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A B S T R A C T   

Autophagy plays a key role in cellular, tissue and organismal homeostasis and in the production of the energy 
load needed at critical times during development and in response to nutrient shortage. Autophagy is generally 
considered as a pro-survival mechanism, although its deregulation has been linked to non-apoptotic cell death. 
Autophagy efficiency declines with age, thus contributing to many different pathophysiological conditions, such 
as cancer, cardiomyopathy, diabetes, liver disease, autoimmune diseases, infections, and neurodegeneration. 
Accordingly, it has been proposed that the maintenance of a proper autophagic activity contributes to the 
extension of the lifespan in different organisms. A better understanding of the interplay between autophagy and 
risk of age-related pathologies is important to propose nutritional and life-style habits favouring disease pre
vention as well as possible clinical applications aimed at promoting long-term health.   

1. Introduction 

“Pugnandum, tamquam contra morbum sic contra senectutem” (we 
have to fight against disease, as we do against aging) is argued by Cicero 
in De Senectute, revealing that the question of aging as a real disease was 
discussed since the Romans time. Nowadays, the relation between 
longevity of population and onset of aging-related diseases is investi
gated in depth by the World Health Organization (WHO). Given the 
increasing lifetime of the populations worldwide and particularly in the 
developed countries, it is more crucial than ever to identify de
terminants of healthy aging that can be applicable to build the path to a 
better health status. In particular, the WHO gives some shocking pre
dictions: “By 2030, 1 in 6 people in the world will be aged 60 years or 
over, such that the share of the population aged 60 years and over will 
increase from 1 billion in 2020–1.4 billion, and by 2050, it will double 
(2.1 billion). Moreover, the number of persons aged 80 years or older is 
expected to triple in the 2020–2050 period, when it will reach 426 
million.” (https://www.who.int/news-room/fact-sheets/detail/ageing- 
and-health). These figures are even more worrying considering that the 
Institute for Health Metrics and Evaluation (IHME) estimated that, by 
2050, 153 million people globally will be living with age-related 

pathological conditions such as Alzheimer’s disease (AD) (https://www. 
alzint.org/news-events/news/new-data-predicts-the-number-of-people- 
living-with-alzheimers-disease-to-triple-by-2050). Taken together, 
these numbers highlight the importance to improve the knowledge 
about aging-related diseases, their onset, molecular determinants, and 
treatments. 

At the present, aging is the predominant risk factor for most diseases 
and conditions that limit health span. Common negative conditions in 
older age include hearing loss, cataracts and refractive errors, back and 
neck pain and osteoarthritis, chronic obstructive pulmonary disease, 
type-2 diabetes (T2DM), depression and dementia (Jaul and Barron, 
2017). Older age is also characterized by the emergence of several 
complex health states, commonly referred to as geriatric syndromes. 
Often, the latter are the result of multiple underlying factors and include 
frailty, urinary incontinence, falls, delirium and pressure ulcers. 

Several studies have highlighted different factors that could link 
aging with life-threatening disorders in people aged over 60 years, 
including ischemia, stroke, and cognitive disorders. There is consider
able evidence indicating the existence of a link between poorer health 
outcomes, early morbidity, early mortality and a lower socio-economic 
status (Braveman et al., 2010; Zimmer et al., 2016). The factors 
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experienced during the prenatal intrauterine life as well as environment 
where people live and grow during the childhood, combined with their 
personal characteristics, exert long-term effects on the path and the 
mode of aging. Physical and social environments can affect health 
directly or through barriers or incentives that affect opportunities, de
cisions, and healthy habits; being able to maintain the latter throughout 
life, particularly eating a balanced diet, performing regular physical 
activity, and limiting from/refraining the use of alcohol and tobacco, all 
contribute to reduce the risk of the occurrence of non-communicable 
diseases, improve the physical and mental capacity and delay care de
pendency. Supportive physical and social environments also enable aged 
people to do what is really important to them, in spite of the loss of their 
capacities. The availability of safe and accessible public offices, build
ings and transport, and of places where it is easy to walk around, are 
examples of supportive environments. In developing a public-health 
response to aging, it is also important to consider not only individual 
and environmental approaches aimed at ameliorating the phys
ical/functional losses associated with older age, but also those that may 
reinforce recovery, adaptation, and psychosocial growth. 

In addition to the considerations reported above, not only lifestyle, 
but also personal genetic, epigenetic and physiological predisposition 
may either delay the onset and/or affect the severity of aging-associated 
conditions. Indeed, at the biological level, aging results from the impact 
of deterioration of the cell functioning due the accumulation of cell 
damage over time (Vellai et al., 2009). In spite of the generally accepted 
concept that aging is a multifactorial process, several theories have 
emerged to describe it in terms of a single predominant age-related 
change. A popular aging theory, the “Stochastic Theory,” suggests that 
aging results both from a random accumulation of cell damage produced 
by external and internal sources over time and from some failure of the 
cell repairing capacity. On the other hand, other theories support the 
idea that aging is a process regulated mainly by the genetic code, that 
includes telomeres length, number of divisions a somatic cell can go 
through (the “Hayflick limit”) and the spatiotemporal regulation of gene 
expression (Kamel et al., 2015; Wahab Pathath, 2017). 

One of the most popular theories of aging is the “Free Radicals (or 
Oxidative Stress) Theory”; the latter hypothesizes that an accumulation 
of Reactive Oxygen Species (hereafter ROS) results in progressive 
oxidative damage of biomolecules (nucleic acids, proteins, lipids), with 
the consequent decline of cell functioning in terms of deregulation of 
homeostatic systems (Kamel et al., 2015; Harman, 2003). The theory is 
supported by a considerable body of evidence; it points to an 
age-associated increase of the cellular levels of ROS, due both to their 
increased production and to the failure of the cellular antioxidant sys
tems (Finkel and Holbrook, 2000; Bokov et al., 2004). Many studies 
carried out with cell and animal models have provided a solid contri
bution to our knowledge of the interplay between autophagy and redox 
homeostasis and to the understanding of how the impairment of the 
latter is involved in age-related diseases. Particularly, a wealth of studies 
carried out with genetic ablation or induction of autophagic genes have 
revealed the importance of autophagy in the aging process of yeast, 
nematodes, flies, and mammals (Markaki et al., 2017). 

In consideration of the central role of autophagy in aging, in this 
review we will summarize the results of the studies that have focussed 
the relationship between autophagy impairment and the onset of aging- 
related diseases. 

2. Autophagy in cell survival and in cell death 

Two distinct self-destructive processes, autophagy and apoptosis, 
ensure the physiological turnover of cell organelles and the survival/ 
death of whole cells, respectively, and the loss of their balance promotes 
the development of many pathological processes. Autophagy and 
apoptosis often occur in the same cell, mostly in a sequence whereby 
apoptosis is preceded by autophagy (Maiuri et al., 2007); in fact, while a 
specific non-lethal stressful stimulus triggers the autophagic response, 

under stressful stimuli exceeding cell tolerance, apoptosis and 
non-apoptotic death programmes are activated (Kroemer et al., 2010). 
In such a case, the autophagic response is inactivated due, at least in 
part, to the cleavage of autophagic proteins by caspases. 

In 2016, the research on autophagy and its importance to human 
health and disease enabled Yoshinori Ohsumi to be awarded with the 
Nobel Prize for Physiology or Medicine (Assembly TN. The Nobel As
sembly at Karolinska Institutet has today decided to award the 2016 
Nobel Prize in Physiology or Medicine to Yoshinori Ohsumi. 2016). 
Autophagy, or the cell’s self-digestion mechanism, is an evolutionarily 
conserved self-degradative pathway originally identified from genetic 
screens in yeast. Autophagy is carried out by a molecular machinery 
encoded by autophagy-related genes (Atg) and is pivotal to maintain 
cellular homeostasis in terms of protein synthesis/degradation (pro
teostasis), proper metabolic energy and redox status. Autophagy is 
exploited by cells to eliminate, by degradation through the lysosomal 
apparatus, senescent or damaged cell organelles, mutated/chemically 
modified or misfolded proteins or their aggregates, and is mainly aimed 
at molecular recycling (Mizushima and Komatsu, 2011). Autophagy 
occurs at basal levels in all cell types and is upregulated under condi
tions that modify cellular environment, such as oxidative stress, nutrient 
shortage, hypoxia, chemotherapy, and others (Levine and Kroemer, 
2008). The identified canonical forms of autophagy are indicated as 
microautophagy, macroautophagy and chaperone-mediated autophagy 
(CMA) (Figs. 1 and 2). Microautophagy indicates the direct uptake of 
cytosolic components by lysosomal enzymes that occurs by encircling 
cytoplasmic components/organelles at the lysosomal membrane (Li 
et al., 2017; Li et al., 2012; Wu and Lu, 2020). Macroautophagy, simply 
referred to as autophagy, is the most widespread and investigated form 
of autophagy involved in the degradation of long-lived proteins, 
aggregate-prone proteins, protein complexes, and defective organelles. 
The mammalian autophagic flux can be divided into five steps: initia
tion, nucleation, elongation and closure, fusion, and degradation. 
Briefly, upon autophagy induction, a double membrane structure, the 
phagophore or pre-autophagosome, is generated (nucleation). The next 
step, the phagophore elongation, invaginates and encloses the cargo, 
forming an autophagosome (elongation and closure). Once formed, the 
autophagosome fuses with the lysosome generating an “autolysosome” 
and the cytoplasmic material is degraded and/or recycled. All these 
steps are closely associated with the activity of autophagy-related pro
teins (ATG). At the molecular level, the initiation of autophagy consists 
of vesicle nucleation around the cargo material induced by the ULK/
FIP200/ATG13 complex, followed by the involvement of the Beclin1 
complex, including VPS34. Vesicle expansion and elongation require the 
presence of ubiquitin-like conjugation systems, whereby phosphatidyl
ethanolamine conjugation to LC3II is favoured by ATG4B, a protease, 
and ATG7, an E1-like enzyme. The LC3II incorporation into the growing 
membrane results in autophagosome-lysosome fusion (Antonioli et al., 
2017; Yu et al., 2018). 

The cellular regulation of the autophagy flux is under the control of 
the two key metabolic players, the mammalian target of rapamycin 
(mTOR) and the adenosine 5′ monophosphate-activated protein kinase 
(AMPK) complexes (Kim et al., 2011). Under normal conditions, the 
nutrient sensor mTOR interacts with the ULK1/2 complex, consisting of 
the ULK1/2 kinases, Atg13, Atg101, and FIP200 and phosphorylates 
ULK1/2, thus inhibiting its kinase activity. However, under stress con
ditions such as starvation, oxidative stress or hypoxia, ULK1/2 is acti
vated following phosphorylation by AMPK, a sensor of the cell energy 
levels in terms of the AMP/ATP ratio, such that, during starvation, the 
intracellular levels of AMP increase leading to AMPK activation (Hardie 
et al., 2012). Macroautophagy can also be activated by stress stimuli 
resulting from medical treatments such as chemotherapy and radio
therapy (see later) (Pérez-Hernández et al., 2019). 

Transcriptionally, macroautophagy is under the control of the tran
scription factor EB (TFEB), a member of the microphthalmia family of 
transcription factors (MiT-TFE family) that regulate autophagy and 
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lysosomal biogenesis (Zhang et al., 2020). TFEB activity is dependent on 
nutrient availability via protein phosphorylation. In the presence of 
nutrients, mTORC1 is active and phosphorylates TFEB, determining its 
cytoplasmic localization and inactivation. When mTORC1 is inactivated, 
TFEB is dephosphorylated and can translocate to the nucleus, where it 
exerts its transcriptional activity (Sardiello et al., 2009; Settembre et al., 
2011; Puertollano et al., 2018). In spite of the fact that nuclear TFEB 
translocation is usually a protective event, a costitutive activation of 
TFEB and its excessive transcriptional activity can be tumorigenic (see 
Section 4.1 Autophagy and cancer) (Sardiello et al., 2009; Napolitano 
et al., 2020; Kauffman et al., 2014; Calcagnì et al., 2016). 

Unlike macroautophagy, which delivers proteins and organelles in 
bulk to the lysosome for degradation, CMA is characterized by the 
chaperone-mediated selective delivery of intracellular proteins to lyso
somes for degradation. CMA occurs when cytosolic proteins harbouring 
motifs related to the KFERQ sequence are recognized by the HSC70 
protein, thus forming a complex that translocates to the lysosome via the 
lysosomal-associated membrane protein 2 A (LAMP2A) (Arias and 
Cuervo, 2011; Kaushik et al., 2011). CMA does not require the presence 
of autophagic vesicles since, during the process, the substrate to be 
degraded reaches the lysosomes via a protein translocation complex 
located at the lysosomal membrane (Wu and Lu, 2020; Hao et al., 2019). 

Under some conditions, autophagy, besides being a resource for cells 
to survive in the presence of unfavourable environmental cues, can also 
be involved in cell death in the absence of apoptosis; however, the 
relation between autophagy and cell death is very complex and not 
completely understood (Mariño et al., 2014, 2014). Autophagy is 
induced in response to multiple signals triggered by several key regu
lators, some of which can be similar for both cell survival/death out
comes. Moreover, distinct, and diversely integrated, regulatory 

mechanisms of autophagy-dependent cell death are at work in different 
cells types or tissues, where they may determine the cellular fate. The 
internal/external stimuli that determine the modes/times/types of 
autophagic response and the molecular mechanisms leading to cell 
demise during autophagy-dependent cell death are poorly understood 
(Denton and Kumar, 2019). The autophagic flux is dependent on lyso
somal function and, possibly, the lysosome can contribute to the 
autophagy-dependent cell death (Karch et al., 2017). However, the 
molecular machinery required for autophagy to mediate cell death may 
differ from that promoting cell survival in terms of rate of autophagic 
flux, duration of its activation, recycling or degradation of the lysosomal 
contents. All these differences may contribute to distinct requirements 
for specific components of the autophagic machinery. The latter 
conclusion stems from a number of studies in midgut cells of Drosophila, 
where only a subset of the multi-subunit complexes of the ATG ma
chinery were required for autophagy-dependent cell death respect to 
those needed for starvation-induced autophagy (Xu et al., 2015). In 
particular, the most convincing evidence for the physiological role of 
autophagy as a cell death mechanism in Drosophila comes from several 
studies showing that, in specific tissues such as salivary glands, 
autophagy-dependent cell death, coupled in some cases with apoptosis, 
does occur (Denton et al., 2013; Berry and Baehrecke, 2007). 

In higher organisms displaying an intact apoptotic machinery, a 
complex crosstalk between autophagy and apoptosis does exist, and 
research has focused such a relation to understand the connection be
tween these two types of cell death (Green et al., 2011). Autophagy 
inhibition by treatment with specific siRNAs targeting the expression of 
autophagic proteins (ATG5, ATG6/Beclin1, ATG10, ATG12) or with 
chemical/pharmacological agents (3-methyladenine, hydroxy
chloroquine and others) destabilizes the mitochondrial membrane 

Fig. 1. Autophagy machinery and its regulation. The figure shows a schematic representation of the three types of autophagy: macroautophagy, microautophagy, 
and chaperone mediated autophagy. Autophagy, notably macroautophagy, is upregulated in mammalian cells when nutrient supplies are limited. The mammalian 
target of rapamycin (mTOR) is a key regulator of autophagy induction. Under nutrient-rich conditions, mTORC1 phosphorylates ULK1 at Ser 757, thus destabilising 
the Ulk1-AMPK-ATG13 complex and inhibiting autophagy. Under starvation conditions, mTORC1 dissociates from the complex allowing adenosine 5′

monophosphate-activated protein kinase (AMPK) to bind and to phosphorylate ULK1 at Ser 317 and Ser 777. Next, the autophosphorylation of ULK1 increases its 
kinase activity, phosphorylating other components of the complex. The final effect is the activation of autophagy (Modified by Xu et al., 2021; Mao and Klion
sky, 2011). 
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and/or inhibits caspases, with the ensuing enhancement of 
apoptosis-induced cell death (Boya et al., 2005). ATG proteins have also 
been described as regulators of apoptosis, as it has been reported for 
calpain-mediated cleavage of ATG5, a component of the autophagic flux 
that switches autophagy to apoptosis (Rubinstein et al., 2011). 

Some caspases can act as molecular brakes by degrading ATGs and 
Beclin1 leading to inhibition of autophagy during extrinsic apoptosis 
(Tsapras and Nezis, 2017; Mariño et al., 2014). Furthermore, an auto
phagy regulator, ATG4D, has been reported to be an important factor in 
the regulatory interface between autophagy and apoptosis, since it ac
quires affinity for damaged mitochondria in hydrogen peroxide-treated 
cells and induces apoptosis (Betin et al., 2012). On the other hand, the 
autophagy machinery can control regulators of apoptosis; a reciprocal 
regulation between ATG7 and caspase 9 has been proposed as a possible 
mechanism of choice between participation of caspase 9 in autophagy or 
in the apoptotic process (Han et al., 2014). 

Finally, it has been reported that the absence of ATG12, a positive 
mediator of mitochondrial apoptosis that binds and inactivates pro- 
survival BCL-2 and BCL-2 family members, results in the inhibition of 
mitochondria-mediated cell death (Radoshevich et al., 2010). In turn, in 
the context of cancer, autophagy inhibition by many oncogene products 
(PI3K, AKT, BCL-2, mutant p53) is a potentially oncogenic event (White, 
2012). These and other findings strongly suggest that mitochondria are 
not only key players of the autophagic flux and the apoptotic pathway 
but also represent a molecular platform where the cross-regulation be
tween autophagic versus apoptotic cell death can occur (Green et al., 
2011; Noguchi et al., 2015). 

In the light of the findings reported above and many other studies, 
the intricate cross-talk between apoptosis and autophagy can have an 
important biological significance as it would allow the cell to coordinate 
these two processes through many “moonlighting” genes to achieve a 
finely-tuned and a flexible utilization of the autophagy machinery in the 
cell survival/death decision. 

3. Autophagy in age-related diseases 

Aging is a complex biological condition characterized by the accu
mulation of damaged molecules, organelles, cells, tissues, and organs 
eventually leading to increased risk of developing “age related diseases” 
such as neurodegenerative and cardiovascular diseases, cancer, immune 
system disorders, osteoporosis, T2DM/metabolic syndrome, and others 
(Li et al., 2021, 2021; He et al., 2013, 2020). The impairment of the 
autophagic process is a major aging-associated molecular modification 
playing a crucial role in disease onset and progression (Aman et al., 
2021). 

Given the essential role of autophagy in maintaining cellular ho
meostasis, it is not surprising that a defect in the autophagic machinery, 
leading to the accumulation of mutated proteins and damaged organ
elles, has been implicated in a wide range of age-related pathologies. 
Actually, dysfunctional autophagy is one of the major causes of the loss 
of cellular function, an event commonly associated to aging. (Yen and 
Klionsky, 2008; Martinez-Lopez et al., 2015). In support of this theory, 
Menzies has shown that the knock-out of specific autophagy genes in the 
nervous system of murine models leads to the accumulation of damaged 
proteins and to an accelerated aging phenotype (Menzies et al., 2017; in 
turn, autophagy stimulation, either by genetic manipulation or by 
administration of autophagy inducers (resveratrol and other plant 
polyphenols, rapamycin, spermidine) has been associated to lifespan 
extension in different model organisms such as yeasts, mice and worms 
(Hansen et al., 2018). The most significant study that associates the 
overexpression of a specific Atg with an increment in mammal lifespan 
was carried out by Pyo and co-workers. The authors overexpressed 
ATG5 in mice and found that the autophagy process was enhanced in 
these animals, that also displayed anti-aging features, as compared to 
the wild type littermates. The mean lifespan was also incremented in the 
transgenic mice, suggesting the importance of autophagy in the 

longevity of these animals (Pyo et al., 2013). Generally, the KO of 
essential Atg genes is lethal in mice, whereas their tissue-specific abla
tion determines a less-dramatic phenotype, with the appearance of signs 
of premature aging (Rubinsztein et al., 2011). For example, in most of 
the reported studies, the KO of Atg5 or Atg7 results in neurodegeneration 
or in tissue abnormalities [for a more detailed summary see reference 
(Rubinsztein et al., 2011). Furthermore, knockdown of genes encoding 
transcription factors that modulate autophagy, such as TFEB and FOXO 
(encoding forkhead box O) shortened lifespan in both wild-type worms 
and long-lived daf-2 (insulin/insulin-like growth factor-1 (IGF-1) re
ceptor) mutants. (Aman et al., 2021). 

A significant relationship between autophagy augmentation and 
extended lifespan has been reported in exceptionally healthy centenar
ians, who showed increased levels of the autophagy biomarker Beclin1 
as compared to young people (Emanuele et al., 2014). 

It can be expected that, hopefully, in the near future these pre
liminary studies in humans will be more advanced and that clinical case 
studies will provide insights into the mechanisms underlying the 
longevity of our species. 

Finally, the incidence of cancer rises along with aging, probably 
because of the decline of homeostatic processes and of the increase of the 
accumulation of DNA mutations and of potentially harmful molecules 
such as ROS and protein aggregates. Autophagy has been proposed to 
play a dual role in tumorigenesis, being important both in suppression as 
well as in tumour progression and surveillance (Jiang et al., 2015; Taji 
et al., 2017). 

3.1. Autophagy in cancer 

Aging is a main risk factor for cancer in adulthood. It is widely 
accepted that autophagy is important in many diseases, particularly in 
cancer therapy, even though, at the present, most of the clinical studies 
focusing autophagy manipulation for cancer therapy have been carried 
out mostly with patients with cancer in advanced stage 
(Pérez-Hernández et al., 2019). Nevertheless, it is generally agreed that 
autophagy is important to prevent cancer development in several ways; 
in particular, it maintains cellular homeostasis by removing oncogenic 
protein substrates, damaged organelles and unfolded proteins with toxic 
potential, thus preventing enduring cell damage and pro-inflammatory 
responses with cell transition to a cancer-initiating stage (White, 
2015). To date, the role of autophagy in cancer is still controversial. 
Genetic deficiency of several autophagy genes (Becn1, Atg2, Atg5, Atg9, 
Atg12, Uvrag) leading to the accumulation of defective organelles and 
mutated proteins inside the cells has been associated to various types of 
cancers. Moreover, autophagy can also involve the immune system in 
terms of immunosurveillance. For example, the suppression of the im
mune system with the ensuing decrease of efficient immunosurveillance 
that promotes tumorigenesis is favoured by the infiltration of regulatory 
T cells that can result from defective autophagy (Rao et al., 2014). 
However, it has also been reported that in many types of fully estab
lished cancers, survival and growth of tumour cells can be favoured by 
increased autophagy (White, 2012; Amaravadi et al., 2016). 

The data reported above support the idea that the role of autophagy 
may be very different, depending on the type and stage of a tumour. In 
some cases, the enhancement of the autophagic flux can prevent cancer 
in premalignant lesions (Galluzzi et al., 2015) even though, in several 
cancers at advanced stages, both the enhancement and the inhibition of 
autophagy have been proposed as therapeutic strategies (Amaravadi 
et al., 2016; Levy and Thorburn, 2011; Towers and Thorburn, 2016). 

MiT/TFE proteins have recently been associated with several human 
tumors. MIT/TFE genomic amplifications are present in 5–20% of mel
anoma, and chromosomal translocations involving the MiT/TFE family 
have also been reported in pediatric renal cell carcinoma and alveolar 
soft part sarcoma (ASPS) (Perera et al., 2019; Tan et al., 2022). Over
expression of MIT-TFE family members has been observed in pancreatic 
ductal adenocarcinoma (PDA) (Perera et al., 2015). In 2020, Ballabio 
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and colleagues indicated TFEB overactivation as the main driver of 
kidney cysts and tumours in a mouse model of Birt-H
ogg-Dubé syndrome (BHD), genetic disease caused by mutations in the 
RagC and RagD activator folliculin (FLCN) and characterized by benign 
skin tumours, kidney cysts and renal cell carcinoma. Depletion of TFEB 
in kidneys of these mice rescued the kidney phenotype and associated 
lethality (Napolitano et al., 2020). 

In light of the studies reported above, clinical investigations aimed at 
manipulating, mostly at inhibiting, the autophagy flux for cancer ther
apy purposes are underway (Towers and Thorburn, 2016). In particular, 
these studies have been aimed at blocking autophagy thus hindering the 
recycling and renewal of cellular molecules, particularly specific pro
teins, involved in cancer cells survival under stress conditions (Bla
gosklonny, 2013; Wu et al., 2015; Guo et al., 2018). For example, 
recycling through autophagy of mutant CDC48/p97, an essential seg
regase that extracts proteins from membranes or multi-subunit com
plexes involved in several diseases such as Familial Amyotrophic Lateral 
Sclerosis (FALS), Charcot-Marie-Tooth Disease, Type 2Y (CMT2Y) and 
Multisystem Proteinopathy (MSP) (Tang and Xia, 2016) can affect the 
development and severity of these pathologies (Marshall et al., 2019). 
The same treatments can also be exploited to improve standard cancer 
treatments such as chemotherapy (Barnard et al., 2014) and radiation 
(Briceno et al., 2003). 

At the present, we have a good mechanistic understanding of how 
autophagy interacts with cell death pathways, notably apoptosis, 
particularly the apoptotic machinery, with the ensuing modification of 
the response to cancer therapy. The inactivation of apoptosis is central to 
carcinogenesis, and the disassembly of the apoptotic responses might be 
a major contributor both to cancer resistance to therapeutic treatments 
and to the observation that, in many tumours, the main mechanism for 
cancer cell death in response to chemotherapy or radiotherapy does not 
proceed through apoptosis. This consideration suggests that other 
mechanisms of cell death, possibly involving autophagy, must be 
involved in the response to cancer therapy. Considering the different 
effects of autophagy in different tumours at different pathogenic stages, 
targeting the apoptosis-autophagy relation for medical purposes can be 
an important tool in cancer therapy. 

Two anticancer drugs, 6-hydroxychlorochine and 2-deoxyglucose (2- 
DG) have been investigated as an example of this relation. Most cancer 
cells obtain energy prevalently from glucose by glycolysis, whereas 
normal cells produce ATP mostly through the oxidative phosphoryla
tion; accordingly, suppression of glycolysis can be a possible therapeutic 
strategy for several tumours (Choe et al., 2015). 2-DG suppresses 
glycolysis and can also interfere with N-linked glycosylation (Pajak 
et al., 2020) inducing the continuous accumulation of unfolded/mis
folded proteins in the endoplasmic reticulum (ER), with ensuing ER 
stress and subsequent cell death. These effects make 2-DG a useful tool in 
antitumor research; however, the possibility of clinical application of 
2-DG monotherapy is limited, due to its side effects and to the possibility 
that cancer cells survive by exploiting protective autophagy following 
ER stress that mediates the elimination of defective proteins and or
ganelles (Wu et al., 2009). Chloroquine and hydroxychloroquine (HCQ) 
are the sole autophagy inhibitors approved by FDA for cancer therapy 
(Pérez-Hernández et al., 2019). A recent study has checked whether the 
combination of HCQ and 2-DG can provide a positive therapeutic 
perspective. The authors found that the HCQ-2-DG combination can 
better impair the viability and migration of breast tumour cells, as 
compared with other individual drugs, by triggering the apoptotic 
response. This effect was achieved by suppression of the formation of 
autolysosomes and the termination of the autophagic response triggered 
by 2-DG-mediated ER stress resulting from the continuous accumulation 
of misfolded proteins in the ER (Zhou et al., 2022). 

Another recent study concerning chronic myeloid leukaemia (CML) 
confirmed the possible role of autophagy in cancer therapy. The authors 
found that inhibition of glucose metabolism by 2-DG significantly 
impaired the viability of CML cells and that co-treatment with 2-DG and 

imatinib, a tyrosine kinase inhibitor used for CML treatment, induced a 
synergistic inhibition of CML cells. 2-DG did not induce cell death by 
apoptosis, rather, the latter proceeded by autophagy, as supported by 
the increased expression of Beclin1 and LC3II and by the lack of annexin 
V/PI-positive cells. At the biochemical level, 2-DG produced a severe 
metabolic stress by inhibiting glycolysis and mitochondrial oxygen 
consumption, with ATP depletion, resulting in cell death by autophagy, 
suggesting the anticancer potential of the 2-DG-imatinib combination in 
imatinib-resistant CML (Li et al., 2022). 

The importance of autophagy modulation in cancer was recently 
reported by the studies on the effect of a novel anticancer small molecule 
Pevonedistat (MLN4924), currently in phase I trial, that inhibits tumor 
cell growth by inducing all three common types of cell death: apoptosis, 
autophagy, and senescence (Luo et al., 2012). All three types of death 
were correlated to the neddylation, an important post-translational 
modification that adds to substrate proteins the ubiquitin-like mole
cule NEDD8, a pivotal regulator of the Cullin Ring Ligases E3 (CRL), 
which has been implicated in the regulation of cell-cycle arrest, 
apoptosis, and senescence in cancer cells (Liang et al., 2020; Li et al., 
2021). 

An example of autophagy as an enhancer of tumour cell survival and 
of the opportunity to block it in these cells, is provided by a recent study 
on the therapeutic resistance of glioblastoma cells. Several studies have 
reported that autophagy is upregulated in cancer cells displaying radio 
resistance, and that the latter is acquired following autophagy 
enhancement via radiotherapy (Firat et al., 2012). The diverse meta
bolic fuel sources produced by autophagy and the autophagy-induced 
metabolic plasticity are known to trigger drug or radio resistance in 
glioblastoma. The study showed that autophagy was upregulated upon 
treatment of glioblastoma cells with ionizing radiation through upre
gulation of nuclear receptor binding factor 2 (NRBF2), a positive regu
lator of the autophagy initiation step, and the ensuing increase of ATP 
production and oxygen consumption rate following autophagy activa
tion (Kim et al., 2022). 

Taken together, the studies reported above support the notion that 
autophagy in cancer can be both tumour suppressive and tumour pro
motional, depending on several factors (type of cancer cell, stage of its 
transformation, interactions with the surrounding environment, etc.) 
(Marinkovic et al., 2018) and that its activation can also trigger cell 
death in many cancers. In fact, in addition to its role as a recognized 
mechanism of cell survival that can promote tumour development, 
autophagy can also be involved in a caspase-independent type of pro
grammed cell death, as it happens with some anticancer agents, high
lighting the possibility to exploit this process in cancer therapy. In this 
case the cross-talk between autophagy and autophagy-promoted cell 
death is also finely tuned by the modulation of the expression of com
mon proteins (ATG5, ATG6, and ATG7) and the formation of autopha
gosomes (Shimizu et al., 2004; Yu et al., 2004). A recent study reported 
that autophagy activation is needed for cell death and, thereby, for the 
elimination of precancerous cells during replicative crisis and that 
tumorigenesis can be initiated by impaired autophagic cell death in fi
broblasts and epithelial cells (Nassour et al., 2019). Another study 
showed that melanoma cells resistant to apoptosis-inducing drugs can 
undergo autophagy-dependent death following treatment with com
pounds favouring the translocation to mitochondria of the orphan nu
clear receptor TR358 by interaction with Nix, a protein in the 
mitochondrial outer membrane, dissipation of the mitochondrial mem
brane potential, mitochondrial clearance, and loss of ATP production 
(Wang et al., 2014). 

Overall, the autophagy-tumorigenesis relation is complex, and 
autophagy displays different effects in cancer development and treat
ment. It may act as a tumour-suppressor mechanism by maintaining 
genomic stability, by digesting defective cellular organelles, notably 
depolarized dysfunctional mitochondria, thus removing the main sour
ces of cellular oxidative stress, and by regulating the inflammatory 
process, all important factors involved in the prevention of cancer 
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development. However, the opposite survival-favouring or death- 
promoting functions of autophagy make very complex the association 
of the latter with cancer treatment. In fact, along with its antitumor role 
that favours cancer cells eradication by cell death, in some cases auto
phagy can also favour the viability of cancer cells treated with chemo
therapeutic drugs or with irradiation under starvation/nutrient-limited 
conditions by providing them metabolic substrates. Under these stressful 
microenvironments, the onset of apoptosis can be retarded, and cancer 
cell survival enhanced (Levine, 2007). 

In conclusion, in many cases autophagy, as a key player of cellular 
quality control, appears an essential mechanism for protection against 
the initiation of tumorigenesis. Chemotherapeutic drugs, such as 
tamoxifen, have been found to act, at least in part, through modulation 
of autophagy. In fact, the impairment of the autophagic flux can pro
mote cell necrosis with release of the cell content to the extracellular 
space and stimulation of an inflammatory response that can support the 
onset of carcinogenesis. Accordingly, autophagy stimulation in most 
cases appears protective against carcinogenesis and is considered a 
promising therapeutic strategy against cancer. However, beside the 
protective effects, under certain conditions, notably in advanced stages 
of tumours, autophagy can promote tumorigenesis due to its ability to 
sustain cancer viability in stressful microenvironments (Chavez-Do
minguez et al., 2020). Further studies are needed to determine whether 
autophagy should be activated or inhibited depending on tumour type 
and the stage of the carcinogenic process as well as to individuate the 
exact timing of treatment with autophagy activators or inhibitors (He 
et al., 2013). 

3.2. Autophagy in neurodegenerative diseases 

Autophagy and the associated lysosomal function are considered 
determinants for the maintenance of neuronal health. Under normal 
conditions, two major intracellular protein degradation systems, the 
autophagy machinery and the ubiquitin-proteasome system (UPS) are in 
charge to maintain cellular proteostasis; however, both machineries 
decline with aging and in neurodegenerative diseases (including AD, 
Parkinson (PD), Huntington diseases (HD), amyotrophic lateral sclerosis 
(ALS), hereditary spastic paraplegia and others) that involve an accu
mulation of misfolded proteins or damaged mitochondria, eventually 
causing alteration of normal cell function and/or cell death (Dikic and 
Elazar, 2018). Mutations in different Atg genes associated with distinct 
steps of the autophagic flux have been linked to the development of 
many familial neurodegenerative diseases, confirming that autophagy 
plays a key role in the clearance of altered cellular proteins (Klionsky 
et al., 2021, 2021). In ALS, a neurodegenerative disease that results in 
the progressive loss of motor neurons that control voluntary muscles, 
mutations of several autophagy-related proteins such asp62, ubiquilin, 
VCP, optineurin, TBK1, CHMP2B, have been reported. Mutations 
distributed throughout p62 protein, involved both in the UPS and in the 
autophagic flux, can impair ubiquitin-cargo recognition (UBA-domain 
mutation), LC3 cargo-recognition (LIR domain mutation) and mutations 
in the SQSTM1 promoter region are associated with a reduced p62 
protein levels in familial ALS (Chua et al., 2022). Inclusions of mutated 
p62 have been found in post-mortem brains of subjects with various 
neurodegenerative disorders such as ALS, HD, PD, AD. In AD, wt or 
mutated p62 colocalized with neuronal and glial ubiquitin-containing 
inclusions. In PD, p62 has been detected inside aggregates known as 
“Lewy bodies”, in PINK1/PARK-positive inclusions as well as in 
ubiquitin-positive inclusions, even though inclusions containing only 
p62 were also detected (Ma et al., 2019). In mouse models of HD and in 
HD patients, p62 levels were decreased in all brain regions in the earlier 
stage of the disease, whereas at later stages p62 inclusions, co-localized 
with mutant huntingtin, accumulated in in neuronal nuclei in the 
striatum and hippocampus (Rué et al., 2013). 

In neurons and glial cells of ALS patients, p62 inclusions often 
overlap with TDP43, ubiquitin and mutant SOD1 (Nakano et al., 2004; 

Gal et al., 2007). p62 inclusions have been identified also in Mallory 
bodies in hepatocytes in alcoholic and non-alcoholic steatohepatitis 
(Zatloukal et al., 2002). 

Chen and colleagues reported altered expression of TFEB and Beclin1 
both in the spinal cords of transgenic mice as ALS models and in the NSC- 
34 cell line carrying the SOD1- G93A mutation, an in vitro model of ALS. 
Overexpression of TFEB in NSC-34 with SOD1-G93A mutation was 
accompanied by increased survival as well as by an increased expression 
of autophagy markers as Beclin1 and LC3II. The authors associated the 
altered TFEB expression to a decline of the autophagy machinery, sug
gesting that TFEB stimulation could be a promising strategy for ALS 
therapy (Chen et al., 2015). TFEB activity was also reduced in presenilin 
(PS) deficient cells, a model of AD. 

In mice, neuronal-specific TFEB deletion induced Aβ and tau accu
mulation in the brain, suggesting that TFEB plays an essential role in the 
maintenance of neuronal health (Reddy et al., 2016). TFEB over
expression also reduced tau levels in the P301S, a mouse model of 
tauopathy (Wang et al., 2016). 

TBK1 is involved in the recruitment of optineurin (OPTN) and LC3 to 
damaged mithocondria. TBK1 mutations are present in 1% ALS patients 
and are associated to defective mitophagy. In mouse model of ALS, 
(SOD1G93A mice) TBK1 deficiency has opposing effects in early and late 
stages of ALS: at the early stage, TBK1 deficiency was reported to impair 
autophagy and to accelerate the build-up of SOD1 in the brain, whereas 
at late stages of the disease it decreased microglial neuroinflammation 
and extended mice survival (Brenner et al., 2019; Chua et al., 2022). 
UBQLN2 (ubiquilin 2) is an adaptor protein involved in the ubiquitin 
proteasome system (UPS) and in the autophagy process by directly 
interacting with LC3. In vivo overexpression of the ALS mutant UBQLN2 
induced p62/SQSTM1 and LC3II accumulation and loss of motoneurons; 
moreover, in vitro the UBQLN2 mutation disrupted the interaction be
tween UBQLN2 and several ATG proteins, such as ATG9-ATG16L1 
(Osaka et al., 2016; Wu et al., 2015; Chua et al., 2022). 

Similarly, to UBQLN2, optineurin (OPTN) is involved both in UPS 
and in autophagy. OPTN plays also a crucial role in mithophagy by 
targeting damaged mithocondria to the phagophore. OPTN1 mutations 
have been reported in 1–3% cases of ALS patients and were associated to 
defective autophagy, inflammation and neuronal loss (Chua et al., 2022; 
Akizuki et al., 2013). 

VCP/p97/Cdc48 (valosin containing protein) is involved in cell cycle 
regulation, DNA repair and protein clearance. VCP mutations are pre
sent in 1% cases of ALS, are accompanied by TARDBP, ubiquitin and 
SQSTM1-positive inclusions and can impair autophagy at different steps 
from autophagosomal maturation to autophagosome-lysosome fusion. 
In vitro studies showed that VPS is crucial not only for neuronal health 
but also for astrocyte functions. In fact, mutant VCP-astrocytes were 
unable to support motor neuron survival, contributing to disease pro
gression (Custer et al., 2010; Schröder et al., 2005; Hall CE et al., 2017). 

CHMP2B (charged multivesicular body protein 2B) is involved in 
autophagosome initiation and endolysosomal trafficking. Mammalian 
cell lines carrying CHMP2B mutations resulted in aberrant endosomal 
structures, defective autophagosome maturation, and accumulation of 
protein deposits. Finally, CHMP2B-mutant mice displayed progressive 
neurological defects, early mortality and neuronal loss (Chua et al., 
2022). 

Dysfunction of selective types of autophagy in specific neurodegen
erative diseases has also been reported. Defective chaperone-assisted 
selective autophagy (CASA) has been associated to motor neuron dis
orders such as ALS and other neurodegenerative diseases. In this case, 
small heat shock proteins such as HSPB8 exert a potent pro-degradative 
activity on misfolded proteins facilitating their removal via autophagy 
and contributing to the maintenance of the delicate equilibrium that 
regulates the protein degradative routing to autophagy or to the pro
teasome (Rusmini et al., 2017). Mutations found in HSPB8 or in BAG3, 
its co-chaperone, have been associated to motor neuronal or neuro
muscular diseases (Adriaenssens et al., 2017; Bouhy et al., 2018). In 
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Parkinson’s disease, mutations in PINK and PARKIN, two essential 
proteins that regulate mitophagy (a selective form of autophagy 
involving mitochondrial proteins), have been reported. As a conse
quence, the accumulation of damaged mitochondria is often present in 
patients with Parkinson’s disease (Dikic and Elazar, 2018). Furthermore, 
it is worth noting that a failed mithophagy has been associated with 
increased neurodegeneration in PD. Interestingly, TFEB has recently 
been shown to play a role in mitophagy. During this process, TFEB 
translocates to the nucleus and its transcriptional activity is regulated in 
a PINK-PARKIN-dependent manner. However, the beneficial effects of 
TFEB stimulation are not only limited to the mitochondrial quality 
control, but also to the clearance of α synuclein deposits (Martini-Stoica 
et al., 2016). Post-mortem brain of PD patients showed accumulation of 
autophagosomes due to defective α-synuclein clearance. In a rat model 
of PD as well as in human PD midbrain, α-synuclein accumulation was 
associated to a decline of lysosomal function and cytoplasmic TFEB 
retention. In a model of α-synuclein overexpression TFEB-induction 
decreased the deposits of a synuclein and improved cell survival 
(Decressac et al., 2013). Likewise, treatment with trehalose, a TFEB 
inducer, resulted in neuronal protection in PD. Similar results were also 
obtained with 2- hydroxypropyl-β-cyclodextrin, another TFEB activator 
(Martini-Stoica H et al., 2016). Finally, in HD, a neurodegenerative 
disorder caused by the expansion of a polyglutamine region within the 
huntingtin (HTT) protein, TFEB overexpression showed beneficial ef
fects resulting in the clearance of HTT aggregates by PGC1a (Tsunemi 
et al., 2012; Tan et al., 2022; Sardiello et al., 2009). Taken together, 
these data indicate that autophagy stimulation has potential beneficial 
effects to counteract neurodegeneration (Meijer and Codogno, 2006; 
Dikic and Elazar, 2018). 

However, it must be considered that, in neurons, autophagy is 
regulated differently than in other cell types essentially for two reasons: 
(1) at the basal level, the number of autophagosomes is reduced in 
neurons, as compared to other cell types; (2) nutrient starvation, the 
canonical stimulus that activates autophagy in other tissues/organs, is 
not able to induce autophagy in the brain. Both findings suggest that the 
classic autophagy inducers, such as rapamycin, that mimic a starvation- 
like stimulus may not be fully effective against neurodegeneration and 
that finding brain-specific autophagy inducers could represent a step 
forward in treating neurodegenerative diseases. Another consideration 
is that not all these pathologies are defective for what the onset of 
autophagy is concerned; in fact, some of these diseases are defective in 
cargo degradation due to inefficient autophagosome-lysosome fusion or 
to reduced lysosomal function. For these reasons, the use of drugs that 
act specifically at these steps could represent a best strategy to treat 
these conditions (He et al., 2013). Yet, although many 
autophagy-activating drugs have been approved for use in various 
neurodegenerative diseases, attention should be paid to the wide spec
trum of side effects these drugs can produce. Therefore, it is highly 
desirable that more selective and safer compounds for use in clinical 
practice will be introduced in the future. 

Recently, some natural compounds such as plant polyphenols have 
attracted much interest due to their ability to modulate autophagy 
acting on different intracellular pathways including the mTOR/AMPK 
platform or the SIRT1/PARP1 complex. In this context, resveratrol, 
curcumin, and olive-tree polyphenols have been proposed as promising 
modulators of the autophagy path, in addition to their ability to coun
teract the growth of amyloid aggregates and their anti-inflammatory 
properties (Leri et al., 2020). In addition to the beneficial effects of 
autophagy stemming from its role as a regulator of proteostasis, neu
roprotection by autophagy is also due to the involvement of the latter in 
essential neuronal functions, including regulation of synaptic trans
mission (Kuijpers et al., 2021), degradation of synaptic vesicles, cross
talk between the cell body and the synaptic terminals, 
myelination/demyelination events (Hill and Colon-Ramos, 2020; 
Klionsky et al., 2021), neurogenesis (Klionsky et al., 2021), and others. 

In conclusion, the decline in autophagy and neuronal function, found 

in various forms of neurodegenerative diseases, suggests that the 
restoration of the autophagic flux will aid the cell to remove accumu
lated cellular “trash” and to maintain proper functionality. Table 1 re
ports data on autophagy impairment in various neurodegenerative 
diseases and the autophagy activators that have been used in clinical 
trials. 

3.3. Autophagy in cardiovascular diseases 

It is well-established that aging is characterized by functional and 
structural alteration of the heart, an event that increases the vulnera
bility to age-related cardiovascular diseases (CVDs) (stroke, hyperten
sion, atherosclerosis, heart failure etc.) (Bravo-San Pedro et al., 2017). 
Since autophagy declines with aging, it is reasonable to assume that its 
decline may contribute to heart diseases. Although it is still not entirely 
clear how autophagy decreases in the heart with age, hyperactivation of 
the mTOR pathway with inactivation of the ULK1 complex, beyond the 
activities of TFEB and FOXO, could play a crucial role in cardiac ho
meostasis. During aging, mTOR phosphorylates and inactivates TFEB, 
resulting in inhibition of nuclear translocation and cytoplasmic reten
tion of the latter. TFEB is critical player in maintaining vascular and 
heart homeostasis. Indeed, TFEB regulates the function of endothelial 
cells (ECs), vascular smooth muscle cells (VSMCs), macrophages, and 
cardiomyocytes, thus ensuring protection agains CVDs and regulating 
cardiovascular homeostasis. In apolipoprotein E (ApoE) knockout (KO) 
mice, TFEB inhibits atherosclerosis and EC inflammation. In ECs, TFEB 
plays also a role in post-ischemic angiogenesis through AMPK-mediated 
autophagy activation. In cultured vascular smooth cells (VSMCs), TFEB 
inhibited events that occur during atherosclerotic lesion development 
such as VSMCs migration and proliferation as well as neointima for
mation. (Wang et al., 2019; Lu et al., 2021). TFEB has also been reported 
to affect macrophages, where excess of cholesterol accumulation 
induced alteration of lysosomal function in the ApoE KO mouse. More
over, macrophage-TFEB overexpression restored normal lysosomal 
function and activated autophagy in ATG5- and p62-dependent manner. 
In cardiomyocytes TFEB promoted survival under stress conditions. In 
ischemia-reperfusion, TFEB restored mithocondrial biogenesis through 
PGC1α and prevented cardiomyocyte death. In desmin-related cardio
myopathy, TFEB overexpression increased the autophagic flux and 
reduced the accumulation of protein aggregates (Lu et al., 2021). In a 
mouse model of heart failure (HF) with monoamine oxidase-A (MAO-A) 
overexpression, Santin and colleagues reported accumulation of 
dysfunctional mithocondria and decline of autophagy resulting in car
diomyocyte death. These events were accompanied by cytoplasmic 
TFEB accumulation and inhibition of its transcriptional activity. TFEB 
overexpression counteracted the deleterious effects of MAO-A by 
ameliorating mitochondrial fission, cardiomyocyte survival and HF in 
transgenic mice (Santin et al., 2016). 

FOXO is also negatively regulated during cardiac aging due to 
reduced AMPK activity, AKT phosphorylation and lysine acetylation, as 
a consequence of SIRT1 downregulation (Abdellatif et al., 2018). 

In murine models, the whole-body KO of PINK1 or the heart-specific 
deletion of PARK2 (key components of mitophagy) result in a sharp 
increase of ROS in cardiomyocytes, with ensuing heart failure and pre
mature death (Bravo-San Pedro et al., 2017; Leidal et al., 2018; Billia 
et al., 2011). In mice, the heart-specific deletion of Atg5, that encodes a 
key autophagy factor, causes severe cardiomyopathy, left ventricular 
dilation, contractile dysfunction, accompanied by accumulation of 
damaged mitochondria and a disorganized structure of the sarcomeres 
(Taneike et al., 2010; Bravo-San Pedro et al., 2017; Leidal et al., 2018). 
On the same line of evidence, LAMP2-deficient (Lamp2 -/-) mice show 
defective autophagy and a pathology recalling Danon disease b, char
acterized by heart muscle weakening (cardiomyopathy). Furthermore, 
mice overexpressing miR212/miR132 (that inhibit the pro-autophagic 
factor FOXO3) or miR199 (that inhibits autophagy by mTORC1 activa
tion), develop heart failure. Similarly, the deficiency of SIRT6 (a histone 
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deacetylase that regulates autophagy) in Sirt6 -/- mice has been asso
ciated to cardiac hypertrophy and heart failure. Finally, mice deficient 
in Bnip3l (Bnip3l -/-), a component essential for the autophagy ma
chinery, show cardiomegaly and late onset depression (Bravo-San Pedro 
et al., 2017). In agreement with these findings, autophagy stimulation 
prevents CVDs. Becn1F121A/F121A mice, showing increased autophagy as 
a gain of function, display a decrease in age-related genotoxic stress in 

cardiomyocytes and reduced incidence of cardiac hypertrophy (Leidal 
et al., 2018). Parkin overexpression affects positively the cardiac func
tion in aged mice, an effect associated to improved elimination of 
damaged mitochondria (Hoshino et al., 2013). 

Taken together, the aforementioned studies and others point out the 
importance of autophagy to prevent age-related CVDs. However, while 
basal autophagy has been recognized to be beneficial for the heart, the 

Table 1 
Autophagy disfuctions in neurodegenaritve diseases (modified by Pupyshev et al., 2017).  

Neurodegenerative 
disease 

Protein pathology Autophagy impairment and disease-associated genes Autophagy Activators Inhibiting 
Neurodegeneration 

Alzheimer’s disease Accumulation of extracellular amyloid-β 
(Aβ) plaques and intracellular tau 
inclusions (Jiang et al., 2013) 

1. Impairment of autophagosome formation and 
maturation associated to mutation in Presenilin 1 (PS1) ( 
Pupyshev et al., 2016) and PICALM (Menzies et al., 2017). 
2. Defect in cargo recognition (PICALM mutation) and 
lysosomal function (PS1 mutation) (Menzies et al., 2017). 
3. Inhibition of autolysosome formation (tau mutation) ( 
Menzies et al., 2017). 

mTOR inhibitors: Autophagy induction  
• Rapamycin (Menzies et al., 2017; Pupyshev 

et al., 2016).  
• SMER28 (Pupyshev et al., 2016).  
• Latrepirdine (HE LQ et al., 2013).  
• Metformin (Pupyshev et al., 2016).  
• Resveratrol (Pupyshev et al., 2016).  
• Arctigenin (Pupyshev et al., 2016). 
Beclin mimetics: autophagy induction ( 
Pupyshev et al., 2016). 
Nicotinamide: activation of autophagic 
degradation (Pupyshev et al., 2016). 
AMPK activators:   
• Trehalose (Menzies et al., 2017)  
• Lithium: AMPK activator, 
GSK3β inhibition, IMPase inhibition (Motoi 
et al., 2014; Pupyshev et al., 2016). 
Gene therapy: 
Beclin mimetics: autophagy induction ( 
Pupyshev et al., 2016) 
TFEB gene: induction of autophagosome 
formation and lysosomal biogenesis (Pupyshev 
et al., 2016). 

Parkinson’s disease Accumulation of intraneuronal protein 
aggregates (Lewy bodies) resulting from 
polymerized α-synuclein (Baba et al., 
1998). 

1. Impaired autophagosome formation (α-synuclein, 
VPS35 mutation) (Menzies et al., 2017; Zhang et al., 2015). 
2. Defective mitophagy with accumulation of damaged 
mitochondria (Hou et al., 2020). 
3. Disrupted lysosomal function: mutation of α − syn, 
Atp13a2 (lysosomal ATPase), synaptotagmin 11 (syt1), vps 
35 (vacuolar protein sorting-associated protein 35) ( 
Menzies et al., 2017). 

Gene therapy (autophagy induction):  
• Beclin gene (Pupyshev et al., 2016).  
• Rab1A gene (Pupyshev et al., 2016).  
• HDAC6 gene (Pupyshev et al., 2016).  
• TFEB gene (Pupyshev et al., 2016). 
mTOR inhibitors: autophagy induction  
• Rapamycin (Menzies et al., 2017; Crews 

et al., 2010; Malagelada et al., 2010; 
Pupyshev et al., 2016).  

• Resveratrol (Pupyshev et al., 2016).  
• Celastrol (Pupyshev et al., 2016).  
• Curcumin (Pupyshev et al., 2016).  
• Kaemferol (Pupyshev et al., 2016).  
• Sperimidine (Pupyshev et al., 2016). 
AMPK activators: autophagy induction  
• Lithium: AMPK activation, glycogen synthase 

kinase (GSK-3β) inhibition, IMPase inhibition 
(Motoi et al., 2014; Pupyshev et al., 2016).   

• Trehalose (Menzies et al., 2017). 
Huntington’s disease Accumulation and ensuing aggregation 

of mutant huntingtin (HTT) (Williams 
and Paulson, 2008). 

Impaired autophagosome formation (Koga et al., 2011; 
Menzies et al., 2017) and cargo recognition by mutated 
HTT (Menzies et al., 2017; Martinez-Vicente et al., 2010). 

Modulators of the cyclic AMP (cAMP)/inositol 
triphosphate (IP3) pathway: autophagy 
induction  
• Rilmenidine, clonidine, minoxidil, and 

verapamil (Rose et al., 2010; Menzies et al., 
2017). 

AMPK activators: autophagy induction  
• Trehalose (Menzies et al., 2017; Tanaka et al., 

2004).  
• Metformin (Menzies et al., 2017; Ma et al., 

2007).  
• Berberine (Jiang et al., 2015). 
Histone deacetylase (HDAC) inhibitors: 
Autophagy induction (Bürli et al., 2013). 

Amyotrophic lateral 
sclerosis 

Accumulation of protein aggregates 
composed of wt or mutant FUS, TDP-43, 
OPTN, UBQLN2, SOD1 
(Blokhuis et al., 2013; 
Brown, Al-Chalabi Oct 19), 2017) 

Autophagy can be inhibited at different steps:  
• Impaired autophagy induction by C9orf72, TBK1  
• Inhibition of Pre-autophagosome formation by SOD1  
• Impaired autophagosome formation and expansion by 

VAPB, UBQLN2, VCP, p62, OPTN, TBK1  
• Inhibition autophagosome-lysosome fusion by C9orf72, 

VCP, CHMP2B, ALS2, FIG4 (Amin et al., 2020) 

mTOR inhibitors: Autophagy induction  
• Rapamycin (Staats et al., 2013) 
AMPK activators: Autophagy induction  
• Lithium: AMPK activator, glycogen synthase 

kinase (GSK-3β) inhibition, IMPase inhibition 
(Motoi et al., 2014; Fornai et al., 2008)  

• Trehalose (Zhang et al., 2014)  
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role of autophagy under stress conditions has not been completely 
elucidated. Under acute stress, autophagy is protective favouring the 
elimination of protein aggregates (during hypertrophy, proteotoxic 
stress) or damaged organelles (during ischemia, aging), whereas, in 
chronic stress condition (as in heart failure) it can be also detrimental, 
due to “autophagic cell death” following its hyperactivation (Mia
let-Perez and Vindis, 2017). Moreover, deregulation of mitophagy by 
oxidative stress and inflammation leads to the accumulation of 
dysfunctional and damaged mitochondria, resulting in ROS overload, 
ATP depletion and apoptosis in cardiomyocytes, that can result in CVD, 
including atherosclerosis (Chistiakov et al., 2018; Morciano et al., 2020; 
Zhang et al., 2018; Li et al., 2016). Basal and adaptive autophagy may 
reduce oxidative stress, inflammation and lipid accumulation and can 
delay plaque formation (Kim and Lee, 2014; Nussenzweig et al., 2015; 
Kim et al., 2018). On the other hand, hyperactive autophagy may induce 
autophagy-dependent cell death, further contributing to plaque insta
bility (Kitada et al., 2016; Luo et al., 2016; Zhu et al., 2017; Liu and 
Levine, 2015). 

Considering that in several CVDs autophagy is dysfunctional, its 
stimulation could have beneficial effects; accordingly, nutritional and 
pharmacological approaches that activate autophagy have aroused 
considerable interest. For example, caloric restriction, the most known 
stress stimulus associated to activated autophagy, reverted cardiac hy
pertrophy in aged mice (Bravo-San Pedro et al., 2017). Due to the dif
ficulty to maintain long-term caloric restriction in humans, researchers 
have investigated the benefits of intermittent fasting (IF) that consists in 
alternate day fasting. The IF protects against cardiac deterioration and 
its beneficial effects are, at least in part, mediated by the activation of 
autophagy under these conditions. The ketogenic diet has also displayed 
heart-protective effects through mTOR inhibition (Zhang et al., 2021). It 
remains to be investigated whether a diet low in sugar and proteins, but 
high in unsaturated fatty acids (the “fasting mimicking diet”) may offer a 
similar benefit against age-related CVDs (Abdellatif et al., 2018). 

Pharmacological agents that stimulate autophagy such as rapamycin, 
spermidine, several plant polyphenols, and metformin, an antidiabetic 
drug, can be exploited as possible treatments in CVDs. For example, oral 
treatment with rapamycin attenuated inflammation and enhanced pla
que stabilization in rabbit models of atherosclerosis, suggesting that the 
maintenance of the autophagic homeostasis is crucial as a therapeutic 
strategy for atherosclerosis (Chen et al., 2009). These data agree with 
the results of a study with old female mice, where a 3-month treatment 
with rapamycin reverted age-related cardiac deterioration (Flynn et al., 
2013), and with similar findings obtained with spermidine (Abdellatif 
et al., 2018; Bravo-San Pedro et al., 2017). Interestingly, the beneficial 
effects of spermidine were lost in Atg5 knockout mice, suggesting that 
autophagy stimulation is essential for spermidine-mediated cardiac 
protection (Mialet-Perez and Vindis, 2017). 

Resveratrol, a plant polyphenol found in red wine, exerts cardio
vascular and antiaging benefits through autophagy stimulation. Its 
mechanism of action involves Sirtuin (SIRT1, SIRT3) activation and 
nuclear translocation of FOXO (Ren et al., 2018). Several other plant 
polyphenols, oleuropein aglycone (OleA), the main polyphenol in olive 
oil, curcumin, and epigallocathechin 3-gallate have been reported to be 
cardioprotective by stimulating autophagy. OleA protects car
diomyocytes against MAO-A-Induced autophagy impairment through 
the activation of TFEB with increased autophagic vacuoles and 
autophagy-specific markers (Beclin1 and LC3II) (Miceli et al., 2018). 
Curcumin has been reported to protect cardiomyocytes through inhibi
tion of apoptosis and induction of autophagy via PI3K/AKT/mTOR 
pathways and enhancement of both p62 expression and mitochondrial 
membrane potential (Chen et al., 2021). Epigallocathechins are present 
in several herbs such as green tea; the gallate derivative has been re
ported to protect against myocardial ischemia/reperfusion injury by 
inhibition of apoptosis through the PI3K/Akt pathway and restoration of 
the autophagic flux. The latter proceeded through a decrease of the 
LC3II/LC3I ratio, the downregulation of Beclin1, ATG5 and p62, the 

upregulation of active cathepsin D and the increased phosphorylation of 
mTOR (Xuan and Jian, 2016). Short-term treatment with metformin 
improves cardiac aging through AMPK activation. Furthermore, in dia
betic patients, metformin reduces the risk of stroke and myocardial 
infarction, as compared to other treatments such as insulin, sulfonyl
urea, or specific dietetic regimens. (Tzoulaki et al., 2009; Schramm 
et al., 2011). However, despite the beneficial effects associated to the 
stimulation of autophagy mentioned above, the nutritional (calorie 
reduction) and pharmacological (rapamycin, spermidine) treatments 
have important limitations. In fact, their long-term application can be 
accompanied to side effects that should be taken into consideration (Ren 
et al., 2018). These possible warnings appear much less important when 
plant polyphenols, such as resveratrol and olive polyphenols, are used, 
due to the substantial lack of side effects associated with their 
assumption. 

3.4. Autophagy in the Metabolic syndrome and related disorders 

The metabolic syndrome (MetS) is defined as a complex of chronic 
metabolic disorders characterized by obesity, glucose intolerance, dys
lipidemia, and hypertension (Bonomini et al., 2015). These symptoms 
may stem from, and contribute to, insulin resistance, oxidative stress, 
endothelial dysfunction, accumulation of proinflammatory cytokines 
and other pathological mechanisms associated with the onset of chronic 
diseases including T2DM, non-alcoholic fatty liver disease (NAFLD), 
atherosclerosis, heart disease and even several types of cancer. In 
addition, the MetS, particularly T2DM, is associated to cognitive decline 
and vascular dementia suggesting that it may be a risk factor for Alz
heimer’s disease leading to the onset of a "metabolic-cognitive syn
drome" (Chatterjee et al., 2016; Schilling, 2016). 

The complex role of autophagy in the pathogenesis of metabolic 
disorders has been investigated in several studies carried out in different 
model organisms and in various mouse tissues and organs with KO of 
autophagy genes (Hars et al., 2007; Meléndez et al., 2003; Dwivedi 
et al., 2009). It resulted that defects in autophagy at the systemic level 
affects cell adaptation to metabolic stress such as hyperglycaemic 
glucose intolerance, insulin resistance and decline of insulin production, 
thus accelerating lifestyle-induced obesity. In turn, the inhibition of 
autophagy in the liver, muscle and adipose tissue, induces ubiquitinated 
protein build-up and mitochondrial dysfunction worsening symptomatic 
features of MetS (Lim et al., 2014; Ren and Zhang, 2018). Conversely, 
Atg5 overexpression can be observed ubiquitously or in systems with 
constitutively activated autophagy by mutation in Beclin1, together 
with improved-cell function, increased insulin sensitivity, loss of weight 
with aging, resistance to oxidative stress, reduction of ER stress and 
enhanced motor function, alongside with extended lifespan (Pyo et al., 
2018; Fernández et al., 2018). 

In aging, as well as under conditions of insulin resistance and obesity, 
autophagy becomes progressively more dysfunctional in the skeletal 
muscle, thus contributing to sarcopenic conditions. KO of the gene 
encoding Atg7 results in increased fat deposition in skeletal muscle and 
in mitochondrial and ER dysfunction by triggering FGF21 as a mitokine 
(Kim et al., 2013). Moreover, during aging, the impairment of the 
autophagic flux is associated with the decline of the regenerative ability 
of muscle stem cells and with sarcopenia (García-Prat et al., 2016). 
Autophagy impairment in the hypothalamus results in increased body 
weight and promotes obesity and hypothalamic inflammation; accord
ingly, the impaired control of the energy balance by the hypothalamus 
could contribute to the development of obesity and relative comorbid
ities (Meng and Cai, 2011). 

In the adipose tissue, mitophagy is crucial in the regulation of body 
lipid stores by determining the balance between white and brown fat 
and by controlling adipocyte differentiation, in particular by reducing 
the number of mitochondria in mature adipocytes and their proper 
functionality (Kovsan et al., 2011; Singh et al., 2009). KO of Atg7 or the 
pharmacological inhibition of autophagy in the adipose tissue in 
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diet-induced obese mice resulted in insulin resistance, reduced adiposity 
(also in muscle and liver), lower cholesterol and triglyceride levels, 
increased number of mitochondria and mass of brown adipose tissue, as 
well as enhanced expression of the mitochondrial uncoupling protein 1 
(UCP-1) (Zhang et al., 2009). Recently, it has been reported that, in the 
obese adipose tissue, the adipogenic differentiation and fat accumula
tion could also be regulated by the degradation of the peroxisome 
proliferator-activated receptor-γ (PPARγ) through a crosstalk between 
the ubiquitin-proteasome and the autophagy-lysosomal systems. Thus, 
PPARγ stabilization by autophagy can represent a mechanism of path
ogenesis of obesity where autophagy plays some role (Zhang et al., 
2013). Finally, the specific deletion in mouse white adipose tissue of 
various autophagic genes, p62 (Müller et al., 2013), Bif-1(Liu et al., 
2016), or Atg161 and Atg3 (Frendo-Cumbo et al., 2019) induced oppo
site effects. The mice developed obesity irrespective to their normal or 
high-fat diet, displayed impaired glucose tolerance, and reduced insulin 
sensitivity, with increased levels of serum insulin, dysfunctional mito
chondria and enhanced accumulation of lipid peroxides in adipose tissue 
depots, indicating development of peripheral insulin resistance. 

Overall, the complexity of the pleiotropic roles of the autophagic 
pathway also with regard to metabolic syndromes is emerging. 
Furthermore, studies in obese patients showed a high correlation be
tween induction of the autophagic flux and the hypertrophy and hy
perplasia of fat cells. Fat accumulation resulted in elevated oxidative 
stress, unfolded protein accumulation, and increased ER stress. More
over, increased autophagy can induce elevated levels of lipolysis, with 
impairment of triglyceride storage in the adipose tissue of obese people. 
In addition, the proinflammatory cytokines secreted by macrophages in 
the adipose tissue can stimulate adipocyte autophagy by TNFα and se
lective degradation of PLIN1 through SQSTM1, thus underlying the 
crucial role of autophagy in lipid mobilization mediated by inflamma
tory cytokines in obese people (Jansen et al., 2012; Ju et al., 2019). On 
the other hand, a prolonged inflammatory stress can lead to an overall 
downregulation of autophagy-related genes and may ultimately impair 
the autophagy/lysosome pathway with further worsening of insulin 
resistance. 

The contribution of autophagy plays a crucial role in liver physiology 
and metabolic adaptation. Reduced liver autophagic activity, along with 
lipid accumulation and increased levels of mitochondria-derived reac
tive oxygen species (mtROS), is reported both in diet-induced and in 
genetic obese murine models as well as in NAFLD (Carotti et al., 2020). 
In NAFLD, the ER stress and the consequent impairment of autophagy in 
the liver may be linked to the upregulation of several negative regulators 
of autophagy, such as the Rubicon protein (Tanaka et al., 2016), SIRT3 
(Li, Y. et al., 2011) and Osteopontin (OPN) (Tang et al., 2020). TFEB is 
also thought to be involved in the pathogenesis of NAFLD (Settembre 
et al., 2013). TFEB activation has beneficial effects in metabolic disor
ders such as hepatic steatosis, obesity, diabetes. Using muscle-specific 
TFEB gain-and loss-of-function approaches, it was reported that TFEB 
plays a crucial role in metabolism during exercise, when TFEB moved to 
the nucleus increasing the expression of genes needed for muscle func
tion such as those involved in glucose metabolism and mitochondrial 
homeostasis. Given the essential role of TFEB as metabolic regulator, it is 
possible that TFEB levels are reduced in patients with metabolic disor
ders (Mansueto et al., 2017). Finally, TFEB was described as a coordi
nator of lipid metabolism through PGC1α and PPARα activation. Both in 
diet-induced and in transgenic mouse models of obesity, viral-delivery 
of TFEB to the liver prevented weight gain and the metabolic syn
drome, suggesting it might play a promising role in mebolic disorders 
(Settembre et al., 2013). In agreement with this conclusion, Ezetimibe, a 
cholesterol-lowering drug that activates TFEB, was shown to decrease 
hepatic lipid accumulation and inflammation in a mouse model of 
steatohepatitis. Moreover, treatment with TFEB activators such as 
digoxin, alexidine or ikarugamycin counteracted hepatic steatosis, 
obesity and hyperglycemia in high-fat diet-fed mice. Similar effects of 
TFEB were observed in diabetic mice, in which MSL inhibited obesity, 

hyperglycemia, hepatic steatosis, and adipose inflammation directly 
through TFEB activation (Kim et al., 2017; Wang et al., 2017; Lim et al., 
2018; Lu et al., 2021). Taken together, these data point out the decline of 
autophagy as a crucial event in age-related metabolic disorders, further 
highlighting the importance of autophagy stimulation as a therapeutical 
strategy. 

In addition, autophagy plays a pivotal role in the protection of 
pancreatic β-cells by the human islet amyloid polypeptide (hIAPP), an 
intrinsically disordered protein strongly associated to T2DM. 

The autophagy-insulin resistance relationship in MetS is possibly 
mediated via mTOR which, in turn, is activated by insulin and the 
insulin-like growth factor 1 (IGF1) with the ensuing impairment of lip
ophagy (Zhou et al., 2018; Menikdiwela et al., 2020). IGF1 can inhibit 
autophagy and the ULK complex through the PI3K/Akt or the MAP
K/ERK pathway by inhibition of the tumour suppressor complex 1 and 2 
(TSC1/TSC2) and activation of mTORC1 also following phosphorylation 
of other factors, including VPS34 and Ambra1 (Yuan et al., 2013). 

In the MetS, elevated insulin levels reduce the autophagy flux also 
through the Ca2+-dependent protease calpain 2 (Yang et al., 2010) or the 
FOXO transcriptional factor, suppressing the expression of Vps34 and 
Atg12 autophagy genes (Liu et al., 2009; Martins et al., 2016). In addi
tion, inflammatory cytokines can also activate mTOR via the toll-like 
receptor (TLR)-mediated PI3K/Akt pathways. Finally, as it happens in 
the adipose tissue, also in the liver, during the early stages of obesity, an 
excessive activation of the autophagic flux can be observed as an 
adaptive response to cell damage that eventually leads to dysregulation 
of the autophagic flux and can be an indicator of disease development. 
Therefore, in the MetS-associated chronic obesity, a persistent cellular 
stress induces the suppression of insulin-mediated autophagy eventually 
resulting in insulin resistance. 

4. Aging: biological and functional biomarkers 

Geroscience is a branch of science according to which to prevent the 
onset or mitigate the severity of chronic diseases, we should target not 
the disease, but the aging process itself which is common to all aging- 
related diseases. Assuming that this hypothesis is true, to reduce the 
incidence of chronic diseases is more urgent than ever to identify spe
cific biomarkers of aging (Le Bourg, 2022). Given the complexity of the 
molecular and biological mechanisms that regulate aging, to date none 
of the proposed biomarkers is a valide measure of healthy versus path
ological aging. In accordance with Wagner and colleagues the panel of 
most promising biomarkers of healthy aging should include measures of 
physical capability, blood and cellular/molecular biomarkers (Wagner 
et al., 2016). Measures of physical performance, including mobility and 
body composition changes are useful for defining the biological age. 
Blood-based biomarkers include lipid and glucose profiles, inflamma
tory and hormonal markers. One of the most studied aspects of aging is 
its correlation with the increase in inflammatory peptide biomarkers. 
Older individuals develop “inflammaging”, a condition characterized by 
elevated levels of blood inflammatory markers (interleukin (IL)− 6, 
IL-1β, tumor necrosis factor-α (TNF-α) and C-reactive protein (CRP)) 
that carries high susceptibility to chronic morbidity, disability, frailty, 
and premature death (Ferrucci and Fabbri, 2018). Another aging-related 
change involves the endocrine system with a reduction of insulin-like 
growth factor-1 (IGF-1) and different growth hormones, including 
thyroid-stimulating hormone (TSH), free thyroxine (FT4) and triiodo
thyronine (FT3) (Lobo, 2013; Cunningham, 2013; Junnila et al., 2013; 
Martin-Ruiz et al., 2011). Aged people also have impaired glucose 
metabolism (Ravera et al., 2019) and increased levels of glucose corre
late with increased levels of Advanced Glycation End products (AGEs), 
that represent further aging biomarkers (Grillo and Colombatto, 2008). 

Aging is not only a physiological process, but at molecular level it is 
characterize by a set of cellular modifications, widely used to predict the 
aging state of different tissues or organs. In 2013 Lopez and colleagues 
identified 9 putative hallmarks of cellular aging, many of which have 
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been recognized as aging biomarkers (Lopez et al., 2013; Wagner et al., 
2016; Aging Biomarker Consortium et al., 2023). These hallmarks are: 
genomic instability, telomere attrition, epigenetic alterations, loss of 
proteostasis, deregulated nutrient sensing, resulting in mitochondrial 
dysfunction, cellular senescence, stem cell exhaustion, and altered 
intercellular communication. We will report below their relative 
contribution to aging process (Table 2). 

Although cellular-based biomarkers allow us to understand the 
fundamental molecular basis of aging and the onset of dysfunction at the 
cellular level, to date they are not considered valid biomarkers in vivo 
due to their low practicability of measurement. Further studies and more 
sophisticated approaches will eventually resolve the problem of poor 

applicability in vivo (Wagner et al., 2016). 
The complexity of the biological and molecular mechanisms related 

to aging makes it currently impossible to measure the extent of biolog
ical aging using a single biomarker. Wide relevance should be given to 
the value of combining these markers with physical and functional pa
rameters. Advances in "omics" and bioinformatics techniques could in 
the future offer the opportunity to evaluate the interaction between 
multiple aging factors and provide a measure of ongoing optimal health 
as well as the knowledge of their modulation in order to develop new 
therapeutic targets for age-associated diseases. Growing evidence sup
ports that the hallmarks of aging are interconnected and often correlated 
with the alterations in autophagy machinery. Consequently, autophagy 

Table 2 
Cellular biomarkers of aging and autophagy involvment.  

Hallmark aging Cellular manifestations Contribution to aging Autophagy alterations 

Genomic instability DNA damage (point mutations, translocations, 
chromosomal gains and losses, telomere 
shortening, and gene disruption).  

• Excessive DNA damage and insufficient DNA 
repair mechanisms promote aging (Lopez-Otin 
et al., 2013).  

• Upregulation of macroautophagy (p62, AMPK, 
mTOR and PARP1) (Kaushik et al., 2021).  

• Upregulation of Chaperone-mediated autophagy 
(CMA) (Park et al., 2015) 

Epigenetic 
modifications 

DNA methylation, aberrant histone 
modifications, loss of heterochromatin, 
deregulated RNA modifications.  

• Histone methylation increases lifespan, 
H3K4me3 demethylation boosted the lifespan 
in C. elegans (Greer et al., 2010).  

• miR-146a, miR-155 and miR-21 increased in 
aging (Olivieri et al., 2021; Ekiz et al., 2020)  

• Macroautophagy modulation (SIRT1 family) 
(Kaushik et al., 2021). 

Telomeres 
shortening 

Reduced telomere lenght and decline in 
telomerase activity  

• Pathological telomere dysfunction accellerates 
aging, telomerase stimulation delays aging in 
mice (Lopez et al., 2013).  

• Autophagy can be induced by both telomere loss 
(Nassour et al., 2019) or telomerase activation 
(Green et al., 2019).  

• Telomerase reverse trascriptase (hTERT) 
regulates PINK1, resulting in increased 
mitophagy and inhibits mTORC, inducing 
autophagy (Kaushik et al., 2021)  

• Modulation of telomere length by autophagy 
(Taji et al., 2017) 

Loss of proteostasis Decline in cellular proteostasis mechanisms: 
macroautophagy, chaperone mediated 
autophagy, ubiquitin proteasome system (UPS)  

• Decline in cellular proteostasis increases toxic 
protein accumulation   

• Genetic manipulations improving proteostasis 
delay aging in mammals (Lopez et al., 2013; 
Zhang and Cuervo, 2008;Aging Biomarker 
Consortium et al., 2023)  

• Failure of macroautophagy and CMA.  
• Downegulation of SIRT proteins (Xu et al., 2020) 

and defective PINK1/Parkin-signalling (Roberts 
et al., 2016)  

• Deregulation of AMPK in neurons (Ulgherait 
et al., 2014). 

Mitochondrial 
dysfunction 

mtDNA mutations, decreased mitochondrial 
unfolded protein response (UPRmt), defective 
mitophagy, destabilization of the electron 
transport chain (ETC), increase in ROS 
production  

• Mitochondrial dysfunction contributes to 
aging in mammals (Kujoth et al., 2005; 
Trifunovic et al., 2004; Vermulst et al., 2008; 
Aging Biomarker Consortium et al., 2023; 
Lopez et al., 2013)  

• It is not clear whether improving 
mitochondrial function can extend lifespan 
(Lopez et al., 2013)  

• Decline in mitophagy and accumulation of 
damaged mitochondria (Kaushik et al., 2021)  

• Mitophagy-receptor loss of function: 
mithocondrial (Parkin/PINK1, BNIP3/Nix3) and 
cytosolic (p62, NBR1, OPTN) proteins (Kaushik 
et al., 2021).  

• Parkin null flies and PINK1 mutant flies show 
reduced lifespan (Kaushik et al., 2021). 

Cellular senescence Accumulation of senescent cells in aged tissues 
and increased b-galactosidase (SABG) levels ( 
Dimri et al., 1995, Lopez et al., 2013).  

• Inflammaging: senescent cells induce 
senescence in neighboring cells through 
release of inflammatory cytokines (SASP) 
(Lopez et al., 2013)  

• Macroautophagy flux decreases in oxidative 
stress-induced fibroblasts (Tai et al., 2017) and 
neurons (Moreno-Blas et al., 2019) 

Intercellular 
communications 

Mechanisms of Intercellular communication: 1) 
Senescence associated secretory phenotype, 2) 
Gap junctions 3) Long distance communication 
through Extracellular vesicles ( 
Ribeiro-Rodrigues et al., 2023)  

• Modulation of intercellular communication 
represents a promising tool in aging and age- 
related disease (Sanz-Ros et al., 2022).  

• Lifespan-extending manipulations targeting 
one single tissue can affect other tissues (Lopez 
et al., 2013; Durieux et al., 2011;Lavasani 
et al., 2012; Tomá s-Loba et al., 2008).  

• Reduced macroautophagy.  
• ATGs proteins (LC3, ATG16L1) and miRNAs 

modulation (Kaushik et al., 2021). 

Stem cells 
exaustation 

Decline in stem cell- regenerative potential and 
loss of function  

• Reduced number and function of stem cells 
induces tissue injury (Xu et al., 2019)  

• Stem cell rejuvenation may reverse aging 
(Rando and Chang, 2012).  

• Decline inmacroautophagy flux and CMA 
(Kaushik et al., 2021)  

• Macroautophagy supports stem cells quiescence 
(Ho et al., 2017),  

• Loss of autophagy induces decline in stem cells 
function (Kaushik et al., 2021) 

Deregulation of 
nutrient 
signalling 

Deregulation of insulin/IGF-1 signalling and its 
downstream targets: FOXO and mTOR(Lopez 
et al., 2013)  

• Caloric restriction, which works through 
multiple nutrient signaling pathways, 
increases lifespan (Colman et al., 2009; 
Fontana et al., 2010; Mattison et al., 2012).   

• Treatment with rapamycin, inhibitor of 
mTOR, delays ageing and protects against age- 
related diseases (Johnson, 2018; Lopez et al., 
2013)  

• Deficiency in autophagy proteins (ATG7, 
GABARAPL1) (Kaushik et al., 2021).  
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is implicated in both aging and age-related disease. Hence the need to 
improve the measurement of autophagic flux in order to find the optimal 
manipulation of autophagy is required to achieve benefits and improve 
lifespan. 

5. Autophagy proteins as novel biomarkers for age-related 
diseases 

Autophagy proteins can be used as biomarkers for many diseases, 
including acute ischemic stroke (AIS) and neurodegenerative diseases. 
Aging is certainly a risk factor for cerebral ischemia. AIS, a common 
cause of death in aged people, is a pathological condition caused by 
decreased blood flow to the brain following the occlusion of a blood 
artery by a thrombotic or an embolic event. To date, there are no 
effective treatments to prevent or treat AIS, so the only approved ther
apeutic approach is the thrombolytic therapy, that presents some limits, 
such as the narrow therapeutic window and bleeding complications. For 
these reasons, it is important to find new drugs and intervention stra
tegies for AIS. Recent findings indicate that autophagy is induced during 
AIS and the research is now aimed at understanding whether this acti
vation exerts a protective or deleterious effect (Sun et al., 2019; Li et al., 
2015). AIS can lead to severe brain damage, accompanied by the release 
of many substances in the serum or the cerebrospinal fluid (CSF). Li and 
co-workers showed that two autophagy markers, Beclin1 and LC3II, 
were increased in the serum and the CSF of AIS patients, as compared to 
controls, and were associated with favourable prognosis and with 
reduced incidence of neurological deficits (Li et al., 2015). This result 
suggests that autophagy is an adaptative response with protective effects 
in AIS. However, this study included only patients with a mild to mod
erate degree of ischemia. There are no data on patients with severe 
ischemia (Li et al., 2015). Other studies have shown that acute and se
vere ischemia may induce excessive activation of autophagy, which 
could worsen the prognosis of ischemic stroke due to the promotion of 
neuronal cell death (Morselli et al., 2008; Shi et al., 2012; Ginet et al., 
2014). Recently, serum levels of ATG5, apoB-48, malonylaldehyde, total 
oxidative stress, and total antioxidant capacity have been used as novel 
biomarkers for diagnosis or treatment of the AIS (Ajoolabady et al., 
2022), although further studies are needed to better understand the 
therapeutic role of autophagy modulation in AIS. 

The analysis of autophagy biomarkers results to be useful also for 
what the prediction and diagnosis of neurodegerative disorders are 
concerned. Indeed, it is widely reported that autophagy dysregulation 
occurs in AD patients. In fact, in AD neurons, an abnormal accumulation 
of autophagosomes (Liang and Jia, 2014) and a significant decrease of 
BECN1 levels caused by the increased activity of caspase 3 (Rohn et al., 
2011), correlated with intracellular Aβ accumulation (Pickford et al., 
2008). Moreover, a significant relation between p62 levels in CSF and 
clinical characteristics of dementia was found in both AD and fronto
temporal dementia patients, suggesting a key role of autophagy in these 
two disorders and the possibility to use p62 levels in CSF as a potential 
biomarker of neurodegeneration process (Rubino et al., 2022). 

Markers of the autophagy levels have also been measured in bio
logical samples of PD patients (Prigione et al., 2010; Haddad et al., 
2020). PD, a neurodegenerative disease which affects over 1% of the 
population over 60, is characterized by cognitive impairment and motor 
symptoms (slow movement, tremor, rigidity), caused by a loss of 
dopaminergic neurons of the substantia nigra of the brain. Intracellular 
protein aggregates of α-synuclein known as “Lewy bodies”, are often 
found in post-mortem brains of PD patients (Spillantini et al., 1997; El 
Haddad et al., 2020). A main problem of PD is the late diagnosis, which 
is made only when the symptoms are evident and most dopaminergic 
neurons are already lost. However, at the present, no effective thera
peutic strategies to relieve disease symptoms have been established; the 
only available drugs to treat PD are aimed at restoring dopamine stores 
in the affected brain areas, but this treatment is mostly symptomatic, 
scarcely effective, and does not lead to substantial recovery. Present 

research is moving towards the identification of altered molecular 
pathways that could underlie Parkinson’s damage and whose distinctive 
molecular signature could be used as early markers of the disease. In 
particular, disruption of the autophagy flux has been shown in 
post-mortem brains of PD mouse models (Alvarez-Erviti et al., 2010; 
Gonzalez-Polo et al., 2013) and autophagy levels were altered in the 
blood of PD patients (Prigione et al., 2010; Haddad et al., 2020). 
Particularly, the Atg8 gene family (Map1lc3b, Gabarap, Gabarapl1 and 
Gabarapl2) and the autophagolysosome adapter p62 were significantly 
increased in transcript levels. On the contrary, both HSPA8 (a protein 
involved in chaperone-mediated autophagy) and GAPDH (encoded by a 
housekeeping gene) were decreased. So, if these findings will be 
confirmed, the signature of autophagy gene expression determined by 
quantitative PCR could represent a simple and non-invasive method to 
be used in clinical practice for early PD diagnosis (Haddad et al., 2020). 
These findings are compatible with the study of Papagiannakis and 
co-workers, showing a decrease of Hsc70 (a protein that participates to 
the chaperone-mediated autophagy) and an increase of LC3II (a marker 
of macroautophagy) in blood samples of PD patients. The authors 
conclude that lysosomal dysfunction may lead to LC3II accumulation 
and to the impairment of chaperone-mediated autophagy in PD patients 
(Papagiannakis et al., 2019). The studies mentioned above measured the 
mRNA or protein levels of autophagy genes as a prove of efficient or 
defective autophagy. However, the build-up of autophagosomes (as 
indicated by an increase of the LC3II levels) is not always indicative of a 
complete activation of autophagy, rather, it can also be indicative of a 
block of autophagosome maturation. The best way to distinguish be
tween these two possibilities is to measure the “autophagic flux”, a 
measure of the degradative completion of autophagy following 
autophagosome-lysosome fusion and the ensuing substrate degradation. 

The levels of the p62 protein in renal glomeruli, as an autophagy 
activity indicator, has been considered as one of the predictors of the 
onset of the stage of macroalbuminuria in diabetic kidney disease (Wang 
et al., 2022). Versaci and co-workers showed that an age-dependent 
decline in autophagy is detectable in patients with atrial fibrillation. 
However, its prognostic role requires further investigation (Versaci 
et al., 2022). Recently, several studies have been performed to assess 
whether the expression levels of apoptosis and autophagy markers are 
associated with response to neoadjuvant chemotherapy, a chemo
therapy treatment administered before surgical extraction, and are 
affordable predictors of survival. El Mashed has reported an association 
between cleaved caspase-3 and LC3II and survival of neoadjuvant 
treated patients, suggesting that a combination of apoptosis and auto
phagy markers is likely to be optimal for development of a reliable 
predictive test in the future (El Mashed et al., 2022). In osteosarcoma, 
autophagy markers coupled with RNA-dependent protein kinase (PKR) 
activity could be relevant to the prognosis and targeted treatment of the 
disease (Ji et al., 2020). The autophagy level is significantly inhibited in 
septic patients with acute respiratory distress syndrome, and 
autophagy-associated proteins LC3II, Beclin1, RAB7, LAMP2, and p62 
have good predictive value for diagnosis and prognosis of sepsis co
morbid with acute respiratory distress syndrome (Xu et al., 2022). LC3 
seems to be suitable as a screening marker to recognize an idiopathic 
inflammatory myopathy. Therefore, could be included as a marker in the 
routine of neuropathological diagnostics (Drott et al., 2020). In Rheu
matoid arthritis (RA) and osteoarthritis (OA), an autophagy related 
index (ARI) consisting of the autophagy-related genes CXCR4 and 
SERPINA1 resulted to be closely correlated with autophagy scores and 
immune infiltration in both diseases thus representing a possible aid for 
differential diagnosis (Huang et al., 2021). 

Several studies have shown that the autophagic flux is reduced in 
cancer, cardiovascular and neurodegenerative diseases (Levine and 
Kroemer, 2008; Mizushima et al., 2008; Mizushima et al., 2010). On the 
other hand, pharmacological and nutritional approaches, such as fasting 
diets and exercise, can regulate the autophagic flux such that their use 
could be proposed in clinical practice. Accordingly, the need also arises 
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to follow the possible modulation of the autophagic flux in biological 
samples of patients (Morselli et al., 2010; He et al., 2012; He et al., 
2012). To this purpose, in 2021, Bensalem and co-workers developed a 
blood test for healthy people, based on the assay of LC3 turnover, to 
check the the autophagic flux. Based on previous knowledge, the test 
could definitely answer some unresolved questions such as "what kind of 
fasting is most effective for people?” or “how much exercise is needed for 
optimal activation of autophagy?”. This research represents the first 
evidence of how we can translate our knowledge on autophagy into 
clinical practice (Bensalem et al., 2021). 

In the future, assay of autophagy components in biological fluids 
and/or genetic screening could be added to the standard health check- 
up tests and be used as a biomarker to diagnose, or to identify a high 
risk of, age-related diseases or to assess modulation of autophagy as a 
disease-modifying strategy and to evaluate the therapeutic potential of 
autophagy modulators Fig. 2. 

6. Conclusions 

The multifunctionality of autophagy makes it an attractive candidate 
as a mediator of the interconnections between the hallmarks of aging 
and as a biomarker of age-related diseases. The growing number of re
ports highlighting the impairment or imbalance of the autophagic pro
cesses with age has supported the concept that (1) autophagy is a crucial 
determinant of cellular health, longevity and diseases (2). In other 
terms, we cannot merely describe the autophagy-aging relation with 
statements such as “decreased autophagy is detrimental” and “increased 
autophagy is beneficial’. In fact, long-term health benefits arise from the 
right balance between the molecular machinery involved in the auto
phagic flux and other cellular processes such as apoptosis, and the ho
meostatic systems involved in proteostasis, redox and metabolic balance 
and the inflammatory response that, in turn, depend on the type of tis
sue/organ and lifestyle as well as on the age. Accordingly, a key goal for 
health promotion will be finding approaches useful to finely tune 
autophagy to the right levels, at the right time and in the right tissues. 
Then, the so established therapeutic interventions could be administered 
chronically, acutely or in a pulsed fashion, as and when required. The 
suggestion stemming from the analysis of the cited literature is that the 
modulation or the evaluation of biomarkers of autophagy, such as 
autophagy-related proteins, could be useful in disease prevention, or as 

targets for diagnosis and therapy, to ensure healthier aging, reducing the 
risk and/or the severity of age-related diseases. Nevertheless, more 
evident clinical data on the modes and features of the involvement of 
autophagy deregulation in the different aging-related pathologies are 
still needed to provide more solid evidence to these possibilities. 
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Boya, P., González-Polo, R.A., Casares, N., Perfettini, J.L., Dessen, P., Larochette, N., 
Métivier, D., Meley, D., Souquere, S., Yoshimori, T., Pierron, G., Codogno, P., 
Kroemer, G., 2005. Inhibition of macroautophagy triggers apoptosis. Mol. Cell Biol. 
25 (3), 1025–1040. 

Braveman, P.A., Cubbin, C., Egerter, S., Williams, D.R., Pamuk, E., 2010. Socioeconomic 
disparities in health in the United States: what the patterns tell us. Am. J. Public 
Health 100, 186–196. 

Bravo-San Pedro, J.M., Kroemer, G., Galluzzi, L., 2017. Autophagy and mitophagy in 
cardiovascular disease. Circ. Res. 120 (11), 1812–1824. 

Brenner, D., Sieverding, K., Bruno, C., Lüningschrör, P., Buck, E., Mungwa, S., Fischer, L., 
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Muñoz-Cánoves, P., 2016. Autophagy maintains stemness by preventing senescence. 
Nature 529 (7584), 37–42. 

Ginet, V., Spiehlmann, A., Rummel, C., Rudinskiy, N., Grishchuk, Y., Luthi- Carter, R., 
Clarke, P.G., Truttmann, A.C., Puyal, J., 2014. Involvement of autophagy in hypoxic- 
excitotoxic neuronal death. Autophagy 10, 846–860. 

Gonzalez-Polo, R.A., Fuentes, J.M., Niso-Santano, M., Alvarez-Erviti, L., 2013. 
Implication of autophagy in Parkinson’s disease. Park. Dis. 2013, 436481. 

Green, D.R., Galluzzi, L., Kroemer, G., 2011. Mitochondria and the autophagy- 
inflammation-cell death axis in organismal aging. Science 333, 1109–1112. 

Green, P.D., Sharma, N.K., Santos, J.H., 2019. Telomerase impinges on the cellular 
response to oxidative stress through mitochondrial ROS-mediated regulation of 
autophagy. Int. J. Mol. Sci. 20 (6), 1509. 

Greer, E.L., Maures, T.J., Hauswirth, A.G., Green, E.M., Leeman, D.S., Maro, G.S., 
Han, S., Banko, M.R., Gozani, O., Brunet, A., 2010. - Members of the H3K4 
trimethylation complex regulate lifespan in a germline-dependent manner in C. 
elegans. Nature 15;466(7304) 383–7. 

Grillo, M.A., Colombatto, S., 2008. Advanced glycation end-products (AGEs): 
involvement in aging and in neurodegenerative diseases. Amino Acids 35 (1), 29–36. 

Guo, X.L., Hu, F., Wang, H., Fang, J.M., Zhu, Z.Ζ, Wei, L.Х, Xu, Q., 2018. Inhibition of 
autophagy in hepatocarcinoma cells promotes chemotherapeutic agent-induced 
apoptosis during nutrient deprivation. Oncol. Rep. 39 (2), 773–783. 

Hall, C.E., Yao, Z., Choi, M., Tyzack, G.E., Serio, A., Luisier, R., Harley, J., Preza, E., 
Arber, C., Crisp, S.J., Watson, P.M.D., Kullmann, D.M., Abramov, A.Y., Wray, S., 
Burley, R., Loh, S.H.Y., Martins, L.M., Stevens, M.M., Luscombe, N.M., Sibley, C.R., 
Lakatos, A., Ule, J., Gandhi, S., Patani, R., 2017. Progressive Motor Neuron 
Pathology and the Role of Astrocytes in a Human Stem Cell Model of VCP-Related 
ALS. Cell Rep. 19 (9), 1739–1749. 

Han, J., Hou, W., Goldstein, L.A., Stolz, D.B., Watkins, S.C., Rabinowich, H., 2014. 
A Complex between Atg7 and Caspase-9. J. Biol. Chem. 289, 6485–6497. 

Hansen, M., Rubinsztein, D.C., Walker, D.W., 2018. Autophagy as a promoter of 
longevity: insights from model organisms. Nat. Rev. Mol. Cell Biol. 19 (9), 579–593. 

Hao, Y., Kacal, M., Ouchida, A.T., Zhang, B., Norberg, E., Vakifahmetoglu-Norberg, H., 
2019. Targetome analysis of chaperone-mediated autophagy in cancer cells. 
Autophagy 15, 1558–1571. 

Hardie, D.G., Ross, F.A., Hawley, S.A., 2012. AMPK: a nutrient and energy sensor that 
maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262. 

Harman, D., 2003. The free radical theory of aging. Antioxid. Redox Signal 5, 557–561. 
Hars, E.S., Qi, H., Ryazanov, A.G., Jin, S., Cai, L., Hu, C., Liu, L.F., 2007. Autophagy 

regulates ageing in C. elegans. Autophagy 3 (2), 93–95. 
He, C., Sumpter Jr., R., Levine, B., 2012. Exercise induces autophagy in peripheral tissues 

and in the brain. Autophagy 8 (10), 1548–1551. 
He, C., Bassik, M.C., Moresi, V., Sun, K., Wei, Y., Zou, Z., An, Z., Loh, J., Fisher, J., 

Sun, Q., Korsmeyer, S., Packer, M., May, H.I., Hill, J.A., Virgin, H.W., Gilpin, C., 
Xiao, G., Bassel-Duby, R., Scherer, P.E., Levine, B., 2012. Exercise-induced BCL2- 
regulated autophagy is required for muscle glucose homeostasis. Nature 481 (7382), 
511–515. 

He, L.Q., Lu, J.H., Yue, Z.Y., 2013. Autophagy in ageing and ageing-associated diseases. 
Acta Pharm. Sin. 34 (5), 605–611. 

Hill, S.E., Colon-Ramos, D.A., 2020. The journey of the synaptic autophagosome: a cell 
biological perspective. Neuron 105, 961–973. 

Ho, T.T., Warr, M.R., Adelman, E.R., Lansinger, O.M., Flach, J., Verovskaya, E.V., 
Figueroa, M.E., Passegue, E., 2017. Autophagy maintains the metabolism and 
function of young and old stem cells. Nature 543, 205–210. 

Hoshino, A., Mita, Y., Okawa, Y., Ariyoshi, M., Iwai-Kanai, E., Ueyama, T., Ikeda, K., 
Ogata, T., Matoba, S., 2013. Cytosolic p53 inhibits Parkin-mediated mitophagy and 
promotes mitochondrial dysfunction in the mouse heart. Nat. Commun. 4, 2308. 

Hou, X., Watzlawik, J.O., Fiesel, F.C., Springer, W., 2020. Autophagy in Parkinson’s 
Disease. J. Mol. Biol. 432 (8), 2651–2672. 

Huang, R.Z., Zheng, J., Liu, F.L., Li, Q.L., Huang, W.H., Zhang, D.M., Wu, Q.C., 2021. 
A novel autophagy-related marker for improved differential diagnosis of rheumatoid 
arthritis and osteoarthritis. Front Genet 12, 743560. 

Jansen, H.J., van Essen, P., Koenen, T., Joosten, L.A., Netea, M.G., Tack, C.J., 
Stienstra, R., 2012. Autophagy activity is up-regulated in adipose tissue of obese 
individuals and modulates proinflammatory cytokine expression. Endocrinology 153 
(12), 5866–5874. 

Jaul, E., Barron, J., 2017. Age-related diseases and clinical and public health implications 
for the 85 years old and over population. Front Public Health 5, 335. 

Ji, Y., Okuno, M.N., Shogren, K.L., Fritchie, K., Okuno, S.H., Yaszemski, M.J., Maran, A., 
2020. Autophagy markers and RNA-dependent protein kinase (PKR) activity in 
osteosarcoma diagnosis and treatment. Ann. Jt. 5, 26. 

Jiang, T., Yu, J.T., Tian, Y., Tan, L., 2013. Epidemiology and etiology of Alzheimer’s 
disease: from genetic to non-genetic factors. Curr. Alzheimer Res 10, 852–867. 

Jiang, X., Overholtzer, M., Thompson, C.B., 2015. Autophagy in cellular metabolism and 
cancer. J. Clin. Invest 125, 7–54. 

Ju, L., Han, J., Zhang, X., Deng, Y., Yan, H., Wang, C., Li, X., Chen, S., Alimujiang, M., 
Li, X., Fang, Q., Yang, Y., Jia, W., 2019. Obesity-associated inflammation triggers an 
autophagy-lysosomal response in adipocytes and causes degradation of perilipin 1. 
Cell Death Dis. 10 (2), 121. 

Junnila, R.K., List, E.O., Berryman, D.E., Murrey, J.W., Kopchick, J.J., 2013. The gh/igf-1 
axis in ageing and longevity. Nat. Rev. Endocrinol. 9, 366–376. 

Kamel, H.K., Mooradian, A.D., Mir, T., 2015. Biological theories of aging. Dis. -a-Mon. 
61, 460–466. 

Karch, J., Schips, T.G., Maliken, B.D., Brody, M.J., Sargent, M.A., Kanisicak, O., 
Molkentin, J.D., 2017. Autophagic cell death is dependent on lysosomal membrane 
permeability through Bax and Bak. Elife 6, e30543. 

Kauffman, E.C., Ricketts, C.J., Rais-Bahrami, S., Yang, Y., Merino, M.J., Bottaro, D.P., 
Srinivasan, R., Linehan, W.M., 2014. Molecular genetics and cellular features of 
TFE3 and TFEB fusion kidney cancers. Nat. Rev. Urol. 11 (8), 465–475. 

Kaushik, S., Tasset, I., Arias, E., Pampliega, O., Wong, E., Martinez-Vicente, M., 
Cuervo, A.M., 2021. Autophagy and the hallmarks of aging. Ageing Res Rev. 72, 
101468. 

Kaushik, S., Bandyopadhyay, U., Sridhar, S., Kiffin, R., Martinez-Vicente, M., Kon, M., 
Orenstein, S.J., Wong, E., Cuervo, A.M., 2011. Chaperone-mediated autophagy at a 
glance. J. Cell Sci. 124 (Pt 4), 495–499. 

Kim, J., Kundu, M., Viollet, B., Guan, K.L., 2011. AMPK and mTOR regulate autophagy 
through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141. 

Kim, J., Kang, H., Son, B., Kim, M.J., Kang, J., Park, K.H., Jeon, J., Jo, S., Kim, H.Y., 
Youn, H., Youn, B., 2022. NRBF2-mediated autophagy contributes to metabolite 
replenishment and radioresistance in glioblastoma. Exp. Mol. Med 54 (11), 
1872–1885. 

Kim, K.A., Shin, D., Kim, J.H., Shin, Y.J., Rajanikant, G.K., Majid, A., Baek, S.H., Bae, O. 
N., 2018. Role of Autophagy in Endothelial Damage and Blood-Brain Barrier 
Disruption in Ischemic Stroke. Stroke 49 (6), 1571–1579. 

Kim, K.H., Lee, M.S., 2014. Autophagy–a key player in cellular and body metabolism. 
Nat. Rev. Endocrinol. 10 (6), 322–337. 

Kim, K.H., Jeong, Y.T., Oh, H., Kim, S.H., Cho, J.M., Kim, Y.N., Kim, S.S., Kim, D.H., 
Hur, K.Y., Kim, H.K., Ko, T., Han, J., Kim, H.L., Kim, J., Back, S.H., Komatsu, M., 
Chen, H., Chan, D.C., Konishi, M., Itoh, N., Choi, C.S., Lee, M.S., 2013. Autophagy 
deficiency leads to protection from obesity and insulin resistance by inducing Fgf21 
as a mitokine. Nat. Med 19 (1), 83–92. 

Kim, S.H., Kim, G., Han, D.H., Lee, M., Kim, I., Kim, B., Kim, K.H., Song, Y.M., Yoo, J.E., 
Wang, H.J., Bae, S.H., Lee, Y.H., Lee, B.W., Kang, E.S., Cha, B.S., Lee, M.S., 2017. 
Ezetimibe ameliorates steatohepatitis via AMP activated protein kinase-TFEB- 
mediated activation of autophagy and NLRP3 inflammasome inhibition. Autophagy 
13 (10), 1767–1781. 

Kitada, M., Ogura, Y., Koya, D., 2016. The protective role of Sirt1 in vascular tissue: its 
relationship to vascular aging and atherosclerosis. Aging (Albany NY) 8, 2290–2307. 

Klionsky, D.J., Petroni, G., Amaravadi, R.K., Baehrecke, E.H., Ballabio, A., Boya, P., 
Bravo-San Pedro, J.M., Cadwell, K., Cecconi, F., Choi, A.M.K., Choi, M.E., Chu, C.T., 
Codogno, P., Colombo, M.I., Cuervo, A.M., Deretic, V., Dikic, I., Elazar, Z., 
Eskelinen, E.L., Fimia, G.M., Gewirtz, D.A., Green, D.R., Hansen, M., Jäättelä, M., 
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Staats, K.A., Hernandez, S., Schönefeldt, S., Bento-Abreu, A., Dooley, J., Van Damme, P., 
Liston, A., Robberecht, W., Van Den Bosch, L., 2013. Rapamycin increases survival in 
ALS mice lacking mature lymphocytes. Mol. Neurodegener. 8, 31. 

Sun, Y., Zhu, Y., Zhong, X., Chen, X., Wang, J., Ying, G., 2019. Crosstalk Between 
Autophagy and Cerebral Ischemia. Front Neurosci. 12, 1022. 

Tai, H., Wang, Z., Gong, H., Han, X., Zhou, J., Wang, X., Wei, X., Ding, Y., Huang, N., 
Qin, J., Zhang, J., Wang, S., Gao, F., Chrzanowska-Lightowlers, Z.M., Xiang, R., 
Xiao, H., 2017. Autophagy impairment with lysosomal and mitochondrial 
dysfunction is an important characteristic of oxidative stress-induced senescence. 
Autophagy 13, 99–113. 

Taji, F., Kouchesfahani, H.M., Sheikholeslami, F., Romani, B., Baesi, K., Vahabpour, R., 
Edalati, M., Teimoori-Toolabi, L., Jazaeri, E.O., Abdoli, A., 2017. Autophagy 
induction reduces telomerase activity in HeLa cells. Mech. Ageing Dev. 163, 40–45. 

Tan, A., Prasad, R., Lee, C., Jho, E.H., 2022. Past, present, and future perspectives of 
transcription factor EB (TFEB): mechanisms of regulation and association with 
disease. Cell Death Differ. 29 (8), 1433–1449. 

C. Miceli et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref168
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref169
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref169
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref169
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref169
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref170
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref170
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref170
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref170
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref170
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref171
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref171
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref171
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref172
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref172
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref172
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref173
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref173
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref174
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref174
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref174
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref175
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref175
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref175
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref176
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref176
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref176
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref177
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref177
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref177
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref178
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref178
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref179
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref179
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref180
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref180
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref180
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref180
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref180
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref181
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref181
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref181
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref182
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref182
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref182
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref182
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref183
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref183
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref183
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref183
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref184
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref184
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref184
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref185
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref185
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref185
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref186
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref186
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref186
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref187
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref187
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref187
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref188
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref188
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref188
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref188
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref188
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref189
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref189
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref189
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref190
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref190
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref190
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref191
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref191
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref192
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref192
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref192
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref193
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref193
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref193
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref194
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref194
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref194
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref195
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref195
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref195
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref195
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref196
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref196
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref196
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref196
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref197
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref197
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref197
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref198
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref198
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref199
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref199
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref199
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref200
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref200
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref200
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref200
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref201
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref201
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref201
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref201
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref201
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref202
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref202
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref202
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref203
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref203
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref203
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref203
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref204
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref204
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref205
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref205
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref205
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref205
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref205
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref205
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref206
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref206
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref206
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref207
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref207
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref207
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref207
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref208
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref208
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref208
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref208
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref209
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref209
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref210
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref210
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref210
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref210
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref211
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref211
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref211
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref212
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref212
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref213
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref213
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref213
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref214
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref214
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref215
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref215
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref215
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref215
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref215
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref216
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref216
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref216
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref217
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref217
http://refhub.elsevier.com/S1568-1637(23)00126-5/sbref217


Ageing Research Reviews 89 (2023) 101967

18

Tanaka, M., Machida, Y., Niu, S., Ikeda, T., Jana, N.R., Doi, H., Kurosawa, M., 
Nekooki, M., Nukina, N., 2004. Trehalose alleviates polyglutamine-mediated 
pathology in a mouse model of Huntington disease. Nat. Med 10 (2), 148–154. 

Tanaka, S., Hikita, H., Tatsumi, T., Sakamori, R., Nozaki, Y., Sakane, S., Shiode, Y., 
Nakabori, T., Saito, Y., Hiramatsu, N., Tabata, K., Kawabata, T., Hamasaki, M., 
Eguchi, H., Nagano, H., Yoshimori, T., Takehara, T., 2016. Rubicon inhibits 
autophagy and accelerates hepatocyte apoptosis and lipid accumulation in 
nonalcoholic fatty liver disease in mice. Hepatology 64 (6), 1994–2014. 

Taneike, M., Yamaguchi, O., Nakai, A., Hikoso, S., Takeda, T., Mizote, I., Oka, T., 
Tamai, T., Oyabu, J., Murakawa, T., Nishida, K., Shimizu, T., Hori, M., Komuro, I., 
Takuji Shirasawa, T.S., Mizushima, N., Otsu, K., 2010. Inhibition of autophagy in the 
heart induces age-related cardiomyopathy. Autophagy 6 (5), 600–606. 

Tang, M., Jiang, Y., Jia, H., Patpur, B.K., Yang, B., Li, J., Yang, C., 2020. Osteopontin acts 
as a negative regulator of autophagy accelerating lipid accumulation during the 
development of nonalcoholic fatty liver disease. Artif. Cells Nanomed. Biotechnol. 48 
(1), 159–168. 

Tang, W.K., Xia, D., 2016. Mutations in the human AAA (+) chaperone p97 and related 
diseases. Front Mol. Biosci. 3, 79. 

Towers, C.G., Thorburn, A., 2016. Therapeutic targeting of autophagy. EBioMedicine 14, 
15–23. 

Trifunovic, A., Wredenberg, A., Falkenberg, M., Spelbrink, J.N., Rovio, A.T., Bruder, C.E., 
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