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Parkinson’s disease (PD) is the second most popular age-associated neurodegenerative disorder after Alzheimer’s disease. The degeneration of dopaminergic neurons, aggregation of α-synuclein (α-syn), and locomotor defects are the main characteristic features of PD. The main cause of a familial form of PD is associated with a mutation in genes such as SNCA, PINK1, Parkin, DJ-1, LRKK2, and others. Recent advances have uncovered the different underlying mechanisms of PD but the treatment of PD is still unknown due to the unavailability of effective therapies and preventive medicines in the current scenario. The pathophysiology and genetics of PD have been strongly associated with mitochondria in disease etiology. Several studies have investigated a complex molecular mechanism governing the identification and clearance of dysfunctional mitochondria from the cell, a mitochondrial quality control mechanism called mitophagy. Reduced mitophagy and mitochondrial impairment are found in both sporadic and familial PD. Pharmacologically modulating mitophagy and accelerating the removal of defective mitochondria are of common interest in developing a therapy for PD. However, despite the extensive understanding of the mitochondrial quality control pathway and its underlying mechanism, the therapeutic potential of targeting mitophagy modulation and its role in PD remains to be explored. Thus, targeting mitophagy using chemical agents and naturally occurring phytochemicals could be an emerging therapeutic strategy in PD prevention and treatment. We discuss the current research on understanding the role of mitophagy modulators in PD using Drosophila melanogaster as a model. We further explore the contribution of Drosophila in the pathophysiology of PD, and discuss comprehensive genetic analysis in flies and pharmacological drug screening to develop potential therapeutic molecules for PD.
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Introduction

The incurable progressive neurodegenerative disorder such as Parkinson’s disease (PD) increases with aging and affects the elderly population of age 60 years or above, imposing a huge burden on the welfare of our society. PD is associated with the degeneration of dopaminergic neurons (DA), which diminishes dopamine levels in the substantia nigra and affects the normal function of the brain (Aryal and Lee, 2019). The reduced dopamine level leads to a decline in motor function and movement disorder phenotypes including limb tremors, muscle rigidity, bradykinesia, posture instability, and behavioural disorders like depression and anxiety (Hewitt and Whitworth, 2017). At the cellular level, it is accompanied by the presence of cytoplasmic inclusions called Lewy bodies (LB), which are mainly composed of α-synuclein protein. This protein is considered an executor of PD which plays a prominent role in both familial and sporadic pathogenesis (Fan et al., 2021). The aetiology of PD remains largely unknown and current therapies for PD only alleviate the symptoms of Parkinsonism, and they are not effective in the prevention of PD. Therefore, it is a need of the hour to elucidate the molecular and genetic mechanism of PD pathogenesis for making therapeutic breakthroughs in the future.

Increasing evidence suggests that the genetic and environmental factors play crucial role in the occurrence of PD, whereas aging is one of the major risk factor amongst these factors. The sporadic and familial are two forms of PD, most of the PD cases are sporadic whereas only 5–10% of cases are familial among all Parkinson’s patients. The genome-wide studies have identified several PD risk loci whose mutations are causative of a familial form of PD which carry heritable changes and disease-associated mutations in “PARK” genes (Wakabayashi and Takahashi, 2007). These genes include α-syn (PARK1/4) (Polymeropoulos et al., 1997), Parkin (PARK2) (Kitada et al., 1998), PINK1 (also known as phosphatase and tensin homolog (PTEN)-induced kinase 1; PARK6; Valente et al., 2004), DJ-1 (PARK7; Bonifati et al., 2003), LRRK2 (leucine-rich repeat kinase 2-PARK8; Zimprich et al., 2004), and ATP13A2 (PARK9; Ramirez et al., 2006). The mutations in two genes such as Parkin and PINK1 have been identified in an autosomal recessive form of PD while mutations in both LRRK2 and α-syn result in an autosomal dominant form of PD. Furthermore, three cellular defects such as oxidative stress, mitochondrial dysfunction, and protein aggregation are mainly involved in the progression of this disease. The function of PD-associated genes provides great insights into the development of PD (Figure 1).
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FIGURE 1
 The schematic representation of dopaminergic neuronal clusters and PD-associated genes involved in mitochondrial function in normal, early and old PD affected brains of Drosophila. (A) The clusters of dopaminergic neurons are distributed all over the Drosophila brain. In the normal adult fly brain, healthy mitochondria and PINK1, Parkin, DJ1, and LRRK2 genes maintain the integrity of mitochondrial dynamics. The dopamine movement is found normal, and no loss of DA neurons observed in the healthy brain. (B) In the early PD, some (one to four neurons) of the DA neurons found degenerated in the young fly brain but proper PD-associated phenotypes are not observed. (C) In PD affected brain, the mutation in genes such as PINK1 and DJ-1 stimulate mitochondrial degradation which results in ROS overproduction, whereas dopamine oxidation promotes misfolded α-synuclein aggregation, the formation of Lewy bodies, and induces cellular toxicity which leads to neuronal death. Progressive degeneration of DA neurons (four-six neurons) has been observed in old-aged fly brain. The DA neurons clusters are labelled as PAL-Protocerebral Anterior Lateral; PAM-Protocerebral Anterior Medial; PPM-Protocerebral Posterior Medial; PPL-Protocerebral Posterior Lateral; VUM-Ventral Unpaired Medial; ROS-Reactive oxygen species.


DA neurons have significant bioenergetics and metabolic requirements, with the outcomes of acute exposure to mitochondrial stress (Abou-Sleiman et al., 2006). Certainly, mitochondrial dysfunction is known as a prominent pathological hallmark of PD (Fernandez-Moreno et al., 2007). Mitochondria are multifunctional and dynamic organelles contributing to a various range of cellular processes including oxidative phosphorylation, heme biosynthesis, Ca2+ signaling, and programmed cell death (Filosto et al., 2011). Mitophagy is a process that maintains mitochondrial homeostasis by degrading superfluous and dysfunctional mitochondria, and impaired mitophagy has been considered one of the crucial aspects in determining pathological variability associated with PD.

Mitophagy involves the accumulation of kinase PINK1 (PTEN-induced putative protein kinase 1) in the outer membrane of depolarized mitochondria where it phosphorylates E3-ubiquitin ligase Parkin which leads to further activation (Geisler et al., 2010; Eiyama and Okamoto, 2015). Activated Parkin subsequently ubiquitinates its substrates in the outer mitochondrial membrane (OMM) including Parkin, TOM70, and SLC 25A4 (Geisler et al., 2010). These polyubiquitinated substrates are identified by autophagy adaptors like p62, NDP52, and OPTN which trigger the binding of Atg8/LC3 and formation of double-membrane autophagosome around the mitochondria (Palikaras et al., 2018a,b). The double layered autophagosome is then transported and degraded in the lysosome, and the degradation products are recycled. Moreover, two important genes, pink1 and parkin are required for mitophagy whereas mutation in these genes can induce PD, suggesting that defective mitophagy may play a role in the development of PD (Durcan and Fon, 2015). Additionally, pink1 mutation induces defects in the mitophagy process which leads to disruption of cellular and physiological processes including bioenergetics and alteration in the redox state of complex I (Clark et al., 2021). Accumulation of non-functional mitochondria and impaired clearance of such mitochondrial through mitophagy is detrimental to the neurons which trigger their death. Currently, dopamine agonist and monoamine oxidase B (MAO-B) inhibitors are available as preventive medications against PD, however they only alleviate symptoms. Recently, several research groups are focussing their attention on pharmacological screening of chemical/natural modulators which might be useful to promote mitochondrial homeostasis by removing damaged mitochondria and restoring energy homeostasis within the neurons. To this end, a number of chemical modulators, including curcumin (Van der Merwe et al., 2017), spermidine (Yang et al., 2020), resveratrol (Wu et al., 2018), and Urolithin A (Ryu et al., 2016), have been employed to induce mitophagy and test their effectiveness in preventing neurodegenerative diseases like PD.

The primary reason for the utility of model systems in modern biology is the evolutionary principle that all organisms share a remarkable degree of genetic similarity and developmental processes controlled by genes. Research on the natural course of disease in humans is impossible, unethical, and expensive. The systematic evaluation of efficacy, safety, and study on model organisms is relatively cost-effective, easy to maintain, and they can also be experimentally manipulated in research laboratories. Thus, model organisms provide rapid and novel insights into neurodegenerative diseases including PD that can be useful in the era of modern medicine.

Studies on PD have been conducted in a variety of model organisms including mice, fruit flies, worms, and in vitro using cell culture (Breger and Fuzzati Armentero, 2019), due to the limitations of working on humans as described above. Indeed, genetic or mitochondrial toxin-based cellular and animal PD models have been utilized to fully understand the pathophysiology of PD, although cellular models have drawbacks as well (Betarbet et al., 2002). Drosophila melanogaster, also known as the fruit fly, has become a potent organism for modelling human neurological disorders, such as PD (Feany and Bender, 2000). The fruit fly is a simple animal with a complex neuronal circuit including clusters of DA neurons. The DA neurons can be subjected to genetic manipulations and PD pathogenesis-associated phenotypes have been reproducibly observed in such flies. This model has provided new valuable insights to study the mechanisms underlying PD, and the discovery of novel preventive therapy for neurodegenerative disorders.

So far we have discussed the pathogenesis of PD with a focus on mitophagy. In the next section, we have made an effort to offer a thorough evaluation of the current PD fly models used to investigate disease pathways. In order to clarify altered molecular processes of mitophagy pathways in PD fly models, we will also explore the function of various mitophagy modulators (chemical/natural). Finally, we will discuss previous studies for developing therapeutic strategies against PD by targeting genetic or pharmacological interference of mitophagy pathways.


Drosophila melanogaster: An elegant animal model system for Parkinson’s disease

The common fruit fly, Drosophila melanogaster, has been extensively utilized as a genetic model system for investigating molecular and cellular mechanisms underlying disease. The Drosophila genome contains homologs of more than 75% of the human disease-causing genes, making them an excellent and practical animal model for improving our understanding of neurodegenerative diseases including PD (Feany and Bender, 2000). Drosophila has a short lifecycle of ~10 days at 25°C, and is relatively inexpensive and easily maintained in the laboratory in large numbers. The Drosophila genome consists of only four chromosomes as compared to the human genome which is distributed across 23 chromosomes (Lindsley and Zimm, 2012). The UAS-GAL4 binary system has been used as a popular approach for genetic manipulation in Drosophila. The UAS-Gal4 system is a binary system: one part encodes GAL4, a transcription factor of yeast (Saccharomyces cerevisiae) and the second part consists of Upstream Activator Sequence (UAS) an enhancer to which GAL4 binds (Duffy, 2002). Typically, GAL4 is fused downstream of a tissue-specific promoter (e.g., Tyrosine hydroxylase gene promoter) and flies are engineered to carry this in their genome. Similarly, UAS-transgene (gene of interest, e.g., α-synuclein) is generated and transposed into the Drosophila genome. Mating promoter-GAL4 and UAS-transgene flies drive the expression of the transgene in a tissue-specific manner in the DA neurons (Southall et al., 2008).

Over the past decades, different human neurodegenerative diseases have been modeled in Drosophila for studying the disease-relevant mechanisms (Bolus et al., 2020). The fact that Drosophila has a complex nervous system with neurons and glial cells make the fly model very beneficial for studying the nervous system (Muqit and Feany, 2002). Many animal models have been utilized to study PD, but the fruit flies are a simple animal model in comparison to other model systems. It represents several essential characteristics of PD, including loss of dopaminergic neurons, mitochondrial dysfunction, and degeneration of muscle tissues (Naz and Siddique, 2021). The identification of the SNCA gene was considered to be causative of PD (Kasture et al., 2018). In PD etiology, the importance of associated genes has been frequently rising in the past years. To increase our knowledge in understanding PD etiology, different PD-associated genes have been identified which facilitated the generation of a variety of Drosophila models of PD (Hewitt and Whitworth, 2017). The PD-associated genes are functionally conserved across species and associated mechanisms can be easily studied in Drosophila models of PD. The Drosophila model is excellent in vivo system to test potentially neuroprotective compounds which are discussed later.



Drosophila models for Parkinson’s disease

The first Drosophila model of Parkinson’s disease was proposed by Feany and Bender in 2000, they established the Drosophila model system to study human neurodegenerative diseases. Interestingly, they further described that Drosophila α-synuclein model displays locomotion defects and degeneration of dopaminergic neurons similar to PD patients (Feany and Bender, 2000). Even though PD-associated phenotypes observed in the Parkinson’s model have been tested separately, while different laboratories have found conflicting results on the loss of dopaminergic neurons in the fly brain. Hence, all the Drosophila models of Parkinson’s disease exhibit different patterns of dopaminergic neuronal clusters in the brain. The fly brain consists of approximately 127 genuine dopaminergic neurons and these neurons are distributed in eight clusters of neurons per hemisphere including 4–13 individual neurons (Kasture et al., 2018).These dopaminergic clusters are named as Protocerebral Anterior Lateral (PAL), Protocerebral Anterior Medial (PAM), Protocerebral Posterior Medial (PPM), Protocerebral Posterior Lateral (PPL), Ventral Unpaired Medial (VUM).

The discovery of several genes including α-synuclein, LRKK2, DJ-1, Parkin, and Pink1 has offered a novel approach to design different PD models to study the underlying mechanism involved in familial forms of PD (Navarro et al., 2014; Aryal and Lee, 2019). Therefore, different characteristic features and phenotypes have been seen in Drosophila model of PD, whether they are produced by mutation in PD-associated genes or exposure to neurotoxin (Figure 2). These features include locomotor defects, reduced lifespan, decrease in dopamine content, and degeneration of DA neurons in the majority of PD models. Therefore, Drosophila PD models might be useful for developing new therapeutics to treat PD. The models are individually described below Table 1.



TABLE 1 List of Parkinson’s diseases associated genes and their phenotypic expression in Drosophila.
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FIGURE 2
 The illustration of Drosophila model used for Parkinson’s Disease. Genetic models such as SNCA, LRRK2, DJ-1, Parkin, and PINK1 have been used to study the molecular mechanism of PD. These animal models have been generated on the basis of genetic mutation in the genes linked to disease. The toxins such as MPTP, Rotenone, and Paraquat have also been used to induce PD-associated phenotypes in Drosophila model. These models can also be employed for investigating PD and developing therapeutic drugs against PD.




SNCA (α-synuclein)

SNCA encodes a small, self-aggregating, neuronal protein known as α-synuclein. The major component of Lewy bodies in the brain is α-synuclein protein; minor levels of this protein have also been found in heart and muscles. The formation of Lewy body inclusions propelled accumulation and misfolding of α-synuclein in the central nervous system which contributes to dopaminergic neuronal death in PD (Feany and Bender, 2000). Although there is no homolog of SNCA found in Drosophila, pathogenic point mutations in SNCA can be expressed in Drosophila to generate the GOF model of PD. Several studies have observed that α-synuclein expression can cause different types of phenotypic changes such as a progressive degeneration of dopaminergic neurons and retinal tissues, decline in locomotor ability, and aggregation of proteinaceous inclusions (Auluck et al., 2002; Auluck and Bonini, 2002). However, some discrepancies have been observed related to the strength of α-synuclein phenotypes.

Several studies have suggested that increased proteasome-dependent degradation and pharmacological stimulation of heat shock proteins like HSP70 abolished the α-synuclein mediated toxicity without inducing the formation of inclusion proteins (Auluck and Bonini, 2002; Karpinar et al., 2009; Witt, 2013). Hence, these outcomes indicate an association between increased α-synuclein aggregates and reduced cellular toxicity, supporting in vitro evidence that smaller oligomeric species are the primary toxic species in comparison to larger oligomeric species (Karpinar et al., 2009). Numerous recent findings have exhibited intracellular vesicle trafficking by the small GTPase Rab proteins in α-synuclein pathogenesis. In Drosophila, the functional interactions between α-synuclein and Rab1, Rab8a, and Rab11 have been identified to ameliorate toxicity (Cooper et al., 2006; Breda et al., 2015; Wang and Hay, 2015; Shi et al., 2017). Notably, both PINK-1 and LRRK2 have also been found functionally associated to Rab8 but additional studies will be required to investigate the underlying mechanism of Rab proteins in α-synuclein mediated toxicity (Yin et al., 2014; Shi et al., 2017).

There are three PD-associated α-synuclein mutations known as A30P, A53T, and E46K (Blandini and Armentero, 2012). The most studied mutations are A30P and A53T. The transgenic A53T mice exhibited abnormal accumulation of α-synuclein resulting in rapid neurodegeneration which ultimately led to neuronal cell death. The α-synuclein transgenic animals A30P display similar phenotypic and physiological abnormalities of PD including locomotor dysfunction, formation of insoluble fibrillar aggregates, and slow degeneration of dopaminergic neurons as found in humans (Feany and Bender, 2000). Likewise, rapid loss in climbing ability has also been observed in Drosophila expressing A30P mutants (Chen et al., 2014). Furthermore, cathepsin D and glucocerebrosidase actively take part in the accumulation of α-synuclein in the brain, resulting in decreased locomotor function along with progressive loss of dopaminergic neurons (Suzuki et al., 2015; Davis et al., 2016; Khair et al., 2018). The human α-synuclein protein contains mitochondrial targeting signals at its N-terminus which plays crucial role in translocating protein to the mitochondrial inner membrane. This α-synuclein accumulation in the mitochondrial membrane of dopaminergic neurons causes increased ROS production, decreased transmembrane potential resulting leading to impairment in mitochondrial function (Devi et al., 2008). A53T α-synuclein mutant phosphorylates Parkin directly at serine-131 to interrupt mitophagy whereas overexpression of A53T α-synuclein mutant affects the activation of p38MAPK (Chen et al., 2018). The accumulation of α-synuclein on mitochondria contributes to increased neuronal death and mitophagy.



LRRK2

Leucine-rich repeat kinase 2 (LRRK2) gene mutations, which involve large domain GTPase and kinase activity, are a frequent cause of autosomal dominant PD. LRRK2 has been associated to a wide range of cellular processes and signalling pathways, including autophagy, mitochondrial activity, vesicular trafficking, endocytosis, and modulation of the retromer complex (Wallings et al., 2015; Rosenbusch and Kortholt, 2016). The growing evidences suggest that impairment in mitophagy pathway may result from LRRK2 mutation, but the underlying mechanism is yet unknown. One study claimed that the combined effect of LRRK2-G2019S mutation increased the levels of autophagy markers p62 and LC3 in dopaminergic neurons produced from induced pluripotent stem cells from PD patients, showing a link between aberrant autophagy and G2019S-induced neurotoxicity (Liu et al., 2008). However, according to different study, LRRK2-G2019S mutations promote mitophagy through activating histone deacetylase (Liu et al., 2019). Further research needs to be carried out to understand these defects at the molecular level. In Drosophila, the overexpression of LRRK2 exhibits decreased climbing ability, selective loss of dopaminergic neurons, retinal degeneration, and early mortality (Liu et al., 2008). In addition, JNKK (Hep) was found to mediate LRRK2-induced neuronal degeneration in flies. JNKK is a downstream kinase that can be deleted or expressed in a dominant-negative form to improve locomotion, increase fly survival, and reduce dopaminergic neuron loss in LRRK2-G2019S mutants (Yang et al., 2018; Aryal and Lee, 2019).

Numerous studies suggested that LRKK2 plays a crucial role in PINK1/Parkin-mediated mitophagy. According to the latest study, RAB10 is a substrate of LRKK2 and it aggregates on damaged mitochondria in PINK-1/Parkin dependent manner (Wauters et al., 2020; Singh and Ganley, 2021). However, another study suggested that LRRK2 can inhibit PINK1 and Parkin-dependent mitophagy clearance through its kinase activity (Bonello et al., 2019; Miller and Muqit, 2019). To shed insight on the function of LRRK2 in the mitochondrial clearing, additional research is required.



DJ-1

DJ-1 is encoded by the PARK6 gene and mutation in DJ-1 results in an autosomal recessive PD. DJ-1 is found in the mitochondrial matrix and intermembrane space, where DJ-1 binds to mitochondrial complex I subunits and controls its activity (Zhang et al., 2005; Hayashi et al., 2009). Under stress conditions, DJ-1 translocate into the mitochondria and performs like a redox sensor/reductase. Loss of DJ-1 (DJ-1 KO mouse) leads to loss of polarization of mitochondria, mitochondrial fragmentation, and accumulation of markers of autophagy like LC3 punctae around defective mitochondria (Heo et al., 2012). The mitochondrial translocation of DJ-1 maintains clearance of endogenous ROS, and adenovirus-mediated DJ-1 overexpression can reverse the mitochondrial fragmentation phenotype of DJ-1 mutant (Menzies et al., 2005; Lucas and Marín, 2007), indicating a critical role for DJ-1 in mitochondrial function and possible contribution of DJ-1 in neuroprotection.

A highly conserved protein that is a member of the molecular chaperons superfamily is encoded by DJ-1. In Drosophila, two orthologues of the DJ-1, DJ-1α, and DJ-1β are found in the genome (Lucas and Marín, 2007). The predominant expression of DJ-1α occurs in the male testis, and adult brain at a lower level. Loss of DJ-1α increases oxidative stress and dopaminergic neuronal degeneration, whereas DJ-1β mutants exhibit the reduced climbing ability and increased sensitivity against environmental toxins like paraquat, rotenone, and H2O2 (Menzies et al., 2005; Park et al., 2005; Aryal and Lee, 2019). The oxidative stress and aging process provoke overoxidation of DJ-1β at cysteine 104 in Drosophila, which inactivates DJ-1 protein irreversibly (Meulener et al., 2006). Parkin is recruited to damaged mitochondria more readily when DJ-1 levels are low, and DJ-1 accumulation on mitochondria under stress circumstances depends on PINK1 and Parkin, demonstrating a link between DJ-1 and the PINK1/Parkin-mediated mitophagy pathway (Irrcher et al., 2010). The mitochondrial defects in DJ-1 knockout flies have been demonstrated as phenocopy of PINK1 and Parkin mutants (Joselin et al., 2012). Additionally, the overexpression of DJ-1 can rescue the phenotypic characteristics of flies that are PINK1 deficient but not in Parkin deficiency.



Parkin

Autosomal recessive PD is caused by a mutation in the parkin gene. Parkin encodes an E3 ubiquitin ligase that ubiquitinates substrates to be targeted for proteasomal degradation. Parkin is conserved in Drosophila and loss of Parkin leads to loss of mitochondrial integrity (Greene et al., 2003). Despite being partially fatal, homozygous Parkin fly mutants are viable and exhibit locomotor defects, male sterility, shortened longevity, mitochondrial dysfunction, degeneration of indirect flight muscles, and dopaminergic neurons (Greene et al., 2003). It has been demonstrated that Parkin is essential for preserving the morphological function and integrity of dopaminergic neuronal clusters in the Drosophila brain (Cackovic et al., 2018). Parkin loss-of-function mutant exhibits accumulation of various Parkin substrates within the brain including DA neurons which may lead to dopaminergic neuronal death (Cha et al., 2005). Interestingly, Drosophila Parkin null mutants also demonstrate behavioural phenotype characterized by progressive motor impairment driven by DA neuron degeneration in PPL1 (Protocerebral posterior lateral) cluster and reduced TH staining in PPM1/2 (Protocerebral posterior medial) cluster, resulting in a decreased level of dopamine content (Cha et al., 2005). Taken together, these above studies suggest that Drosophila parkin pathological phenotypes are caused by neuronal toxicity and subsequent degeneration.



PINK1

As like Parkin, PINK1 is also associated with recessive Parkinsonism which encodes a serine/threonine kinase with mitochondrial targeting sequence, and PINK1 is significantly involved in maintaining the integrity of the mitochondria. In Drosophila, pink-1 mutants exhibit locomotor defects, degeneration of flight muscles and DA neurons, reduced lifespan, and defective thorax phenotype in three-day-old flies (Yang et al., 2006). In addition, aged (30 days old) pink-1 mutant flies exhibit degeneration of DA neurons in the PPL1 (Protocerebral posterior lateral) cluster. Similarly, pink-1 mutant caused locomotor defects and degenerated DA neurons in mice (Moisoi et al., 2014). These behavioural phenotypes of the pink1 mutant were accompanied by mitochondrial dysfunction.

Genetic interaction studies revealed that pink1 mutant flies share remarkable phenotypic similarities with parkin mutants (Clark et al., 2006). parkin overexpression rescued phenotypes of pink1 mutant, while pink1 overexpression exhibited no effects on parkin mutant phenotypes (Park et al., 2006). This genetic analysis indicated that pink1 and parkin function in the same pathway, whereas parkin acts downstream of pink1, which is conserved between Drosophila and mammals. Numerous studies demonstrated that both genes (pink1 and parkin) share a common pathway to maintain mitochondrial integrity, even though their localization is different (Aryal and Lee, 2019). PINK1 localizes primarily to the mitochondria whereas Parkin resides in the cytosol. Furthermore, it has been shown that parkin recruitment from the cytosol to depolarized mitochondrial facilitates selective autophagic degradation of defective organelles (Greene et al., 2003; Clark et al., 2006). Additionally, pink1 along with parkin modulates different aspects of mitochondrial functions that also affect its morphology and physiology (Jin and Youle, 2012). Moreover, Parkin is directly phosphorylated by PINK-1 to regulate its translocation to mitochondria in Drosophila. These findings explain genetic interactions between pink1 and parkin genes which share a common mechanism in fly model.



GBA mutations in Parkinson’s disease

GBA gene encodes a lysosomal enzyme called glucosidase β-acid/ glucocerebrosidase wherein reduced or null activity of the enzyme leads to accumulation within the lysosome leading to lysosomal dysfunction. Mutation in the GBA gene causes an autosomal recessive lysosomal storage disorder known as Gaucher’s disease (GD). Several clinical reports describing GD patients who acquired PD led to the initial hypothesis that GBA mutations and PD are related to each other (Sanchez-Martinez et al., 2016). Furthermore, GBA mutations are considered as strongest risk factor to develop PD and associated phenotypes such as mood disorder and neurons degenerations (Brockmann et al., 2015). Despite being debatable initially, the link between GBA mutations and PD is now clear because these mutations are the most prevalent genetic causes of PD globally. Furthermore, this mutation was observed in around 3–20% of the patients in different populations. Based on the kind of GD, GBA mutations are categorised as severe and moderate. This classification correlates with the PD, given that carriers of severe GBA mutations have a higher risk than those who have mild GBA mutations carriers (Brockmann et al., 2015; Sanchez-Martinez et al., 2016).

Numerous studies have been proposed to explain how GBA mutations may cause PD by focusing on loss or gain-of-function mutations, but the precise mechanism is still under investigation. It has been demonstrated that chemical inhibition of GBA can lead to accumulation of SNCA, which was later validated and replicated in other models with GBA mutations (Gan-Or et al., 2015). It was also proposed that reduced GBA enzymatic activity (with no genetic lesions in GBA) PD patient’s brain is correlated with elevated SNCA. Additionally, SNCA transmission from one cell to another is also accelerated by impaired function of GBA (Gan-Or et al., 2015). A mechanistic suggestion for SNCA accumulation and PD progression is a positive feedback loop where GBA depletion causes further aggregation of SNCA. Apart from this, gain-of-function GBA mutation leads to ER stress, which can contribute to the PD progression but is less likely to be a necessary factor in its development (Gan-Or et al., 2018). Null mutations in GBA cause PD due to the lack of GBA expression in the neurons. Therefore, if no GBA is produced, there cannot be harmful consequences; instead loss-of-function is more likely to be the cause of elevated risk of developing PD (Velayati et al., 2010).

According to a number of studies, general lysosomal dysfunction and impaired autophagy may result from GBA dysfunction. In addition, the reduced function of GBA was observed in GBA non-mutant PD patients, wherein the GBA levels and its enzymatic activities were found decrease which resulted in reduced lysosomal CMA (chaperon-mediated autophagy) and increased SNCA accumulation (Gan-Or et al., 2015; Behl et al., 2021). Loss of function mutations in GBA can lead to lysosomal dysfunction which can be demonstrated by aggregation of SQSTM1(p62) and polyubiquitinated proteins in a cellular model (Behl et al., 2021). Thus, it may be suggested that factors (genetic or environmental) other than GBA mutations may also have an impact on GBA activity, and elucidating these factors might be useful for the understanding of PD aetiology.



Toxin-induced models of PD

The environmental risk factors and gene–environment interaction play a prime role in sporadic PD development. Numerous researchers have utilized distinct neurotoxins to mimic toxin-induced PD model in Drosophila. The most frequently used neurotoxins that lead to a PD phenotype are, paraquat, rotenone, MPTP and 6-OHDA (Schober, 2004). Due to the acute nature of neurotoxin treatment, toxin-induced PD models do not exhibit neuronal loss and protein accumulation in LB. After chronic exposure to neurotoxin treatment, degeneration of dopaminergic neurons and defects in behavioral response was observed in animal models of PD. The above-mentioned toxins except 6-OHDA have been used by various studies in Drosophila to model sporadic PD, and provide useful tools for understanding the mechanism of DA neurodegeneration.



MPTP

MPTP (1-methyl-4-phenyl-1,2,3,6-terahydropyridin) is most commonly used neurotoxin to generate a PD model. Previous neurological studies have reported the absence of Lewy bodies (LB) and severe degeneration of neurons in the substantia nigra of MPTP induced Parkinson’s in humans. MPTP induced models show defects in mitochondrial function which can link mitochondrial complex I inhibition to PD (Hisahara and Shimohama, 2011). MPTP is very lipophilic in nature and crosses the blood brain barrier (BBB) after its systematic administration. Monoamine oxidase B (MAO-B) converts MPTP into 1-methyl-4-phenyl-2,3-dihydropyridium (MPDP+) in glial cells and serotonin neurons, after that MPDP+ oxidizes to MPP+. Subsequently, MPP+ is a polar molecule that is released into extracellular space and cannot transport freely to dopaminergic neurons. Hence, MPP+ requires transporters such as DAT (dopamine transporter) to move it inside the dopaminergic neurons and, it also exhibit high affinity for serotonin and norepinephrine transporters. Thereafter, MPP+ accumulates in mitochondria and impairs their function by inhibiting mitochondrial complex I. The inhibition of complex I enhances the production of ROS in the electron transport chain. Previously, the upregulation of NADPH-oxidase by MPTP was observed in the substantia nigra of mice treated with MPTP. This study also demonstrated that MPTP treatment exhibits progressive degeneration of DA neurons in mice leading to decreased motor abilities (Tieu, 2011). The administration of only high doses of MPTP results in degeneration of dopaminergic neurons in rat, suggesting that it is important to block DA receptors completely for MPTP to exhibit the characteristic features of PD. Furthermore, different animal models have been exposed with MPTP treatment to recapitulate the phenotypic characteristics of a PD. A study reported that natural polyphenol resveratrol extends lifespan and attenuates MPTP-mediated oxidative stress in Drosophila (Abolaji et al., 2018). Therefore, resveratrol and other flavonoids can be utilized for developing new therapeutics against PD prevention/treatment. MPTP toxin-induced Drosophila model can be a helpful approach in understanding PD and can be used for rapid screening of small molecules including flavonoids and carotenoids that show potential therapeutic activity against PD.



Rotenone and paraquat

Numerous studies have used mitochondrial complex I inhibitors like rotenone and paraquat to investigate the vulnerability of PD genetic models and their function in neuronal cell death (Sherer et al., 2003; Uversky, 2004). These models also exhibit behavioral and histological changes along with dopaminergic neuronal loss suggesting a pathological role in PD (Trinh et al., 2010; Aryal and Lee, 2019). Rotenone is a pesticide and inhibitor of complex I (found at the inner mitochondrial membrane) which can freely cross cellular membrane and BBB without the support of any transporters. Previous study has shown that chronic exposure to rotenone leads to degeneration of DA neurons and the formation of intracellular inclusions that look like LB in brain tissue (Aryal and Lee, 2019). Rotenone also inhibits cell proliferation and blocks mitosis by perturbing the microtubule assembly and decreasing the rate of GTP hydrolysis (Srivastava and Panda, 2007). Another study has reported that systemic administration of rotenone in rats also leads to PD with symptoms that include changes in behavioral responses and neurodegeneration (Khadrawy et al., 2017).

Paraquat is a well-known nonselective herbicide that induces oxidative stress in cells by increasing the production of cellular ROS. Paraquat can cross the BBB despite its charged chemical structure and causes a significant decrease in the number of dopaminergic neurons in the brain by inducing cell death (Sherer et al., 2003). Long-term exposure to paraquat in mice results in aggregation of α-synuclein in the neurons of substantia nigra. Additionally, the expression of the nicotinic acetylcholine receptor (nAChR) subunit was also found reduced in the presence of chronic exposure to paraquat (Sherer et al., 2003).



Mitophagy

Mitochondria are dynamic organelle that participates in many cellular functions including, the generation of ATP, regulating cell death, and maintaining ROS homeostasis (Grünewald et al., 2019; Romero-Garcia and Prado-Garcia, 2019). The maintenance of a healthy mitochondrial pool plays a crucial role in cellular and organismal homeostasis. Due to the high energetic demands of neurons, the mitochondrial activity in cells is high, thus making them vulnerable to oxidative damage (Misgeld and Schwarz, 2017; Lou et al., 2020). Therefore, damaged mitochondria need either to be repaired by different mitochondrial quality control mechanisms such as proteasome system, fission-fusion machinery, mitochondrial unfolded response (UPRmt), or to be removed by selective mitochondrial autophagy (Palikaras and Tavernarakis, 2020; Doxaki and Palikaras, 2021). Any kind of impairment in mitochondrial function has been associated with neuronal dysfunction as well as neurodegenerative disorders. Hence, neurons must maintain mitochondrial homeostasis at all times to be able to function optimally.

Mitophagy is a conserved pathway that regulates mitochondrial turnover and is considered an important mechanism for maintaining brain health in higher organisms (Youle and Narendra, 2011; Lou et al., 2020). Impairment in mitophagy may lead to an accumulation of defective mitochondria within cells which cause a variety of pathological conditions including PD (Palikaras et al., 2018a,b; Liu et al., 2019;Vara-Perez et al., 2019; Morales et al., 2020). Numerous mechanisms have been demonstrated to facilitate the removal of damaged mitochondria, highlighting that mitophagy could be activated in response to different stresses through multiple cell signaling pathways in a distinct cellular contexts (Palikaras and Tavernarakis, 2012; Chu, 2019). For simplicity, we have divided the pathways into Parkin-dependent and Parkin-independent mitophagy pathways. PINK-1/Parkin mediated mitophagy pathway is the most studied and well-characterized that orchestrates mitochondrial degradation against stress response.




Mitophagy mediated pathways


PINK1/Parkin mediated mitophagy

The PINK1 (PTEN induced putative kinase I)/Parkin pathway is specifically important for maintaining mitochondrial homeostasis. The relationship between PD-associated genes (pink1 and parkin) and mitophagy had been proposed by several researchers in the past few years (Narendra et al., 2008; Pickrell and Youle, 2015). Later, pink1 and parkins were considered as landmark studies of mitophagy and Parkinson’s disease. The mutations in pink1 and parkin results in impaired mitophagy and one of the major factors leading to Parkinson’s disease (Kitada et al., 1998; Valente et al., 2004). Loss-of-function of PINK1 or parkin also leads to accumulation of damaged mitochondria, mitochondrial dysfunction and dopaminergic neuronal loss (Clark et al., 2006; Morais et al., 2014; Liu et al., 2019). Despite recent scientific advancements in this pathway, underlying mechanism of pharmacological modulation of mitophagy remain limited.

PINK1 is a mitochondrial serine/threonine protein kinase encoded by the PARK6 gene which present on outer surface of mitochondrial membrane. Whereas, Parkin is an E3 ubiquitin ligase encoded by the PARK2 gene (McWilliams and Muqit, 2017). This pathway involves the assembly of ubiquitin chains for removal impaired mitochondria. Three important elements with different functions such as PINK1 (as a mitochondrial damage sensor), Parkin (as a signal amplifier) and ubiquitin chains (as the signal effectors) collectively make the assembly for mitophagy (Harper et al., 2018). PINK1 is transported to the mitochondria through its mitochondrial targeting sequence (MTS). PINK1 localizes to mitochondrial membrane where it spans across outer (OMM) and inner mitochondrial membrane (IMM) under normal conditions. PINK1 is cleaved and inactivated by the matrix processing peptidase (MPP) and the IMM protease presenilin-associated rhomboid like protein (PARL), and degraded in the cytoplasm by N-end rule pathway (Yamano and Youle, 2013; Sekine and Youle, 2018). However, when the mitochondrial depolarize, PINK1 can no longer be cleaved by MPP and PARL thereby leading to its accumulation in the OMM (Meissner et al., 2015). Here PINK1 undergoes dimerization and self-phosphorylation for its activation. Activated PINK1 subsequently phosphorylates several substrates including Parkin and relieves Parkin from its auto-inhibitory conformation (Narendra et al., 2010; Trempe et al., 2013). Activated Parkin ubiquitinates several proteins and these polyubiquitinated substrates are then recognized by one or more autophagy receptors p62/OPTN/NDP52 (Wong and Holzbaur, 2015). The autophagy receptors in turn interact with Atg8/LC3 through binding to AIR/LIR domain allowing autophagosome formation around the mitochondria ultimately leading to fusion to lysosome and degradation of the contents within mitolysosomes (Harper et al., 2018).



Parkin-independent mitophagy

Parkin, an E3 ubiquitin ligase is known as a crucial regulator of mitophagy but several studies suggest that mitophagy can also happen in the absence of Parkin, which is called Parkin-independent mitophagy. This pathway further divides into two parts such as receptor-mediated and ubiquitin ligase-mediated mitophagy.




Receptor mediated mitophagy


BNIP3/NIX (BNIP3L) mitophagy and FUNDC1-mediated mitophagy pathway

BCL2/adenovirus E1B 19 kDa interacting protein 3 (BNIP3) and its homolog Nip3 like protein (NIX) are BH3 only proteins belonging to the BCL-2 family, and both proteins have been shown to regulate cell death (Hanna et al., 2012; Liu et al., 2014; Rogov et al., 2017). Both the proteins translocate on OMM through their C-terminus and their N-terminus has a LIR (LC3 interacting region) motif through which they interact with LC3 or GABARAP (Rogov et al., 2017; Palikaras et al., 2018a,b). Previous studies have shown the involvement of BNIP3 in hypoxia induced mitophagy, where it was shown to promote the translocation of Drp1 and Parkin in cardiomyocytes (Lee et al., 2011; Palikaras et al., 2018a,b). BNIP3 physically interacts with PINK1 and facilitate its insertion into OMM to promote mitophagy, suggesting link between the PINK1/Parkin pathway and receptor-mediated mitophagy during mitochondrial degradation (Liu et al., 2014). Similarly, NIX induces the mitochondrial translocation of Parkin and itself gets ubiquitinated through Parkin (Zimmermann and Reichert, 2018). The crucial role of NIX has also been observed in macrophage polarization and in the development of retinal ganglion cells (Schweers et al., 2007).

In response to specific hypoxia condition, FUN14 domain-containing protein 1 (FUNDC1) acts as a mitophagy receptor by interacting with LC3 to induce mitophagy. FUNDC1 also regulates mitochondrial dynamics through the interaction with Drp1 and Opa1 during hypoxia conditions (Liu et al., 2012). FUNDC1 is phosphorylated by the kinase CK2 (casein kinase II) on Ser13 which is an inhibitory signal while de-phosphorylation of Ser13 by phosphoglycerate mutase 5 (PGAM5) facilitates LC3 recruitment to the mitochondria and mitophagy induction. FUNDC1 can be phosphorylated at serine (Ser17) by ULK1 kinase to increase mitophagy (Palikaras et al., 2018a,b; Zimmermann and Reichert, 2018).

Similar to these mitophagy receptors, other receptors such as AMBRA1, BCL2L13, FKBP8, and prohibitin 2 have been recently identified to induce mitophagy. There are few lipids like cardiolipin that can also bind to LC3 to trigger mitophagy. Under normal conditions, cardiolipin is localized in the IMM, and it is exported to the OMM upon mitochondrial stress and binds to LC3 to trigger mitophagy directly (Chu et al., 2014). Similarly, AMBRA1 possesses a LIR motif and triggers mitophagy induction through PINK1/Parkin pathway. AMBRA1 was found to induce mitophagy independently of PINK1/Parkin pathway under normal condition. Moreover, it was also identified that, AMBRA1 provides protection against ROS production, oxidative stress and promotes mitochondrial clearance in SH-SY5Y neuroblastoma cells (Di Rita et al., 2018). Additionally, other receptors like BCL2L13 (Bcl-2 like protein 13) is an OMM protein which contains a LIR motif and its overexpression caused fragmentation of mitochondria and induce mitophagy (Murakawa et al., 2015). Recently, this protein BCL2L13 has been demonstrated as mammalian orthologue of Atg32 and able to balance for the loss of Atg32 protein in yeast (Palikaras et al., 2018a,b).

Subsequently, FKBP8 (FK 506 binding protein 8) was identified as another mitophagy receptor with an anti-apoptotic role, whereas FKBP8 was not regulated by phosphorylation due to the absence of proper residue near its LIR motif (Bhujabal et al., 2017; Palikaras et al., 2018a,b). The induction of mitophagy was found independent of Parkin upon FKBP8 overexpression.



Ubiquitin ligase-mediated mitophagy

Previous studies have proposed that mitophagy can also be induced directly (independent of Parkin) by Pink1 mediated translocation of NPD52 and optineurin to mitochondria, suggesting that Parkin is not essential for mitophagy (Lazarou et al., 2015). Several other ubiquitin E3 ligases have been reported along with Parkin that function in mitophagy. AR1H1, a novel E3 ligase which participate in PINK1 dependent mitophagy (Villa et al., 2017). Mitochondrial ubiquitin ligase (MUL1) activator of NF-κβ1 was proposed to compensate the loss of PINK1/Parkin function and it rescued the associated PD phenotypes (Yun et al., 2014). Taken together, it can be concluded that mitophagy is a complex process and can be regulated be several molecules in Parkin-dependent and independent ways. Hence, it is likely that pharmacological interventions by using flavonoids may trigger one or more pathways of mitophagy induction.



Pharmacological modulation of mitophagy: From potent modulators to therapeutic strategies

The uncontrolled accumulation of damaged organelles and impaired mitochondrial homeostasis are common denominators of neurodegenerative diseases including PD (Federico et al., 2012; Grünewald et al., 2019). In the post-mortem brains of PD patient, activity of complex I was reduced due to mitochondrial respiratory chain deficit, suggesting an important role of mitochondria in PD pathogenesis (Liu et al., 2019). Additionally, impaired mitochondrial function and reduced mitophagy have been observed as crucial player in determining pathological heterogeneity of brain in PD patients, indicating a connection between mitophagy and PD pathogenesis (Clark et al., 2021). The mutations in most PD associated genes including PINK1 and Parkin participate in mitochondrial dysfunction and mitophagy impairment. Therefore, understanding the underlying mechanisms of mitophagy modulation and how these PD associated genes function to maintain mitochondrial quality control are needed for developing therapeutics against PD.



Mitophagy modulators

Mitophagy modulators can be chemical or natural molecules that might be used to induce the efficient removal of impaired mitochondria and restore the bioenergetics status of the cell. Hence, targeting pharmacological modulation of mitophagy might be a useful and promising strategy to counteract age-associated neurodegenerative disorders. Hence, several chemical and natural modulators have been investigated to maintain mitochondrial homeostasis and improve organismal healthspan.



Iron chelators

There are three major iron consumption pathways such as iron storage, heme and iron sulfur cluster biosynthesis involved in proper function of mitochondria and maintenance of cellular iron homeostasis (Chen and Paw, 2012). Previous studies demonstrated mitophagy stimulation in different model organisms such as yeast, worms and mice upon iron depletion (Schiavi et al., 2015; Nagi et al., 2016; McWilliams et al., 2018; Palikaras et al., 2018a,b). It has been reported that the iron chelator deferiprone (DFP) induces mitochondrial elimination without altering mitochondrial membrane potential. The activation of Parkin is not required in DFP-mediated mitophagy suggesting that DFP might be used to enhance mitochondrial turnover in cells with defective PINK1/Parkin mechanism (Kondapalli et al., 2012; Allen et al., 2013). The siderophore-like chemical agents such as ciclopriox olamine and 1,10′-phenanthroline (Phen) promote mitophagy induction by triggering DRP-1 dependent mitochondrial fragmentation and dissipation of mitochondrial membrane (Kirienko et al., 2015; Palikaras et al., 2018a,b; Park et al., 2018). Interestingly, another siderophore 2′2-bipyridyl (BP) has been reported to enhance mitochondrial degradation through a PINK1, PDR-1, and DCT-1 dependent mechanism by triggering a hypoxia-like response in C. elegans (Schiavi et al., 2015). Additionally, BP treatment has also been shown to promote longevity through the mitophagy induction mechanism in C. elegans (Kropp et al., 2021). Several studies have demonstrated mitophagy-inducing properties of these iron chelators, further investigations are required to understand their underlying mechanisms of actions and therapeutic potential.



Mitochondrial toxicants

The most commonly used mitochondrial toxicants as mitophagy inducers are proton ionophores which can cross the inner membrane of mitochondria and affect mitochondrial metabolism. These chemical compounds impair the balance between components of the electron transport chain (ETC) and oxidative phosphorylation by disrupting the electrochemical proton gradient. Mitochondrial uncouplers have been widely used in mammalian cells to influence mitochondrial degradation leading to elucidation of factors involved in the mitophagy process (Narendra et al., 2008; Palikaras et al., 2015). The most extensively used mitochondrial uncouplers including carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and carbonyl cyanide-p-(trifluoromethoxy) phenylhydrazone (FCCP), which stimulate mitochondrial elimination by activating PINK-1/Parkin mediated mitophagy pathway (Narendra et al., 2010; Gatliff et al., 2014).

There are some limitations to use proton ionophores in biological research because of several undesirable properties of these agents. Their activity affects bioenergetics status of the cell, dissipation of mitochondrial membrane potential, lysosomal function, cytoskeleton homeostasis and ion channel stimulation (Wang et al., 2016; Georgakopoulos et al., 2017). Hence, unwanted activity of these agents interfere with mitochondrial metabolism and limit their therapeutics applications. A recent study has investigated a novel mitochondrial uncoupling agent called BAM15 which increases mitochondrial respiration rate (Kenwood and Brookside, 2014). Interestingly, BAM15 supplementation has been shown to reduce cytotoxicity and provide resistance to acute renal ischemic injury in mice, indicating its therapeutic potential against mitochondrial dysfunction. Consistent with these findings, the role of BAM15 in mitophagy induction has not yet been explored and further studies are required in this direction.

Additionally, several oxidative stress inducers such as paraquat, rotenone, 6-OHDA (6-hydroxyldoamine), and MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) have been demonstrated as potent mitophagy mediators (Chu et al., 2013; Redmann et al., 2014; Palikaras et al., 2015; Georgakopoulos et al., 2017). These chemicals stimulate the generation of excessive ROS inducing mitochondrial damage and their subsequent degradation through mitophagy. 6-OHDA and MPTP treatments promote phosphorylation and recruitment of extracellular-signal regulated kinase 2 (ERK2) on mitochondrial surface which further facilitates sequestration of autophogosomes and removal of dysfunctional organelles. Moreover, these stress inducers promote mitochondrial removal via different molecular mechanisms but they share a common mitophagic response. The stress inducer paraquat activates increased generation of complex-I dependent superoxide which promotes mitochondrial depolarization and PINK1/Parkin pathway activation (Narendra et al., 2010; Palikaras et al., 2015). In contrast, rotenone or 6-OHDA supplemented neuronal cells cannot activate PINK1-mediated mitophagy due to their low effects on mitochondrial membrane potential. However, rotenone and 6-OHDA stimulate the release of cardiolipin from the intermembrane space of mitochondria which recruits autophagic machinery to the mitochondria facilitated by the direct association of cardiolipin and LC3.



Natural bioactive molecules with mitophagy modulating properties

The role of natural bioactive molecules has gained considerable interest as alternative options for Parkinson’s disease treatment due to the lack of success of PD-targeted approaches in pharmacological research (Figure 3). Polyphenols have been reported for delaying aging and age-related neurodegenerative diseases such as PD due to their versatile health benefits (Bhullar and Rupasinghe, 2013). The use of these polyphenols for therapy is a major challenge in pharmaceutical industry because of their poor bioavailability after ingestion and incapability to cross the blood brain barrier. The most extensively studied polyphenols that might be useful for PD prevention includes resveratrol, curcumin, catechin, quercetin, and recently used urolithin A (Table 2). These molecules may also catalyze mitochondrial turnover and biogenesis.
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FIGURE 3
 The effects of genetic and environmental factors on Parkinson’s disease. Genetic mutations in genes such as SNCA, Parkin, DJ-1, UCHL-1, LRRK2, PINK1, and environmental factors lead to PD. Mutations in α-syn cause misfolding and increases the aggregation of α-syn which further increase formation of Lewy bodies, impaired dopamine metabolism, and degeneration of DA neurons resulting in PD. Mutations in α-syn, Parkin, DJ-1, and UCHL-1 impair ubiquitin proteasome system which lead to aggregation and accumulation of proteins in the neurons resulting in degeneration of DA neurons leading to PD. PD pathology has been associated with disruption in mitochondrial dynamics which exhibit mitochondrial dysfunction, increase oxidative stress leading to cell death. Mutations in α-syn, LRRK2, DJ-1, Parkin and PINK1 and environmental factors such as MPTP, and 6-OHDA promote mitochondrial dysfunction and increased oxidative stress leading to cell death. The natural molecules possess variety of health promoting benefits and these molecules function as mitophagy inducers which pharmacologically modulate the mitophagy and might be useful in PD therapy.




TABLE 2 List of natural molecules with their mechanism of action.
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Resveratrol: A wonder molecule

Resveratrol (3,4,5-trihydroxy-trans-stilbene) is a natural polyphenolic compound found in common foods such as berries, peanuts, red wine and red grapes skin (Bhat et al., 2001). Polyphenols are compound which exhibit neuroprotective effects through several mechanisms including ROS scavenging, inhibiting oxidant enzymes, inducing autophagy, modulating mitochondrial transduction pathway and mitochondrial dynamics (Bhullar and Rupasinghe, 2013; Pallauf and Rimbach, 2013; Naoi et al., 2019). Among the polyphenols, resveratrol displays potent neuroprotection efficacy in several experimental models of AD and PD. However, its clinical application is limited due to low bioavailability and rapid metabolism. One study demonstrated that when SH-SY5Y cells were supplemented with both rotenone (a mitochondrial complex I inhibitor) and resveratrol simultaneously, resveratrol prevented rotenone induced apoptosis by inducing autophagy and increasing overall autophagy flux thereby exhibiting neuroprotective effect (Lin et al., 2014). Furthermore, resveratrol also influenced mitochondrial homeostasis by inducing mitochondrial biogenesis and energy metabolism via AMPK pathway (Wu et al., 2011). Reports show that resveratrol treatment also increases the expression of mitofusin 2 and known mitochondrial biogenesis regulator PGC-1α, which restores muscular functions and healthy mitochondrial morphology (Lagouge et al., 2006). Additionally, MPTP or rotenone induced mitochondrial dysfunction in cells treated with resveratrol exhibit reduced level of cytochrome c and activated caspase 3, suggesting reduced apoptosis in the cells. Reduced apoptosis slows the progression of PD. Resveratrol pre-treatment induces autophagy (mitophagy) promoting longevity and organismal healthspan in SIRT1-dependent manner, suggesting that mitochondrial elimination is a result of general autophagy induction instead of a selective cellular response (Bass et al., 2007). In a study, it was observed that resveratrol provides neuroprotection in response to H2O2/6-OHDA by activating SIRT1 (Kao et al., 2010). Interestingly, resveratrol ameliorates the toxicity of α-synuclein aggregation through SIRT-1 activation, however, the underlying mechanism is not fully explained (Sun et al., 2010; Ganguly et al., 2018). Recent study has indicated that SIRT1 stimulates basal autophagy while accumulation of defective organelles and disruption in energy homeostasis have been observed in the absence of SIRT1, suggesting that SIRT1 plays key role in the autophagy regulation. Taken together, resveratrol mediated mitophagy induction and mitochondrial biogenesis might be useful for preventing DA neurons death in PD patients. However, the underlying mechanism for resveratrol mediated neuroprotection against PD remains to be fully explored.




Curcumin

The polyphenol curcumin is a main component of turmeric (Curcuma longa) and derived from its rhizome. In traditional Indian Ayurvedic medicine systems, turmeric compounds like curcumin have been used for the treatment of various ailments including gastrointestinal and pulmonary diseases (Ganguly et al., 2018). Curcumin possesses versatile biological properties such as antioxidant, anti-cancerous, anti-inflammatory and neuroprotective effects (Hewlings and Kalman, 2017). Curcumin also acts like a tumor suppressor and provide protection against cancerous cell proliferation (Shanmugam et al., 2015). Curcumin produces inhibitory effects on growth of breast cancer cells and metastasis in mice bearing breast cancer (Bimonte et al., 2015). Curcumin mediated autophagy induction upregulates LC3-II and Beclin 1 which inhibits in vitro cell proliferation of chronic granulocyte leukemia, oesophageal and glioblastoma cancer (Lee et al., 2019; Shakeri et al., 2019).

Consistent with these studies, curcumin has been demonstrated to induce PINK1/Parkin mediated mitophagy by inhibiting the Akt/mTOR pathway. Furthermore, curcumin enhanced the mitochondrial biogenesis by modulating expression of genes such as SIRT1 and PGC-1α (de Oliveira et al., 2016). The curcumin-mediated mitophagy induction was also found in malignant glioma cells. Liao et al. investigated the effects of curcumin on aging and stress parameters using the C. elegans model system and they proposed curcumin mediated lifespan extension and attenuation of ROS level (Liao et al., 2011). Similarly, Wang and Xu, also demonstrated that curcumin can improve healthspan by inducing mitophagy and restoring the mitochondrial function in neurons of rats (Wang and Xu, 2020). Therefore, several approaches have been explored to increase the solubility and absorption of curcumin, but its oral use for humans is still under debate due to its low bioavailability. Moreover, curcumin (10 μM) was also found to sensitize the CNE2 cells (nasopharyngeal carcinoma) before being exposed to ultrasound. The combination of ultrasound and curcumin induce swelling of mitochondria lead to their dysfunction (Momtazi-Borojeni et al., 2018). These findings suggest that a specific autophagy mechanism can eliminate damaged mitochondria in response to curcumin. However, additional data are required to evaluate the role of curcumin in mitophagy induction in more detail.



Spermidine

Spermidine is a polyamine synthesized from putrescine and performs like a precursor molecule of spermine generation. Polyamines are small molecules which impact cellular viability by modulating different processes including cell growth, proliferation, innate immune responses and energy homeostasis (Miller-Fleming et al., 2015). During aging, the cellular level of spermidine is found reduced in various tissues like heart, kidney, liver and thymus among other tissues. Therefore, metabolism of polyamine and associated pathways are directly correlated with physiology of organisms. Previous studies highlighted that polyamine levels gradually decline with aging and develop pathological conditions in organisms (Markaki et al., 2018; Palikaras et al., 2018a,b; Ni and Liu, 2021). The decreased intracellular level of spermidine may disrupt cellular homeostasis. Spermidine mediated longevity promotion and amelioration of oxidative stress have been reported in several model organisms such as yeast, worms, flies and mice through autophagy (Eisenberg et al., 2009; Madeo et al., 2010; Schwarz et al., 2018; Maruzs et al., 2019; Yang et al., 2020). Interestingly, spermidine also activates autophagy and mitophagy in cardiac muscles, reduces the level of TNF (pro-inflammatory cytokine) and enhances mitochondrial metabolism (Tong and Hill, 2017). Spermidine has been demonstrated to induce mitophagy by upregulating the expression level of mitophagy markers such as Atgs, Beclin-1, PINK1, Parkin, LC3-II, and ULK1 and through mTOR inhibition in animal and cellular models (Palikaras et al., 2018a,b; Yang et al., 2020). Mice fed with spermidine supplement upregulated mitophagy in aged neurons as well as in case of neuroblastoma. Ghosh et al., proposed that spermidine activates autophagy and reduces the ROS formation to counteract age-related cell death (Ghosh et al., 2020).

Qi et al have demonstrated that ATM kinase activate PINK1/Parkin pathway facilitating mitochondrial removal in response to spermidine in human fibroblasts. Spermidine promotes depletion mitochondrial membrane potential leading to activation of ATM kinase and recruits Parkin on mitochondrial surface. In contrast, ATM inhibitors were found to prevent recruitment of Parkin, reduce the expression of PINK1, and suppress mitophagy in spermidine supplemented mammalian cells (Qi et al., 2016). Therefore, several lines of evidences suggest that dietary administration of spermidine might be useful for healthy aging and providing protection against neurodegenerative disorders in elderly population through targeting autophagy and mitophagy (Eisenberg et al., 2016).


Urolithin A: Mitophagy inducer

Urolithins are 6H-dibenzopyran-6-one derivatives (or aglycons) produced by gut microbiota. Ellagitannins are the main precursor of urolithin that occur in fruits such as pomegranate, blackberries, raspberries and strawberries and walnuts. Urolithins have been recognized as emerging therapeutic agents due to their health benefits against diseases, including cardiac dysfunction, inflammation and carcinogenesis (D’Amico et al., 2021). In previous study, Ryu et al., demonstrated the significant role of urolithins in cellular homeostasis and longevity promotion. The pomegranate fruit is the richest source of ellagitannins (ETs) for humans, whereas ETs are hydrolysed in the gut to produce ellagic acid (EA) which is further processed by gut microflora into urolithins (Ryu et al., 2016). Urolithin A (UA) is the most abundant metabolite among other urolithins (UB, UC and UD) that is considered to be the end product of both ETs and EA in species including humans investigated till date. Remarkably, it was found that UA promotes longevity by specifically inducing mitophagy in nematodes and rodents (Ryu et al., 2016). Similarly, UA supplementation reduces decline in pharyngeal pumping, age-dependent mobility defect and improves energy metabolism in C. elegans. Ryu et al, observed that UA treatment induces the formation of LGG-1-GFP (LC3-GFP in mammals) positive punctae in C. elegans (Ryu et al., 2016). Mitochondrial elimination was completely suppressed in UA exposed worms following knockdown of Beclin-1 (bec-1), main regulator of autophagy or the autophagosome adaptor sequestosome/p62 (sqst-1). Similar effect was observed like bec-1 and sqst-1 in worms after silencing the mitophagy using RNAi against genes such as pink1 (PTEN induced kinase-1) and BNIP3 (BCL2/adenovirus E1B interacting protein 3) in C. elegans (Ryu et al., 2016). Similarly, a dose dependent induction of autophagy (the ratio of LC3-II/LC3-I in the total cell lysate) and mitophagy (ubiquitination and p62/SQSTM in the mitochondrial fraction) was observed in UA treated mammalian cells C2C12 myoblast and Mode-K intestinal cells (D’Amico et al., 2021). UA has also been exhibited a prominent role in mitophagy induction and improvement in muscle function in rodent models (Luan et al., 2021). Mitophagy regulators such as PINK1, Beclin 1, p62/SQSTM1 and BNIP3/NX were found to be involve in UA-mediated longevity promotion, suggesting that UA supplementation maintains mitochondrial function and organismal health span through several interconnected regulatory mechanisms of mitophagy (Palikaras et al., 2018a,b). UA also enhances mitochondrial biogenesis by activating SKN-1 to maintain mitochondrial activity and promote SKN-1 mediated lifespan extension.

UA has been demonstrated as non-genotoxic molecule with LD50 value (lethal dose 50) greater than 5 g/kg body weight in rats (Patel et al., 2008). Furthermore, clinical trials concluded that UA is a safe and bioavailable in humans and is effective against age-associated neurodegeneration. Mitophagy induction and mitochondrial biogenesis are crucial mechanism to maintain the healthy population of mitochondria. The activation of AMPK, SIRT1, PGC1α and inhibition of mTOR pathway have also been shown to induce mitophagy (Palikaras et al., 2017; Jayatunga et al., 2021). UA mediated modulations of these key signalling pathways have been reported in previous studies (Ryu et al., 2016). It has been shown that SIRT deacetylates and activates an upstream kinase, LKB1 which activates AMPK (Pillai et al., 2010). The levels of ATP/NAD+ has also found to be increased by UA which activates SIRT1 promoters and affect SIRT1/PGC1 α pathway (Ghosh et al., 2020). UA has also been shown to increase the mitofusin 2 (mfn2) expression levels in its mitophagy inducing pathway (Sebastián et al., 2016; Andreux et al., 2019). Previous studies proposed that UA enhances Parkin and BECN1 transcriptional levels in humans after 28 days of UA supplementation (Andreux et al., 2019). Many cell signaling pathways such as induction of downstream mitophagy effectors ULK1 by inhibiting mTOR involves AMPK activation. UA mediated activation of AMPK and modulates mTOR pathway has been previously reported (Zhang et al., 2021). Based on the previous findings, UA may induce ULK1 activation through AMPK which may further phosphorylate LIR motif of FUNDC1 to induce mitophagy (Andreux et al., 2019). Therefore, these findings highlight that UA can reinstate metabolic energy by inducing mitophagy mechanism which can be further utilized as a novel therapeutic intervention to improve health span and prevent age-associated diseases like PD in the elderly.

Therefore, the present study summarised the completed clinical trials of natural molecules used as mitophagy inducers in Parkinson’s disease (Table 3). This clinical trial data has been collected from different literature, which have been presented an overview of clinical trials study using treatments (curcumin, resveratrol, spermidine and urolithin A) at different doses and duration to observe the outcome of this study (Wirth et al., 2018; Singh et al., 2019; Ghodsi et al., 2022; Liu et al., 2022).



TABLE 3 Summary of clinical trials in Parkinson’s disease using mitophagy inducers.
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The antibiotics as mitophagy enhancer

Several studies have been found that antibiotics modulate mitophagy at certain concentrations while overuse of certain antibiotics can cause mitochondrial dysfunction, disruption of mitochondrial homeostasis, failure in energy metabolism and development of diseases (Palikaras et al., 2018a,b). An inhibitor of mitochondrial complex III antimycin A, stimulates overproduction of ROS resulting in mild depolarization of membrane but antimycin A treatment activates F1F0-ATP synthase which can re-establish membrane potential (Georgakopoulos et al., 2017). Consequently, antimycin A is regularly used in combination with F1F0-ATP synthase inhibitor oligomycin to augment mitochondrial defects and thereby induce PINK1-Parkin mediated mitophagy pathway (Lazarou et al., 2015). Furthermore, other antibiotics such as salinomycin and valinomycin disrupt potassium homeostasis in mitochondria which leads to their dysfunction and activation of PINK1-Parkin mediated mitophagy. Accumulating evidence suggests that an antibacterial compound actinonin triggers mitochondrial removal resulting in organelle proteotoxicity (Richter et al., 2013). Interestingly, stabilized PINK1 phosphorylates Parkin on mitochondrial membrane, where it interacts with autophagosomal protein LC3 to facilitate mitochondrial degradation upon actinonin administration (Burman et al., 2017). Previous studies have demonstrated that tetracycline effects morphology of mitochondria, proteostasis and nuclear gene expression in Drosophila, C. elegans and mice (Moullan et al., 2015). Thus, the use of antibiotics as potent mitophagy inducer in controlled manner can provide valid means to develop novel therapeutics strategies against neurodegenerative disorders for future prospects.



Mitophagy inhibition

Mitophagy inhibition may be necessary in situation where excess mitophagy needs to be controlled. The uncontrolled removal of mitochondria leads to reduction of mitochondrial population this can induce stress in other organelles resulting in activation of apoptosis. Several chemical or natural molecules have been proposed for pharmacological inhibition of mitophagy (Georgakopoulos et al., 2017). For instance, 3-methyladenine, an autophagy inhibitor is commonly utilized for mitophagy suppression (Wu et al., 2010). The lysosomal inhibitors such as bafilomycin and chloroquine disrupt fusion of autophagosome to lysosome membrane by preventing lysosomal acidification (Redmann et al., 2017). Thus, these lysosomal inhibitors play major role in prevention of mitochondrial degradation. However, due to non-selective function of these compounds, an alternative method like modulation in mitochondrial fission is required for preventing mitochondrial elimination. In yeast and mammalian cells, mutations in mitochondrial division inhibitor 1 (mdivi-1) disrupt morphology of mitochondria by preventing its division. Remarkably, mdivi-1 impairs the enzymatic activity of Drp1 which reduces cell death and apoptosis (Bordt et al., 2017). Recently, peptide inhibitors are recognized as new approach to modulate selective mitophagy pathway. However, additional research is required to investigate mimetic peptides for mitophagy modulation.



Mitophagy modulation as therapeutic approach in Parkinson’s pathogenesis

The impairment in mitophagy is a common denominator of age-related neurodegenerative diseases. Therefore, pharmacological interventions with potent chemical or natural modulators targeting mitophagy might have therapeutic potential for treating various ailments. Several studies have identified chemical and natural compounds to restore the effective removal of damaged organelles by manipulating the mitophagy mechanism (Georgakopoulos et al., 2017). Metformin and rapamycin are commonly used autophagy inducing drugs which preserve energy metabolism through mitophagy induction by attenuating mTOR and AMPK activation (Shi et al., 2012; Villanueva Paz et al., 2016). Metformin supplementation induces mitophagy by stimulating Parkin activation through downregulation of p53. The suppression of mitochondrial elimination might occur by direct interaction of cytoplasmic p53 with Parkin (Palikaras et al., 2018a,b). Additionally, rapamycin administration exhibit protective effects against impaired mitochondrial function by maintaining stress resistance and energy homeostasis (Li et al., 2014). Several natural compounds such as resveratrol, urolithin A, spermidine, and certain antibiotics have been identified as mitophagy inducers which maintain mitochondrial integrity, and promote anti-aging effects in different model organisms including yeast, flies, nematodes and mice (Palikaras et al., 2018a,b). However, further investigation is required to uncover their underlying mechanism of action. The development of therapeutics interventions by using compounds having biogenic and mitophagic activities may affect human health span physiology and age-associated neurodegenerative disorders. Furthermore, it has also been demonstrated that Vitamin K2 plays an important role in electron transfer in mitochondria of Drosophila (Lin et al., 2021). This vitamin may function like electron carrier and induces ATP generation in mitochondria. Vitamin K2 helps in maintaining normal ATP production which may provide new approach for PD treatment (Vos et al., 2012). Therefore, co-ordination between mitochondrial biogenesis and degradation is much needed for maintaining mitochondrial functions and homeostasis in organism. The identification of potent chemical/natural mitophagy modulators could be a promising interventions for PD treatment by targeting mitophagy manipulation.



Concluding remarks and future prospects

This review illustrated the exploration of the different mitophagy pathways, mitophagy modulators and their therapeutics approach in PD prevention with main focus on utilizing Drosophila as a model. In this context, several studies have targeted mitophagy modulation as a potential therapy for PD. Several risk factors and PD-related genes are associated with mitophagy impairment. Mitochondria and autophagy are strongly interconnected and their impairment contributes to PD pathogenesis. However, mitophagy modulation is considered as promising approach in PD prevention, but mitophagy regulation and its underlying mechanism in PD pathogenies is still unclear. Many open questions are still persisting: what are the specific mechanisms underlying lysosomal and mitochondrial dysfunction and how their interaction leads to PD pathogenesis? What is the role of mitophagy modulation in mitochondrial quality control in neurons as compared to other mitochondrial degradation pathways? How mitophagy and mitochondrial biogenesis are connected with each other, how these are associated to mitochondrial fission and fusion process in neurons? Despite many debates in this field, we still need to address these questions by targeting mitophagy and restoring energy metabolism which may provide a therapeutic approach for PD pathophysiology. The purpose of these studies is to identify potential drug candidates for mitophagy modulation and decipher their mode of action. The knowledge generated from such studies can hopefully be used to conduct further research in higher organisms potentially leading to clinical trials.
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