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The loss of dopaminergic (DA) neurons in the substantia nigra leads to a progressive, long-term decline of movement and other non-motor deficits. The symptoms of Parkinson’s disease (PD) often appear later in the course of the disease, when most of the functional dopaminergic neurons have been lost. The late onset of the disease, the severity of the illness, and its impact on the global health system demand earlier diagnosis and better targeted therapy. PD etiology and pathogenesis are largely unknown. There are mutations in genes that have been linked to PD and, from these complex phenotypes, mitochondrial dysfunction emerged as central in the pathogenesis and evolution of PD. In fact, several PD-associated genes negatively impact on mitochondria physiology, supporting the notion that dysregulation of mitochondrial signaling and homeostasis is pathogenically relevant. Derangement of mitochondrial homeostatic controls can lead to oxidative stress and neuronal cell death. Restoring deranged signaling cascades to and from mitochondria in PD neurons may then represent a viable opportunity to reset energy metabolism and delay the death of dopaminergic neurons. Here, we will highlight the relevance of dysfunctional mitochondrial homeostasis and signaling in PD, the molecular mechanisms involved, and potential therapeutic approaches to restore mitochondrial activities in damaged neurons.
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INTRODUCTION

Mitochondria are the powerhouses of the cell and play an essential role in different metabolic pathways. Derangement of mitochondrial activities have been placed at the center stage of neurodegenerative disorders (Chan, 2020). Efforts have been made to identify the molecular mechanisms governing mitochondrial functions and test the impact of genetic mutations and environmental toxins on mitochondrial activities and cell survival (Carlucci et al., 2008b; Herst et al., 2017).

This is especially important in neurons where alterations of mitochondrial bioenergetics and calcium homeostasis may severely affect synaptic activity and neuronal survival. Parkinson’s disease (PD) is a common neurodegenerative disorder worldwide, characterized by dysfunctional mitochondria and selective loss of nigro-striatal dopaminergic neurons Lin et al., 2019). Restoring mitochondrial function or preventing mitochondrial damage in a reasonable time-window from the disease onset represents a valuable and effective strategy for PD treatment (Iannielli et al., 2018; Sorrentino et al., 2018). Signaling pathways play a major role in mitochondrial activities, including oxidative phosphorylation, cell survival, metabolism, intracellular calcium homeostasis, organelle biogenesis/turnover, and dynamics. Distinct families of protein kinases/phosphatases have been identified as resident of mitochondrial compartments [mitochondrial matrix, intermembrane space, and outer mitochondrial membrane (OMM)]. In response to ligand stimulation, these enzymes catalyze phosphorylation/dephosphorylation events on a variety of mitochondrial substrates, exerting major effects on the organelle physiology. Deregulation of each component of this control mechanism can lead to oxidative stress and mitochondrial damage (Nguyen et al., 2019; Wang et al., 2020). Dysfunctional mitochondria can be eliminated through the autophagy machinery, a process called mitophagy. This is a genetically conserved, homeostatic control mechanism critical for maintaining proper biological functions and cell survival. The execution of mitophagy requires concomitant activation of autophagy and the selective recognition of damaged mitochondria by the autophagosomes. By removing damaged organelles, mitophagy buffers excessive oxidative stress and prevents cell death (Hou et al., 2019). Germline mutations of genes controlling key steps of mitophagy have been identified in PD patients and causally linked to the disease (Harper et al., 2018; Hou et al., 2019). This suggests that restoring mitophagy or modulating the signaling pathways converging on mitophagy can override apoptotic signals in PD neurons.

cAMP is a highly conserved second messenger that is produced by adenylate cyclase in response to the stimulation of G protein-coupled receptors (GPCRs) by hormones or neutransmitters. The principal downstream effector of cAMP is protein kinase A (PKA; Ahuja et al., 2019). Localization of PKA at distinct intracellular compartments by A-Kinase Anchor Proteins (AKAPs) locally modulates key biological activities (Feliciello et al., 2001; Merrill and Strack, 2014; Rinaldi et al., 2016, 2017, 2018). Mitochondrial AKAPs have been isolated and functionally characterized (Merrill and Strack, 2014; Rinaldi et al., 2018). AKAP•PKA complexes assembled on mitochondria support oxidative phosphorylation, metabolism, calcium homeostasis, cell survival, mitophagy, and global protein synthesis (Carlucci et al., 2008b; Rinaldi et al., 2018). Interestingly, upregulation of cAMP signaling to the organelle by AKAPs or pharmacological interference with mitochondria-generated apoptotic pathways reversed oxidative stress, mitochondrial dysfunction, and loss of dopaminergic neurons in PD models (Dagda et al., 2011; Kostic et al., 2015). These studies support the concept that local modulation of signaling cascades at mitochondria constitutes a novel, promising therapeutic strategy for PD.

Here, we will discuss the role of deranged mitochondrial signaling in the development and progression of PD and will provide deeper insight into potential therapeutic strategies to overcome the oxidative damage and dopaminergic cell loss.



MITOCHONDRIAL QUALITY CONTROL MECHANISMS IN HEALTHY AND PD NEURONS

The physiological clearance of damaged mitochondria by the authophagy machinery, also known as mitophagy, represents an important homeostatic mechanism that assists in the elimination of otherwise altered organelles (Hou et al., 2019; Boyman et al., 2020). Preventing or interfering with the mitophagic removal of damaged mitochondria may lead to oxidative stress and irreversible apoptotic cell death, as it occurs in dopaminergic neurons in PD (Hou et al., 2019). Autophagy is an essential catabolic mechanism that delivers misfolded proteins and damaged organelles to lysosomes for degradation. Autophagy dysfunction has been considered a relevant pathogenetic mechanism leading to neurodegeneration in PD, since a decreased expression of proteins involved in the autophagy–lysosome pathway and an impairment in the activity of lysosomal enzymes have been described in PD patients (Moors et al., 2017). Indeed, the expression of the lysosomal-associated membrane protein 1 (LAMP1), a glycoprotein responsible for lysosomal integrity, is reduced in the Substantia Nigra pars compacta (SNpc) of PD patients. Similarly, the activity of the lysosomal β-glucocerebrosidase (GCase) is downregulated in different brain regions and also in the cerebrospinal fluid of PD patients (Rocha et al., 2015). Moreover, the expression of transcription factor EB (TFEB), the master regulator of lysosomal biogenesis and autophagy, is significantly decreased in SNpc dopaminergic neurons of PD patients and its staining co-localizes with Lewy bodies, a neuropathological hallmark of PD (Decressac et al., 2013). Interestingly, genetic mutations associated with increased risks for developing PD, like α-synuclein, LRRK2, beta-glucosidase 1 (GBA1; lysosomal glucocerebrosidase), Parkin, PTEN-induced kinase 1 (PINK1), DJ-1, Fbxo7, and VPS35, encode for components of the autophagy–lysosome pathway, thus confirming a tight link between the autophagy dysfunction and PD (Gan-Or et al., 2015; Verstraeten et al., 2015; Przedborski, 2017). Of relevance are the observations that either mutations of genes linked to familial forms of PD or environmental factors responsible for sporadic forms of PD both induce mitochondrial dysfunction. At synapses, mitochondria play a major role in energy metabolism, calcium homeostasis, signaling, and neurotransmitter release. Thus, deregulation of mitochondrial activities and homeostasis contributes to synaptic impairment, as in occurs in PD (Nguyen et al., 2019).

In healthy mitochondria, the protein kinase PINK1 accumulates within the mitochondrial matrix (Huang et al., 2017). This process requires the coordinated action of the translocase of the inner membrane complex (TIM) in conjunction with the translocase of the outer membrane complex (TOM), as well as the activity of several proteases and translocases. At the end of these events, a proteolytically processed form of PINK1 is released from mitochondria to the cytosol, where eventually it undergoes degradation. Depolarization of the mitochondrial permeability transition pore (PTP) leads to the accumulation of full length PINK1 at the OMM, where it forms a macromolecular complex with TOM proteins (Koyano et al., 2019). Here, PINK1 phosphorylates ubiquitin moieties and promotes phospho-Ub (pUb)-mediated recruitment of the E3 ligase Parkin to the OMM and its activation by conformational changes. Once activated, Parkin ubiquitylates in induced neurons several mitochondrial proteins, including mitofusins 1/2 (Mfn1/2), two homolog proteins involved in the mitochondria dynamics (fusion/fission), and the voltage-dependent anion channel-1 (VDAC1), a major regulator of the exchange of ions and small molecules across the OMM (Ordureau et al., 2018). Ubiquitinated Mfn2 recruits the p97 segregase. The Mfn2/p97 complex is then released from OMM in the cytosol where Mfn2 is degraded through the proteasome. Downregulation of Mfn2 induces loss of the endoplasmic reticulum-mitochondria contact sites and membrane fusion activity, which culminates in mitochondrial fission (Tanaka et al., 2010). Concomitantly, ubiquitylation of VDAC1 at OMM by Parkin1 recruits the autophagy receptor optineurin (OPTN), which in turn induces autophagosome formation and mitophagy (Ordureau et al., 2018). Alternatively, vesicles containing mitochondrial damaged proteins (mitochondria-derived vesicles, MDVs) can be eliminated through the selective autophagy machinery (McLelland et al., 2014; Matheoud et al., 2016). In both cases, the mitophagy system plays a central role in the homeostatic control of mitochondrial clearance.

A positive interplay between PINK1 and mitochondrial trafficking along neuronal dendrites and axons is critical for the homeostatic clearance of damaged mitochondria. Under stress conditions, recruitment of PINK1 to mitochondria promotes phosphorylation and Parkin-mediated proteolysis of Miro, a component of the primary motor/adaptor complex that anchors kinesin motor to mitochondria and is an essential regulator of mitochondrial transport. Removal of Miro induces mitochondrial stalling at cell periphery and their consequent clearance through the mitophagy system (Weihofen et al., 2009; Wang et al., 2011). PINK1 also regulates mitochondrial trafficking through PINK1-induced recruitment of PKA to mitochondrial AKAP1. Here, AKAP1-bound PKA phosphorylates Miro2, another member of the Miro protein family, and promotes mitochondrial trafficking. Following oxidative stress, PINK1 uncouples mitochondrial PKA signaling and induces mitophagy of damaged mitochondria. Neurons lacking PINK1 show impaired mitochondrial trafficking and dendrite outgrowth. These defects can be rescued by overexpressing AKAP1, suggesting that PKAs and PINK1 converge on mitochondria to control the mitochondrial trafficking and quality control system (Pryde et al., 2016; Das Banerjee et al., 2017). Very recently, it emerged that Parkin-mediated ubiquitylation of membrane associated ring-CH-type finger 5 (MITOL/March5), an E3 ligase localized at OMM, promotes the ATPase valosin-containing protein (VCP)/p97-dependent extraction and translocation of MITOL/March5 from mitochondria membrane to peroxisomes through a mechanism involving the peroxisomal biogenesis factors (Pex3/16). This constitutes a fine sensor mechanism that, in response to oxidative stress and mitochondria damage, allows mitochondrial proteins to escape the mitophagy process and regulate the activity of other organelles (Koyano et al., 2019). Derangement of this quality control system, as a consequence of mutations involving PINK1, Parkin and other genes working on the same regulatory pathway may lead to the accumulation of damaged mitochondria, oxidative stress, and neuronal cell loss.

The deubiquitination system tightly counteracts the PINK1-Parkin pathway and contributes to mitochondrial homeostasis. Thus, the deubiquitinase USP30 is localized at the mitochondrial compartment where it deubiquitinates Parkin substrates. By removing the ubiquitin moieties from proteins, USP30 exerts negative effects on Parkin-mediated mitophagy. Interestingly, genetic downregulation of USP30 in flies carrying PD-linked mutations of Parkin or PINK1 reversed the mitophagy defects and restored mitochondrial integrity. Moreover, USP30 knockdown waived the dopaminergic defects in the treated flies, including motor defects and organismal survival (Bingol et al., 2014). This exemplifies a sophisticated mechanism operating in mitochondria that finely regulates the ubiquitin system to control the homeostatic processes underlying metabolism, respiration, and oxidative stress.



MITOCHONDRIAL METABOLISM, DYNAMICS AND TRAFFICKING IN PD

Accumulation of α-synuclein and mitochondrial dysfunction has also been observed in neurons subjected to oxidative stress. Under these conditions, high levels of oxidized dopamine impair glucocerebrosidase enzymatic activity and promotes mitochondrial/lysosomal dysfunction. These effects can be reproduced, increasing the levels of dopamine in the mouse brain or overexpressing α-synuclein, implying that the interplay between mitochondria and lysosomes are crucial for the maintenance of cell homeostasis (Burbulla et al., 2017). The transition from monomeric to beta sheet-rich oligomers of α-synyclein leads to its accumulation on mitochondria, affecting the organelles morphology and the oxidative phosphorylation. Specifically, α-synuclein oligomers interact with and oxidize components of the ATP synthase complex, affecting the respiratory chain activity. Moreover, oligomers strongly induce mitochondrial lipid peroxidation, leading to mitochondrial PTP opening, activation of the apoptotic pathway, and neuronal cell death, as it occurs in PD (Ludtmann et al., 2018). Cardiolipin is an essential phospholipid of the mitochondrial membranes and has a major role in key mitochondrial processes, such as oxidative phosphorylation and energy conversion (Dudek, 2017). In α-synuclein expressing neurons, accumulation of α-synuclein on mitochondria has been linked to increased exposure of cardiolipin to the OMM, a sophisticated mechanism adopted by the cell to refold α-synuclein fibrils and, thus, counteract the accretion of Levi’s bodies. However, chronic exposure of mitochondria to cardiolipin promotes recruitment of components of the autophagy machinery which culminates in excessive elimination of mitochondria with consequent neuronal cell loss (Ryan et al., 2018).

Mutations of leucine-rich repeat kinase 2 (LRRK2) are the most common monogenic causes of familial and sporadic forms of PD (Tolosa et al., 2020). LRRK2 is a direct substrate of PKA. Thus, PKA phosphorylation at its Ras of complex proteins (ROC) GTPase domain (RASpS1444) rapidly promotes recruitment of 14.3.3 proteins to LRRK2. Binding to 14.3.3 significantly reduces LRRK2 kinase activity. Mutations at the ROC motif in PD patients dramatically affect LRRK2 phosphorylation by PKA, increasing its kinase activity. In striatal neurons, LRRK2 can also act as an AKAP-like protein targeting cAMP-dependent protein kinase type II beta regulatory subunit (PKARIIβ) at specific subcellular compartments. During synaptogenesis, or in response to dopamine receptor D1 (Drd1) activation, LRRK2 spatially restrains PKA activity in the striatal projection neurons. Loss of LRRK2 activity or a PD-linked missense mutation within the RIIβ-binding domain (R1441C) of LRRK2 aberrantly induced a widespread, uncontrolled PKA phosphorylation of cellular substrates, including glutamate ionotropic receptor AMPA type subunit 1 (GluR1; Muda et al., 2014; Parisiadou et al., 2014). These findings indicate the existence of a mutual control of LRRK2 and PKA activities within dopaminergic neurons, and derangement of this control circuitry may have a pathogenetic relevance for PD. LRRK2 also controls the activity of a member of the RAS oncogene family (RAB10) at mitochondrial sites. Under oxidative stress, LRRK2 phosphorylates RAB10 and induces its accumulation on depolarized mitochondria through a mechanism involving PINK1 and Parkin. Mitochondria-bound RAB10 recruits the autophagy receptor OPTN and induces mitophagy. In PD neurons carrying the most common LRRK2 mutations (G2019S and R1441C), RAB10 phosphorylation at threonine 73 is enhanced, and this correlates with a marked reduction of mitochondrial activities and autophagic clearance (Wauters et al., 2019). These findings support a model whereby LRRK2, PINK1, and Parkin in dopaminergic neurons are aligned on the same mitochondrial pathway, and mutations of each of these key elements can cause PD.

Vacuolar protein sorting-associated protein 35 (VPS35), a gene product of the vacuolar protein sorting gene family and component of the retromer complex, controls the retrograde transport of proteins from endosomes to trans-Golgi networks. Mutations of VPS35 have been identified in PD patients. Functional analysis revealed that expression of mutant VPS35 induced mitochondrial fragmentation and increased death of dopaminergic neurons in vitro and in the substantia nigra, as well as in fibroblasts isolated from PD patients carrying the VPS35 (D620N) mutation. At a mechanistic level, mutant VPS35 interacts with mitochondrial dynamin-like protein 1 (DLP1) and enhances the proteolytic turnover of DLP1 complexes trafficking from mitochondria to lysosomes, increasing mitochondrial fission and organelle dysfunction. Interfering with the mitochondrial fission reverses the effects of mutant VPS35 in cultured neurons (Wang et al., 2016).

Genetic mutations of PLA2G6 (PARK14), a Ca-independent phospholipase A2 group 6, have been causally linked to sporadic cases of PD. Accordingly, the loss of the fly homolog of PLA2G6, iPLA2-VIA, reduces lifespan and affects synaptic transmission, promoting neurodegeneration. Mutations of PLA2G6 affects its ability to increase the activity of retromer VPS35 and VPS26 proteins, leading to the accumulation of ceramide, an intermediate sphingolipid and essential component of membranes or cellular organelles. High levels of ceramide, in turn, affect membrane fluidity and mitochondrial activities, leading to neurodegeneration. Accordingly, pharmacologically reducing the levels of ceramide alleviates lysosomal stress and mitochondrial dysfunction, and suppresses neurodegeneration, suggesting that disruption of ceramide metabolism may affect endolysosomal and mitochondrial function. Similar effects were observed in neurons lacking VPS35 or VPS26, or in cells overexpressing α-synuclein (Lin et al., 2018, 2019).

Coiled-coil-helix-coiled-coil-helix domain containing 2 (CHCHD2) belongs to a class of eukaryotic transcription factors containing four cysteines spaced ten residues apart from one another (Baughman et al., 2009). CHCHD2 contains a mitochondrial targeting sequence at its N-terminus that localizes the protein within the intermembrane compartment of the organelle. CHCHD2 interacts with cytochrome c and with members of the Bax inhibitor-1 superfamily, positively impacting on respiration and cell survival. Following mitochondrial stress, CHCHD2 translocates to the nucleus and promotes the mitochondrial respiratory gene expression. This is a conserved adaptive regulatory system that cells and neurons adopt to cope with stress conditions (Imai, 2020). Mutations of the CHCHD2 gene have been identified in familial cases of PD (Funayama et al., 2015). Functional and structural analyses of the mutation in flies revealed that loss of CHCHD2 causes abnormal mitochondrial matrix structures and compromises the efficiency of the respiratory chain, leading to oxidative stress, dopaminergic neuronal loss, and PD-like motor defects. This phenotype could be rescued by overexpressing the translation inhibitor 4E-BP1 (eukaryotic translation initiation factor 4E-binding protein 1), a suppressor of cap-dependent protein translation and a positive regulator of neuronal survival (Meng et al., 2017).

PGAM family member 5, mitochondrial serine/threonine protein phosphatase (PGAM5), is a serine/threonine protein phosphatase involved in essential aspects of mitochondrial homeostasis. In particular, PGAM5 interacts with and dephosphorylates several mitochondrial substrates, including apoptosis inducing factor (AIF), FUN14 domain containing 1 (FUNDC1), and dynamin related protein 1 (Drp1), regulating metabolism and mitophagic cell death in response to oxidative stress and mitochondrial fission (Wang et al., 2012; Chen et al., 2014; Lenhausen et al., 2016). PGAM5 is also required for the accumulation of PINK1 on damaged mitochondria and its deficiency prevents PINK1-mediated mitophagy, promoting a PD-like phenotype (Lu et al., 2014). A similar mechanism involves the phosphatase and tensin homolog L homeolog (PTEN-L), a newly identified isoform of PTEN. When localized on the OMM, PTEN-L dephosphorylates the phosphoSer65-ubiquitin molecule, counteracting the PINK1-mediated phosphorylation of ubiquitin. In doing so, PTEN-L antagonizes the PINK1-mediated mithophagy, leading to the accumulation of damaged mitochondria and cell death. This finding suggests that PTEN-L-mediated regulation of the mitochondrial clearance system represents an additional Achilles heel in the pathogenesis of PD (Wang et al., 2018).



MITOCHONDRIAL DYSFUNCTION, INFLAMMATORY RESPONSES AND IMMUNE SYSTEM IN PD

Evidence indicates the existence of a pathogenetic link between inflammatory responses, the immune system, and the onset and progression of PD. High levels of circulating inflammatory cytokines, T cell infiltration, and glial cell reactions represent common features in several variants of PD, and also in mouse models of PD (Labzin et al., 2018; Caggiu et al., 2019; Kumar, 2019). Mitochondrial damage triggers inflammatory responses that may cause selective loss of dopaminergic neurons, giving rise to a PD phenotype. By eliminating damaged mitochondria, mitophagy counteracts the oxidative stress and the release of inflammatory cytokines (Martins et al., 2018). Mutations affecting the activity of Parkin or PINK1, the two major controllers of mitochondrial homeostasis, induce the accumulation of damaged mitochondria, enhancing the oxidative stress and promoting the release of damage-associated molecular patterns (DAMPs; Sliter et al., 2018). DAMPs are host biomolecules that initiate and sustain noninfectious inflammatory responses, promoting the release of inflammatory citokines (interleukin 6, tumor necrosis factor, interleukin 1 beta, and interferon gamma). The effects of DAMPs are mediated by STING (stimulator of interferon genes), a signaling protein that acts as a major regulator of the innate immune pathway, controlling the expression of numerous host defence genes and pro-inflammatory cytokines. Interfering with STING activity supported dopaminergic neuronal survival under oxidative stress or Parkin deficiency and restored motor activity (Sliter et al., 2018).

Deregulation of the immune system has been causally linked to motor deficit and PD-like phenotypes. Thus, genetic inactivation of INF-β (Interferon beta), a cytokine of the interferon family, induced a spontaneous neurodegenerative phenotype with motor deficits and learning impairment, even in the absence of disease-associated genetic mutations. Mice lacking INF-β show accumulation of α-synuclein-containing Lewy bodies in the brain, reduced mitophagy, accretion of senescent and damaged mitochondria, and loss of dopaminergic neurons within the nigro-striatal area. Reintroduction of exogenous INF-β rescued most of the neuronal alterations, restoring mitophagy, neurite growth and branching, and elimination of α-synuclein aggregates. Moreover, in mouse models of familial PD, lentiviral expression of INF-β prevented the loss of dopaminergic neurons, supporting a safeguarding role of the immune system in healthy neurons (Ejlerskov et al., 2015).

A link between the PINK1-mediated mitochondrial clearance system and the innate immunity in PD has recently been discovered. Thus, intestinal infections with Gram-negative bacteria in PINK1−/− mice induce the generation of cytotoxic CD8+ T cells directed against mitochondrial antigens, causing selective loss of striatal dopaminergic structures and t functional motor defects. This phenotype can be rescued by L-3,4-dioxyphenylalanine (L-DOPA) treatment. Thus, PINK1-Parkin system operates as a repressor of the adaptive immune system and safeguard mechanism for healthy mitochondria. In the presence of PINK1 mutations, bacterial infections may trigger an autoimmune response against mitochondrial antigens, inducing loss of dopaminergic neurons and PD (Matheoud et al., 2019).



MITOCHONDRIAL CALCIUM HOMEOSTASIS IN PD

Dysregulation in calcium (Ca2+) homeostasis participates in the pathogenesis of PD (Surmeier et al., 2011). Thus, the mechanisms regulating Ca2+ handling in dopaminergic neurons and the role exerted by PD-related proteins in the control of intracellular Ca2+ homeostasis have been highlighted (Cali et al., 2011, 2012). Mitochondria play a key role in the control of cytosolic Ca2+ buffering and cellular metabolism. Accordingly, deranged mitochondrial calcium homeostasis has been pathogenically linked to neurodegeneration occurring in PD (Bose and Beal, 2016; Verma et al., 2017). The maintenance of mitochondrial calcium concentrations within physiological range, necessary for neurons to regulate erobic ATP production and synaptic transmission and excitability, is strictly dependent on the synchronized activity of specific transporters and channels whose identity has been recently determined (De Stefani et al., 2011; Palty et al., 2012). Calcium enters into mitochondria through the VDAC channel localized on the outer membrane (Tan and Colombini, 2007), and is transported across the intermembrane space and the inner membrane into the matrix by the mitochondrial calcium uniporter (MCU) and its docking/regulatory proteins MICU1/MICU2 (Tan and Colombini, 2007). Similarly, calcium is exported from the mitochondrial matrix through LETM1 or the Na+/Ca2+exchanger NCLX, in exchange for H+ or Na+/Li+, respectively and, then, across the outer membrane through VDAC and the isoform 3 of the sodium calcium exchanger (NCX3; Tan and Colombini, 2007; Scorziello et al., 2013; Anderson et al., 2019). In PD neurons, the activation of mitochondrial Na+/Ca2+ exchanger (mNCX) is the primary mechanism by which mitochondrial calcium concentrations [Ca2+]m is returned to the cytoplasm, and therefore it is critical to a multitude of Ca2+-dependent processes including neurotransmitters release, synaptic plasticity, bioenergetics and mitochondrial nitric oxide (NO), and reactive oxygen species (ROS) production (Castaldo et al., 2009; Cali et al., 2013). In the absence of PINK1, mNCX activity was severely impaired, leading to mitochondrial calcium overload, PTP opening, and cell death (Gandhi et al., 2009). Moreover, in human dopaminergic neurons, plasmalemmal NCX2 and NCX3 contribute to mitochondrial Na+/Ca2+ exchange and may act downstream of PINK1 in the prevention of neurodegeneration by [Ca2+]m overload (Wood-Kaczmar et al., 2013). In primary mesencephalic neurons from A53T α-synuclein transgenic mice embryos, downregulation of NCX3 levels is linked to mitochondrial depolarization and mitochondrial calcium increase, compared to wild type neurons, suggesting that mitochondrial dysfunction in PD is linked to mitochondrial Ca2+ mishandling (Cali et al., 2013; Sirabella et al., 2018). However, the crucial question is whether the disease begins with the impairment of mitochondrial dysfunction, or whether this is a consequence of derangement of other dopaminergic neuronal activities. Interestingly, SNpc dopaminergic neurons are autonomously active since they generate action potentials in the absence of conventional synaptic input (Grace and Bunney, 1983). Due to this pace-making activity, DA neurons are more prone to frequent transients of calcium which are necessary to allow DA release in the connected brain areas (e.g., the striatum) and consequently to the control of coordinated movements. In this scenario, the mechanisms involved in the maintenance of ionic homeostasis are forced to work under stressful conditions, including mitochondria whose calcium buffering activity is boosted to maintain cytosolic calcium within physiological ranges. Indeed, the sustained entry of Ca2+ into mitochondria stimulates the ATP-dependent pumps responsible for keeping Ca2+ concentration low, altering mitochondrial oxidative phosphorylation (Surmeier et al., 2011). As a consequence, overproduction of superoxide ions leads to DNA and proteins oxidation. This metabolic stress exacerbates the aging-related decline of mitochondrial function, resulting in decreased energy supply and increased sensitivity to cell death (Guzman et al., 2010). Based on this evidence, Ca2+ homeostasis can be considered as an early feature of PD rather than a consequence of neuronal derangements. In particular, Ca2+ entry during the pace-making activity of SNpc neurons can amplify the effects of genetic mutations or of the environmental factors, thus speeding forward neuronal aging and death. Interestingly, ventral tegmental area neurons, which are more resistant to neurodegeneration, show a slow pace-making activity and do not manifest Ca2+ oscillations (Chan et al., 2007). Conversely, non-mesencephalic neurons, e.g., olfactory and some hypothalamic neurons, are characterized by spontaneously high activity associated with conspicuous Ca2+ currents and low buffering capacity, and undergo degeneration during PD progression (Surmeier and Schumacker, 2013).

The link between calcium homeostasis and mitochondrial dysfunction in PD progression is further supported by the finding that α-synuclein, the main component of Lewy bodies to be considered a neuropathological hallmark of PD, might exert its toxicity through the engagement of the Ca2+ homeostatic machinery. However, the molecular mechanisms responsible for these effects are still unknown. One possibility is that α-synuclein, as aggregation-prone protein, forms fibrillary oligomers that enhance plasma membrane permeability to Ca2+influx, inducing an intracellular Ca2+ overload and consequent neuronal toxicity (Danzer et al., 2007; Schmidt, 2012; Tsigelny et al., 2012). Moreover, the increase in intracellular Ca2+ may promote α-synuclein aggregation, thus leading to a vicious cycle which further increases intracellular Ca2+ levels. Recent studies also demonstrated that α-synuclein associates with mitochondria, and that its accumulation within the organelle was directly related to an increase of intramitochondrial Ca2+ levels (Parihar et al., 2008), which in turn led to a rise of NO levels, oxidative damage, and cytochrome c release from mitochondria (Parihar et al., 2009), leading to apoptotic neuronal death. This finding supports the model whereby α-synuclein has a major role in modulating not only the cellular, but also the mitochondrial Ca2+ fluxes. Accordingly, in A53T α-synuclein mesencephalic neurons, the rise of mitochondrial calcium concentration is linked to depolarization of mitochondrial membrane (Sirabella et al., 2018).



POTENTIAL THERAPEUTIC STRATEGIES FOR PD

Different molecular approaches have been proposed and experimentally tested for the treatment of PD and PD-like disorders. P13 is a mitochondria-localized protein that plays an important role in mitochondrial respiration. Overexpression of p13 promoted deregulation of mitochondrial activities and induced apoptotic cell death. Conversely, genetic downregulation of p13 alleviated the effects of toxin-induced mitochondrial dysfunction and apoptosis of dopaminergic SH-SY5Y cells. Similarly, heterozygous p13 knockout mice are protected against toxin-induced motor deficits and dopaminergic neuronal loss in the substrantia nigra (Inoue et al., 2018). Inhibition of p13, thus, represents a promising strategy for PD treatment (Figure 1).
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FIGURE 1. Targeting mitochondria for the treatment of Parkinson’s disease (PD). Distinct experimental approaches can be used to selectively interfere with the mutation-induced deregulation of mitochondrial activities in PD neurons. Thus, deranged mitochondrial cAMP signaling can be restored using protein-protein interaction (PPI)/targeting molecules that support the assembly of A-Kinase Anchor Protein (AKAP) complexes at mitochondria. This would positively impact on cell survival and metabolism of PD neurons. Similarly, peptidomimetics that positively regulate X protein activity at mitochondria have been successfully used to prevent oxidative stress and apoptotic cell death induced by mitochondrial toxins. Similarly, inhibiting p13 or treating with necrosis inhibitors (Nec-1) in toxin-induced or familial forms of PD positively impacts on oxidative metabolism and neuronal survival. Moreover, restoring PINK1-Parkin pathway using selective agonists or preventing ubiquitin-specific protease (USP)-mediated deubiquitination of Parkin substrates with selective USP inhibitors could restore mitophagy in PD neurons, preventing accumulation of damaged mitochondria, oxidative stress, and neuronal apoptosis. Finally, sustaining the activity of respiratory enzymes as succinate dehydrogenase subunit B (SDHB) with chemical drugs represents a promising therapeutic approach to restore oxidative metabolism and mitochondrial permeability transition pore (PTP), preventing apoptotic or necroptotic neuronal loss.



Studies on viral infections have been useful for the design of novel approaches for the treatment of neurodegenerative diseases caused by excessive oxidative stress and mitochondrial dysfunction. Borna disease virus (BDV) is a neurotropic RNA virus that infects the brain of several animal species without compromising neuronal activity. The replication of the virus is dependent on the expression of a virus-encoded protein, named X protein. This protein controls RNA synthesis and polymerase complex formation within the nuclear compartment, playing an important role in viral replication. X protein also localizes at mitochondria and protects infected cells from apoptotic cell death, favoring evasion of the virus from host-cell responses and promoting a non-cytolytic viral infection (Poenisch et al., 2009). Interestingly, when expressed in cultured neurons, X protein protects from oxidative stress induced by mitochondrial toxins and prevents mitochondrial fragmentation and cell death. Moreover, in mouse model of PD, X protein protects nigro-striatal domapinergic neurons from toxin-induced neurodegeneration. Similarly, intranasal administration of a cell-permeable peptide designed on the X protein sequence mimicked the effects of the full length protein, protecting PD dopaminergic neurons from mitochondrial stress and apoptosis in toxin-treated mice (Figure 1; Szelechowski et al., 2014).

The identification of molecules that selectively interfere with the mitochondrial apoptotic pathway represents a valuable approach for PD treatment. Several biologically relevant molecules have been isolated by chemical screenings and functionally characterized as novel drugs potentially useful for the treatment of neurodegenerative diseases. Among these, compound A has been shown to have a protective role for dopaminergic neurons in animal models of PD. Thus, compound A specifically and covalently interacts with succinate dehydrogenase subunit B (SDHB) of the complex II of the electron transport chain. In cultured cells, the binding of compound A to SDHB protects the electron transport chain from proapoptotic Bcl-2 homology 3-only protein Bim-induced depolarization of PTP, preventing the release of cytochrome c and consequent activation of the apoptotic cascade. In vivo, injection of compound A in the brain of rat models of PD prevented neurotoxicity and loss of dopaminergic neurons (Figure 1; Jiang et al., 2016).

A similar approach has been employed to interfere with the death of pluripotent stem cell (iPSC)-derived neural cells (NPCs) generated from skin fibroblasts of patients carrying PD-associated OPA1 mutations. NPCs show marked mitochondrial dysfunctions, impaired oxidative phosphorylation, and an elevated oxidative stress which causes neuronal necroptosis, a regulated process of necrosis triggered by inflammatory signals. Pharmacological treatment with NEC1s, a specific and potent inhibitor of necroptosis, increased NPCs survival in vitro and markedly attenuated toxin-induced nigrostriatal degeneration and mitochondrial dysfunction in mice (Figure 1; Iannielli et al., 2018).

Epoxide hydrolase (sEH) is a soluble enzyme that plays a significant role in inflammation. The expression of this enzyme is increased in post-mortem brain tissues from patients with dementia Lewy bodies (DLB) and in the striatum of mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a mitochondrial neurotoxin that induces severe PD-like symptoms in humans and primates. Furthermore, the levels of sEH correlated with the phosphorylation of α-synuclein in dopaminergic brain neurons. Metabolites analysis confirmed an increased activity of sEH in the striatum area of MPTP-treated mice. Interestingly, in human Parkin iPSC-derived neurons, the levels of sEH mRNA was increased, compared to healthy controls. Treatment with the 1-(1-Propionylpiperidin-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea (TPPU), a potent sEH inhibitor, prevented the apoptosis in Parkin iPSC-derived dopaminergic neurons, suggesting that sEH represents a valuable target for the treatment of neurodegenerative disorders and PD (Figure 1; Ren et al., 2018).

The conversion of α-synuclein into fibrillar phosphorylated α-synuclein aggregates similar to Lewy bodies has been pathogenically linked to PD. The aggregates undergo the elimination through the autophagy machinery. During this process, a non-fibrillar, phosphorylated α-synuclein species (pα-syn) accumulates within the cells, at the endoplasmic reticulum-mitochondrial interface, where it forms multimeric complexes with components of metabolic pathways (acetyl-CoA carboxylase 1) and regulators of the unfolded protein response (binding immunoglobulin protein, BiP). This leads to a reduction of ATP levels, activation of AMP-activated protein kinase (AMPK), and oxidative stress, which culminates in mitochondrial fragmentation and death of dopaminergic neurons. Pα-syn found in primary neurons seeded on fibrils of recombinant α-syn, and also in the brain of mice treated with recombinant α-syn fibrils and in the brain of PD patients (Grassi et al., 2018). These findings suggest a relevant pathogenetic role of pα-syn species in the development and/or progression of PD, offering a novel therapeutic target for PD treatment.

Transcriptional upregulation of genes encoding for proteins involved in the mitochondrial mass have been used to dampen mitochondrial stress in mouse models of PD. Thus, the cell cycle inhibitor Necdin, when overexpressed in the striatum, promoted mitochondrial biogenesis by preventing the ubiquitin-dependent proteolysis of the transcriptional co-activator, peroxisome proliferator-activated receptor-gamma coactivator-1 alpha (PGC1α). In cortical neurons and in human SH-SY5Y neuroblastoma cells, overexpression of necdin enhanced mitochondrial activities and prevented neuronal degeneration induced by inhibitors of the respiratory chain. Moreover, forced expression of necdin in the substantia nigra in vivo prevented the loss of dopaminergic neurons in experimental models of mouse PD. This finding suggests that using molecules that selectively interfere with the ubiquitin-dependent proteolysis of PGC1α could have a therapeutic application in preventing the neuronal loss in course of PD (Hasegawa et al., 2016).

PINK1-Parkin pathway is an important quality control system that efficiently eliminates damaged mitochondria through mitophagy, thus contributing to neuronal fitness and protection against oxidative stress. Mutations affecting one or more members of this regulatory system may expose neurons to mitochondrial stress, which eventually leads to cell death. A therapeutic strategy might target PINK1-Parkin axis with selective agonists or preventing USP30-mediated deubiquitination of Parkin substrates. Treatment with USP30 inhibitors should restore the mitophagy machinery, counteracting oxidative stress and loss of PD neurons (Figure 1).

Targeting compartmentalized cAMP signaling represents a valuable strategy for PD treatment. AKAPs control important aspects of neuronal activity. Disruption of AKAP-regulated targeting of PKA signals affects ion channel activities, neuronal transmission, synaptic plasticity, learning and memory, metabolism, and neuronal survival (McConnell et al., 2009; Kennedy and Scott, 2015; Rinaldi et al., 2015, 2018). The relative abundance in different brain areas, the ability to coordinate different signaling pathways, and the peculiar localization at discrete intracellular sites render AKAPs essential elements for highly specialized brain activities. Manipulating the assembly of AKAP scaffold within neuronal cells by Protein-Protein Interaction (PPI) inhibitors represents a valuable approach in translational medicine. Thus, peptides spanning the amphipathic helical wheel of AKAPs have been used successfully to delocalize PKA from discrete intracellular sites, both in cultured cells and in vivo (Wang et al., 2015; Dukic et al., 2017). However, the lack of specificity vs. distinct AKAPs and the off-target effects represent major limitations for the use of PKA displacing molecules. An alternative strategy is the use of PPI disruptors that interfere with the regulation of the AKAP module by disease-activated pathways. In this context, mitochondrial AKAP1 represents a valuable target for the treatment of neurodegenerative diseases (Rinaldi et al., 2018). In the case of ischemic insult in the heart or brain, the E3-ubiquitin ligase Siah2 rapidly accumulates within cells, leading to ubiquitination and proteolysis of AKAP1. Downregulation of AKAP1 reduces mitochondrial respiration and ATP synthesis (Carlucci et al., 2008a). This provides a fine feed-back mechanism of signal attenuation in the presence of limiting amounts of oxygen (Carlucci et al., 2008b). In neurons and in cardiomyocytes, prolonged downregulation of AKAP1 induces oxidative stress and mitochondrial fragmentation, that eventually leads to mitophagy and cell death (Schiattarella et al., 2016, 2018). On the contrary, forced relocalization of PKA to mitochondria by AKAP1 reduces mitochondrial stress and prevents oxidative damage and death of cultured neurons isolated from PINK1 knockout mice or subjected to RNAi mediated silencing (Dagda et al., 2011). In this context, the protective effects of AKAP1 are dependent, at least in part, by the potentiation of the NCX3-mediated mitochondrial calcium efflux (Scorziello et al., 2013). This proof-of principle evidence suggests that preventing AKAP1 proteolysis in PD neurons is a potential therapeutic strategy. In this context, small PPI inhibitors, as aptamers or peptidomimetics, that selectively interfere with the Siah2/AKAP1 binding interface or small RNA molecules (siRNAs and miRNAs) targeting Siah2 are expected to selectively inhibit the hypoxia-induced Siah2 axis. Preventing Siah2/AKAP1 complex formation should increase AKAP1 levels and hamper the decline of mitochondrial activities, restoring energy production and survival pathways in PD neurons (Figure 1).



CONCLUDING REMARKS

PD is a neurodegenerative disorder that affects millions of people worldwide and it is characterized by a progressive motor impairment often associated with other major neurological defects, including dementia. Current therapeutic strategies mostly rely on the use of dopamine agonists and drugs that alleviate the central and peripheral neurological symptoms. However, to be effective, the treatment must start even before the appearance of the neurological signs. Important progress has been made to improve early diagnosis and to identify the relevant pathogenetic factors and mechanisms involved in the selective loss of dopaminergic neurons. However, the causes of most cases of PD are still unknown. Derangement of mitochondrial activities is a common pathogenetic aspect of most, if not all, cases of PD. Evidence indicates that deregulation of mitochondrial homeostasis represents an important event for the development and progression of PD. Accordingly, restoring dysfunctional mitochondrial in PD neurons has been proved to be effective in preventing oxidative stress and dopaminergic neuronal loss, both in patients-derived cells and in in vivo models. Understanding the biology of mitochondria, dissecting the signaling networks operating on mitochondria, and identifying the mechanisms responsible for oxidative damage and loss of dopaminergic neurons will undoubtedly contribute to molecular-tailored therapies of PD.
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