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Introduction

Mitochondria, the semi-autonomous “powerhouses” of the cell, have a vital role in cellular homeostasis. Mitochondria have
a-proteobacterial ancestors and during the course of evolution they assimilated into the eukaryotic cell. The merge between these
two very different single cell organisms was possible because the prokaryotic cell presented a source for excess amount of energy for
the host cell (Pickles et al., 2018). Since then this organelle has evolved not only to produce ATP through oxidative phosphory-
lation, but it is also indispensable for precursor synthesis of fatty acids, amino acids and ribonucleotides. Moreover, mitochondria
are in the center of several signaling pathways regulating calcium homeostasis, innate immunity and cell death (Aon and Camara,
2015). However, functionally impaired mitochondria are a source of ROS (reactive oxygen species) production and heteroplasmy,
due to mutations in the mitochondrial DNA (mtDNA) pool. These discrepancies can be the reason behind numerous diseases, like
diabetes, cancer and neurodegenerative disorders (Silzer and Phillips, 2018; Vyas et al., 2016; Zsurka and Kunz, 2015). Therefore,
several processes have evolved to ensure the proper surveillance of this organelle.

The first line of defense against mitochondrial damage accumulation is the fusion of individual mitochondria into an
interconnected network, in order to “dilute” smaller, singular defects. When the damage is expanding, the cell will activate a
nuclear encoded stress response, termed mitochondrial unfolded protein response (UPRmt). The last attempt to protect the cell and
promote its survival is the removal of irreparable mitochondria through a specific, mitochondria targeted autophagy, known as
mitophagy (Tian et al., 2016; Twig and Shirihai, 2011). Autophagy is a conserved, “self-eating” process, which ensures the clearance
of damaged macromolecules and organelles from the cell. Three major types of autophagy have been characterized so far:
macroautophagy (hereafter referred to as autophagy), microautophagy and chaperone-mediated autophagy; mitophagy belongs
to the first category, macroautophagy. The mechanism of autophagy has been reviewed in detail elsewhere (Dikic, 2017). Briefly, it
requires the formation of a double membrane, called phagophore, which engulfs part of the cytoplasm or whole organelles and by
closing in itself creates the autophagosome. This autophagosome will have to fuse with the lysosome for degradation to take place
in the now called autolysosome. The building blocks of degraded macromolecules will be recycled by the cell (Dikic, 2017).
Selective types of autophagy, like mitophagy, require receptor proteins that mark organelles for recognition by the autophagic
machinery. These receptors interact with LC3 (microtubule-associated protein 1A/1B light chain 3) and GABARAP
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(gamma-aminobutyric acid receptor-associated protein) proteins, which are located on the autophagosome membrane. In this
review we summarize the molecular mechanisms regulating mitophagy and our recent understanding about pharmacological
modulators of the process to tackle diseases that arise from mitochondrial homeostasis failure.
Molecular Mechanisms of Mitophagy

The PINK1/Parkin Pathway

Among the several mitophagy governing pathways, we have accumulated the most comprehensive knowledge regarding the PINK1
(phosphatase and tensin homolog (PTEN)-induced putative kinase 1) and Parkin mediated pathway, which is specifically
important for the clearance of damaged mitochondria from the cell. Mutations occurring in this signaling cascade have been
associated with neurodegenerative disorders, like Parkinson’s disease, providing another reason why this specific mitochondrial
surveillance mechanism is in the focus of basic and pharmacological research.

Under normal conditions PINK1, driven by its MTS (mitochondrial targeting signal), is transported to the mitochondria where it
spans across the outer (OMM) and inner mitochondrial membrane (IMM). Once in the inner membrane, PINK1 goes through two
catalytic cleavages by the matrix processing peptidase (MPP) and the presenilin associated rhomboid-like protease (PARL). As a
result, PINK1 is no longer anchored to the mitochondria and is degraded in the cytoplasm, following the N-end rule pathway
(Sekine and Youle, 2018). However, studies on this truncated, cytoplasmic form of PINK1, called PINK1-53, yielded controversial
results. On one hand, it was shown to bind to Parkin and inhibit its function, therefore to be a suppressor of mitophagy (Fedorowicz
et al., 2014). On the other hand, it was demonstrated that PINK1-53 can be stabilized through K63 linked ubiquitination and
promote mitophagy of healthy mitochondria, thereby clearing mitochondria before any damage could accumulate (Lim et al.,
2015). Notably, these observations were made by using immortal cell lines and overexpression of PINK1-53, raising the possibility
that in physiological conditions PINK1-53 has another, yet undetermined function.

Changes in mitochondrial membrane potential are perturbing the localization of PINK1, causing its accumulation in the OMM.
Here, PINK1 undergoes dimerization and self-phosphorylation which is crucial for its activation (Sekine and Youle, 2018).
Damaged mitochondria will also lead to the stalling of translation on the OMM. Consequently, co-translational quality control
proteins are recruited to the OMM to activate PINK1 and trigger mitophagy (Wu et al., 2018). Activated PINK1 recruits an E3
ubiquitin ligase, Parkin, which resides in an auto-inhibitory state in the cytoplasm under normal conditions. Parkin induction
requires phosphorylation of the protein on Ser65 and additionally the binding of phosphorylated ubiquitin (Harper et al., 2018).
Recently, crystal structure andmass spectrometry analyses revealed that phospho-ubiquitin binds to the core of Parkin, causing large
scale domain rearrangements and catalyzing the activation of the protein (Gladkova et al., 2018). Importantly, this study also
showed that mutations in the binding site for phospho-ubiquitin are associated with the onset of Parkinson’s disease. Targeting this
binding site to achieve Parkin activation could lead to the development of new therapeutic drugs (Gladkova et al., 2018). Activated
Parkin generates polyubiquitin chains on OMM proteins, which are important for the function of mitochondria (e.g. mitofusin 1/2,
TOM 20/40/70, DRP1, Miro) (Harper et al., 2018). Parkin is able to produce polyubiquitin chains linked via K6, K11, K27, K48 and
K63. While the role of each ubiquitin linkage is not clearly defined up to date, we know that all the aforementioned linkage type is
required for a successful mitophagy induction (Zimmermann and Reichert, 2017).

As a consequence of ubiquitin chain accumulation on the surface of dysfunctional mitochondria, proteasomes and autophagy
adaptor proteins are locally recruited (Fig. 1). Whether proteasome activation is necessary for the effective execution of mitophagy
still remains elusive (Chan et al., 2011; Yoshii et al., 2011). Nonetheless, a recent study supports the notion that proteasome
function and the degradation of outer mitochondrial membrane proteins is required for the rupture of the OMM and the exposure
of prohibitin 2. Prohibitin 2 was characterized as a new mitophagy receptor, which interacts with LC3 via its LIR (LC3 interacting
region) motif and facilitates mitophagy. However, the PINK1/Parkin pathway is essential for the initiation of this mode of
elimination (Wei et al., 2017).

The role of adaptor proteins is to bridge the gap between the ubiquitinated mitochondrial surface and LC3 or GABARAP. There
are several known adaptor proteins to date, such as p62/SQSTM-1 (sequestosome 1), TAX1BP1 (Tax1-binding protein 1), NDP52
(nuclear dot protein 52), OPTN (optineurin) and NBR1 (neighbor of BRCA1 gene 1). p62 is widely used by the cell as an adaptor
protein, however, its role in mitophagy is questionable (Narendra et al., 2010). On the other hand, p62 expression was recently
shown to be upregulated through the Nrf2 (nuclear factor E2-related factor 2) and TFEB (transcription factor EB) pathway during
mitophagy, raising more questions about its exact function in this process (Ivankovic et al., 2016). Another study identified two
adaptor proteins to be essential for mitophagy: OPTN and NDP52 (Fig. 1). These two proteins bind to LC3 in a Parkin independent
manner and their role is partially redundant (Lazarou et al., 2015). Mitophagy can be further enhanced by TBK1 (TANK binding
kinase 1). TBK1 is able to phosphorylate OPTN, p62, NDP52 and TAX1BP1 promoting their ubiquitin binding and mitophagy
(Harper et al., 2018). This signal enhancement ensures the proper removal of harmful, damaged mitochondria from the cell.

Mitophagy can be inhibited by particular deubiquitylating (DUB) enzymes, called ubiquitin-specific proteases (USPs). USP8 is
responsible for the deubiquitination of Parkin, so it represses mitophagy in the early stages. Another three USPs namely, USP15,
USP30 and USP35 antagonize the mitophagy process through the removal of Parkin-generated polyubiquitin chains from the
OMM (Harper et al., 2018). Recently, another player has been identified in the regulation of PINK1/Parkin pathway. Notably, a
longer isoform of PTEN, PTEN-L, localizes on the OMM and its function is to counteract the activation of mitophagy. PTEN-L
dephosphorylates ubiquitin as well as Parkin, thereby preventing its mitochondrial translocation and accumulation, causing the



Fig. 1 Overview of mitophagy pathways. Damaged mitochondria are cleared from the cell via two major mitophagy pathways, the PINK1/Parkin and the receptor-
mediated pathway. During the PINK1/Parkin pathway, PINK1 is stabilized in the outer mitochondrial membrane (OMM) and recruits the E3 ubiquitin ligase, Parkin.
In turn, Parkin polyubiquitinates several OMM proteins. The polyubiquitin chains are recognized by adapter proteins, like OPTN and NDP52, which are interacting
with LC3, ensuring the proper sequestration of damaged mitochondrion into the phagophore. Mitophagy receptors, like FUNDC1 or BNIP3/NIX harbor LIR motifs (LC3
interacting region), making them capable to have direct interaction with LC3 and the phagophore. Damaged mitochondria will end up in a closed double membrane,
called autophagosome, and after fusing with lysosomes, they will be eliminated from the cell.
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suppression of mitochondrial specific autophagy (Wang et al., 2018). These studies highlight the importance of tight regulation of
the labeling of mitochondria for lysosomal degradation.
Receptor Mediated Mitophagy

BNIP3/NIX (BNIP3L) mitophagy receptor pathway
BNIP3 (BCL2/adenovirus E1B 19 kDa protein-interacting protein 3) and NIX (Nip3 like protein X) were originally described as
regulators of cell death. Both proteins localize on the OMM and harbor LIR motif through which they interact with LC3 and
GABARAP (Hamacher-Brady and Brady, 2016).

BNIP3 was shown to be involved specifically in hypoxia induced mitophagy. Furthermore, it initiates the mitochondrial
translocation of DRP1 and Parkin in cardiomyocytes, which is required for mitochondrial elimination (Lee et al., 2011). BNIP3
can also interact with PINK1 to stabilize it in the OMM and facilitate mitophagy, proving a tight connection between receptor
mediated and the PINK1/Parkin pathway during mitochondrial degradation. The same way, NIX also intertwines the two
aforementioned signaling pathways: it promotes the mitochondrial localization of Parkin and in the same time it is also a substrate
of Parkin (Zimmermann and Reichert, 2017). While NIX was initially associated to mitophagy in reticulocytes, where its deficiency
caused anemia due to uncontrolled mitochondrial accumulation and poor survival of red blood cells; recently its crucial role in
retinal ganglion cell development andmacrophage polarization have been discovered (Sandoval et al., 2008; Schweers et al., 2007).
NIX induced mitophagy was a prerequisite for a hypoxia induced glycolytic switch during the maturation of retinal ganglion cells
and macrophage stimulation (Esteban-Martinez et al., 2017).

FUNDC1-mediated mitophagy
FUNDC1 (FUN14 domain containing 1) is another OMM protein, acting as a mitophagy receptor by interacting with LC3
specifically upon hypoxic conditions (Fig. 1). Under normal conditions FUNDC1 is phosphorylated on Ser13 by the kinase CK2
(casein kinase II) and this modification serves as an inhibitory signal. The dephosphorylation of Ser13 by PGAM5
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(phosphoglycerate mutase 5) allows for the recruitment of LC3 and induction of mitophagy (Hamacher-Brady and Brady, 2016).
FUNDC1 also controls mitochondrial dynamics during hypoxia through the interaction with DRP1 (dynamin-related protein 1)
and OPA1 (optic atrophy protein 1). Consequently, ULK1 (Unc-51 like autophagy activating kinase 1) is recruited to globular,
fragmented mitochondria where it phosphorylates FUNDC1 at another residue, Ser17 to induce mitophagy (Zimmermann and
Reichert, 2017). The structural consequences of these two phosphorylation events were shown in a recent work. Although the two
serine residue is located close to each other, they are causing significantly different, large scale rearrangements in the structure of the
protein (Lv et al., 2017).

Recently identified mitophagy receptor proteins
There are few not well studied and recently described mitophagy receptors, such as prohibitin 2 (as discussed earlier), BCL2L13,
FKBP8 and AMBRA1 (Fig. 1). The very first mitophagy receptor, Atg32, was identified in yeast and until recently there was no
knowledge about its mammalian ortholog (Murakawa et al., 2015). A very recent study successfully characterized BCL2L13 (Bcl2
like protein 13) as the mammalian counterpart of Atg32. Similar to other mitophagy receptors, BCL2L13 is an OMM protein and
possesses a LIR motif. Overexpression of BCL2L13 caused mitochondrial fragmentation and subsequently mitophagy induction.
This pathway acts at least partly independent from the PINK1/Parkin pathway since mitochondrial stress failed to induce mitophagy
in cells lacking BCL2L13. Furthermore, BCL2L13 was able to complement for the loss of Atg32 in yeast, showing the functional
conservation of the protein (Murakawa et al., 2015).

FKBP8 (FK 506 binding protein 8) was characterized as a noncanonical FKBP and peptidyl-prolyl-cis-trans isomerase (PPIase)
with an antiapoptotic role. Upon overexpression of FKBP8, mitophagy was induced independently of Parkin. Contrarily to other
mitophagy receptors, FKBP8 seems not to be regulated by phosphorylation due to the lack of appropriate residue near its LIR motif
(Bhujabal et al., 2017).

AMBRA1 contains a LIR motif and is able to induce PINK1/Parkin-mediated mitophagy. Moreover, an artificially mitochondria
localized AMBRA1 induced mitophagy under nonstress conditions independently of PINK1 or Parkin function. Under these
conditions, OMM proteins were ubiquitinated and p62 was not required for mitophagy (Strappazzon et al., 2015). Furthermore,
it was demonstrated that in SH-SY5Y neuroblastoma cells, the mitochondria-anchored AMBRA1 plays a protective role against
oxidative stress, ROS generation and promotes mitochondrial clearance (Di Rita et al., 2018). Although these results were obtained
using an engineered protein, specifically targeted to mitochondria, it still indicates the therapeutic potential of this mitophagy
receptor. However, its exact mechanism of action needs to be further investigated under normal conditions.
Pharmacological Modulation of Mitophagy

Impaired mitochondrial homeostasis and uncontrolled accumulation of dysfunctional organelles are common denominators of
diverse age-associated pathologies (Palikaras et al., 2017). Recently, pharmacological screenings are taking place to identify novel
chemical modulators that might be used to promote the efficient removal of damaged mitochondria and restore the energetic status
of the cell. Thus, targeting the mitophagy process selectively could be a potential therapeutic strategy to counteract age-related
disorders, which are characterized by defective energy metabolism. To this direction, several synthetic chemical agents and natural
occurring compounds have been identified to regulate mitochondrial elimination and subsequently improve cellular and organ-
ismal fitness (Palikaras et al., 2017; Georgakopoulos et al., 2017).
General Mitochondrial Toxicants

Proton ionophores are the most commonly used mitophagy inducing agents to date. These chemical compounds are able to cross
the inner mitochondrial membrane (IMM) and influence dramatically mitochondrial metabolism. Specifically, they disrupt the
electrochemical proton gradient interfering with the electron transport chain (ETC) components and subsequently leading to the
impairment of oxidative phosphorylation. Thus, mitochondrial elimination is promoted since the majority of the organelles are
extensively damaged.

Mitochondrial uncouplers, such as carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and carbonyl cyanide-p-(trifluoro-
methoxy)phenylhydrazone (FCCP), have been widely used to induce mitochondrial removal via the activation of the PINK1/Parkin
pathway (Narendra et al., 2010; Gatliff et al., 2014; Narendra et al., 2008). Both CCCP and FCCP have been extensively applied to
stimulate mitochondrial degradation in mammalian cells and/or living organisms resulting in the identification and the charac-
terization of several factors that participate in the process of mitophagy (Narendra et al., 2008; Palikaras et al., 2015; Whitworth and
Pallanck, 2017).

Although there is widespread application of proton ionophores in biological research, several unwanted properties of these
chemical agents highlight the importance to limit their use. Particularly, their effect on the entire mitochondrial population leading
to dissipation of mitochondrial membrane potential, cellular energetic crisis and eventually to cell death (Wang et al., 2012). Thus,
their chronic supplementation could even result in the complete degradation of cellular mitochondrial content (Narendra et al.,
2008). Furthermore, their protonophoric activity is not specific to mitochondrial membrane leading to several off-target effects due
to their perturbations in plasma membrane, lysosomal function, ion channel stimulation and cytoskeleton homeostasis
(Georgakopoulos et al., 2017). These undesired characteristics interfere with the evaluation of mitochondrial metabolism and
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limit the therapeutic index of ionophores against mitochondrial related diseases. A recent small molecule chemical library screening
identified (2-fluorophenyl) {6-[(2-fluorophenyl) amino] (1,2,5-oxadiazolo[3,4-e]pyrazin-5-yl)} amine, called BAM15, as a novel
mitochondrial uncoupling agent (Kenwood et al., 2014). Interestingly, BAM15 supplementation increases mitochondrial respira-
tion rate exhibiting equal potency to FCCP and presents enhanced selectivity for mitochondria without depolarizing plasma
membrane (Kenwood et al., 2014). Moreover, the reduced cytotoxicity and the resistance to acute renal ischemic-reperfusion injury
in mice upon BAM15 treatment underline the therapeutic capacity of this novel chemical compound against mitochondrial
dysfunction. However, BAM15 mitophagy-inducing abilities have not yet been monitored and further investigation is needed
toward this direction.

In addition to proton ionophores, several oxidative stress inducers have been reported as potent mitophagy mediators, including
paraquat, rotenone, 6-hydroxyldopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) among others
(Georgakopoulos et al., 2017; Palikaras et al., 2015; Chu et al., 2013; Dagda et al., 2008; Zhu et al., 2012). All these chemical
compounds trigger the excessive generation of reactive oxygen species (ROS) leading to mitochondrial damage and eventually to
organelle degradation via mitophagy. Although they share common mitophagic response, these stressors stimulate mitochondrial
elimination through diverse molecular mechanisms. Paraquat triggers increased complex I-dependent superoxide generation
promoting mitochondrial depolarization and subsequent activation of the PINK1/Parkin pathway (Fig. 2) (Narendra et al.,
2010; Narendra et al., 2008; Palikaras et al., 2015). On the contrary, PINK1-mediated mitophagy could not be induced in neuronal
cells supplemented with rotenone or 6-OHDA due to the mild effect of these agents on mitochondrial membrane potential (Chu
et al., 2013). Interestingly, both rotenone and 6-OHDA stimulate cardiolipin release from mitochondrial intermembrane space,
thereby recruiting autophagic machinery through its direct association with LC3 autophagosomal membrane protein (Fig. 2) (Chu
et al., 2013). Furthermore, extracellular-signal regulated kinase 2 (ERK2) is phosphorylated and recruited on mitochondrial surface
facilitating autophagosomal sequestration and removal of defective organelles upon 6-OHDA and MPTP treatment (Dagda et al.,
2008; Zhu et al., 2012).
Iron Chelators

Proper mitochondrial function assures cellular iron homeostasis since the three major iron utilization pathways, iron storage, heme
and iron sulfur cluster biosynthesis, are taking place in mitochondria (Chen and Paw, 2012). Recent studies suggest that iron-
depleted conditions result in mitophagy stimulation in several model organisms, including yeast, nematodes and mice (Allen et al.,
2013; Schiavi et al., 2015; McWilliams et al., 2018; Nagi et al., 2016).

The iron chelator deferiprone (DFP) is reported to promote mitochondrial removal without influencing mitochondrial
membrane potential. Interestingly, DFP-mediated mitophagy does not require the activation of Parkin indicating that it could be
used to promote mitochondrial turnover in cells with defective PINK1/Parkin pathway (Fig. 2) (Allen et al., 2013; Kondapalli et al.,
2012). In contrast to DFP, 1,100-phenanthroline (Phen) and ciclopirox olamine, which are siderophore-like chemical agents, trigger
dissipation of mitochondrial membrane and DRP1-dependent mitochondrial fragmentation leading eventually to mitophagy
induction (Kirienko et al., 2015; Park et al., 2012). Furthermore, supplementation of 20,2-bipyridyl (BP) siderophore shown to
promote longevity in Caenorhabditis elegans through mitophagy stimulation. BP treatment triggers a hypoxic-like response
Fig. 2 Overview of synthetic chemical compounds that serves as mitophagy inducers. The molecular mechanisms and mitophagy-inducing abilities of several
synthetic chemicals, such as CCCP, FCCP, paraquat, rotenone, 6-OHDA, DFP, BP, NADþ precursors and PMI, are presented.
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promoting mitochondrial degradation via a PINK-1, PDR-1 and DCT-1 (the homologs of the mammalian PINK1, Parkin and NIX/
BNIP3, respectively) dependent mechanism in nematodes (Fig. 2) (Schiavi et al., 2015).

Although several experimental evidence highlight the mitophagy-inducing capacities of iron chelating compounds, further
studies are required to dissect the molecular mechanisms of their action. Moreover, the majority of the current knowledge on iron
chelators is mainly based on in vitro artificial systems, thus their therapeutic potential and effects on tissue and organismal
physiology remain relatively elusive.
Modulating the Activity of the PINK1/Parkin Pathway

Many aspects of mitochondrial homeostasis, including mitochondrial dynamics, biogenesis, bioenergetics, transport and assembly
of autophagy apparatus, converge on the PINK1/Parkin pathway to promote the degradation of impaired organelles (Pickles et al.,
2018; Harper et al., 2018). Genetic mutations in PINK1 and Parkin genes alter the enzymatic activities of their respective proteins
leading to mitophagy defects and eventually to the development and progression of several pathological conditions (Palikaras et al.,
2017). Although recent studies have provided novel mechanistic insights into the regulation of the PINK1/Parkin pathway, the list
of its pharmacological modulators is very limited.

Kinetin triphosphate (KTP) treatment is the first reported pharmacological approach that was able to enhance PINK1 activity
promoting mitophagy upon mitochondrial stress (Hertz et al., 2013). KTP is a N6 modified ATP analog that binds with higher
affinity to PINK1 than its native substrate. Notably, the neosubstrate KTP amplifies PINK1 enzymatic activity both in vitro and
in vivo. Moreover, supplementation of KTP triggers Parkin recruitment to damaged mitochondria, decreases mitochondrial motility
in neuronal processes and reduces oxidative stress-induced apoptosis in a PINK1-dependent manner (Hertz et al., 2013). Interest-
ingly, KTP was also demonstrated to enhance the kinase activity of the PINK1G309D mutant protein, which is associated with
Parkinson’s disease (PD) pathogenesis. Kinetin has been successfully used in clinical trials and is shown to cross the blood-brain
barrier (Axelrod et al., 2011; Shetty et al., 2011). Despite the fact that these results underline the therapeutic potential of KTP in
pathological conditions with impaired PINK1 function, KTP does not influence PINK1 stabilization under normal conditions
highlighting the requirement of an external stimulus to initiate mitochondrial removal. Thus, KTP should be further examined
in vivo in combination with disease animal models to evaluate its mitophagy-inducing capacities and potent therapeutic activity.

Recent studies revealed an intricate crosstalk between the tumor suppressor p53 protein and the PINK1/Parkin pathway in the
regulation of mitophagy (Hoshino et al., 2014; Hoshino et al., 2013; Viotti et al., 2014). It is reported that Parkin gene is
transcriptionally regulated directly by p53 (Zhang et al., 2011). Additionally, Parkin binds to the promoter sequence of p53
repressing its expression (Viotti et al., 2014; da Costa et al., 2009). Hence, it seems that there is a complex interplay between
Parkin and p53 that is stimulated, at least, in specific cell types to affect mitophagy. Indeed, p53 deficient mice display elevated basal
levels of mitophagy compared to wild type animals indicating that p53 serves as a negative regulator of mitochondrial removal
(Hoshino et al., 2013). Emerging evidence suggests that cytosolic p53 physically interacts with Parkin disturbing its translocation to
mitochondria upon energetic stress (Hoshino et al., 2013). Supplementation of pifithrin-a, a well-known p53 inhibitor, induces
Parkin-mediated mitophagy diminishing defective organelles and protecting against glucose tolerance and heart dysfunction
(Hoshino et al., 2014; Hoshino et al., 2013). Interestingly, p53 protein levels are increased in multiple brain regions in human
PD patients strongly associated with defective mitochondrial homeostasis (Mogi et al., 2007). Notably, pifithrin-a treatment
protects against dopaminergic neuronal loss, ameliorates dopamine depletion and improves motor function in PD mouse model
(Duan et al., 2002). Similar to pifithrin-a, metformin, the most widely prescribed antidiabetic drug, was also shown to mediate
Parkin-dependent mitochondrial clearance through p53 inhibition and mitofusins degradation (Fig. 2) (Song et al., 2016).

Deubiquitinating enzymes (DUBs), such as USP8, USP15, USP30 and USP35, have been recently demonstrated to counteract
mitophagy by promoting the hydrolysis of the Parkin-generated ubiquitin chains from the mitochondrial surface (Dikic, 2017;
Harper et al., 2018; Bingol et al., 2014). Depletion of USP30 is sufficient to promote mitophagy in Parkin-deficient neuronal cells in
mammals and restore motor function and mitochondrial metabolism in Drosophila melanogastermodels of PD (Bingol et al., 2014).
A very recent study presents MF-094 as a novel highly selective inhibitor of USP30 (Kluge et al., 2018). Supplementation of MF-094
in C2C12 myotubes results in decreased levels of mtDNA indicating mitophagy induction. Moreover, 15-oxospiramilactone, a
diterpenoid derivative, was identified as a potent inhibitor of USP30 enzymatic activity. Interestingly, 15-oxospiramilactone
administration does not affect the total mtDNA and promotes mitochondrial fusion through OPA1, MFN1 and MFN2 dependent
mechanism in mouse embryonic fibroblasts (Yue et al., 2014). The mitophagic capacity of both MF-094 and 15-oxospiramilactone
has not been evaluated per se in vitro or in vivo demanding further investigation. Since ubiquitination and deubiquitination events
are fine-tuned processes and regulate several aspects of cellular homeostasis, their pharmacological modulation could result in off-
target effects unrelated to mitophagy. Therefore, the use of DUBs inhibitors as mitophagy-inducing agents is not considered as a
promising interventional strategy.
Mitophagy Induction Through the Modulation of NAD+ Metabolism

Nicotinamide adenine dinucleotide (NADþ) is characterized as an essential metabolite that regulates cellular metabolism and
mitochondrial function by modulating the enzymatic activity of several proteins, including sirtuins and poly ADP-ribose
polymerase-1 (PARP-1) among others. Notably, NADþ/NADH ratio is reduced during aging in multiple organs, such as brain,
liver, muscles and adipose tissue (Yoshino et al., 2011; Zhang et al., 2016; Zhu et al., 2015). The imbalance of NADþ metabolism
has been associated with premature aging and many age-dependent pathologies, such as metabolic disorders and degeneration of



Mitophagy Modulators 7
muscular, renal, cardiac and neuronal systems (Katsyuba and Auwerx, 2017; Fang et al., 2017). Thus, the therapeutic potential of
NADþ boosting interventions has been explored in a wide spectrum of genetic disorders associated with mitochondrial defects
(Katsyuba and Auwerx, 2017; Fang et al., 2017).

Supplementation of the NADþ precursor molecules, nicotinamide (NAM) and nicotinamide riboside (NR), augments the
intracellular NADþ levels resulting in lifespan extension and enhanced mitochondrial metabolism (Mouchiroud et al., 2013).
Interestingly, NAM is recently demonstrated to trigger mitophagy in mammalian cells (Jang et al., 2012). The beneficial effects of
NADþ on cellular metabolism and organismal fitness are mediated, at least in part, by sirtuins (Fang et al., 2017). Sirtuins are
NADþ-dependent deacetylases and their enzymatic activity influences multiple cellular processes, including autophagy, mitochon-
drial metabolism, DNA damage responses and aging among others (Fang et al., 2017). SIRT1 is themost well studiedmember of the
sirtuins family. Depletion of SIRT1 results in accumulation of p62 adaptor protein, excessive mitochondrial damage and increased
level of lipid oxidation in multiple tissues, suggesting that SIRT1 could be a potential regulator of mitophagy (Lee et al., 2008).
Indeed, NAM administration leads to SIRT1 activation, which in turn promotes mitochondrial removal (Fig. 2) (Jang et al., 2012).
Furthermore, genetic inhibition of SIR-2.1 (the SIRT1 mammalian homolog) abolishes the lifespan-extending capacity of NAM in
C. elegans (Mouchiroud et al., 2013).

In addition to NADþ precursor molecules, chemical inhibitors of NADþ-consuming enzymes, such as PARPs and cyclic ADP-
ribose (cADPR) synthases, modulate indirectly SIRT1 activity and could be potential mitophagy inducers. Notably, olaparib, a very
well-studied PARP-1 inhibitor, is shown to mediate mitochondrial elimination (Fang et al., 2017; Fang et al., 2016). Although,
PARP-1 hyperactivation mediates DNA repair and maintenance of genome integrity during genotoxic stress, its persistent activation
diminishes intracellular NADþ levels and blocks SIRT1 function, resulting in mitophagy and mitochondrial biogenesis impairment
(Fang et al., 2016). Congruently, PME-1 deficiency (the nematode homolog of PARP-1) sustains mitochondrial metabolism and
promotes longevity by increasing intracellular NADþ concentration and sirtuins activity (Mouchiroud et al., 2013). Furthermore,
mitochondrial metabolism and quality control are enhanced upon in vitro and in vivo supplementation of PARP-1 inhibitor, PJ-34
(Bai et al., 2011). Several monoclonal antibodies and chemical agents targeting the cADPR synthase activities of CD38 have been
designed and used successfully to increase intracellular NADþ levels (Katsyuba and Auwerx, 2017). However, the mitophagic
abilities of CD38 inhibitors have not yet been investigated.

Altogether, these results suggest that pharmacological and genetic modulation of intracellular NADþ concentration could
stimulate the NADþ�SIRT1 axis, leading to mitophagy induction and subsequent adjustment of mitochondrial content. Although
the beneficial effects of NADþ boosting approaches have been demonstrated in several organisms and in vivo disease models, their
selectivity is questioned, given the pivotal and differential role of NADþ in multiple cellular processes, including mitochondrial
biogenesis, general autophagy and tumorigenesis among others (Katsyuba and Auwerx, 2017; Fang et al., 2017; Mouchiroud et al.,
2013; Lee et al., 2008; Fang et al., 2016).
p62/SQSTM1-Mediated Mitophagy Inducer (PMI)

p62/SQSTM1-mediated mitophagy inducer (PMI) is a synthetic chemical compound that triggers p62-dependent mitochondrial
elimination without influencing membrane potential or morphology of mitochondrial network (East et al., 2014). Mechanistically,
PMI enhances the expression and signaling of p62/SQSTM1 adaptor molecule promoting engulfment of mitochondria by
autophagosomes. Importantly, PMI supplementation could also stimulate mitophagy in PINK1 and Parkin deficient cells,
highlighting its therapeutic abilities in conditions associated with defective PINK1/Parkin pathway.

Nrf2 is a very well-studied transcription factor known to orchestrate the regulation of several cytoprotective genes ensuring
cellular viability in response to oxidative stress (Holmstrom et al., 2016). In addition to mitophagy, PMI also stabilizes Nrf2 by
disrupting its inhibitory association with Keap1 (kelch-like ECH-associated protein 1) (Georgakopoulos et al., 2017). Keap1 serves
as a linker mediating the formation of CUL3 (cullin 3)/RBX1 E3 ubiquitin ligase complex, which drives Nrf2 ubiquitination and its
subsequent proteasomal degradation (Georgakopoulos et al., 2017). Notably, the mitophagy adaptor proteins, p62 and NDP52,
are transcriptionally regulated by Nrf2. PMI-induced mitophagy depends on both p62/SQSTM1 and Nrf2, since mitochondrial
sequestration by autophagosomal membranes is diminished in Nrf2 and p62 depleted cells (Fig. 2) (East et al., 2014).

Nrf2 activation has a beneficial effect on mitochondrial function, since it also regulates multiple genes associated with
mitochondrial biogenesis (Holmstrom et al., 2016). Thus, Nrf2 stabilization and stimulation could sustain energy metabolism
by regulating both mitochondrial removal and generation of newly synthesized organelles. Indeed, SKN-1 (the mammalian
homolog of Nrf2) is shown to coordinate a bipartite response promoting both mitophagy and mitochondrial biogenesis in
nematodes during oxidative stress (Palikaras et al., 2015). Despite the fact that PMI is a potent mitophagy stimulator, its
mitochondrial biogenic capacity has not been evaluated.
Natural Small-Molecules With Mitophagy-Inducing Properties

Maintenance of Mitochondrial Homeostasis by Spermidine-Induced Mitophagy

Polyamines are small organic molecules that influence cellular viability through the modulation of several processes, such as cell
growth, proliferation, energy homeostasis and innate immune responses. Thus, the biosynthetic pathways and metabolism of
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polyamines are tightly associated with organismal physiology and pathology. Experimental evidence highlights and correlates the
gradual decline of polyamines concentration with age and the development of pathological conditions (Markaki et al., 2018).
Particularly, the cellular levels of spermidine, which is a polyamine synthesized from putrescine and acts as a precursor molecule of
spermine generation, are reduced in many tissues, including thymus, heart, kidney and liver among others, during aging in
mammals (Markaki et al., 2018). Hence, the reduced intracellular content of spermidine could be detrimental for organismal
homeostasis. Indeed, chronic dietary supplementation of spermidine promotes longevity in several model organisms, including
yeast, nematodes, flies and mice (Eisenberg et al., 2009). Interestingly, spermidine stimulates autophagy, which thereby serves as a
cytoprotective mechanism to mediate lifespan extension (Eisenberg et al., 2009).

Recently, it was demonstrated that chronic administration of spermidine elicits cardioprotective effects, including reduced
cardiac hypertrophy, enhanced diastolic function, diminished arterial stiffness among others, in aged rodents (Eisenberg et al.,
2016). Notably, spermidine affects organismal homeostasis in a multi-systemic level, as it triggers autophagy and mitophagy in
cardiac muscles, decreases the plasma levels of TNF-a pro-inflammatory cytokine, enhances the intrinsic elasticity of cardiomyocytes
as indicated by the increased phosphorylation status of titin (TTN) and improves mitochondrial metabolism in cardiac tissue.
Genetic inhibition of autophagy abolishes the beneficial effects of spermidine underlining the pivotal role of autophagy in
cardioprotection (Eisenberg et al., 2016). Importantly, ATM (ataxia telangiectasia mutated) kinase was shown to trigger the
PINK1/Parkin pathway mediating mitochondrial elimination in response to spermidine in human fibroblasts (Qi et al., 2016).
ATM is a master regulator of DNA damage signaling pathway modulating mitochondrial function and promoting mitophagy to
sustain cellular homeostasis (Fang et al., 2016). Spermidine elicits mitochondrial membrane dissipation resulting in ATM activation
and subsequently recruitment of Parkin on mitochondrial surface (Fig. 3). Conversely, ATM inhibitors reduce PINK1 expression
levels, prevent Parkin recruitment and eventually suppress mitophagy in spermidine-treated mammalian cells (Qi et al., 2016).
However, it is not investigated, whether the PINK1/Parkin pathway is required for spermidine-mediated cardioprotection.

Altogether, these results suggest that dietary supplementation of spermidine could subsequently improve and/or prolong
healthspan in aged individuals through autophagy and mitophagy induction. Several epidemiological studies demonstrate that
spermidine-rich diets could protect against age-associated pathologies in humans corroborating the therapeutic potential of
spermidine (Eisenberg et al., 2016).
Resveratrol: A Potent Modulator of Mitochondrial Metabolism

Resveratrol is a stilbenoid, a type of natural phenol compound, which is derived from red grapes skin. Resveratrol attracted the
attention of scientific community due to its emerging therapeutic properties against multiple human pathologies (Berman et al.,
2017). Resveratrol triggers the activation of AMP-protein kinase (AMPK) and subsequently increases the intracellular NADþ levels,
which in turn stimulate SIRT1 deacetylase activity (Fig. 3) (Canto and Auwerx, 2009).

Resveratrol affects mitochondrial homeostasis by promoting mitochondrial biogenesis and energy metabolism through AMPK-
SIRT1-PGC-1a signaling cascade, which restores muscular function and healthspan in obese mice (Palikaras et al., 2017; Markaki
et al., 2018; Canto and Auwerx, 2009). Furthermore, mitochondrial bioenergetics and biogenic defects were diminished in neuronal
progenitor cells of the Down syndrome mouse model upon resveratrol treatment (Valenti et al., 2016). Similar to spermidine,
Fig. 3 Natural occurring chemical agents that promote mitochondrial removal. The molecular mechanisms and the mitophagic/biogenic capacities of several
natural small-molecules, such as spermidine, resveratrol urolithin A, valinomycin, salinomycin and actinonin, are depicted.
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resveratrol also promotes autophagy enhancing longevity and organismal healthspan (Morselli et al., 2010). Interestingly, both
natural chemical compounds influence cellular acetylproteome in a similar fashion, whereas they trigger distinct molecular
mechanisms to alter mitochondrial activity (Morselli et al., 2011). Although, autophagy is also induced in a SIRT1-dependent
manner upon resveratrol supplementation, it seems that mitochondrial removal is a consequence of general autophagy induction
rather than a selective cellular response (Morselli et al., 2010; Morselli et al., 2011; Wu et al., 2016).
Urolithin A: First-in Class Mitophagy Enhancer

Urolithins are ellagitannin-derivatives, which are generated by gut microbiota upon their consumption (Espin et al., 2017).
Although the mechanistic insights of urolithins activity are not well-defined, several studies demonstrate their benefits on
carcinogenesis, inflammation, lipid metabolism and cardiovascular diseases (Palikaras et al., 2017). However, the biosynthetic
abilities of these final metabolites from ellagitannins catabolism and their beneficial effects on human health differ considerably
among individuals and are associated with the composition of gut microbiota (Espin et al., 2017).

A very recent study demonstrated the pivotal role of urolithins on organismal homeostasis and longevity (Ryu et al., 2016).
Interestingly, urolithin A (UA), which is the most abundant metabolite of ellagitannins in the human body, was shown to trigger
specifically mitophagy in nematodes and rodents (Ryu et al., 2016). UA-mediated mitophagy sustains mitochondrial respiratory
capacity leading eventually to enhanced muscular function. Likewise, chronic supplementation of UA diminishes the age-
dependent mobility defects and pharyngeal pumping decline in C. elegans, while improving energy metabolism (Ryu et al.,
2016). The beneficial effects of UA on muscle cells physiology are independent of dietary conditions and age (Ryu et al., 2016).
These results underline the therapeutic potential of UA, which could be used as a novel intervention approach to restore energy
metabolism improving muscular function and mobility in the elderly (Palikaras et al., 2017). Furthermore, lifespan-extending
properties of UA depend on BEC-1, PINK-1, SQST-1 and DCT-1 components (the mammalian homologs of Beclin 1, PINK1, p62/
SQSTM1 and BNIP3/NIX, respectively) indicating that several regulatory mechanisms of mitophagy are interconnected in the
maintenance of mitochondrial function and organismal fitness in response to UA treatment (Ryu et al., 2016). In addition to
mitochondrial elimination, UA could also stimulate mitochondrial biogenesis probably through SKN-1 activation. Indeed, long
term UA supplementation promotes longevity in a SKN-1-dependent manner and boosts mitochondrial biogenesis to preserve
mitochondrial population and activity (Ryu et al., 2016). Therefore, UAmight coordinate mitochondrial biogenesis and mitophagy
in a dose- and time-dependent manner to surveil and maintain energy metabolism (Fig. 3).
The Use of Antibiotics in Mitophagy Induction

Billion years ago mitochondria were generated as a result of an endosymbiotic event. Although during evolution most of the
genome of endosymbiont was transferred to the nucleus of the host cell, mitochondrion still contains remnants of its ancestral
genome. Consequently, mitochondria share several morphological, molecular and biochemical features with their prokaryotic
ancestors (Richter et al., 2013). Thus, mitochondrial function could be deregulated by antibiotics overuse resulting in mitonuclear
imbalance, energy metabolism collapse and eventually disease development and progression (Moullan et al., 2015; Stefano
et al., 2017).

Several antibiotics have been used in certain concentrations to mediate mitophagy. Valinomycin and salinomycin disturb
differentially mitochondrial potassium (Kþ) homeostasis leading to organelle dysfunction and initiation of the PINK1/Parkin
pathway (Fig. 3) (Georgakopoulos et al., 2017; Allen et al., 2013). Furthermore, antimycin A, which acts as an inhibitor of the
respiratory complex III, promotes excessive generation of mitochondrial ROS leading eventually to mild membrane depolarization.
It is demonstrated that the activation of F1F0-ATP synthase restores membrane potential upon antimycin A treatment
(Georgakopoulos et al., 2017). Therefore, oligomycin, a F1F0-ATP synthase inhibitor, is often used in combination with antimycin
A to enhance mitochondrial defects and thereby promote mitophagy via the PINK1/Parkin pathway (Lazarou et al., 2015; Allen
et al., 2013). Actinonin is an antibacterial compound that blocks cancer cells proliferation by interfering with mitochondrial
translation machinery. Interestingly, actinonin supplementation gradually depletes the ribosomes, ribosomal RNA and mRNAs of
mitochondria resulting in organelle proteotoxicity (Richter et al., 2013). Recent evidence indicates that mitochondrial elimination
is triggered in response to actinonin (Burman et al., 2017; Sun et al., 2015). Indeed, PINK1 is stabilized and recruits Parkin onto the
mitochondrial surface, which in turn interacts with ubiquitin, optineurin and LC3 autophagosomal protein to mediate organelle
degradation in response to actinonin (Fig. 3) (Burman et al., 2017). Tetracycline and/or doxycycline, a second-generation
tetracycline derivative, have been extensively used in the development of Tet-on/Tet-off expression systems in several model
organisms (Moullan et al., 2015). Surprisingly, both antibiotics trigger mitonuclear imbalance through their inhibitory effect on
mitochondrial translation. Low concentrations of tetracycline influences nuclear gene expression levels, mitochondrial morphology
and proteostasis in nematodes, flies, plants and mice (Moullan et al., 2015). Moreover, a very recent study demonstrated that
mitophagy is also induced upon doxycycline administration (Xing et al., 2017).

Although scientists should be cautioned against the broad use of antibiotics in their experimental set-ups due to potential off-
target effects, controlled use of antibacterial agents could preserve mitochondrial population health and elicit beneficial effects for
cellular and tissue homeostasis. Furthermore, the aforementioned results provide the rationale for future examination of antibiotics
in clinical trials as potent mitophagy regulators to establish novel therapeutic strategies against mitochondrial-associated disorders.
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Pharmacological Inhibition of Mitophagy

Although, the role of mitophagy in energy metabolism and cellular homeostasis is essential, uncontrolled mitochondrial elimina-
tion results in shrinkage of mitochondrial population overstressing the remaining organelles and triggering cell death pathways
(Kubli and Gustafsson, 2012; Palikaras and Tavernarakis, 2014). Therefore, several chemical agents have been utilized to block the
process of mitophagy.

The most widely established approach to prevent mitochondrial degradation system relies on the use of lysosomal inhibitors,
including bafilomycin and chloroquine, which could disturb lysosomal acidification and fusion of lysosomes with autophagoso-
mal membranes (Georgakopoulos et al., 2017). Furthermore, general autophagy inhibitors, such as 3-methyladenine, are success-
fully used to suppress mitophagy. Despite their efficiency, these chemical compounds could lead to off-target effects due to their
nonselective function.

Fragmentation of mitochondrial network is a prerequisite event for mitophagy execution (Kubli and Gustafsson, 2012). Thus, an
alternative indirect method to prevent mitochondrial removal is through the modulation of mitochondrial fission machinery.
Mitochondrial division inhibitor 1 (mdivi-1) is a quinazolinone derivative found to perturb mitochondrial morphology by
inhibiting organelles division in yeast and mammalian cells (Cassidy-Stone et al., 2008). Interestingly, mdivi-1 impairs DRP1
enzymatic activity attenuating apoptosis and cell death both in vitro and in vivo (Cassidy-Stone et al., 2008; Grohm et al., 2012).
Although the beneficial impact of mdivi-1 treatment is well established in several pathologic conditions, including heart failure,
brain injury and neurodegeneration, its inhibitory effect on mitophagy per se has not been evaluated yet (Grohm et al., 2012;
Rappold et al., 2014; Wu et al., 1630; Ong et al., 2010).

A recent study demonstrated a novel approach to target mitophagy selectively by using a peptide inhibitor. This specific peptide
was engineered to interact directly with the LIR motif of FUNDC1mitophagy receptor suppressing FCCP-induced mitophagy (Chen
et al., 2014). Interestingly, general autophagy was unaffected indicating the selectivity of the current method. Indeed, this LIR
mimetic peptide inhibits mitochondrial removal via disrupting the association between FUNDC1 and LC3 autophagosomal
membrane protein reinforcing the rationale for investigating mimetic peptides to manipulate mitophagy (Chen et al., 2014).
Concluding Remarks

The investigation of mitophagy has been promoted to the forefront of scientific research in the last decade. Impaired elimination of
dysfunctional mitochondria has been identified as a hallmark feature of many human pathological conditions, including neuro-
degenerative, cardiovascular, autoimmune, metabolic disorders and carcinogenesis among others (Palikaras et al., 2017). Mounting
in vitro and in vivo experimental evidence also indicates that mitophagy regulation could be a potential therapeutic intervention
strategy in the treatment of several mitochondrial related diseases (Fig. 4). In this framework, pharmacological screenings and
development of novel synthetic chemical agents have been in the spotlight of related research.

In spite of the recent advances in the understanding of mechanistic details of mitophagy molecular pathways, important
questions still remain obscure regarding the in vivo role of mitophagy components within distinct physiological and pathological
contexts. Despite the promising results obtained by the use of synthetic and natural chemical compounds on energy metabolism,
mitophagy stimulation per se has not been evaluated in vivo yet. The majority of the current knowledge on mitophagy mechanisms
is mainly based on in vitro artificial systems. Therefore, the use of transgenic animal models for in vivo mitophagy monitoring, such
as mito-QC and mito-Keima expressing mice, mito-Rosella expressing yeast and nematodes, will revolutionize the progress in
understanding the complex interplay between mitophagy pathways (Palikaras et al., 2015; McWilliams et al., 2018; Sun et al., 2015;
Mijaljica et al., 2011). Unraveling the spatiotemporal regulation of mitophagy in different cellular populations utilizing primary
mammalian cells and/or animal models will lead to an unprecedented understanding of mitochondrial degradation mechanisms.
Furthermore, the combination of in vivo mitophagy imaging systems with disease animal models will shed light on disease etiology
and progression boosting translational research. In upcoming years, the impact of mitophagy modulators on human physiology
should be evaluated through clinical trials investigating their therapeutic efficiency against mitochondria-related pathologies.
Fig. 4 Novel therapeutic intervention strategies based on chemical modulators of mitophagy. Supplementation of chemical agents, which promote mitophagy
and/or mitochondrial biogenesis, preserve mitochondrial homeostasis resulting in subsequent cellular and organismal survival.
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Hence, identification of novel mitophagy regulators might establish novel therapeutic intervention approaches to tackle a wide
spectrum of mitochondria-associated disorders and provide critical insights with broad relevance to human health and quality of
life (Fig. 4).
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