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MFF mitochondrial fission factor
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mtDNA mitochondrial DNA

mTOR mammalian target of rapamycin

mTORC1 mTOR complex 1

NAD"* nicotinamide adenine dinucleotide
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NIP3 (also known as BNIP3)
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NRF2 nuclear factor erythroid 2 like 2

OA osteoarthritis

OMM outer mitochondrial membrane
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pdr-1 Parkinson’s disease related-1

PGC-lalpha peroxisome proliferator-activated receptor gamma coactivator 1o
PINK1 Phosphatase and Tensin homolog (PTEN)-induced kinase 1
PRKCD protein kinase c delta

PTEN Phosphatase and Tensin homolog

PUEF-8 PUF (Pumilio/FBF) domain-containing protein 8
PUM2 Pumilio RNA binding family member 2

RHEB RAS homolog enriched in brain

ROS reactive oxygen species

SA-3-gal senescence-associated beta-galactosidase

SKN-1 SKiNhead-1

SQSTM1 Sequestosome 1

SRC sarcoma proto-oncogene, non receptor tyrosine kinase
TANK TRAF family member associated NFKB activator
TAX1BP1 Tax1-binding protein 1

TBK1 TANK-binding kinase 1

ULK1 unc-51 like autophagy activating kinase 1
UPRmt mitochondrial unfolded protein response

YY1 Yin yang 1

Introduction

Aging is defined as the inevitable and irreversible process that leads to a decline in bio-
logical function and, ultimately, to death. The hallmarks of aging have been identified by
many studies and include mitochondrial dysfunction, cellular senescence, telomere attrition,
genomic instability, epigenetic alterations, loss of proteostasis, stem cell exhaustion, changes
in intercellular communication and deregulation in nutrient sensing [1]. Aging is the pri-
mary risk factor for many diseases, such as neurodegeneration, cardiovascular disorders,
obesity, and cancer. As life expectancy increases, so does the risk of age-related diseases.
Thus, current research is concentrated on the field of healthy aging, exploring possible ways
to extend healthspan alongside lifespan and maintain a higher quality of life at older ages.
Since mitochondrial dysfunction is one of the hallmarks of aging, many researchers have
been focusing on the crucial role of proper mitochondrial function and homeostasis and its
importance in organismal fitness and the prevention of age-related diseases [1,2].

Mitochondria are energy producing organelles that constantly undergo fusion and fission,
resulting in the formation of dynamic and morphologically distinct networks [3]. These two
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processes regulate not only the shape of the organelles, but also their ability to perform vari-
ous functions, such as cellular respiration, Ca>* signaling, preservation of mitochondrial
DNA (mtDNA), and regulation of apoptosis [3]. Dysfunctional or superfluous mitochondria
are removed through a selective type of autophagy, defined as mitophagy. By controlling
mitochondrial turnover under basal conditions and adjusting the population of mitochon-
dria according to the metabolic demands of the cell, mitophagy performs a largely house-
keeping role. However, under stress conditions, mitophagy is induced for the selective
removal of damaged or dysfunctional organelles, which helps maintain a healthy and
functional mitochondrial population. Although there are certain differences in the molecular
pathways of mitophagy across different species, the key mitophagy modulators are
functionally conserved (Table 12.1) [4]. Nevertheless, mitophagy alone cannot maintain
mitochondrial homeostasis. It is rather the proper coordination between mitophagy and
mitochondrial biogenesis that is crucial for cellular health and proper function [5].
Conclusively, it has been established by many studies, in various model organisms, that
impaired mitophagy and accumulation of dysfunctional mitochondria occur during aging
and can contribute to accelerated aging, progeria, or neurodegeneration [1].

Despite this massive research, how exactly mitochondrial dysfunction, decline in mito-
phagy, and other mitochondrial quality control mechanisms contribute to aging and the
pathophysiology of age-related disorders remains unknown. Interestingly, accumulating
evidence suggests that induction of autophagy, and specifically selective autophagy, such
as mitophagy, can delay the aging process and alleviate symptoms in certain age-
associated diseases, such as neurodegeneration [6]. Collectively, although it is still unclear
to what extent mitochondrial function and mitophagy affect aging, accumulating findings
suggest that targeting molecular pathways of mitophagy may be a potential therapeutic
intervention to maintain healthy aging and prevent the organismal health decline that can
lead to disease.

TABLE 12.1 Key mediators of mitophagy pathways across species.
Organisms

Drosophila Caenorhabditis  Danio Saccharomyces
Homo sapiens Mus musculus melanogaster elegans rerio cerevisiae
PINK1 PINK1 Pink1 PINK1 Pink1 -
PARK2 PARK2 Park PDR-1 Park2 —
- - - - - ATG32
GABARAP/LC3 GABARAP/LC3 Atg8a LGG-1/LGG-2 ATGS
BNIP3, NIX/ BNIP3, NIX/ - DCT-1 Dct-1 -
BNIP3L BNIP3L
FUNDC-1 FUNDC-1 - FUNDC-1 Fundc-1 CG5676
PRKCD PRKCD - TPA-1 Prkeda/ PKC1

Prkedb

GAK GAK Auxilin GAKH-1 - -
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Here, we briefly review the mechanisms of mitophagy in different organisms under
basal and stress conditions. Then, we discuss how mitophagy is altered during aging and
how this contributes to accelerated aging, progeroid disorders, and age-related diseases.
Finally, we discuss the different pathways and compounds that can induce mitophagy to
promote healthy aging.

The molecular pathways of mitophagy

Mitophagy can occur through distinct signaling pathways, depending on the type of sti-
muli and the cellular context: basal conditions, developmental changes, and stress-related
circumstances [7]. The process is probably initiated by the dynamin-related protein 1
(Drpl)-mediated fission of dysfunctional mitochondria, assisted by the degradation of the
membrane anchored guanosine triphosphate hydrolases (GTPases): mitofusin (MFN) 1
and 2 [8]. MFN1 and MFN2 are normally responsible for mitochondrial fusion, along with
the inner mitochondrial membrane (IMM) protein optic atrophy 1 (OPA1) [8].

The phosphatase and tensin homolog-induced putative kinase 1/Parkin pathway

The most well investigated pathway of mitophagy is mediated by Phosphatase and
Tensin homolog (PTEN)-induced putative kinase protein 1 (PINK1) and Parkin. PINK1 is a
kinase composed of three domains: an N-terminal domain, necessary for its localization to
the outer mitochondrial membrane (OMM), a kinase domain and a cytosolic C-terminal
domain [9]. PINK1 is found both in the cytosol and integrated in the membrane of the mito-
chondria [9]. PINK1 is constantly and rapidly degraded, but upon mitochondrial depolariza-
tion, it accumulates on the OMM of dysfunctional mitochondria [10]. Subsequently, PINK1
recruits and phosphorylates the cytosolic E3 ubiquitin ligase Parkin [10]. This leads to a con-
tinuous Parkin-mediated ubiquitination and PINK1-mediated phosphorylation of OMM pro-
teins [11]. These polyubiquitin chains will be recognized by autophagy receptors such as p62,
optineurin, a neighbor of the BRCA1 gene 1 (NBR1), and Tax-1 binding protein 1 (TAX1BP1).
Autophagy receptors then interact with the microtubule-associated proteins 1A/1B light
chain 3 (LC3) and the GABAA receptor-associated protein (GABARAP) on the membrane of
autophagosomes for transport of cargo and delivery to the lysosomes for degradation [2,12].
The PINK1/Parkin pathway is implicated in various mitochondrial processes, such as fission,
fusion, and trafficking to efficiently remove dysfunctional mitochondria.

Receptor-mediated mitophagy

Mitophagy constantly occurs in an organism at a basal level and is upregulated under
stress conditions. Basal mitophagy is probably a homeostatic mechanism to maintain mito-
chondrial mass [11] and is mainly PINK1/Parkin-independent, as many studies in mice and
Drosophila [11,13] have strongly suggested. Drosophila null mutants for PINK1 or Parkin
show a high number of formed mitolysosomes in neuromuscular tissues [11], while PINK1
knock out mice display the same levels of mitophagy as wild type animals [13]. In mam-
mals, the PINK1/Parkin-independent pathway of mitophagy is mediated by the interaction
of LC3 with different receptors, such as FUN14 domain containing 1 (FUNDC1) and homol-
ogous members of the BCL2/adenovirus E1B 19 kDa protein-interacting protein (BNIP)
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family: BNIP3 and BNIP3L/NIX, through their LC3 interacting region (LIR) muotifs [2]. In
yeast, the autophagy-related 32 (Atg32) mitophagy receptor, which shows common features
with NIX, recruits and interacts with Atg8 and/or Atgll through their LIR motifs to initiate
mitophagy under stress conditions, such as nitrogen starvation [14,15]. This binding substi-
tutes the ubiquitination step that is required for the PINK1/Parkin pathway. Specifically,
Atg32 is phosphorylated by the serine and/or threonine casein kinase-2 (CK2), which pro-
motes the interaction of Atg32 with Atg8 and Atgl1, for mitophagy to occur [16].

Under basal conditions, BH3-only protein-induced mitophagy is mainly taking place. For
example, NIX-mediated mitophagy is required for the maturation of the mammalian ery-
throid cells [17]. NIX gets upregulated and disturbs the membrane potential of red blood
cells during their terminal differentiation process [17]. Defective NIX-mediated mitophagy
in red blood cells results in increased activation of caspases, display of phosphatidylserine,
and clearance of erythroid cells by macrophages [17]. BNIP3-mediated mitophagy is initi-
ated by inhibition of cytochrome c release from the mitochondria and phosphorylation of
the serine resides in its LIR motif to interact with LC3, to allow autophagosomal engulfment
of the mitochondria [18]. NIX/BNIP3L is a receptor with a WXXL like motif facing the cyto-
sol, which can interact with the autophagy proteins LC3/GABARAP to partially initiate
mitophagy [15]. A recent study also identified two novel mediators of the PINK1/Parkin-
independent mitophagy that occurs under basal conditions [19]. Specifically, the cyclin
G-associated kinase (GAK) and the protein kinase c delta (PRKCD) are shown to induce
mitophagy both in vitro and in vivo, since inhibition of the GAK orthologue, gakh-1, in
Caenorhabditis elegans and the PRKCD paralogue in zebrafish significantly reduces the basal
levels of mitophagy [19].

On the other hand, hypoxia-induced mitophagy is mediated either by FUNDC1 or
BNIP3/NIX. Under normal conditions, the activity of the OMM FUNDC1 is blocked by
phosphorylation at Tyr18 in its LIR motif by Src tyrosine kinase [4]. However, under hyp-
oxia, FUNDCI is dephosphorylated to colocalize and bind with LC3 for mitophagy to be
activated [4]. In contrast, studies in C. elegans and zebrafish demonstrate that dct-1
(DAF-16/FOXO Controlled, germline Tumor affecting 1) and bnip3, respectively, are
required for hypoxia-induced mitophagy [7,20]. Additionally, treatment of HeLa cells with
the hypoxia mimic CoCl, causes ubiquitination of OMM proteins and subsequent mito-
chondrial fragmentation that leads to BNIP3/NIX-mediated mitophagy [21]. Interestingly,
although the damaged mitochondria were highly ubiquitinated in this study, stabilization
of both BNIP3 and NIX and autophagosomal engulfment of the mitochondria did not rely
on ubiquitin binding autophagy adapters [21]. This further confirms the finding that the
binding between a mitochondrial receptor and LC3 during receptor-mediated mitophagy
does not require ubiquitination.

Alterations in mitophagy during aging and age-related diseases
Alterations in mitophagy during aging
Deterioration of mitochondrial function is one of the main hallmarks of eukaryotic

aging [22]. This phenomenon can be primarily attributed to the accumulation of damage
from reactive oxygen species (ROS) that escape neutralization via the various antioxidant
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mechanisms of the cell (such as scavenger enzymes) and is exacerbated as the respiratory
chain complexes themselves start to malfunction. This decline is accompanied by drastic
alterations in mitochondrial morphology, as the organelles increase in size while decreas-
ing in number. The normal structure of the mitochondrial cristae is also disrupted [23].
The production of energy in the form of adenosine triphosphate (ATP) is disrupted, and
various other metabolic and signaling processes that are associated with these organelles
become deregulated [24,25]. In addition, mtDNA is damaged, and mutations in mtDNA
accumulate [24]. This gradual deterioration becomes especially strong in postmitotic cells,
such as neurons and cardiomyocytes [25,26]. All of these deviations from healthy mito-
chondrial function can obviously be quite disruptive for a cell on their own; however, their
significance is even greater when one considers that they can affect the emergence of other
aging-related phenotypes, triggering a cascade of decline [24]. Indeed, there is evidence
that mitochondrial dysfunction can accelerate telomere shortening, induce changes in
DNA methylation and chromatin structure, and even trigger an inflammatory response at
the intercellular level [24].

Beyond this decline in the function of mitochondria themselves, research has indicated
that there is also a direct correlation between aging and the malfunction of mechanisms
that are responsible for the maintenance of healthy mitochondria, such as mitophagy. This
means that the accumulation of damage and defects becomes increasingly easier and faster
[27]. Notably, there is a lot of evidence suggesting that mitophagy is disrupted in various
tissues and organisms [28]. For instance, Sun et al. [29] demonstrated that mitophagy
levels can be reduced by up to 70% in the Dentate Gyrus regions of old mice. Work by
others has linked age-related sarcopenia in mice and humans to the impairment of mito-
phagy in tissue samples [30—32] and specifically in muscle satellite stem cells [33].
Research in the hearts of mice has revealed a decrease in mitochondrial degradation with
age [34] and an accumulation of dysfunctional mitochondria due to the disruption of mito-
chondrial fission and mitophagic turnover in aging animals [35,36]. Mitophagy also
appears to be impaired in samples from old human patients with heart failure [37].
Mitochondrial function and clearance via mitophagy are also negatively impacted during
aging in mouse cerebral vasculature, which can possibly also disrupt the blood-brain bar-
rier [38]. Furthermore, mitophagy is reduced in aging macrophages, with potential conse-
quences in excessive induction of inflammation [39]. Work in our lab has shown a gradual
accumulation of mitochondria during aging in C. elegans, which was also linked to an age-
related decrease in mitophagy [5]. It is worth mentioning that in addition to direct inhibi-
tion of mitophagic pathways, mitophagic clearance can also be impeded due to alterations
in mitochondrial dynamics, and specifically the inhibition of mitochondrial fission that
allows damage to be isolated and permits effective turnover [40].

Alterations in mitophagy of age-related diseases

Beyond its involvement in healthy aging, mitophagy is also associated with a multitude
of age-related diseases, be it progeroid disorders that lead to premature and accelerated
aging or diseases whose emergence and severity of symptoms are tightly correlated with
the age of the patient, such as neurodegeneration (Fig. 12.1), cancer, cardiovascular dis-
eases, and degenerative joint diseases.
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FIGURE 12.1 Role of mitochondrial alterations and mitophagy in a generalized model of neurodegenerative
diseases. Mutations that directly target mitochondrial components or produce aggregation prone proteins that
can directly interact with mitochondrial components may lead to dysfunctional mitochondria. Mutations

that inhibit mitophagy prevent the removal of these dysfunctional organelles, allowing them to accumulate and
eventually disrupt neuronal function enough to cause degeneration.

Neurodegeneration

Werner syndrome, a progeroid disease characterized by severe dysregulation of energy
metabolism, impaired mitophagy due to nicotinamide adenine dinucleotide (NAD™) insuf-
ficiency was demonstrated to be a significant constituent of the phenotype and a potential
therapeutic target [41]. Similar observations have been made in the cases of other proger-
oid disorders such as ataxia telangiectasia [42], xeroderma pigmentosum group A [43,44],
and Cockayne syndrome group B [45].

Alzheimer’s disease (AD) is the most common neurodegenerative disease in humans. It
is characterized by the loss of cholinergic neurons in the brain, particularly in the hippo-
campus, leading to memory defects and eventually major cognitive decline [46]. There is
ample evidence linking AD with mitochondrial dysfunction, both in patients and in ani-
mal models [40,47]. Experiments give contradictory evidence on whether mitophagy is
induced or inhibited in postmortem samples from AD patients and in models of the dis-
ease [48,49]. However, it seems that external induction of mitophagy in animal models can
ameliorate some of the pathology [49].

Parkinson’s disease (PD) is the second most common neurological disease and involves
the loss of dopaminergic neurons in the substantia nigra of patients, leading to dramatic
motor defects such as tremors, bradykinesia, and change of gait [50]. The disease is tightly
connected with mitochondrial dysfunction, as patients and animal models commonly
exhibit defects in the respiratory chain, mtDNA alterations (deletions and decreases in
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copy number), or altered Ca®>" sequestration [51]. Mitochondrial genes are directly con-
nected to the emergence of familial forms of PD with the mitophagy initiators PINK1 and
Parkin being the most prominent culprits [40]. Interestingly, induction of mitophagy
through overexpression of these genes can have a protective effect and reduce PD-
associated symptoms [52].

Huntington’s disease (HD) is a hereditary neurodegenerative disease caused by a muta-
tion in the gene of huntingtin (HTT), resulting in abnormal extension of the polyglutamine
track in the N-terminal region of the htt gene. This renders the gene product pathogenic and
aggregation prone. As a result, polyglutamine-expanded huntingtin accumulates inside
cells, forming toxic oligomeric species and aggregates, and eventually causes cell death, par-
ticularly in neurons [53]. Several publications have connected HD with the deregulation of
autophagy and particularly autophagic cargo recognition/loading. Autophagy impairment
especially affects lipid droplets and mitochondria with the latter exhibiting a higher inci-
dence of depolarization [53]. Evidence suggests that huntingtin acts as scaffold for selective
autophagy through its interaction with the critical factors p62/SQSTM1 and Unc-51 like
autophagy activating kinase (ULK1) [54]. This seems to be the same for mitophagy as well,
as recent work demonstrates that mutant HTT can disrupt the initiation of the mitophagic
process and the recruitment of mitophagy receptors to damaged organelles [55].

Mitophagy-related genes have been shown to exhibit abnormal regulation in cancer
patients, although their role can range greatly from tumor promoting to tumor suppres-
sing depending on the context and type of cancer [56]. A common phenomenon in cancer
cells is the Warburg effect, a shift of ATP production from oxidative phosphorylation to
glycolysis even under aerobic conditions. There is evidence that mitophagy can either pro-
mote or inhibit this effect, depending on the circumstances [56,57]. Mitophagy has also
been associated with the maintenance of cancer stem cell stemness through its effects on
mitochondria-associated signaling [58,59]. Finally, mitophagy appears to be important in
preventing the release of mitochondrial components into the extracellular space where
they can act as damage-associated molecular patterns (DAMPs or alarmins), triggering
inflammation, which can have a significant tumor promoting effect [60].

Intervertebral disk degeneration (IVDD) and osteoarthritis (OA) are prevalent age-
related degenerative joint diseases. They involve the degradation of cartilaginous tissue
[61]. Mitochondrial dysfunction and mitophagy deregulation in the cells that produce and
regulate the components of the cartilaginous extracellular matrix contribute to this pathol-
ogy and represent potential targets for therapeutic intervention [62,63].

The antiaging role of mitophagy

During the past few years, the role of mitophagy in aging has been studied in depth, and
it has been established that mitophagy is a prolongevity process (Fig. 12.2). In C. elegans,
DCT-1 is the major protein that regulates mitophagy independently of the stimuli of induc-
tion. This was verified by the fact that deletion of dct-1 in wild type worms impairs mito-
phagy and results in the same phenotype as that of old worms that are characterized by
mitochondrial accumulation [5]. Moreover, coordination between mitophagy and mitochon-
drial biogenesis can antagonize aging, as DCT-1 is regulated by the transcription factors
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FIGURE 12.2 Mitochondrial homeostasis is required for healthy aging. The balance between mitochondrial
fission and fusion is important for lifespan regulation and for coordination between mitochondrial biogenesis and
mitophagy, while the accumulation of dysfunctional mitochondria is associated with aging and age-related dis-
eases. mtDNA heteroplasmy, which exists in healthy aging, can also contribute to aging when induced. Several
compounds, such as urolithin A, tomatidine, and iron chelators, and several lifestyle choices, such as regular exer-
cise and calorie restriction, can promote healthspan and lifespan through induction of mitophagy.

SKN-1 (SKiNhead-1) and DAF-16, the respective homologs of the mammalian nuclear factor
erythroid 2 like 2 (NRF2) and forkhead box O (FOXO) [5]. In contrast, mitochondrial fission
is mainly thought as a pro aging process, but it is a prerequisite for mitophagy. Indeed,
deletion of the fission gene drp-1 reduces lifespan [64]. Unexpectedly, simultaneous deletion
of fission and fusion genes in C. elegans, drp-1 and fzo-1, extends lifespan, highlighting the
importance of homeostasis of the mitochondrial network in the regulation of lifespan [64].
Finally, an RNA-binding protein, Pum2, and its orthologue in C. elegans, PUF-8, have been
shown to accelerate aging, by directly affecting mitophagy and mitochondrial dynamics.
Pum?2/PUF-8 binds to the RNA of the OMM protein, mitochondrial fission factor (MFF/
MFF-1), and inhibits its translation. Knockout of Pum?2 in aged mice enhances BNIP3-
mediated mitophagy and improves myoblast respiration [65]. Moreover, puf-§ RNAi reverts
the aging phenotype of old worms and upregulates the mitophagy genes dct-1 and pink-1 in
an MFF-1-dependent manner [65]. Finally, Parkin overexpression in cardiomyocytes of aged
mice resulted in a reduction of dysfunctional mitochondria and also of aging biomarkers,
such as SA-B-gal activity [36].

Mitochondrial DNA damage is one of the hallmarks of aging, and accumulation of par-
tial deletions of mtDNA (AmtDNAs) is observed in age-related diseases, such as neurode-
generation. Animal models that express proofreading deficient mitochondrial DNA
polymerase exhibit reduced lifespan and accelerated emergence of aging phenotypes [66].
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Generation of heteroplasmic Drosophila that contained a mixture of wild type and mutant
mtDNA revealed that the selection against mitochondria that contained the mutant
mtDNA was female germline specific and involved the mitophagy proteins Atgl and
BNIP3 [67]. Additionally, a heteroplasmy of mtDNA mutations exists between different
tissues, and this is probably maintained through a specific mechanism, rather than a ran-
dom process. A recent study in C. elegans demonstrated that PINK1 and the Parkin homo-
log, PDR-1, are indispensable to maintain different levels of heteroplasmy of a deleterious
mitochondrial genome mutation (AmtDNA) across various tissues [68]. AmtDNA tends to
accumulate more in cells that have a lower response to mitophagy, which results in body
wall muscle cells having higher AmtDNA abundance than other tissues. Knockdown of
pdr-1 and pink-1 seems to equalize AmtDNA heteroplasmy across the whole organism
[68].

Compounds that act as mitophagy modulators

Several natural compounds are shown to extend lifespan by the induction of mito-
phagy. Treatment of C. elegans and mice with the food metabolite, urolithin A, significantly
extended lifespan and improved muscle function through the activation of autophagy and
mitophagy genes [69]. Interestingly, urolithin A had a different effect on the mitochondrial
content of young versus old worms, upregulating mitophagy and biogenesis, respectively
[69]. This result supports the notion that the coordination between mitophagy and mito-
chondrial biogenesis is dynamic and is altered depending on the current needs of the cell.
Moreover, a clinical trial revealed that oral administration of urolithin A in humans upre-
gulated fatty acid oxidation and transcription of mitochondrial genes, improving overall
muscle mitochondrial health [70]. Another compound that has been demonstrated to
extend lifespan is the aglycone of alpha-tomatine that is found in unripe tomatoes, tomati-
dine. Tomatidine treatment in C. elegans improved pharyngeal pumping and swimming,
which decrease with age, while inhibited sarcopenia [71]. Tomatidine maintained cellular
function by enhancing PINK-1/DCT-1-mediated mitophagy both in vitro and in vivo,
probably through stress response pathways, such as the NRF2/SKN-1 pathway and acti-
vation of the mitochondrial unfolded protein response (UPRmt) [71].

Another natural compound, which normally exists in all eukaryotic cells and is known
to exhibit longevity effects across many species, such as yeast, C. elegans, flies, and mice, is
spermidine [72]. These studies have proposed that spermidine promotes longevity through
autophagy induction, since inhibition of autophagy completely suppresses the lifespan
promoting effects of supplementation with spermidine [72]. Moreover, experiments on AD
nematode models clearly showed that spermidine extended lifespan and alleviated AD-
associated phenotypes, such as memory impairment and locomotion, through the induc-
tion of PINK-1 and PDR-1, the main mitophagy mediators [73]. Thus, spermidine can also
be used for healthspan and lifespan extension through mitophagy induction.

NAD™ is a crucial cofactor involved in most cellular pathways, such as cellular senes-
cence and metabolism, that gradually decreases with aging and age-related diseases,
ranging from diabetes to cancer [74]. Accordingly, supplementation with the NAD™ pre-
cursors nicotinamide mononucleotide (NMN) or nicotinamide ribose (NR) can have ben-
eficial effects on both healthspan and lifespan [74]. For example, NR supplementation
alleviated both memory and learning impairment in C. elegans models of AD, through
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PINK-1/PDR-1-mediated mitophagy induction [49]. The notion that NAD" promotes
healthspan and lifespan through mitophagy was verified by a study that showed that
downregulation of PINK-1, DCT-1 or PDR-1, the major mitophagy mediators in C. ele-
gans, completely abolished its beneficial effects [42]. Finally, experiments in mice have
demonstrated that NR supplementation extends both healthspan and lifespan by induc-
ing the UPRmt and the synthesis of prohibitins [75]. Conclusively, dietary supplementa-
tion with either spermidine or NAD precursors can display an antiaging role.

Lastly, rapamycin is a well known autophagy inducing chemical compound, which can
inhibit the mammalian target of rapamycin (mTOR) pathway and extend lifespan.
However, rapamycin has a hormetic effect, as it can demonstrate the opposite effect in high-
er doses, so it should be administered only in low doses [76]. Indeed, a recent study showed
that low doses of rapamycin in WRL-68 cells for 24 hours can induce dephosphorylation of
mTOR in Ser 2448 and lead to its inactivation. Moreover, rapamycin can promote mitochon-
drial biogenesis, through the elevation of peroxisome proliferator-activated receptor gamma
coactivator 1oe (PGC-la) and Yin yang 1 (YY1) [76]. Furthermore, rapamycin induced
PINK1 /Parkin-mediated mitophagy and upregulated BECN1, which encodes the autopha-
gic protein Beclin-1. This, in coordination with enhanced mitochondrial biogenesis,
increased the mitochondrial density of the cells, leading to an antiaging effect [76].

Calorie restriction and exercise promote longevity

Many studies claim that exercise, calorie restriction (CR), and intermittent fasting (IF),
namely fasting for 12—16 hours and eating only the rest of the hours during the day, extend
both healthspan and lifespan. Starvation or CR is known to promote autophagy, which is
negatively and positively regulated by the function of the mTOR and AMP-activated protein
kinase (AMPK), respectively [27]. Studies show that glucose deprivation activates Ulk1l
through AMPK-dependent phosphorylation at Ser 317 and Ser 777, while inhibiting mTOR
complex 1 (mTORC1) activity [77]. However, mTORC1 can disrupt the interaction between
AMPK and Ulkl by directly phosphorylating Ulkl at Ser 757 to block initiation of autop-
hagy when not required by the cellular nutritional status [77]. In addition, during hypoxia,
mTOR can be indirectly inactivated by receptor-mediated mitophagy, when BNIP3 directly
interacts with its upstream activator, Ras homolog enriched in brain (Rheb) [78]. Ulkl can
also negatively regulate autophagy by phosphorylating AMPK to block its activity, resulting
in a negative feedback loop [79]. Moreover, AMPK induced mitophagy in mouse flexor digi-
torum brevis (FDB) skeletal muscles during the recovery period after six hours of exercise.
Immediately after exercise training, AMPK phosphorylated Ulkl at Ser 555, whereas Drpl
was hyperphosphorylated in an AMPK-independent manner, probably to initiate mitochon-
drial fission required for mitophagy [80].

Indeed, a recent study verified that induction of mitophagy in skeletal muscle cells
acutely activates AMPK-dependent phosphorylation of another kinase, Tank-binding
kinase 1 (TBK1), and that the AMPK signaling is required for mitochondrial fission and
PINK1/Parkin-mediated mitophagy [81]. In the zebrafish skeletal muscle, fasting causes
an increase in the mitophagy index, enlargement of mitolysosomes, and the new produc-
tion of small mitolysosomes, probably generated by fission [7]. Additionally, mitophagy
seemed to occur via a piecemeal mechanism by utilizing LC3" organelles, probably for
the adaptation and maintenance of the mitochondrial network [7]. Weir et al. [64]

Mitophagy in Health and Disease



238 12. The antiaging role of mitophagy

Rapamycin Intermittent fasting Calorie restriction Exercise  FIGURE 12.3 Regulation
of  mitophagy by the
AMPK—mTOR signaling axis.
Manipulations such as intermit-
tent fasting, calorie restriction,
and exercise can induce mito-
phagy through the induction of
AMPK signaling and the inhi-
bition of mTOR.
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demonstrated that both fusion and fission are required for the beneficial effects of AMPK-
and CR-mediated longevity. Research has also focused on the identification of compounds
that can be classified as calorie restriction mimetics (CRMs). A CRM example is aspirin,
whose active metabolite, salicylate, reduced protein acetylation by inhibiting the enzymatic
activity of the EP300 acetyltransferase and stimulating both autophagy and mitophagy
[82]. Finally, iron chelators could also be beneficial for lifespan induction, as they can
mimic hypoxia. Iron deprivation triggers frataxin silencing and extends lifespan in C. ele-
gans by inducing PDR-1 and DCT-1-mediated mitophagy, which seems to be indispensable
for the extension of lifespan [20].

Recently, besides CR, IF has attracted a lot of attention [83]. IF is found to activate all the
signaling pathways that respond to stress, including enhanced autophagy and DNA repair,
so IF is suggested not only for healthspan promotion but also for the treatment for age-
related diseases [84]. In addition, IF inactivates the mTOR signaling, like CR does, promotes
mitochondrial biogenesis, and upregulates cyclic AMP response element binding protein
and neurotrophic factors, such as the brain derived neurotrophic factor and fibroblast
growth factor 2 (FGF2) [84]. Thus, CR and IF are interventions that can promote healthspan
and lifespan by inducing both general autophagy and selective autophagic pathways like
mitophagy, resulting in cellular clean up and removal of toxic components (Fig. 12.3).

Conclusions

Overall, mitochondria are a cornerstone of eukaryotic life and death through their
involvement in ATP production, regulation of apoptosis and necrosis, Ca>* storage, and
their role as a central hub of many if not most metabolic pathways [8]. It is therefore
hardly surprising that their function and dysfunction can have such a prominent
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involvement in aging and the multitude of diseases that are associated with it. This means
that research in mitochondria and mitophagy can always have surprising implications far
beyond the intended scope and provide critical insights for a variety of conditions. It also
means that research for the development of existing and the discovery of new pharmaceu-
tical and genetic methods of manipulating mitophagy can grant us with incredibly versa-
tile and potentially lifesaving tools.
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