by phosphorylating it. 
ULK1 is a kinase that triggers key molecular events of 
pre-autophagosome formation and activates the Atg14-associated Vps34 
complex [44]. Despite the widespread acceptance of the prevailing 
model, a paradigm shift model suggests that the phosphorylation of 
S758 disrupts the interaction of AMPK and ULK1. However, the new 
model suggests that phosphorylation of ULK1 at S758 maintains a stable 
association with AMPK that protects ULK1 degradation at starvation or 
mTOR inhibition [45].

Furthermore, the activation of AMPK in the adult Drosophila nervous 
system induces autophagy in the brain by upregulating the autophagy- 
specific kinase Atg1, resulting in better intertissue effects during aging 
and an extended lifespan. The AMPK/Atg1-mediated autophagy acti
vation is linked to a reduced insulin/insulin-growth factor-1-signaling 
(IIS) pathway. Repressed IIS promotes the translational regulator 4E-BP, 
a direct target of dFOXO (Drosophila FOXO), slows systemic aging, and 
prolongs lifespan [46]. 

iii) Lysosomal Degradation

Autophagy relies on lysosomes’ provided acidic pH to degrade 
cellular components. Lysosomal function declines with age, contributing 
to the accumulation of damaged proteins and organelles. This decline in 
lysosomal activity is mitigated in long-lived mutants, suggesting that 
maintaining lysosomal function is crucial for longevity [47]. In C. 
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elegans, mice, and Drosophila, a decline in protease activity has been 
observed with age [37]. Notably, Yanan Sun et al., in 2020 demon
strated that age-associated lysosomal activity changes are mitigated in 
long-lived mutants (daf-2, eat-2, and isp-1) that extend the lifespan by 
mechanisms involving inhibiting insulin/IGF-1 signaling, reducing food 
intake, and impairing mitochondrial function [48]. Additionally, 
Richard Venz et al., in 2021 showed that engineered C. elegans with 
conditional depletion of the DAF-2 transmembrane receptor doubled 
lifespan during geriatric ages [49]. Moreover, the transcription factor EB 
regulates various aspects of autophagy, where overexpressed HLH-30, 
the orthologue of the TFEB gene in C. elegans, results in an extended 
lifespan. In 2023, Lu Zhang et al. reported on the role of CD44 function 
in bridging autophagy with the decline in longevity [50]. 

iv) Autophagy and Neurodegenerative Diseases

Dysregulation of autophagy is implicated in various age-related 
diseases, including neurodegenerative disorders. The expression of the 
autophagy-related gene Atg8a in older fly brains extends the average 
adult lifespan by 56 % and promotes resistance to oxidative stress. 
However, the mutation of Atg8 results in a reduced lifespan, IUP accu
mulation, and increased sensitivity to oxidative stress [51]. Hypotha
lamic autophagy reduction and elevation of α-MSH levels lead to an 
increase in aged-mice phenocopy, which includes altered glucose ho
meostasis in proopiomelanocortin (POMC) neurons, increased adiposity, 
and impaired lipolysis. Enhancing autophagy in these models can extend 
lifespan and improve neuronal function. 

v) Autophagy and Apoptosis

Autophagy and apoptosis represent two opposing processes in the 
cellular environment, akin to the two sides of the same coin. While 
autophagy promotes cell survival by removing damaged components, 
apoptosis eliminates damaged or unnecessary cells. The balance be
tween these processes shifts with age, with autophagy generally 
declining and apoptosis potentially increasing.

Using Wistar mice, the levels of autophagy and apoptosis were 

observed to be opposite in the adult and old phases. The adult mice, as 
compared to older mice, showed a higher autophagy-related p-ULK, p- 
ULK-1/ULK-1 ratio, Beclin-1, LC3II, and maintained normal learning 
and cognitive function. Similarly, a naked mole-rat (NMR) that carries 
the cancer resistance trait showed higher levels of BECN1, LC3-I, and 
LC3-II in the brain as a function of age. The higher level of autophagy 
throughout their lifespan may contribute to the healthy lifespan of these 
rodents [52]. 

vi) Autophagy-Related Genes and Aging

Various stimuli activate the autophagy-based type III PI3 kinase. 
Based on the results of a genome-wide screen, Lipinski et al. showed that 
ROS initiated autophagy by serving as an activator upstream of the type 
III PI3 kinase in response to amyloid beta peptide, which is the major 
pathogenic mediator of Alzheimer’s disease (AD) [53]. The over
expression of Atg5 in mice increases the lifespan by 17.2 %. Addition
ally, embryonic fibroblasts developed from Atg5 transgenic mice are 
more tolerant to oxidative damage [54]. Similarly, Álvaro F Fernández 
et al. generated targeted mutant mice with a Phe121Ala mutation in 
BECN1 (Becn1F121A/F121A), decreasing its interaction with the negative 
regulator BCL2. As a result, the knock-in mice showed a higher level of 
cellular autophagy than their wild-type littermates, with increased 
longevity [55]. 

vii) Sirtuins and Autophagy

The sirtuin-1 enzyme, from Sirtuins family, is deeply involved in 
gene regulation, genome stability maintenance, apoptosis, autophagy, 
senescence, proliferation, aging, and tumorigenesis [28]. A novel dis
covery by Michan and Sinclair in 2007 reported the involvement of 
sirtuins in extending the human lifespan. Wang et al. reported in 2021 
that SIRT1 acts as a substrate for autophagosomes, resulting in its 
degradation in autolysosomes and impacting the aging of cell tissues. 
The level of SIRT1 decreases with age, which coincides with the 
decrease in the autophagy process in aging cells [55]. However, in 2023, 
Chaudhary et al. reported that sirtuin-activating compounds can 

Fig. 2. Autophagy in young versus aged cells. A. Increase in autophagy in young cells. Role and mechanism of autophagy mediated maintenance of slow aging in 
young cells.; B. Decrease in autophagy in old cells leading to aging.
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upregulate the autophagy process, which helps degrade unwanted toxic 
cellular components and maintain homeostasis in aging cells [56]. This 
complex relationship highlights autophagy’s dual role in regulating 
cellular aging, and the following section discusses how autophagy in
fluences the age-dependent disease, cancer.

4. Autophagy and cancer

The perpetual evolving cancer cells have adeptly exploited the 
autophagy machinery to overcome stressful conditions by utilizing the 
provided raw materials. Additionally, autophagy has also garnered 
widespread interest by restricting tumorigenesis induced by calorie re
striction, starvation, or stress conditions at the early stages of tumori
genesis, indicating autophagy encompasses both tumor suppressor and 
promoter aspects (Fig. 3). This dual shows the context-dependent nature 
of autophagy during tumorigenesis (Table 1). 

i) Autophagy and DNA Repair
Autophagy is the process that continuously replenishes DNA repair 
enzymes in the cells and maintains double-stranded breaks that, if 
left unrepaired, can lead to oncogenic mutations [57]. Wadsworth 
et al., in 2007, mentioned the monoallelic deletion of BECN1 resulted 
in a DNA damage response and gene amplification, facilitating breast 
cancer progression [58].

ii) Autophagy and the Tumor Microenvironment

The tumor microenvironment comprises of stromal cells, extracel
lular matrix, tumor-associated macrophages, T and B lymphocytes, and 

immune cells. Autophagy influences the tumor microenvironment by 
modulating immune responses and providing metabolic support to 
cancer cells [75,76]. 

iii) Autophagy and Cancer Cell Metabolism

Autophagy provides metabolic substrates by degrading cellular 
components that fuel cancer cell growth and proliferation. The key 
difference between tumor and normal cells relies on cellular meta
bolism. Normal cells undergo oxygen-dependent oxidative phosphory
lation (OXPHOS) to produce ATP; however, cancer cells switch towards 
glycolysis, and the intermediates rewire to biosynthetic pathways such 
as the pentose phosphate pathway. Autophagy still maintains mito
chondrial integrity despite its negligible requirement for ATP produc
tion in cancer cells [62]. The deletion of ATG7 in BRAFV6000E-driven 
lung cancer cells results in a deficiency of glutamine, an essential raw 
material for mitochondrial respiration and survival of tumor cells driven 
by BRAFV6000E. Interestingly, autophagy inhibition results in the accu
mulation of damaged mitochondria that promotes the survival of cancer 
cells, such as mammary cancer cells, which results in increased ROS 
levels switching oxidative to the glycolytic metabolic pathways [77]. 

iv) Autophagy and EMT

EMT is a complex transdifferentiation process through which cancer 
cells acquire mesenchymal potential. Autophagy activation is indis
pensable during metastatic spreading to resist the cell death pathways 
activated due to a lack of adhesion with the extracellular matrix, leaving 

Fig. 3. Dual role of autophagy in tumor progression. Autophagy inhibits tumor progression. A. Autophagy induction during the intravasation of cancer cells, 
inhibiting EMT through increasing E-cadherin and decreasing N-cadherin. B. Autophagy engulfing intracellular mutants, damaged mitochondria, and infectious 
pathogens using autophagosome formation followed by degrading it in autolysosomes. C. Autophagy decreases the immune evasion of cancer cells by promoting 
pathogen clearance. D. autophagy recruiting cytoskeletal components and inhibiting the migration of cancer cells. Autophagy promotes tumor development. E. 
Autophagy-mediated increase in VEGFA and pro-angiogenic pathways. F. Autophagy diverting dependence of cancer cells over OXPHOSfrom glycolysis when treated 
with glycolytic inhibitor. G. partially degrading mitochondria and maintaining defective mitochondria in cancer cells. H. Autophagy promotes glycolytic pathways I. 
BNIP3 and BECN1 promote autophagy and resistance to anoikis. I. Autophagy promotes immune tolerance in cancer cells by inhibiting immune checkpoints and 
antigen presentation. J. Autophagy mediated recycling of toxins and providing raw materials for tumor development.
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cells without effective anchorage [57,78]. Fung et al. showed that 
extracellular matrix detachment from cells induces autophagy, whereas 
deprivation of ATGs inhibits detachment-induced autophagy, enhances 
apoptosis, and reduces clonogenic recovery after anoikis [79]. 

v) Autophagy and Immune Evasion

Autophagy’s dual role is experienced by cancer cells when it can use 
immune cells to impede tumor growth and, on the other hand, escape 
cancer cells from immune cell attacks. Akalay et al. showed that MCF7 
breast cancer cells showed EMT phenotypes, including inhibiting cyto
toxic T lymphocyte-mediated tumor cell lysis [80]. EMT, along with 
invasion and metastasis, also alters the susceptibility of cancer cells by 
inducing autophagy that attenuates the immunologic synapse with CTL 
in the target cells [67].

All these studies provided evidence of the context-dependent role of 
autophagy, influencing the fate of the tumors at various stages. How
ever, the precise mechanism and contribution of autophagy process 
during cancer progression still remain to be fully elucidated.

5. Autophagy features affect tumorigenesis in each cancer types

5.1. Lung cancer

Lung cancer ranks among the foremost causes of mortality for both 
men and women globally [81]. According to various reports, autophagy 
plays a dichotomous role in upregulation and downregulation of lung 
cancer based on stage [82]. Recent reports are primarily focused on 
non-small cell lung cancer (NSCLC) which accounts for approximately 
85 % or mortality rate [83]. Several reports have indicated the higher 
concentration of specific proteins such as TIPRL in NSCLC actively 
promoting autophagy, and enhancing cancer cell survival. The increased 
TIPRL expression interacts and phosphorylates eIF2α, that induces 
autophagy by the activation of the eIF2α-ATF4 pathway. This autophagy 

Table 1 
Pro- and anti-tumorigenic roles of autophagy.

Factors regulating 
tumorigenesis

Pro-tumorigenic roles of 
autophagy

Anti-tumorigenic roles of 
autophagy

PI3K/Akt/mTOR 
pathway

​ Induction of autophagy by 
inhibiting the PI3K/Akt/ 
mTOR pathway can 
prevent cancer growth 
[59]

NF-κB signaling The accumulation of ROS, 
p62, damaged mitochondria, 
and endoplasmic reticulum 
chaperones due to defective 
autophagy alters NF-κB 
signaling and promotes 
tumorigenesis [60]

​

Glycolysis Promotion of glycolysis by 
supplying substrates through 
recycling of cellular 
components during nutrient 
scarcity, thus promoting 
cancer cell survival [61]

​

Oxidative 
phosphorylation

Enhanced autophagy in 
cancer cells promotes 
mitochondrial OXPHOS to 
increase ATP production 
which is required for cancer 
cell survival [62]

​

DSB repair ​ Replenishment of DNA 
repair enzymes in the cell 
which repair double- 
strand breaks, thus 
preventing oncogenic 
mutations [57] 
Degradation of DNA 
fragments and clearance 
of proteins associated with 
DNA repair during DSB 
repair, which lead to the 
maintenance of accuracy 
and proper functioning of 
DNA repair pathways [57]

Homologous 
recombination

​ Activation of Chk1, which 
is linked to DNA repair by 
homologous 
recombination [63]

Cell cycle 
checkpoints

Suppression of proteins 
associated with cell cycle 
checkpoints such as p53 and 
p21, which can lead to 
oncogenesis [64,65]

Modulation of cell cycle 
responses by preventing 
unrepaired cells from 
continuing to divide, and 
thus preventing 
oncogenesis [66]

Immune response Attenuation of the target 
cell’s immunologic synapse 
with cytotoxic T lymphocytes, 
thus inhibiting CTL-mediated 
tumor cell lysis [67]

Activation of cytotoxic 
responses by the 
enhancement of antigen 
presentation in dendritic 
cells and the induction of 
CD8+ lymphocytes [67] 
Clearance of aberrant Treg 
cells that inhibit the 
immune response [67] 
Providing raw materials 
for maintaining the 
efficiency of immune cells 
[67]

Drug resistance Increase in drug resistance by 
managing the stress caused 
due to anticancer drugs, 
removing damaged 
organelles, recycling essential 
nutrients, and avoiding 
apoptosis [68]

​

Survivability of 
cancer cells

Promotion of cancer cell 
survival at the tumor core 
under stress conditions like 
low oxygen and nutrient 
unavailability [69] 

​

Table 1 (continued )

Factors regulating 
tumorigenesis 

Pro-tumorigenic roles of 
autophagy 

Anti-tumorigenic roles of 
autophagy

Providing raw materials for 
cancer cell growth by the 
release of recycled molecules 
after the degradation of 
damaged cellular components 
[70]

Angiogenesis Promotion of angiogenesis 
during stress conditions like 
nutrient deprivation and 
hypoxia by enhancing the 
secretion of VEGF, survival of 
endothelial cells, and 
modulation of tumor 
microenvironment [71]

Suppression of 
angiogenesis by 
degradation of pro- 
angiogenic factors and 
normalization of blood 
vessels [72]

ECM remodelling Degradation and recycling of 
ECM components [73] 
Regulation of the production 
of matrix metalloproteinases 
(MMPs) which facilitate ECM 
remodelling [73] 
Secretion of ECM proteins 
[73]

​

Epithelial-to- 
Mesenchymal 
Transition (EMT)

Resisting induction of 
apoptotic pathways activated 
due to a lack of cell adhesion 
to the extracellular matrix 
during EMT [74]

​

Metastasis Providing resistance to 
nutrient deprivation, hypoxic 
conditions and immune 
surveillance during metastasis 
[73]

​
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activity facilitates the clearance of metabolic and cellular stress, 
providing a survival advantage to cancer cells [84]. NSCLC stem like 
cells (CSC) represent a distinct yet closely related area of research, 
particularly concerning the role of autophagy in facilitating cancer cell 
proliferation. It was recently reported on how TGM2, which is increased 
in CD44+ A549 stem-like cells, facilitates radio-resistance in NSCLC via 
augmenting autophagy. The CD44-TGM2-LC3 axis was identified, 
wherein CD44 facilitates radio-resistance via TGM2 modulation of 
autophagy. TGM2 interacts with LC3B, a pivotal autophagy protein, to 
regulate autophagy levels, therefore safeguarding cancer stem-like cells 
from radiation-induced harm. This indicated TGM2 as a prospective 
therapeutic target to mitigate radio-resistance in NSCLC cancer 
stem-like cells [85]. Considering the inhibitory outcomes of autophagy 
in cancer progression, SLL-1A-16, a new organic selenocyanate com
pound has been recently developed and evaluated for the treatment of 
NSCLC both in vitro and in vivo. The findings indicate that SLL-1A-16 
suppressed cell cycle, promoted apoptosis, and induced autophagy in 
NSCLC cells by targeting the Akt/mTOR signalling pathways [86]. 
Another study has shown regarding a natural product Gitogenin (GIT), a 
saponin derived from Tribulus longipetalus, inhibiting lung cancer pro
gression by inducing both apoptosis and autophagy. GIT reduces the 
proliferation of lung cancer cells and induces apoptosis by increasing the 
cleavage of Caspase-3 and PARP. It also initiates autophagy by acti
vating AMPK and blocking AKT signalling pathways, leading to the 
accumulation of autophagosomes. However, GIT disrupts autophagic 
flux, causing impaired auto phagolysosomes to accumulate, which 
sensitizes lung cancer cells to cell death (Table 2) [87]. Thus, autophagy 
plays a dual role with respect to lung cancer progression.

The role of autophagy has been widely studied for facilitating 
metabolic adaptability by reutilizing cellular constituents, including 
impaired organelles and misfolded proteins, to supply vital nutrients 
and energy [98]. In NSCLC, autophagy enhances the TCA cycle and 
nucleotide synthesis, especially in KRAS-driven malignancies, by pro
moting the recycling of glutamine and glutamate [99]. Within the tumor 
microenvironment (TME), autophagy facilitates the metabolic re
quirements of cancer stem cells (CSCs) and influences immunological 
responses, angiogenesis, and extracellular matrix remodelling. It in
teracts with reactive oxygen species (ROS), eliminating damaged 

organelles to mitigate oxidative stress and avert DNA damage, therefore 
facilitating tumor survival [100]. Recent research has displayed on how 
Cadmium helps in the growth of lung cancer cells via autophagy 
dependent glycolysis. Cadmium exposure in A549 lung cancer cells and 
HELF lung fibroblasts elevates glucose absorption, lactate generation, 
and the expression of critical glycolytic enzymes (GLUT1, HKII, PKM2, 
and LDHA), resulting in augmented glycolysis. The metabolic transition 
relies on autophagy, as restriction of autophagy (via 3 MA, CQ, or 
knockdown of ATG4B and ATG5) diminishes glycolysis that impedes 
Cd-induced cellular proliferation and cell cycle advancement. The study 
emphasizes an autophagy-glycolysis axis, in which autophagy enhances 
cancer cell survival by facilitating glycolytic metabolism, positioning it 
as a possible treatment target for lung cancer [101]. Similarly, when 
lung cancer cells were exposed to cadmium (Cd), it resulted in the 
overexpression of HMGA2 that augments the glycolysis while inhibiting 
the OXPHOS, leading to elevated glucose consumption and lactate for
mation. Inhibition of autophagy (via 3 MA) reinstates OXPHOS and 
reduces glycolysis, signifying that autophagy is crucial for this metabolic 
transition. This metabolic transformation facilitates Cd-induced lung 
cancer cell migration and invasion, indicating that targeting HMGA2 
and autophagy-dependent glycolysis may represent a viable treatment 
strategy [102].

Autophagy significantly contributes to immune evasion in lung 
cancer by regulating both innate and adaptive immune responses. 
Within the tumor microenvironment (TME), autophagy facilitates can
cer cells in circumventing immune recognition by destroying damage- 
associated molecular patterns (DAMPs) and pathogen-associated mo
lecular patterns (PAMPs), which are essential for triggering innate im
mune responses [103]. Interestingly, several studies have reported the 
association of chemokines with autophagy in regulating immune 
evasion. It is found that autophagy facilitates immune evasion in lung 
cancer via regulating the SKIL/TAZ axis and inhibiting the STING 
pathway. SKIL expression is heightened in NSCLC and promotes ma
lignant characteristics by upregulating TAZ, which subsequently acti
vates autophagy. The stimulation of autophagy suppresses the STING 
pathway that results in diminished synthesis of immune-activating 
chemokines (CXCL10, CCL5, and IFN-β). Additionally, activation of 
autophagy also leads to reduction in the infiltration of cytotoxic T cells. 
Inhibiting SKIL or autophagy reinstates STING activation, augments T 
cell infiltration, and bolsters anti-tumor immunity [104]. In conclusion 
autophagy plays a vital role in regulating immune evasion in lung 
cancer.

5.2. Breast cancer

The first significant report linking autophagy to breast cancer was 
published in 1999 by Beth Levine’s group, where they had shown that 
BECN1 acts as a tumor suppressor protein, which was found to be 
deficient in breast cancer cells, thus indicating a role of autophagy in 
breast cancer [105]. However, the role of autophagy in regulation of 
cancer hasn’t been consistent, as its role is been widely studied in both 
the promotion and inhibition of tumorigenesis. BECN1, an essential gene 
for autophagosome formation is found to be monoallelically deleted in 
breast cancer, indicating negative correlation between autophagy and 
breast cancer progression [106]. Contrastingly, under conditions of 
metabolic stress, autophagy actively promotes the cancer cell survival 
[61]. Though it is reported that the genetic deletion of 
autophagy-related genes reduces primary mammary tumor growth, it 
was found in a study by Marsh et al. that autophagy restricts the 
metastasis of disseminated tumor cells (DTCs), where an increase in the 
size of metastatic lesions was observed upon deletion of Atg12 or Atg5 
[107]. Hypoxic stress also leads to the induction of mitophagy respon
sible for preventing increased levels of reactive oxygen species (ROS) 
reducing cell death [108]. Further, hypoxia-induced alternative splicing 
of the BNIP3L gene was recently reported to induce autophagy in breast 
cancer cells, thus promoting their survival under hypoxic stress 

Table 2 
Therapeutic targets indicating cancer-specific function of autophagy.

Cancer type Drug Mode of action

Breast Cancer Everolimus Induction of autophagy by inhibiting 
mTOR [88]

Palbociclib Induction of autophagy by Inhibiting 
CDK4/6 [88]

Gemcitabine Inhibition of autophagy [88]
Nab-paclitaxel
Chloroquine
Hydroxychloroquine

Pancreatic 
Cancer

Everolimus Induction of autophagy by inhibiting 
mTOR [89,90]

Chloroquine Inhibition of autophagy [91,92]
Hydroxychloroquine

Colorectal 
Cancer

3-methyladenine (3- 
MA)
Hydroxychloroquine
Salidroside Induction of autophagy and apoptosis 

through the PI3K/Akt/mTOR pathway 
[93]

Glioblastoma Temozolomide Modulating autophagy and 
mitochondrial metabolism [94]

Prostate 
cancer

PD-PSL1-CP Inhibition of autophagy [95]
Apalutamide Androgen receptor antagonist inducing 

autophagy [96]
Simvastatin Autophagy inducer [97]

Lung cancer SLL-1A-16 Cell cycle suppression, Apoptosis 
promoter and Autophagy inducer [86]

Gitogenin Inducing apoptosis and autophagy [87]
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conditions [109].
Prolonged hypoxic stress also leads to the induction of activating 

transcription factor 4 (ATF4) in MCF7 and MDA-MB-231 breast cancer 
cells. ATF4 binds to a cyclic AMP response element binding site in the 
promoter of LC3B, a key component of the autophagosomal membrane, 
leading to the upregulation of LC3B, which has an essential role in the 
induction of autophagy, thus helping breast cancer cells to survive ER 
stress [110]. Another important peculiarity of autophagy process in
cludes an important role in breast cancer is immune evasion by recycling 
damaged cellular components, maintaining metabolic stability under 
stress conditions, and regulating the expression of immune checkpoint 
proteins like PD-L1 present on the surface of cancer cells, thus pre
venting the immune system from recognising and killing cancer cells 
[111]. During the chronic hypoxic conditions (0.1 % of hypoxia) auto
phagy can be induced by the activation of AMPK or inhibition of the 
mTOR pathway to promote cancer cell survival. However, autophagy 
induction in MCF7 and MDA-MB-231 breast cancer cells was also re
ported to induce endoplasmic reticulum (ER) stress and to cause cell 
cycle arrest [112]. Thus, a therapeutic approach for breast cancer can be 
to induce autophagy to promote cancer cell death, or to inhibit auto
phagy when it exhibits protective effects on cancer cells. Several auto
phagy inducers like everolimus (mTOR inhibitor) and palbociclib 
(CDK4/6 inhibitor) (Table 2) are being explored for the treatment of 
breast cancer, and drugs like gemcitabine/nab-paclitaxel, chloroquine, 
and hydroxychloroquine (Table 2) are also being used to inhibit auto
phagy in specific contexts in order to enhance the efficacy of other 
cancer therapies [88].

5.3. Pancreatic cancer

The role of autophagy in pancreatic cancer depends on several fac
tors including the tumor microenvironment that defines the aggres
siveness of the pancreatic cancer. A stressful tumor microenvironment 
can lead to the activation of numerous pathways for the survival of the 
tumor cells, such as autophagy, anaerobic respiration, and angiogenesis 
[113]. Pancreatic cancer is particularly dependent on autophagy, when 
the primary sites experience stress conditions like nutrient stress and 
hypoxic stress. Furthermore, the activation of oncogenes due to stress 
induced autophagy leads to the enhanced tumor metabolism and pro
liferation. In several cases, inhibition of autophagy results in an increase 
in ROS production, DNA damage, and metabolic defects leading to a 
decreased mitochondrial oxidative phosphorylation, that altogether 
abstain the pancreatic cancer growth [114]. Chemotherapeutic drugs 
used for pancreatic cancer treatment like gemcitabine can induce 
autophagy in the cells, restricting the efficacy of the treatment [115,
116]. Therefore, autophagy inhibitors can be combined along with 
gemcitabine in order to enhance its therapeutic potential (Table 2). In a 
study conducted by Zeh et al., it was reported that autophagy inhibition 
in patients with high-risk pancreatic ductal adenocarcinoma (PDAC) by 
hydroxychloroquine in combination with gemcitabine and 
nab-paclitaxel greatly improved the pathologic tumor response [91]. In 
2019, Görgülü et al. studied the significance of Atg5 levels in a 
Kras-mutant model of pancreatic cancer, and they found that 
single-allele knockout or shRNA-mediated knockdown of Atg5 enhanced 
malignant tumor formation and metastasis, whereas homozygous dele
tion of Atg5 increased acinar-to-ductal metaplasia [117]. In the same 
year, Yang et al. showed that anti-tumor immunity has a role in 
pancreatic cancer regression upon autophagy inhibition, as they 
observed an increased infiltration of macrophages in the pancreatic 
cancer tumors upon the inhibition of autophagy, which was responsible 
for the anti-tumor effect [118]. Apart from inhibiting autophagy in pa
tients using chloroquine and hydroxychloroquine, the activation of 
autophagy using mTOR inhibitors like everolimus has also been tried in 
pancreatic cancer patients, but the results did not show notable clinical 
action as single treatment agents (Table 2) [89,90]. More research needs 
to be conducted in order understand the combinatorial approach of 

autophagy for better therapeutic impact in pancreatic cancer patients.

5.4. Glioblastoma

Glioblastoma, also known as glioblastoma multiforme (GBM) is an 
aggressive and common type of malignant brain tumor that originates in 
brain or spinal cord [119]. GBM accounts for half of all cancerous brain 
tumors, linked to genetic mutations that disrupt cell growth regulation 
[120]. Autophagy theorized to play a dichotomous role with respect to 
cancer progression, is assayed to be highly upregulated in high grade 
gliomas (HGG), which is evident through upregulated ATGs such as p62, 
LC3 and Beclin 1 [121]. In vivo studies based on mouse model displayed 
the suppression of autophagy leading to decreased GBM development 
[122]. Autophagy helps GBM cells survive under stress conditions such 
as hypoxia where BNIP3 and BNIP3L are upregulated, nutrient depri
vation and chemotherapy by recycling cellular components to maintain 
energy level and resist apoptosis [123]. A Recent study on astrocyte 
elevated gene 1 (AEG1) has shown the role of autophagy linking EMT to 
GBM progression. Autophagy stimulation increases the vulnerability of 
GBM cells to TGFβ1 mediated EMT by AEG1 activation [124]. The role 
and mechanism of yes associated protein (YAP) in GBM progression 
revealed that YAP promotes transcription and translocation of HMGB1 
from nucleus to cytoplasm, that further enhances autophagy and GBM 
progression [125]. To sum up, autophagy stimulates the growth of GBM 
by causing tumor cells to proliferate, meeting their nutritional needs, 
shielding them from senescence and apoptosis, increasing their EMT, 
and shielding them from hypoxia.

Metabolic reprogramming is essential for the maintenance of cancer 
growth and progression [126]. Recent studies on various metabolic and 
associated molecular pathways have displayed the role of metabolism in 
GBM progression [127]. NRBF2 upregulates autophagy through its 
interaction with the VPS34 complex, which is involved in the early 
stages of autophagosome formation [128]. This process is vital for cell 
survival and adaptation, especially under metabolic stress. In GBM, 
NRBF2-mediated autophagy helps the cells survive irradiation (IR) by 
providing them with essential nutrients and energy sources. 
NRBF2-mediated autophagy in GBM does not primarily affect glycolysis 
but rather enhances oxidative phosphorylation. Through autophagy, 
NRBF2 provides critical intermediates for the tricarboxylic acid (TCA) 
cycle, which are then used for OXPHOS to generate ATP more effi
ciently. The metabolic reprogramming driven by NRBF2 is not just about 
energy production—it also influences other aspects of cancer aggres
siveness, like migration and invasion. As NRBF2 regulates autophagy, it 
indirectly impacts processes like epithelial-mesenchymal transition 
(EMT), which is crucial for cancer metastasis and invasion [129]. 
Another protein SH3GLB1, which plays a vital role in autophagy initi
ation actively regulate mitochondrial metabolism in GBM. Autophagy 
modulation by SH3GLB1 supports mitochondrial metabolic function, 
particularly OXPHOS in GBM cells [94].

Autophagy exerts a multifaceted influence on the tumor microenvi
ronment by affecting the functionality and behaviour of immune cells, 
frequently serving as a strategy for tumor cells to circumvent immune 
surveillance and enhance their survival [130]. Autophagy impacts the 
polarization and functionality of the behaviour of Tumor associated 
macrophages (TAMs), which frequently displays pro-tumoral roles in 
GBM microenvironment [131]. For example, the reprogramming TAMs 
to a tumor-supportive phenotype is often promoted by autophagy 
mediated release of exosomal microRNAs from glioma cells [132]. The 
efficacy of T cell-mediated immune responses can be influenced by 
autophagy in GBM cells as Autophagy can impede the activation and 
function of T cells by regulating the secretion of immunosuppressive 
cytokines and the presentation of tumor antigens [133]. This results in a 
more immunosuppressive tumor microenvironment, which enables 
GBM cells to evade immune surveillance. In conclusion autophagy plays 
a pivotal role in evading or regulating the immune system and thus 
promoting the GBM progression.
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As autophagy is now evident as an important coupler to GBM, tar
geting autophagy-related pathways presents promising therapeutic op
portunities in GBM treatment [134]. The recent study that reported 
SH3GLB1, playing an important role in mediating mitochondrial meta
bolism is also reported in promoting temozolomide (TMZ) resistance in 
glioblastoma by modulating autophagy and mitochondrial metabolism 
(Table 2). It was found that knocking down SH3GLB1 resensitizes 
resistant glioblastoma cells to TMZ, reducing mitochondrial respiration, 
ATP production, and mitochondrial membrane potential. Thus, 
SH3GLB1 functions as a key regulator of autophagy-mediated mito
chondrial metabolism, enabling glioblastoma cells to evade 
TMZ-induced cytotoxicity. This suggests that targeting SH3GLB1 may be 
a potential therapeutic strategy for overcoming TMZ resistance [94].

5.5. Colorectal cancer

The duality of the autophagy process in colorectal cancer (CRC) has 
been studied, as it can induce apoptosis and decrease the proliferation of 
CRC cells, while it can also make CRC cells resistant to several chemo
therapeutic agents [135]. The chemotherapeutic resistance conferred to 
CRC cells is due to the cytoprotective effects of autophagy [136], as 
during the drug treatment, an increase in autophagy induction in cancer 
cells results in protection against stress-induced damage [137,138], 
which is the reason why drugs like 5-fluorouracil (5-FU) often fail to 
treat CRC [139]. In such cases, the use of several autophagy inhibitors 
such as 3-methyladenine (3-MA) and hydroxychloroquine (HCQ) has 
proven to promote 5-FU-induced apoptosis in CRC cells [92]. The effi
ciency of therapeutic drugs also depends on the metabolic effects in 
cancer cells, which modulates the autophagy process. It was reported by 
Li et al. that increased production of lactate in CRC cells led to the 
expression of RUBCNL, an autophagy enhancer protein, which increased 
the autophagy flux inside the CRC cells, and made the cancer cells 
resistant to bevacizumab treatment [140]. Several studies have inves
tigated the role of autophagy-related genes in the context of colorectal 
cancer. Interestingly, BECN1 is reported to have a contrasting roles in 
colorectal cancer. The higher expression of BECN1, which was reported 
in 95 % of CRCs, was found to promote tumorigenesis and distant 
metastasis of colorectal carcinoma [141,142]. On the other hand, Koneri 
et al. demonstrated that the BECN1 gene inhibits tumor growth in colon 
cancer cells [143]. In another study, it was shown that high expression 
of the core autophagy gene ATG16L1 in colorectal tumors results in the 
suppression of anti-tumor immunity, and a poor clinical response to 
anti-PD-L1 therapy in KRAS-mutant tumors [144]. Salidroside, which is 
a bioactive compound found in the root of the Rhodiola rosea plant, was 
also reported to inhibit the growth of gastric cancer cells by the induc
tion of autophagy and apoptosis through the PI3K/Akt/mTOR pathway 
(Table 2) [93]. Thus, the context-dependent use of chemotherapeutic 
drugs, which can modulate the autophagic flux in tumor cells, can 
provide a promising therapeutic potential in the treatment of colorectal 
cancer.

5.6. Prostate cancer

Prostate cancer, the most prevalent cancers in male’s development 
and progression are influenced by a variety of cellular processes, such as 
autophagy [145]. The proliferation and survival rate of prostate cancer 
cells are among the primary effects of autophagy, that arises from the 
complex interaction with a variety of molecular pathways [146]. The 
majority of fatalities in patients with prostate cancer (PCa) are caused by 
castration-resistant prostate cancer (CRPC) [147], which is significantly 
influenced by the androgen receptor (AR) axis [148]. Lysine demethy
lase KDM4B, a key molecule in AR signalling and turnover plays a vital 
role in PC progression along with autophagy. The recent findings 
include the overexpression of KDM4B, resulting in the activation of 
Wnt/β-catenin signalling and autophagy which results in increased 
cancer progression [149]. The vital role of AR axis is further explained in 

another research based on SIRT7, a deacetylase whose depletion resul
ted in the reduced expression of autophagy-related genes like ATG4B 
and ATG4D, which are known to be regulated by AR. It was also 
observed that restoration of AR expression resulted in increased auto
phagy and prostate cancer progression [150]. Recent research on 
HnRNPL, an RNA binding protein was found to upregulate the expres
sion of circCSPP1, a circular RNA, which then acts as a sponge for 
miR-520h, leading to increased EGR1 expression and subsequent in
duction of autophagy. The increased autophagy induced by the 
circCSPP1/miR-520h/EGR1 axis then led to enhanced proliferation, 
migration, and invasion of prostate cancer cells in vitro and accelerated 
tumor growth in vivo [151]. A micro-RNA-based recent research study 
showed that miR-99b directly binds to the 3′UTR of the mTOR gene and 
inhibits its expression, resulting in the induction of autophagy of PCa 
cells. The miR-99b was also found to inhibit the AR signalling pathway, 
which is known to promote cancer progression [152]. A related recent 
breakthrough was observed regarding AR signaling, which upregulates 
the DNM1L, a crucial component of the mitochondrial and peroxisomal 
fission machinery, which inhibits autophagy and promote proliferation 
in prostate cancer. Thus, autophagy plays a crucial role in both pro
moting and inhibiting the proliferation of prostate cancer cells, repre
senting the complex influence on tumor dynamics [146].

The reduced expression of autophagy genes such as FIP200, 
ATG16L1, and GABARAPL1 in clinical cohorts regulating cancer meta
bolism [153], demonstrate poor prognosis in prostate cancer [154]. A 
metabolic hormone, FGF21, primarily produced in the liver and playing 
a major role in glucose and lipid metabolism, is found to be down
regulated in prostate cancer tissues and cell lines. H. Dai et al. reported 
that FGF21 enhances autophagy by inhibiting PI3K–Akt–mTOR 
pathway, which contributes to tumor suppression [155]. Another study 
has identified the role of a lipid kinase, PIKfyve, targeted by ESK981, 
that blocks the autophagic flux in prostate cancer cells. This results in 
increased expression of CXCL10, recruiting T cells into the tumor 
microenvironment, and effectively converting "cold" tumors to "hot" 
tumors which is more susceptible to immune checkpoint blockade 
[156]. Novel research works based on nanodrugs are now done in par
allel, linking autophagy with the immune system in prostate cancer. 
Recently a PDPA-cored nanodrug (PD-PSL1-CP) was developed that 
delivers anti-PD-L1 which inhibits autophagy. The nanodrug’s tumor 
microenvironment pH-sensitive design allowed for the selective release 
of a PD-L1 and enhanced the PDPA uptake in cancer cells. PDPA blocked 
the autophagic flux by disturbing lysosomes, leading to increased MHC-I 
expression on cancer cells, which boosted their vulnerability to TNF-α 
and cytotoxic T lymphocytes (CTLs) [95].

Prostate cancer-related therapeutic research is currently undergoing 
in full swing. Recent research related to Apalutamide, an androgen re
ceptor antagonist demonstrated that it induces autophagy in prostate 
cancer cells as shown by increased levels of autophagy markers like 
ATG5, Beclin 1, and LC3. However, autophagy appears to act as a pro- 
survival mechanism, potentially contributing to resistance against 
Apalutamide. When combined with autophagy inhibitors such as 3- 
methyladenine or chloroquine, apalutamide significantly enhanced the 
tumor cell death, suggesting that blocking autophagy can improve its 
therapeutic efficacy (Table 2) [96]. Another drug, Simvastatin (Table 2), 
was recently administered in prostate cancer, and it demonstrated a 
significant concentration-dependent growth inhibition effect on prostate 
cell lines. A notable enhancement in autophagy was detected in all cell 
lines subsequent to simvastatin treatment and its combination with 
rapamycin further induced autophagy and enhanced its inhibitory ef
fects [97].

6. Autophagy: Converging aging and cancer

Extensive research has illuminated the intricate link between aging 
and cancer, revealing how the former fuels the latter’s development. The 
role of autophagy is widely studied in regulating tumorigenesis at 
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different stages; however whether autophagy mediated aging process 
regulates the tumorigenesis still require further investigation. Auto
phagy during the later stages of tumor development, often promotes 
tumor growth by providing the essential raw materials and scavenging 
toxic molecules involved in abstaining tumorigenesis. Additionally, the 
aging of cells promotes proinflammatory environment, where it allows 
the cancer cells to emerge. Many studies have shown that autophagy and 
aging are highly convoluted, where autophagy is critically important in 
regulating hallmarks of aging.

A central paradigm of autophagy and aging in regulating cancer is 
that, the aging cells gradually experience lack of functional autophagy 
process, as ATG genes and other factors such as sirtuin decreases, which 
promotes favourable environment for tumor growth. One of the hall
marks of aging is decrease in heteroplasmy of mtDNA, in which 
mitophagy plays an important role in maintaining homogeneity of 
mtDNA. The mutations and deletions of mtDNA increases with age that 
results in increase in energy of mitochondrial output, increased ROS 
production that emerges the cancer growth [157]. Considering the 
complicated relationship of p53 and autophagy, p53 suppression and 
activation of autophagy has a crucial role in modulating cancer growth, 
as mutant p53 is involved in inhibiting the autophagy vesicle formation. 
Interestingly, the activity of p53 gradually decreases with the aging of 
the cells, suggesting crucial role of p53 at intersection of autophagy, 
aging and cancer [158].

In the following section, we discuss how autophagy regulates age- 
dependent cancer development, focusing on key cancer hallmarks, 

including metabolism, cellular stress (such as hypoxia), and epigenetic 
age as mentioned in Fig. 4. 

i) Metabolism

Glucose metabolism is a critical process that is inherently linked to 
autophagy and plays a crucial role in both aging and cancer develop
ment [159]. Dysregulation of glucose metabolism or glycolysis can 
disrupt cellular homeostasis and contribute to various diseases, 
including cancer, neurodegenerative disorders, diabetes, and aging 
[160]. The switch in the glycolytic pathway to mitochondrial oxidation 
or vice-versa has been highly studied in the context of tumor progression 
[62] and aging in cells [161]. Cancer cells predominantly produce en
ergy from glycolysis by a phenomenon known as the Warburg effect. 
Autophagy can further support this metabolic shift by providing recy
cled nutrients and maintaining mitochondrial integrity, even though 
mitochondrias are not the primary energy source in cancer cells. On the 
other hand, the increased mitophagy in the fibroblast mitigates mito
chondrial dysfunction and leads to lactate production. This lactate, 
secreted by stromal cells, subsequently fuels the oxidative metabolism of 
cancer cells, a process known as the reverse Warburg effect, which is 
essential for tumor progression [62]. Given the versatility of the auto
phagy process, it is not surprising that under stress conditions, auto
phagy plays an important role in switching metabolic pathways essential 
for the growth of cancer cells. In 2020, Kawaguchi et al. reported that 
inhibition of glycolysis enhanced autophagy in cancer cells, promoting 

Fig. 4. Common pathways of cancer and aging regulate autophagy machinery. A. mTOR (mechanistic target of rapamycin) inhibits the ATG13/ULK1 complex, 
which is essential for phagophore formation. mTOR is in turn activated by NF-κB and AKT (which is activated by PI3K), and is inhibited by SIRT1 (Sirtuin 1) and 
AMPK (AMP-activated protein kinase). AMPK can also directly activate the ATG13/ULK1 complex to promote autophagy. B. cytoplasmic p53 has been reported to 
inhibit autophagy indirectly by suppressing AMPK activation, which consequently reduces the inhibition of mTOR, thereby dampening autophagy initiation. AMPK is 
activated by SIRT1 and by an increase in the level of ADP/ATP in the cell. C. An increase in the level of ROS in the cell can promote the formation of the PI3K III 
nucleation complex necessary for phagophore formation. D. The ATG5/ATG12 complex promotes autophagy by facilitating LC3 lipidation for autophagosome 
formation. E. Under stress conditions such as hypoxia, HIF-1α leads to the expression of BNIP3, which activates BECN1 by promoting the dissociation of BCL-2 from 
BECN1 by competing for BCL-2 binding, thus leading to autophagosome maturation. F. Nuclear p53, unlike cytoplasmic p53, promotes autophagy under certain 
stress conditions (such as DNA damage) by increasing the expression of DRAM (Damage-Regulated Autophagy Modulator); an increase in the expression of DRAM 
leads to the decrease in the level of p62, and thus p62 can no longer inhibit the activation of BECN1. G. UVRAG facilitates the fusion of autophagosome with 
lysosome. mTOR phosphorylates UVRAG, to which RUBICON binds, preventing UVRAG from carrying out its function, thus leading to autophagy inhibition. mTOR is 
inhibited by SIRT1. H. LAMP2 (Lysosomal Associated Membrane Protein 2) promotes autophagosome-lysosome fusion; LAMP2 expression is in turn upregulated by 
TFEB (Transcription Factor EB).
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mitochondrial OXPHOS for ATP production essential for survivability 
[162]. Additionally, the combinatorial treatment of 2-DG (glycolysis 
inhibitor) and propranolol in a study by Laura Brohée et al. prevents 
prostate cancer cell proliferation due to the inhibition of autophagy, 
which would otherwise promote mitochondrial bioenergetics and the 
survivability of prostate cancer cells [163]. The impairment of mito
chondrial activity and its clearance by autophagy are clear determinants 
of the longevity of cells. Mitochondrial function, including ATP syn
thesis, tends to decline with age, resulting in a spike in blood glucose 
levels after meals. Thereby, necessary physical activity, the intake of 
unprocessed food, and fasting maintain the autophagy process in the 
aging cells. Just like recently, Dellurusso et al. talked about the regen
erative potential of HSCs due to adaptive fasting-induced autophagic 
activity in response to an increase in chronic inflammation with age. As 
in old-HSCs inflammation suppresses glycolysis through Socs3 mediated 
Akt/FoxO dependent signalling. However, transient autophagy induc
tion via fasting normalizes glycolysis and feed oHSCs regenerative po
tential [164]. The question remains, however, as to whether age-related 
dysfunction in autophagic activity is more reliant on anaerobic glycol
ysis than oxidative metabolism. In 2016, Feng et al. reported the 
reciprocal changes in PEPCK-C and PK with age and associated meta
bolic pathways, including oxidative metabolism and anaerobic glycol
ysis, in C elegans. PEPCK-C promotes autophagy and ATP turnover with 
the help of AMPK, which gradually decreases with the aging of the cells. 
Due to a lack of clearance of dysfunctional mitochondria by autophagy, 
there is less oxidation of fats to produce ATP [165]. On the other hand, 
an increase in glycolytic flux and PK enzyme results in the pyruvate 
shunt to gluconeogenesis and lipogenesis, which is responsible for more 
fat deposition and obesity in mice and humans. The increased de
pendency on anaerobic glycolysis results in acidosis of cells, a glucose 
spike in the blood, suppressed insulin sensitivity [166], and low 
expression of sirtuins (due to low NAD+) [167], disrupting the ho
meostasis of the cells. These changes fortify the tumorigenesis and 
prevalence of diabetes with the early aging of the cells.

Overall, the metabolic regulation of autophagy plays a crucial role in 
influencing age-dependent tumor progression and maintaining cellular 
health during aging. 

ii) Stress-Inducible autophagy

Hypoxic conditions develop in the local tissues when the demand for 
oxygen surpasses its supply, which often occurs during the progression 
of various diseases [168]. This imbalance activates few compensatory 
stress-adaptable processes, including autophagy.

The cells experiencing hypoxic conditions transduce the signal to the 
HIF pathway, which regulates more than 100 genes by binding to the 
hypoxia-responsive element within the promoter or enhancer region of 
hypoxia-responsive genes. The activated genes further regulate various 
biological processes such as glycolysis, angiogenesis, erythropoiesis, pH 
regulation, cancer metastasis, etc [168]. The development of hypoxic 
condition during aging and tumorigenesis activate several common 
autophagy genes such as sirtuin, AMPK, and NF-kB [169]. During hyp
oxia, the levels of mTOR and phosphorylated ULK1 (Ser 757) gradually 
decrease, which promotes autophagy, supporting tumorigenesis and 
age-related diseases [44]. Aging-associated reductions in ATPs and NAD 
+ levels decrease SIRT1 activity, impairing mitochondrial biogenesis 
and leads to the accumulation of HIF1α through diminished pVHL levels 
[170,171]. The increased HIF1α in aging cells, or in SIRT1 knockout 
cells, activates the Mxi gene encoding c-Myc transcriptional repressor 
that affects mitochondrial biogenesis. This increased Mxi gene restricts 
the interaction between c-Myc and mitochondrial transcription factor A 
(TFAM), critical for replication, transcription, and maintenance of 
mitochondrial biogenesis [172]. SIRT1 mRNA transcription is also 
coupled with hypoxia by the FOXO3a pathway. In response to DNA 
damage, FOXO1 binds to the SIRT1 promoter and increases its tran
scription. Under stress conditions, SIRT1 deacetylases and transactivates 

FOXO 1 in an NAD + -dependent manner and promotes tumor pro
gression with reduced expression of p53 and p21 [173]. AMPK, another 
key regulator in hypoxia, interacts with SIRT1 to modulate mitochon
drial biogenesis via PGC1α [174]. Hypoxic conditions activate AMPK 
either by a high AMP: ATP ratio or indirectly by SIRT1-LKB1. In addition 
to hypoxic conditions other stress factors such as imbalanced pH and 
accumulated ROS are also responsible for the induction of autophagy. 
The induced autophagy further connects cancer treatment along with 
the underlying aging effects, however further research is still required to 
bridge the gap in understanding the connection between adaptive 
autophagy with age-dependent cancer treatment. 

iii) Epigenetic Age and Biological Age

The interplay between external environmental factors and epigenetic 
modifications has brought significant attention to the concept of 
epigenetic age as a complement to the biological age in understanding 
the aging process. Chronological aging has long been associated with an 
increased risk of cancer, as well as molecular, cellular, and tissue-level 
aberrations influenced by genetic and environmental factors [175]. 
Among the epigenetic modifications, DNA methylation is a prominent 
epigenetic mark that contributes to deciphering the “epigenetic aging” 
process [176]. Various biomarkers have been identified that link the 
biological age to chronological age, and fewer studies have deciphered 
the role of autophagy in balancing the biological age with chronological 
age [177]. Autophagy has always been studied as a factor in slowing 
down aging [37]. Moreover, there is evidence that artificial mainte
nance of basal autophagy upon aging, for example, by overexpressing 
ATG5 in mice or Atg8a, Atg1 or SQSTM1 in fruit flies, or SQST-1 in 
nematodes, increases longevity in life [178]. Additionally, a 
knock-in-function mutation in Becn1 results in disruption of inactivated 
Bcl2-BECN1 and perpetual activation of autophagy [179]. It appears 
that prolonged lifespan upon starvation is dependent on autophagy and 
is observed in autophagy-proficient animals. As it was evidently 
observed by Juhász et al. in D. melanogaster that lacks the core Atg7 
complex pivotal for autophagy machinery, even upon starvation, does 
not have a prolonged lifespan [180]. The depletion of Atg7 and Becn1 in 
C. elegans abolished the effects of longevity even on the application of 
resveratrol or nutrient deficit conditions. Similarly, silencing SIRT1 
expression in the nematode, which is required for starvation-induced 
autophagy, abrogated the extended lifespan of the worm [181].

The regulation of autophagy in enucleated cells underscores the 
dispensability of the nucleus for the autophagic process. Concurrently, 
studies by Beck and Hall, and other researchers reported mTOR medi
ated transcription of genes activated by autophagy stimuli [182,183]. 
However, Fullgrabe et al., in 2013 reported that induction of autophagy 
downregulates the histone acetyltransferase hMOF which is coupled 
with the reduction of H4K16ac and demonstrated that this histone 
modification regulated the outcome of autophagy [184].Recent study by 
Tang et al. unveils an mTOR signalling cascade that regulate m6A 
methylation and autophagy. They reported that mTORC1 stabilize m6A 
methyltransferase complex (MTC) via activation of the chaperonin CCT 
complex and upregulate m6A modification to promote the degradation 
of ATG transcripts [185]. The alterations in various epigenetic mecha
nisms in C. elegans [186] and D. melanogaster [187] are reported to 
impact longevity. Thereby, considering induction of autophagy and the 
epigenetic alteration as an outcome provides a potential therapeutic 
target for effective longevity. The H4K16 deacetylation is associated 
with induction of autophagy that downregulates autophagy-related 
genes and provides a negative regulatory feedback loop, becoming a 
key determinant of survival versus death response. H4K16 acetylation 
affects lifespan due to a decrease in H4K16 deacetylase Sir2, similarly, in 
D. melanogaster, a decrease in dSir2 blocks the calorie deficit autophagy 
induction-mediated extended lifespan. In mammalian cells, during 
starvation conditions, H3K9 methyltransferase G9a chromatin 
displacement leads to reductions in H3K9me3 levels and activation of 
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ATG genes [188].
EZH2 is a positive regulator of autophagy acquiring Polycom 

Repressive Complex 2 (PRC2) and is a H3K27 methyltransferase [189]. 
It downregulates TSC2, that elicits mTOR activation and inhibits auto
phagy. In D. melanogaster [190] and C. elegans [191], increased EZH2 
promotes early life dietary restrictions and a shorter lifespan of the 
offspring. The ULK3-mediated activation of DNMT3a promotes meth
yltransferase activity [192]. However, longitudinal transcriptomic data 
available for murine lung tissues shows early neonatal starvation period 
resulted in decreased expression of Map1lc3b while increase in Dnmt3a 
expression levels [193].These studies indicated the role of epigenetic or 
posttranslational modifications of autophagy genes and their impacts on 
aging; however, several questions are still unresolved. Considering the 
vast role epigenetics play in harboring cancer cell survivability and 
death, i) how autophagy-mediated regulation of the epigenetic age im
pacts the survivability of cancer cells? and ii) whether epigenetic 
modifications on autophagy genes can promote aging instead of slowing 
it down? Understanding these intricate interactions could pave the way 
for novel strategies targeting autophagy and epigenetic mechanisms to 
modulate aging and cancer progression.

7. Therapeutics

Autophagy is a crucial cellular process involved in regulating various 
diseases, including cancer and aging, making it a therapeutically 
targetable pathway. The cascade of reactions during autophagosome 
formation provides opportunities to modulate autophagy and alter 
associated disease outcomes (Table 3). However, monitoring autopha
gosome formation is challenging due to the degradation of membrane- 
embedded components following the fusion of autophagosomes with 
lysosomes. Several drugs inhibit autophagy by blocking the fusion of 
autophagosomes and lysosomes, thereby maintaining the early stages of 
autophagy. 

i) Chloroquine and Hydroxychloroquine

Chloroquine (CQ) and its derivative hydroxychloroquine (HCQ) are 
FDA-approved drugs that impair autophagosome-lysosome fusion. 
These drugs are being evaluated in clinical trials as combinatorial agents 
with chemotherapeutic drugs [138].

Doeppner et al. observed that chloroquine administered in drinking 
water extended the lifespan of the middle-aged NMRI male mice while 
inhibiting the autophagy flux in the liver and heart tissue [196]. The low 
dose of chloroquine attenuates age-associated gene expression across 
tissue. CQ treatment enhances DNA damage clearance and rescues 
age-related metabolic shifts [197]. In the context of cancer, chloro
quine’s role has been studied mainly in sensitizing cancer cells against 
chemotherapeutic drugs and altering therapeutic strategies. The auto
phagy process in normal tissues maintains a slightly alkaline pH; how
ever, due to the perpetual Warburg effect, the resultant lactic acid 
releases ample amounts of protons, causing elevated acidic pH. The CQ 
is the best approach to target the pH of cancer cells since it is an inhibitor 
of lysosomal autophagy that strengthens the antineoplastic immune 
response and interferes with key events, including cellular metabolism 
and gene regulation in the tumor microenvironment [213,194]. Among 
CQ analogs, HCQ is preferred due to its enhanced potency and minimum 
side effects. HCQ acts as a promising chemo-sensitizer and potential 
repurposed drug either as monotherapy or combinatorial therapy [214]. 
HCQ has not been studied for its effect on aging; considering its role in 
low blood glucose, elevating the pH of tissues, and maintaining cellular 
metabolism, it would be interesting to evaluate the role of HCQ on aging 
tissues at different dosages. 

i) Bafilomycin

Bafilomycin A1 (BafA1) is essentially a lysosome inhibitor that 

displays cytotoxic effects in several types of cancer cells when present at 
high concentrations [209]. Yan et al. had studied the effect of bafilo
mycin treatment in hepatocellular carcinoma cells, induces 
caspase-dependent cell death along with impairing the autophagy flux of 
the cell, which was exhibited by higher LC3 conversion and 

Table 3 
Common therapeutic drugs targeting autophagy in cancer and aging treatment.

Drug Mechanism in Cancer Mechanism in Aging

Chloroquine Inhibition of autophagy by 
preventing autophagosome 
and lysosome fusion 
Targeting pH in cancer cells 
by inhibiting lysosomal 
autophagy 
Strengthening anticancer 
immune response 
Interfering with cellular 
metabolism and gene 
regulation 
Sensitizing cancer cells 
towards chemotherapeutic 
drugs [194,195]

Inhibition of autophagic 
flux by preventing 
autophagosome and 
lysosome fusion [196] 
Decline in age-associated 
gene expression [197] 
Enhanced clearance of DNA 
damage 
Rescue of age-related 
metabolic shift [197]

Hydroxychloroquine Inhibition of autophagy by 
preventing autophagosome 
and lysosome fusion 
Reduction of blood glucose 
level 
Elevating pH of tissues 
Maintenance of cellular 
metabolism [195,198]

​

Rapamycin Induction of autophagy by 
targeting PI3K/AKT/mTOR 
pathway to reduce cancer 
growth 
Promotion of apoptosis 
[199,200]

Inhibition of mTOR, 
Autophagy induction by 
PGC1-α and ATG13 
proteins, 
Decrease in ROS production 
[201]

Resveratrol Antioxidant and anti- 
inflammatory effect 
Induction of protective 
autophagy by increasing 
mRNA expression of NGFR- 
AMPK-mTOR pathway 
Sensitizing cancer cells 
towards chemotherapeutic 
drugs [202]

Antioxidant and anti- 
inflammatory effect [181] 
Induction of 
sirtuin-dependent 
autophagy [203] 
Regulation of mitochondrial 
function [203]

Metformin Reduction of blood glucose 
level by altering glucose 
metabolism 
Induction of autophagy by 
the inhibition of mTORC1 
[204] 
Activation of AMPK and 
downregulation of c-MYC 
[205]

Activation of AMPK and 
LKB1 [206] 
Improving insulin 
sensitivity [207] 
Promote cellular repair 
[207] 
Antioxidant and 
anti-inflammatory action 
[207] 
Modulation of hepatic stress 
by the activation of APMK 
and CAMKII-mediated 
signalling and the inhibition 
of ERK [208] 
Skeletal mass maintenance 
by the induction of Akt 
phosphorylation and 
activation [208]

Bafilomycin Lysosome inhibition [209] 
Impairment of autophagic 
flux [210] 
Induction of 
caspase-dependent cell 
death [210] 
Inhibition of cancer cell 
proliferation [211]

​

3-methyladenine Inhibition of autophagy by 
disrupting PI3K activity, 
preventing autophagosome 
and autophagic vacuole 
formation [212]

​
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p62/SQSTM1 levels [210]. BafA1 is also known to inhibit autophagy in 
osteosarcoma cells, leading to the induction of apoptosis along with the 
inhibition of cancer cell proliferation [211]. 

ii) Rapamycin

Rapamycin, also called sirolimus, is a potent inhibitor of the mech
anistic target of rapamycin (mTOR), which is used as an anti-aging drug, 
drug-eluting coronary stents, and anti-cancer drug, primarily due to its 
ability to induce autophagy, which is involved in enhancing the lifespan 
of the tissues [215]. According to V Martínez-Cisuelo, rapamycin 
treatment in mice has a qualitative effect on complex I of mitochondria 
by decreasing the ROS production. Furthermore, rapamycin treatment 
decreased the amount of RAPTOR, on the other hand, increased the 
amount of PGC1-α and ATG13 proteins, promoting autophagy that 
scavenges the final form of damage accumulated with age [201]. 
Rapamycin treatment is also accepted for its anti-proliferative properties 
in oral, lung, breast, and cervical cancer [215]. Rapamycin majorly in
duces autophagy by targeting the PI3K/AKT/mTOR pathway to alle
viate cancer growth; however, signals transmitted from the upstream 
pathway still provide survivability and proliferation. Neslihan Pinar 
Ozates et al. reported the combinatorial treatment of rapamycin with 
AZD3463, an anti-cancer agent that inhibits ALK/IGF1R, results in 
increased expression of CDKN1B, PTEN, FOXO3, and APC genes. Addi
tionally, it promoted apoptosis, autophagy and cell population in the 
G0/G1 stage in MCF7 cells [199]. Interestingly, autophagy duality of 
action can be understood by targeting autophagy with a synergistic 
combination of CQ and Rapamycin. CQ targets proliferation by inhib
iting autophagy and sensitizing chemotherapeutic drugs, whereas 
rapamycin targets proliferation by promoting autophagy. However, the 
combination of CQ and Rapamycin acts as autophagy inhibitors by 
overproducing autophagosomes in liposarcoma, proving it to be a new 
paradigm for treating sarcoma. Dietary habits majorly impact the in
duction of autophagy in the cells [200]. 

iii) Resveratrol

Reservatrol is found in various foods such as grapes, red wine, and 
blueberries, and it has anti-inflammatory, antioxidant, anticancer, and 
anti-aging effects [216]. Morselli E et al. reported Resveratrol induced 
sirtuin-dependent autophagy that promotes longevity in C elegans 
[181]. Further, Sugiyama M et al. mentioned the role of Resveratrol in 
regulating mitochondrial function and Sirt1-mediated autophagy in 
human oocytes [203]. In the context of cancer, Resveratrol induces 
protective autophagy by increasing mRNA expression of the NGFR- 
AMPK-mTOR pathway in non-small-cell lung cancer A549 cells [202]. 
Unlike CQ, resveratrol sensitizes cancer cells towards chemotherapeutic 
drugs by inducing autophagy instead of inhibiting it. 

iv) Metformin

Metformin is widely used medication approved by the FDA in 1994, 
which is prescribed to patients with type 2 diabetes mellitus (T2DM). It 
acts by altering the glucose metabolism in the cells. Both aging and 
cancer are linked to the glucose metabolism pathway, making metfor
min considerably effective on aging and cancer. According to a study by 
Decensi and his team, patients taking metformin showed a 31 % 
decrease in the relative cancer risk compared to patients taking other 
antidiabetic drugs [217]. Metformin mainly works by inhibiting the 
mTORC1 in the cells [204] which results in the induction of autophagy 
and the subsequent tumorigenesis prevention, which was shown in a 
work conducted by De Santi et al. [218]. Blandino and his team also 
reported Metformin to activate AMPK, that downregulates c-MYC, in 
breast cancer cells [205]. Additionally, the activation of AMPK and 
AMPK-activating kinase LKB1 by Metformin has also shown to increase 
average lifespan by 40 % in C elegans [206]. Anisimov and his team 

showed treatment of metformin increased lifespan of female HER-2/neu 
transgenic mice which were short-lived and cancer-prone [219]. Met
formin includes several beneficial properties including improved insulin 
sensitivity, anti-aging, antioxidant and anti-inflammatory activities 
[207]. Therefore, this drug has therapeutic potential that simulta
neously targets aging and cancer along with influencing autophagy 
mechanism in the cells.

In conclusion, the dual role of autophagy in promoting cellular sur
vival and inducing cell death underscores its complexity as a therapeutic 
target in aging and cancer. While drugs like chloroquine, rapamycin, 
and metformin highlight the potential of modulating autophagy for 
improved lifespan and cancer treatment, their context-specific effects 
necessitate a nuanced approach. Exploring synergistic drug combina
tions and understanding the molecular mechanisms governing auto
phagy will pave the way for innovative therapies that balance cellular 
homeostasis and disease mitigation effectively.

8. Conclusion

The review has covered various aspects of autophagy intersecting the 
cancer and ageing process, however there are still open questions that 
needs to be answered. i) Does autophagy deregulation induce aging and 
tumorigenesis in the cells, or do these two processes exploit autophagy 
for their progression? ii) Is autophagy targeting drugs enough to target 
aging and tumorigenesis simultaneously in the cells? iii) Does the 
effectiveness of autophagy play a role in influencing or deciphering the 
biological age, epigenetic age, etc.?
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Magalhães, The role of DNA methylation in aging, rejuvenation, and age-related 
disease, Rejuvenation Res. 15 (2012) 483–494, https://doi.org/10.1089/ 
rej.2012.1324.

[177] S. Gelino, M. Hansen, Autophagy - an emerging anti-aging mechanism, J. Clin. 
Exp. Pathol. Suppl 4 (2012), https://doi.org/10.4172/2161-0681.s4-006, 6.

[178] Y. Aman, T.S.- Medina, M. Hansen, R.I. Morimoto, A.K. Simon, I. Bjedov, 
K. Palikaras, A. Simonsen, T. Johansen, N. Tavernarakis, D.C. Rubinsztein, 
L. Partridge, G. Kroemer, J. Labbadia, E.F. Fang, Autophagy in healthy aging and 
disease, Nat. Aging 1 (2021) 634–650, https://doi.org/10.1038/s43587-021- 
00098-4.
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Martorell, M. López-Torres, M. González-Sánchez, R. Pamplona, G. Barja, 
Rapamycin reverses age-related increases in mitochondrial ROS production at 
complex I, oxidative stress, accumulation of mtDNA fragments inside nuclear 
DNA, and lipofuscin level, and increases autophagy, in the liver of middle-aged 
mice, Exp. Gerontol. 83 (2016) 130–138, https://doi.org/10.1016/j. 
exger.2016.08.002.

[202] J. Li, Y. Fan, Y. Zhang, Y. Liu, Y. Yu, M. Ma, Resveratrol induces autophagy and 
apoptosis in non-small-cell lung cancer cells by activating the NGFR-AMPK-mTOR 
pathway, Nutrients 14 (2022) 2413, https://doi.org/10.3390/nu14122413.

[203] M. Sugiyama, R. Kawahara-Miki, H. Kawana, K. Shirasuna, T. Kuwayama, 
H. Iwata, Resveratrol-induced mitochondrial synthesis and autophagy in oocytes 

derived from early antral follicles of aged cows, J. Reprod. Dev. 61 (2015) 251, 
https://doi.org/10.1262/jrd.2015-001.

[204] J. Kasznicki, A. Sliwinska, J. Drzewoski, Metformin in cancer prevention and 
therapy, Ann. Transl. Med. 2 (2014) 57, https://doi.org/10.3978/j.issn.2305- 
5839.2014.06.01.

[205] G. Blandino, M. Valerio, M. Cioce, F. Mori, L. Casadei, C. Pulito, A. Sacconi, 
F. Biagioni, G. Cortese, S. Galanti, C. Manetti, G. Citro, P. Muti, S. Strano, 
Metformin elicits anticancer effects through the sequential modulation of DICER 
and c-MYC, Nat. Commun. 3 (2012) 865, https://doi.org/10.1038/ncomms1859.

[206] B. Onken, M. Driscoll, Metformin induces a dietary restriction-like state and the 
oxidative stress response to extend C. elegans Healthspan via AMPK, LKB1, and 
SKN-1, PLoS One 5 (2010) e8758, https://doi.org/10.1371/journal. 
pone.0008758.

[207] I. Mohammed, M.D. Hollenberg, H. Ding, C.R. Triggle, A critical review of the 
evidence that metformin is a putative anti-aging drug that enhances healthspan 
and extends lifespan, Front. Endocrinol. 12 (2021), https://doi.org/10.3389/ 
fendo.2021.718942.

[208] P. Senesi, A. Montesano, L. Luzi, R. Codella, S. Benedini, I. Terruzzi, Metformin 
treatment prevents sedentariness related damages in mice, J. Diabetes Res. 2016 
(2016) 8274689, https://doi.org/10.1155/2016/8274689.

[209] Y.C. Wu, W.K.K. Wu, Y. Li, L. Yu, Z.J. Li, C.C.M. Wong, H.T. Li, J.J.Y. Sung, C. 
H. Cho, Inhibition of macroautophagy by bafilomycin A1 lowers proliferation and 
induces apoptosis in colon cancer cells, Biochem. Biophys. Res. Commun. 382 
(2009) 451–456, https://doi.org/10.1016/j.bbrc.2009.03.051.

[210] Y. Yan, K. Jiang, P. Liu, X. Zhang, X. Dong, J. Gao, Q. Liu, M.P. Barr, Q. Zhang, 
X. Hou, S. Meng, P. Gong, Bafilomycin A1 induces caspase-independent cell death 
in hepatocellular carcinoma cells via targeting of autophagy and MAPK pathways, 
Sci. Rep. 6 (2016) 37052, https://doi.org/10.1038/srep37052.

[211] Z. Xie, Y. Xie, Y. Xu, H. Zhou, W. Xu, Q. Dong, Bafilomycin A1 inhibits autophagy 
and induces apoptosis in MG63 osteosarcoma cells, Mol. Med. Rep. 10 (2014) 
1103–1107, https://doi.org/10.3892/mmr.2014.2281.

[212] J. Chicote, V.J. Yuste, J. Boix, J. Ribas, Cell death triggered by the autophagy 
inhibitory drug 3-methyladenine in growing conditions proceeds with DNA 
damage, Front. Pharmacol. 11 (2020), https://doi.org/10.3389/ 
fphar.2020.580343.

[213] A. Ibrahim-Hashim, V. Estrella, Acidosis and cancer: from mechanism to 
neutralization, Cancer Metastasis Rev. 38 (2019) 149–155, https://doi.org/ 
10.1007/s10555-019-09787-4.

[214] L.E. Low, C.K. Kong, W.-H. Yap, S.P. Siva, S.H. Gan, W.S. Siew, L.C. Ming, A. 
S. Lai-Foenander, S.K. Chang, W.-L. Lee, Y. Wu, K.-Y. Khaw, Y.S. Ong, B.T. Tey, S. 
K. Singh, K. Dua, D.K. Chellappan, B.-H. Goh, Hydroxychloroquine: key 
therapeutic advances and emerging nanotechnological landscape for cancer 
mitigation, Chem. Biol. Interact. 386 (2023) 110750, https://doi.org/10.1016/j. 
cbi.2023.110750.

[215] J. Li, S.G. Kim, J. Blenis, Rapamycin: one drug, many effects, Cell Metab. 19 
(2014) 373–379, https://doi.org/10.1016/j.cmet.2014.01.001.

[216] M. Koushki, N. Amiri-Dashatan, N. Ahmadi, H. Abbaszadeh, M. Rezaei-Tavirani, 
Resveratrol: a miraculous natural compound for diseases treatment, Food Sci. 
Nutr. 6 (2018) 2473–2490, https://doi.org/10.1002/fsn3.855.

[217] A. Decensi, M. Puntoni, P. Goodwin, M. Cazzaniga, A. Gennari, B. Bonanni, 
S. Gandini, Metformin and cancer risk in diabetic patients: a systematic review 
and meta-analysis, Cancer Prev. Res. 3 (2010) 1451–1461, https://doi.org/ 
10.1158/1940-6207.CAPR-10-0157.

[218] M. De Santi, G. Baldelli, A. Diotallevi, L. Galluzzi, G.F. Schiavano, G. Brandi, 
Metformin prevents cell tumorigenesis through autophagy-related cell death, Sci. 
Rep. 9 (2019) 66, https://doi.org/10.1038/s41598-018-37247-6.

[219] V.N. Anisimov, L.M. Berstein, P.A. Egormin, T.S. Piskunova, I.G. Popovich, M. 
A. Zabezhinski, I.G. Kovalenko, T.E. Poroshina, A.V. Semenchenko, 
M. Provinciali, F. Re, C. Franceschi, Effect of metformin on life span and on the 
development of spontaneous mammary tumors in HER-2/neu transgenic mice, 
Exp. Gerontol. 40 (2005) 685–693, https://doi.org/10.1016/j. 
exger.2005.07.007.

A. Pandey et al.                                                                                                                                                                                                                                 Biochemistry and Biophysics Reports 42 (2025) 101986 

18 

https://doi.org/10.1080/15548627.2015.1117734
https://doi.org/10.1073/pnas.0907739107
https://doi.org/10.1073/pnas.0907739107
https://doi.org/10.1111/j.1474-9726.2011.00738.x
https://doi.org/10.1111/j.1474-9726.2011.00738.x
https://doi.org/10.1080/15548627.2022.2039993
https://doi.org/10.1080/15548627.2022.2039993
https://doi.org/10.1080/15548627.2020.1816664
https://doi.org/10.1080/15548627.2020.1816664
https://doi.org/10.1111/imm.13160
https://doi.org/10.1111/imm.13160
https://doi.org/10.1097/MD.0000000000012912
https://doi.org/10.1097/MD.0000000000012912
https://doi.org/10.18632/aging.204069
https://doi.org/10.7554/eLife.34836
https://doi.org/10.1158/1078-0432.CCR-13-3227
https://doi.org/10.1158/1078-0432.CCR-13-3227
https://doi.org/10.1016/j.lfs.2020.118643
https://doi.org/10.21873/cgp.20384
https://doi.org/10.21873/cgp.20384
https://doi.org/10.1016/j.exger.2016.08.002
https://doi.org/10.1016/j.exger.2016.08.002
https://doi.org/10.3390/nu14122413
https://doi.org/10.1262/jrd.2015-001
https://doi.org/10.3978/j.issn.2305-5839.2014.06.01
https://doi.org/10.3978/j.issn.2305-5839.2014.06.01
https://doi.org/10.1038/ncomms1859
https://doi.org/10.1371/journal.pone.0008758
https://doi.org/10.1371/journal.pone.0008758
https://doi.org/10.3389/fendo.2021.718942
https://doi.org/10.3389/fendo.2021.718942
https://doi.org/10.1155/2016/8274689
https://doi.org/10.1016/j.bbrc.2009.03.051
https://doi.org/10.1038/srep37052
https://doi.org/10.3892/mmr.2014.2281
https://doi.org/10.3389/fphar.2020.580343
https://doi.org/10.3389/fphar.2020.580343
https://doi.org/10.1007/s10555-019-09787-4
https://doi.org/10.1007/s10555-019-09787-4
https://doi.org/10.1016/j.cbi.2023.110750
https://doi.org/10.1016/j.cbi.2023.110750
https://doi.org/10.1016/j.cmet.2014.01.001
https://doi.org/10.1002/fsn3.855
https://doi.org/10.1158/1940-6207.CAPR-10-0157
https://doi.org/10.1158/1940-6207.CAPR-10-0157
https://doi.org/10.1038/s41598-018-37247-6
https://doi.org/10.1016/j.exger.2005.07.007
https://doi.org/10.1016/j.exger.2005.07.007

	Autophagy: The convergence point of aging and cancer
	1 Introduction
	2 Aging and cancer: A complex interplay
	3 Autophagy and aging
	4 Autophagy and cancer
	5 Autophagy features affect tumorigenesis in each cancer types
	5.1 Lung cancer
	5.2 Breast cancer
	5.3 Pancreatic cancer
	5.4 Glioblastoma
	5.5 Colorectal cancer
	5.6 Prostate cancer

	6 Autophagy: Converging aging and cancer
	7 Therapeutics
	8 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


