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Abstract

:

Aggregation of the misfolded proteins β-amyloid, tau, huntingtin, and α-synuclein is one of the most important steps in the pathology underlying a wide spectrum of neurodegenerative disorders, including the two most common ones—Alzheimer’s and Parkinson’s disease. Activity and toxicity of these proteins depends on the stage and form of aggregates. Excessive production of free radicals, including reactive oxygen species which lead to oxidative stress, is proven to be involved in the mechanism of pathology in most of neurodegenerative disorders. Both reactive oxygen species and misfolded proteins play a physiological role in the brain, and only deregulation in redox state and aggregation of the proteins leads to pathology. Here, we review the role of misfolded proteins in the activation of ROS production from various sources in neurons and glia. We discuss if free radicals can influence structural changes of the key toxic intermediates and describe the putative mechanisms by which oxidative stress and oligomers may cause neuronal death.
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1. Introduction


With an increase in life expectancy, the prevalence of age-related neurodegenerative diseases has dramatically increased. Neurodegenerative disorders are associated with neuronal loss in specific brain regions. This leads to a progressive decline in cognitive function (such as Alzheimer’s disease or frontotemporal dementia) and/or movement (Parkinson’s disease, amyotrophic lateral sclerosis (ALS)). Neurodegenerative disorders are mostly regarded as a sporadic disease and with genetic factors also playing a role in disease pathogenesis. Importantly, the main characteristics for both sporadic and familial forms of neurodegenerative disorders are the deposition and spreading of aggregated proteins, oxidative stress, chronic neuroinflammation, and mitochondrial dysfunction, causing neuronal loss [1].



Oxidative stress is the oxidative damage of biological molecules which leads to abnormal function and initiation of cell death. It is induced by an imbalance between the production of free radicals (including reactive oxygen species (ROS)) and the efficiency of the antioxidant system [2]. ROS are produced in the cells enzymatically (mitochondrial enzymes, NADPH oxidase, xanthine oxidase, etc.) and non-enzymatically (UV) and play multiple physiological roles in the brain cells [3]. The reactivity and toxicity of oxygen depends on its electronic structure. Kinetically stable oxygen contains the identical spin states of its two outer orbital electrons. Partially reduced forms of oxygen which contain a free radical are very unstable and must either accept or be a donor of electrons. Considering this, they are very active and have a very short lifetime. There are various partially reduced ROS including oxygen radicals: superoxide (O2•−) and the hydroxyl radical (OH•). Although hydrogen peroxide (H2O2), singlet oxygen (1O2), or ozone (O3) are non-radicals, they can be easily converted to free radicals and also named “ROS”. High reactive activity of ROS and ability for fast chemical interaction with biological molecules is adopted by cells for fast signaling or regulatory purposes, which is controlled by a highly effective antioxidant system.



Overproduction of ROS or/and deregulation of the antioxidant system can lead to oxidation of proteins, DNA, or lipid peroxidation that severely alter cell homeostasis.



Aggregated misfolded proteins are specific for each neurodegenerative disease: β-amyloid, which forms extracellular senile plugs, and aggregates of tau protein (major component of intracellular tangles) are the histopathological features of Alzheimer’s disease [4]. Parkinson’s disease is associated with aggregated α-synuclein in intracellular occlusions called Lewy bodies in the brain stem, neocortical regions, and spinal cord [5].



It should be noted that some of the aggregated proteins are not linked only to a specific disease. Thus, α-synuclein aggregation (synucleinopathy) is also characterized as dementia with Lewy bodies and multiple system atrophy [6], while tau aggregates are not specific for Alzheimer’s only and appear in a number of neurodegenerative disorders, tauopathies, including primary age-related tauopathy, progressive supranuclear palsy (PSP), frontotemporal dementia, and parkinsonism linked to chromosome 17, Pick’s disease, and corticobasal degeneration [7]. Importantly, mutation in the alpha-synuclein gene (SNCA) leads to Parkinson’s disease, and the Tau gene FTDP-17 with 10 + 16 MAPT mutation is shown to be linked to a familial form of frontotemporal dementia [8]. Familial forms of Alzheimer’s disease are also associated with mutations in the production of β-amyloid [9], confirming the importance of misfolded proteins in the development of pathology in neurodegenerative diseases. One of the main histopathological features of Huntington’s disease is the aggregation of huntingtin protein [10,11]. All these aggregates in the brain consist mostly of protein fibrils, which are predominantly non-toxic, and more likely toxic small oligomeric forms of these proteins are the trigger of cellular pathology and neurodegeneration in these diseases. Misfolded proteins could be seeded and spread in neurons and some astrocytes in a prion-like mechanism [12].



Most of these proteins play a physiological role in monomeric form. Thus, α-synuclein is shown to be important in synaptic transmission and mitochondrial bioenergetics [13,14,15]. Tau is a microtubule-associated protein which also plays a role in stabilizing neuronal microtubules and thus promotes axonal outgrowth [16]. Transformation to a toxic form for these proteins requires aggregation, and for tau, phosphorylation is also needed. This is distinctive and a multifactual process which may be dependent on the oxidative state of the cells, and an aggregated form of β-amyloid or α-synuclein can be formed with metal-ions such as copper, iron, or zinc [17]. Transition metals can produce ROS, and considering this, aggregated misfolded proteins require ROS for aggregation but can also be the source of ROS production [18].



One of the major problems associated with neurodegenerative disorders is finding the biomarkers for early diagnostics, and, importantly, both aggregated misfolded proteins and products of oxidative stress are currently tested as potential biomarkers for neurodegenerative diseases.



In this review, we summarize the role of ROS and the products of oxidation in the mechanism of pathology and misfolding and the accumulation of abnormally aggregated proteins.




2. α-synuclein and Oxidative Stress


The most common neurodegenerative movement disorder is also the second most common case of dementia. Lewy bodies and aggregated α-synuclein are essential histopathological hallmarks of degenerating neurons in the brains of patients with Parkinson’s disease, but also for a group of neurodegenerative disorders, a variety of clinical syndromes underlies, including movement disorders/parkinsonism (Parkinson’s disease, pantothenate kinase-associated neurodegeneration), dementias (dementia with Lewy body and Parkinson’s disease dementia), and autonomic dysfunction (pure autonomic failure, multiple system atrophy).



The role of oxidative stress in the pathology of Parkinson’s disease was established in toxic (MPP+) models and cells from sporadic Parkinson’s patients [19,20].



There is a growing number of publications demonstrating the importance of synucleins and, particularly, α-synuclein in physiology. In fact, the physiological form of α-synuclein is non-toxic and does not activate ROS production in neurons and glia [21,22]. The monomeric form of α-synuclein is a soluble protein which aggregates to a structure which forms insoluble Lewy body fibrils via several conformational changes including the most toxic oligomeric intermediates.



Although α-synuclein is an intracellular protein, all forms (monomeric, oligomeric, and fibrillar) are able to pass through plasma and intracellular membranes [21,23]. Importantly, application of different forms of α-synuclein to primary neurons or human neurons induced ROS production and a decrease in the level of endogenous antioxidant (GSH) only when the toxic oligomeric form was present [21,22]. Oligomer-induced ROS production and oxidative stress were shown to be independent of inhibitors of NADPH oxidase and xanthine oxidase, and importantly, monomers, oligomers, and fibrils had no effect on the rate of ROS production in mitochondria that suggests a non-enzymatic way of ROS production [22,24,25]. Oligomers, in contrast to monomers and fibrils, can produce ROS in vitro by themselves (Figure 1) [26]. Importantly, α-synuclein (oligomer)-induced ROS production in salt solution or in cells can be blocked by chelators of copper, iron, or zinc [22,26]. This ROS production is less likely to be produced only by transition metals in the medium, because the same medium was used for monomers and fibrils which did not produce ROS and is possibly connected to some structural changes in the α-synuclein molecule induced by these metals ions, although α-synuclein binds these metals in very small amounts [27,28,29].



This ability of oligomeric α-synuclein to generate ROS may be important in the mechanism of neurotoxicity. Thus, α-synuclein can form ion channels and initiate calcium signal in neurons and astrocytes (Figure 1) [30,31]. Interaction of oligomers with lipids leads to lipid peroxidation [32], and oxidized lipids increase the α-synuclein-induced channel formation and calcium signal [33].



Although α-synuclein has no effect of ROS production in mitochondria, ROS produced by oligomeric α-synuclein target mitochondrial function. Physiological monomeric α-synuclein binds to F0-F1-ATPsythase and increases efficiency in ATP production [14]. Oligomeric α-synuclein binds to the same subunit of this mitochondrial enzyme. Most of ROS toxicity, due to their short lifetime, is mainly limited to the site of their origination. Production of superoxide by oligomer oxidizes proteins of F0-F1-ATPsynthase and in combination with mitochondrial calcium overload leads to forming and opening of the mitochondrial permeability transition pore and consequently to cell death [26]. It should be noted that oligomeric α-synuclein is involved in triggering apoptosis [32], necrosis [24,26], and ferroptosis [33].



Although acute action of α-synuclein did not induce any effect on enzymatic ROS production in neurons and astrocytes, in human neurons with α-synuclein triplication, part of the ROS overproduction was sensitive to inhibitors of NADPH oxidase [22]. Importantly, oligomeric α-synuclein or oligomers with A53T and A30P mutations are shown to be activators of NADPH oxidase in microglia that trigger inflammation [34,35]. In agreement with that, it was shown that inhibiton of NADPH oxidase apocynin prevents learning and memory deficits in a mouse Parkinson’s disease model [36]. Selective activation of NADPH oxidase by α-synuclein in microglia compare to other cell types could be potentially explained by direct integration of extracellular oligomers with the microglial P2X7 receptor [37].



Oligomeric α-synuclein binds with chaperons that change activity of this protein including its ability to produce ROS [38] that can be neuroprotective. However, this ability may have a negative effect on cell function as well. Thus, oligomeric α-synuclein interacts with the Hsp70 system that inhibits the chaperone activity by weak interactions with J-domain co-chaperones that may contribute to the disruption of protein homeostasis, impair organellar function, and contribute to the mechanism of neurodegeneration in Parkinson’s disease [39], but on the other hand, it can be a part of a natural neuronal control strategy to suppress α-synuclein aggregation [40].



Such an intensive α-synuclein-induced production of ROS in the cells lead to oxidation of DNA and activation of DNA repairing enzymes. Thus, ROS activates poly (ADP-ribose) polymerase (PARP) activity in Parkinson’s disease-related Fbxo7-deficient cells that induce alteration of the energy metabolism via depletion of the NAD+ content [41]. Oligomeric and mutated α-synuclein activates PARP-1, generating PAR that accelerates the further formation of pathologic α-synuclein, resulting in cell death via parthanatos (poly ADP ribose polymerase-mediated cell death). Importantly, a high level of PAR is shown in cerebrospinal fluid of patients with Parkinson’s disease [42].




3. Tau, Tauopathies, and Oxidative Stress


Tauopathies, including progressive supranuclear palsy, corticobasal syndrome, most frontotemporal dementias, chronic traumatic encephalopathy, and importantly, Alzheimer’s disease, are progressive neurodegenerative disorders with tau deposits as a histopathological feature in the brain. Although intracellular tangles were known in Alzheimer’s for decades, only in 1975, a protein contaminant that co-purified with microtubules was identified which was later associated with pathological tangles and named tau [43,44].



Tau is a microtubule-associated protein (MAP) that is encoded by the MAPT gene. This protein is known to interact with α- and β-tubulin in aid of microtubule assembly. With age, tau enriches and aggregates in axons and dendrites. Tau can exist in six isoforms generated through alternative mRNA splicing and can be phosphorylated at multiple possible sites [45]. Phosphorylation may lead to oligomerization, and this transition from an intrinsically disordered monomer to a highly structured filament is recognized to drive pathogenesis in tauopathies [46]. Tau aggregates exhibit cell–cell transfer that leads to seeding and further aggregation, which underpins the region–region spread of disease in tauopathies [46].



Application of extracellular tau at different stages of aggregation to cortical co-cultures of neurons and astrocytes showed that only insoluble aggregates of tau are able to induce ROS production by activation of NADPH oxidase via a calcium-dependent way (Figure 2) [47]. However, it was not associated with a decrease in the level of GSH and could be associated with physiological processes. Possibly, it can activate tau production because antioxidants and NADPH-oxidase (NOX) inhibitors are shown to effectively reduce the expression of tau and MAP2 [48]. Activation of NADPH oxidase in combination with membrane-active properties of tau aggregates induced neuronal cell death [47].



Tau protein effectively induces ROS production in mitochondria. Thus, in human iPSC-derived neurons with the 10+16 intronic mutation in MAPT gene (FTDP-17) encoding tau, mild inhibition of mitochondrial complex I switches the F1F0 ATPase to reverse mode for maintenance of the mitochondrial membrane potential [49]. This type of maintenance of mitochondrial potential in cells with complex I inhibition may lead to mitochondrial hyperpolarization which induces excessive ROS production (Figure 2) [50]. This mechanism of ROS overproduction in mitochondria in neurons with FTDP-17 triggered cell death which could be prevented by incubation of these cells with mitochondrial antioxidants [49]. Importantly, these neurons are associated with altered electrophysiology which can also be damaged by oxidative stress [51]. Similar mechanisms of oxidative stress via mitochondrial ROS overproduction were found in mesenchymal stem cells (MSCs) derived from the bone marrow of patients with another form of tauopathy–progressive supranuclear palsy [52]. Hippocampal phosphorylated tau in tau mice with P301L mutation also induced mitochondrial disfunction resulting in ROS (hydrogen peroxide) production and lipid peroxidation, which was shown to be the trigger for neuronal loss [53,54].



Potentially, mitochondrial antioxidants could have a positive effect in these forms of tauopathies, although normalization of the mitochondrial metabolism and ROS production by Nrf2 activation can also be effective as a therapeutic strategy for these diseases [55,56].



Various antioxidants are shown to be effective in cellular and mouse models of Alzheimer’s disease, including hyperphosphorylated tau models. However, it is not clear if these antioxidants reduce the oxidative damage produced by tau or decrease the ROS-reduced hyperphosphorylation of tau in these models of tauopathy [57].




4. β-amyloid and Oxidative Stress in the Mechanism of Neurodegeneration


The most common neurodegenerative disorder was described more than 100 years ago by Alois Alzheimer but still remains uncurable. Alzheimer’s disease is the most common case for dementia in older people. Although symptoms of sporadic Alzheimer’s disease start to appear after 60 years of age, the actual neurodegenerations occur years earlier. Oxidative stress has been proven to be one of the major triggers for Alzheimer’s disease pathology for decades. Thus, products of lipid peroxidation were shown to be elevated in blood samples and brain autopsy of patients of Alzheimer’s disease [58,59]. β-amyloid is a main component of the senile plaques which are surrounded by activated microglia which could already be proof of involvement of this peptide in the initiation of the ROS production. β-amyloid is produced from the amyloid precursor protein by a cleavage by β- and γ-secretase generating a peptide ranged between 39 and 43 amino acid residues long, where the hydrophobic nature of β-amyloid 1-40 and 1-42 promotes self-aggregation and neurotoxicity.



There is a link between β-amyloid and redox metal dysregulation, which was supported by post-mortem analysis of amyloid plaques, which revealed accumulation of copper, iron, and zinc [60]. Considering the involvement of redox metals in the accumulation of β-amyloid, the generation of ROS by complex β-amyloid-transition metal was suggested [61]. It can be partially confirmed by the effects of heavy metal chelators on the β-amyloid-induced oxidative stress; however, it can also be explained by the structural changes of β-amyloid in the absence of metal ions. The second hypothesis is more probable because production of ROS by β-amyloid by itself in vitro was not shown [62].



β-amyloid more effectively incorporates in the membranes of astrocytes and forms pores which can stimulate a calcium signal because of a higher cholesterol level in these cells compared to neurons (Figure 3) [63,64]. A β-amyloid-induced calcium signal in astrocytes activates NADPH oxidase in these cells that induces GSH decrease, activation of DNA-repairing enzyme poly(ADP-ribose) polymerase, mitochondrial depolarization, and neuronal cell death (Figure 3) [65,66,67]. Importantly, β-amyloid is neurotoxic and is able to stimulate a calcium signal and activate NADPH oxidase only in oligomeric but not in monomeric or fibrillar form. Oligomers can be active even in picomolar concentrations [68]. The hormone melatonin, which is decreased with age, also possesses antioxidant properties. Melatonin can suppress the action of β-amyloid on the ROS production and neurotoxicity [69,70].



β-Amyloid-induced NADPH oxidase activation in combination with generation of nitric oxide can stimulate peroxinitrite generation which is a trigger for neurotoxicity [71,72].



However, the effect of β-amyloid on ROS production and the level of endogenous antioxidants depend on the aggregation and on the cell type—it predominantly activates ROS production in microglia and astrocytes that induce oxidative stress and cell death in neurons.




5. Huntingtin and Oxidative Damage


Huntington’s disease is a devastating neurodegenerative disorder characterized by chorea motor impairment and gradual intellectual decline which lead to psychiatric illness, pathologically by loss of long projection neurons in the cortex and striatum [73]. This disease is associated in with mutations in the huntingtin protein (Htt) characterized by multiple CAG (Gln) repeats. The expansion of polyglutamine repeats leads to altered Htt conformation, which activates aggregation of this protein. As a result of this specific mutation, the protein huntingtin is modified—mutant huntingtin protein (mHtt). The mHtt or its fragments are capable of initiating a damage cascade of molecular processes, which ultimately results in mitochondrial dysfunction, formation of ROS, and elevated oxidative stress [74,75,76,77,78,79]. Oxidative damage has been confirmed by immunohistochemical data and in biochemical tests in patients with Huntington’s disease [80,81,82].



Intracellular protein aggregation directly causes free radical production and subsequent cellular damage, with ROS production dependent on the amount of glutamine residues [83]. Mutant huntingtin causes aberrant transcription regulation by binding to several transcription regulators and disrupting their function. Mitochondrial disorders in Huntington’s disease can go by reducing the expression of the main metabolic co-regulator, which plays an important role in suppressing oxidative stress–PGC-1α [84]. Several mechanisms of supposed PGC-1α-mediated stress are described. Cui et al. demonstrated that mHtt prevents the CREB/TAF4 complex formation that regulates the transcription and expression of the PGC-1α gene [85].



mHtt induces the production of ROS mainly in mitochondria by direct interaction with mitochondrial proteins, as translocase of the inner membrane 23, disrupting mitochondrial proteostasis and inducing ROS production; considering this, mitochondrial and redox-based therapeutic strategies are intensively discussed for Huntington’s disease [86].



Another major producer of ROS in Huntington’s disease is NADPH oxidase. Thus, polyQ-expanded proteins, including native huntingtin, are interact with gp91, the major membrane NADPH-oxidase -2 subunit [87].



One important function of the p53 protein is its involvement in antioxidant protection through activation of a group of genes, encoding a set of antioxidant proteins [88]. The pathogenic domain of mutant Htt interacts with critical cellular transcription factors and potentially modulates p53-induced transcriptional events in cells [89].



Another possible way to influence mHtt by oxidative stress is to disrupt the expression of cystathionine γ-lyase (CSE) by sequestration of SP1, the main transcription factor for CSE [90,91]. Low levels of CSE and cysteine transporters lead to decreased levels of cysteine in cells, leading to increased oxidative stress.



Another evidence that huntingtin may induce oxidative stress not through overproduction of ROS but by decrease in the level of antioxidant defense is shown for full-length mutant Htt (FL-mHtt). Thus, cells with expression of FL-mHtt are shown to have decreased glutamate-cysteine ligase and glutathione synthetase activities suggesting decreased de novo synthesis of glutathione. In combination with inhibition of activity of the multidrug resistance protein 1 which mediates cellular export of glutathione conjugates, it maintains GSH-related antioxidant defense mechanisms insufficiently to protect cells against basic ROS production [92].



Another possible way of participation of mHtt in the development of oxidative stress is the decrease in expression of a transcription factor, the nuclear factor -κB (NF-κB), which mediates antioxidant and antiapoptotic signaling as a response of the endoplasmic reticulum to a stress [93].



It has been reported that mHtt fragments bind to the translocase of the inner mitochondrial membrane 23 (TIM23) complex and inhibit the mitochondrial protein import by altering the mitochondrial proteome, leading to mitochondrial dysfunction [94,95].



Mutant huntingtin significantly decreases the Ca2+ threshold and directly induces the opening of the mitochondrial permeability transition pore (mPTP) [96,97,98].



The balance of mitochondrial fission and fusion is significantly impaired in Huntington’s disease, leading to accumulation of fragmented and damaged mitochondria followed by increased oxidative stress [99]. It is believed that the disruption of the mitochondrial fission–fusion balance and mitochondrial transport along axons and dendrites occurs through direct interaction of mHtt with Drp1 [100,101] or through modulation of S-nitrosylation of Drp1 [102].




6. Conclusions


There is a growing number of publications reporting evidence of the involvement of misfolded proteins in the mechanism of oxidative damage in neurodegenerative disorders. Despite the fact that most of the aggregated proteins have a strong effect of oxidative stress, the mechanism of ROS production or the effect on the antioxidant system is different. Thus, the most active among the misfolded proteins is the β-amyloid which activates ROS production in microglia and astrocytes via the activation of NADPH oxidase; oligomeric α-synuclein can generate ROS by itself, while tau and huntingtin activate the production of ROS in the mitochondrial electron transport chain. This excessive ROS production targets various pathways that lead to differences in the types of neurodegeneration.



Although implication of the aggregated misfolded proteins in ROS production and oxidative stress in neurodegeneration is clearly stated by a number of publications on different levels—from single molecules to in vivo models and patient post brain samples—all clinical trials in neurodegenerative disorders based on antioxidant therapy were unsuccessful. This phenomenon is typical not only for neurodegenerative disorders and related to many factors, including antioxidant delivery, quenching of the antioxidant properties before it reaches the oxidized area, etc. Considering this, it is difficult to generalize an antioxidant strategy for these disorders, and therefore, each neurodegenerative disease demands a highly targeted treatment. Non-antioxidant, targeted protection against oxidative stress, including transition metal chelators, compounds which modify oligomeric structure and inhibitors of enzymatic ROS production (such a NADPH oxidase) may potentially have a strong therapeutic effect against neurodegenerative disorders, and these directions are now rapidly developing. Although misfolded proteins activate ROS production and induce oxidative stress, these processes cannot be separated from other mechanisms which occur in the brain during the development of pathology.







Author Contributions


Conceptualization, A.Y.A. and V.V.D.; writing—original draft preparation, A.Y.A. and E.V.P.; writing—review and editing, A.Y.A., E.V.P., V.V.D. and A.V.D.; visualization, A.Y.A., E.V.P., V.V.D. and A.V.D.; supervision, A.Y.A.; project administration, A.V.D. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the grant of the Russian Federation Government no. 075-15-2019-1877.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Abramov, A.Y.; Berezhnov, A.V.; Fedotova, E.I.; Zinchenko, V.P.; Dolgacheva, L.P. Interaction of Misfolded Proteins and Mitochondria in Neurodegenerative Disorders. Biochem. Soc. Trans. 2017, 45, 1025–1033. [Google Scholar] [CrossRef]

	



Gandhi, S.; Abramov, A.Y. Mechanism of Oxidative Stress in Neurodegeneration. Oxid. Med. Cell. Longev. 2012, 2012. [Google Scholar] [CrossRef]

	



Angelova, P.R.; Abramov, A.Y. Functional Role of Mitochondrial Reactive Oxygen Species in Physiology. Free Radic. Biol. Med. 2016, 100, 81–85. [Google Scholar] [CrossRef] [PubMed]

	



Selkoe, D.J.; Hardy, J. The Amyloid Hypothesis of Alzheimer’s Disease at 25 Years. EMBO Mol. Med. 2016, 8, 595–608. [Google Scholar] [CrossRef]

	



Goedert, M.; Spillantini, M.G.; Del Tredici, K.; Braak, H. 100 Years of Lewy Pathology. Nat. Rev. Neurol. 2013, 9, 13. [Google Scholar] [CrossRef]

	



Choi, M.L.; Gandhi, S. Crucial Role of Protein Oligomerization in the Pathogenesis of Alzheimer’s and Parkinson’s Diseases. FEBS J. 2018, 285, 3631–3644. [Google Scholar] [CrossRef] [PubMed]

	



Kovacs, G.G. Tauopathies. In Handbook of Clinical Neurology; Elsevier: Amsterdam, The Netherlands, 2018; Volume 145, pp. 355–368. [Google Scholar] [CrossRef]

	



Spillantini, M.G.; Goedert, M. Tau Pathology and Neurodegeneration. Lancet Neurol. 2013, 12, 609–622. [Google Scholar] [CrossRef]

	



Guerreiro, R.J.; Gustafson, D.R.; Hardy, J. The Genetic Architecture of Alzheimer’s Disease: Beyond APP, PSENs and APOE. Neurobiol. Aging 2012, 33, 437–456. [Google Scholar] [CrossRef] [PubMed]

	



Saudou, F.; Humbert, S. The Biology of Huntingtin. Neuron 2016, 89, 910–926. [Google Scholar] [CrossRef]

	



Ghosh, R.; Wood-Kaczmar, A.; Dobson, L.; Smith, E.J.; Sirinathsinghji, E.C.; Kriston-Vizi, J.; Hargreaves, I.P.; Heaton, R.; Herrmann, F.; Abramov, A.Y. Expression of Mutant Exon 1 Huntingtin Fragments in Human Neural Stem Cells and Neurons Causes Inclusion Formation and Mitochondrial Dysfunction. FASEB J. 2020. [Google Scholar] [CrossRef]

	



Uemura, N.; Uemura, M.T.; Luk, K.C.; Lee, V.M.-Y.; Trojanowski, J.Q. Cell-to-Cell Transmission of Tau and α-Synuclein. Trends Mol. Med. 2020. [Google Scholar] [CrossRef]

	



Burré, J.; Sharma, M.; Tsetsenis, T.; Buchman, V.; Etherton, M.R.; Südhof, T.C. α-Synuclein Promotes SNARE-Complex Assembly in Vivo and in Vitro. Science. 2010, 329, 1663–1667. [Google Scholar] [CrossRef]

	



Ludtmann, M.H.R.; Angelova, P.R.; Ninkina, N.N.; Gandhi, S.; Buchman, V.L.; Abramov, A.Y. Monomeric Alpha-Synuclein Exerts a Physiological Role on Brain ATP Synthase. J. Neurosci. 2016, 36, 10510–10521. [Google Scholar] [CrossRef] [PubMed]

	



Ninkina, N.N.; Tarasova, T.V.; Chaprov, K.D.; Goloborshcheva, V.V.; Bachurin, S.O.; Buchman, V.L. Synuclein Deficiency Decreases the Efficiency of Dopamine Uptake by Synaptic Vesicles. In Doklady Biochemistry and Biophysics; Springer: Berlin/Heidelberg, Germany, 2019; Volume 486, pp. 168–170. [Google Scholar] [CrossRef]

	



Wang, Y.; Mandelkow, E. Tau in Physiology and Pathology. Nat. Rev. Neurosci. 2016, 17, 22. [Google Scholar] [CrossRef] [PubMed]

	



Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative Stress and the Amyloid Beta Peptide in Alzheimer’s Disease. Redox Biol. 2018, 14, 450–464. [Google Scholar] [CrossRef] [PubMed]

	



Angelova, P.R.; Abramov, A.Y. Alpha-Synuclein and Beta-Amyloid–Different Targets, Same Players: Calcium, Free Radicals and Mitochondria in the Mechanism of Neurodegeneration. Biochem. Biophys. Res. Commun. 2017, 483, 1110–1115. [Google Scholar] [CrossRef] [PubMed]

	



Johannessen, J.N.; Adams, J.D.; Schuller, H.M.; Bacon, J.P.; Markey, S.P. 1-Methyl-4-Phenylpyridine (MPP+) Induces Oxidative Stress in the Rodent. Life Sci. 1986, 38, 743–749. [Google Scholar] [CrossRef]

	



Dexter, D.T.; Carter, C.; Agid, F.; Agid, Y.; Lees, A.J.; Jenner, P.; Marsden, C.D. Lipid Peroxidation as Cause of Nigral Cell Death in Parkinson’s Disease. Lancet 1986, 328, 639–640. [Google Scholar] [CrossRef]

	



Cremades, N.; Cohen, S.I.A.; Deas, E.; Abramov, A.Y.; Chen, A.Y.; Orte, A.; Sandal, M.; Clarke, R.W.; Dunne, P.; Aprile, F.A. Direct Observation of the Interconversion of Normal and Toxic Forms of α-Synuclein. Cell 2012, 149, 1048–1059. [Google Scholar] [CrossRef] [PubMed]

	



Deas, E.; Cremades, N.; Angelova, P.R.; Ludtmann, M.H.R.; Yao, Z.; Chen, S.; Horrocks, M.H.; Banushi, B.; Little, D.; Devine, M.J. Alpha-Synuclein Oligomers Interact with Metal Ions to Induce Oxidative Stress and Neuronal Death in Parkinson’s Disease. Antioxid. Redox Signal. 2016, 24, 376–391. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, K.; Nemani, V.M.; Wallender, E.K.; Kaehlcke, K.; Ott, M.; Edwards, R.H. Optical Reporters for the Conformation of α-Synuclein Reveal a Specific Interaction with Mitochondria. J. Neurosci. 2008, 28, 12305–12317. [Google Scholar] [CrossRef]

	



Reeve, A.K.; Ludtmann, M.H.R.; Angelova, P.R.; Simcox, E.M.; Horrocks, M.H.; Klenerman, D.; Gandhi, S.; Turnbull, D.M.; Abramov, A.Y. Aggregated α-Synuclein and Complex I Deficiency: Exploration of Their Relationship in Differentiated Neurons. Cell Death Dis. 2015, 6, e1820. [Google Scholar] [CrossRef]

	



Chen, S.W.; Drakulic, S.; Deas, E.; Ouberai, M.; Aprile, F.A.; Arranz, R.; Ness, S.; Roodveldt, C.; Guilliams, T.; De-Genst, E.J. Structural Characterization of Toxic Oligomers That Are Kinetically Trapped during α-Synuclein Fibril Formation. Proc. Natl. Acad. Sci. USA 2015, 112, E1994–E2003. [Google Scholar] [CrossRef] [PubMed]

	



Ludtmann, M.H.R.; Angelova, P.R.; Horrocks, M.H.; Choi, M.L.; Rodrigues, M.; Baev, A.Y.; Berezhnov, A.V.; Yao, Z.; Little, D.; Banushi, B. α-Synuclein Oligomers Interact with ATP Synthase and Open the Permeability Transition Pore in Parkinson’s Disease. Nat. Commun. 2018, 9, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Uversky, V.N.; Li, J.; Fink, A.L. Metal-Triggered Structural Transformations, Aggregation, and Fibrillation of Human α-Synuclein a Possible Molecular Link between Parkinson′ s Disease and Heavy Metal Exposure. J. Biol. Chem. 2001, 276, 44284–44296. [Google Scholar] [CrossRef] [PubMed]

	



Ramis, R.; Ortega-Castro, J.; Vilanova, B.; Adrover, M.; Frau, J. A Systematic DFT Study of Some Plausible Zn(II) and Al(III) Interaction Sites in N-Terminally Acetylated α-Synuclein. J. Phys. Chem. A 2018, 122, 690–699. [Google Scholar] [CrossRef] [PubMed]

	



Lothian, A.; Lago, L.; Mukherjee, S.; Connor, A.R.; Fowler, C.; McLean, C.A.; Horne, M.; Masters, C.L.; Cappai, R.; Roberts, B.R. Characterization of the Metal Status of Natively Purified Alpha-Synuclein from Human Blood, Brain Tissue, or Recombinant Sources Using Size Exclusion ICP-MS Reveals No Significant Binding of Cu, Fe or Zn. Metallomics 2019, 11, 118–140. [Google Scholar] [CrossRef] [PubMed]

	



Zakharov, S.D.; Hulleman, J.D.; Dutseva, E.A.; Antonenko, Y.N.; Rochet, J.C.; Cramer, W.A. Helical α-Synuclein Forms Highly Conductive Ion Channels. Biochemistry 2007, 46, 14369–14379. [Google Scholar] [CrossRef] [PubMed]

	



Angelova, P.R.; Ludtmann, M.H.R.; Horrocks, M.H.; Negoda, A.; Cremades, N.; Klenerman, D.; Dobson, C.M.; Wood, N.W.; Pavlov, E.V.; Gandhi, S.; et al. Ca2+ Is a Key Factor in α-Synuclein-Induced Neurotoxicity. J. Cell Sci. 2016, 129, 1792–1801. [Google Scholar] [CrossRef]

	



Angelova, P.R.; Horrocks, M.H.; Klenerman, D.; Gandhi, S.; Abramov, A.Y.; Shchepinov, M.S. Lipid Peroxidation Is Essential for α-Synuclein-Induced Cell Death. J. Neurochem. 2015, 133, 582–589. [Google Scholar] [CrossRef]

	



Angelova, P.R.; Choi, M.L.; Berezhnov, A.V.; Horrocks, M.H.; Hughes, C.D.; De, S.; Rodrigues, M.; Yapom, R.; Little, D.; Dolt, K.S.; et al. Alpha Synuclein Aggregation Drives Ferroptosis: An Interplay of Iron, Calcium and Lipid Peroxidation. Cell Death Differ. 2020. [Google Scholar] [CrossRef]

	



Zhang, W.; Dallas, S.; Zhang, D.; Guo, J.P.; Pang, H.; Wilson, B.; Miller, D.S.; Chen, B.; Zhang, W.; Mcgeer, P.L.; et al. Microglial PHOX and Mac-1 Are Essential to the Enhanced Dopaminergic Neurodegeneration Elicited by A30P and A53T Mutant Alpha-Synuclein. Glia 2007, 55, 1178–1188. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Qian, L.; Chen, S.-H.; Chu, C.-H.; Wilson, B.; Oyarzabal, E.; Ali, S.; Robinson, B.; Rao, D.; Hong, J.-S. Post-Treatment with an Ultra-Low Dose of NADPH Oxidase Inhibitor Diphenyleneiodonium Attenuates Disease Progression in Multiple Parkinson’s Disease Models. Brain 2015, 138 Pt 5, 1247–1262. [Google Scholar] [CrossRef]

	



Hou, L.; Sun, F.; Huang, R.; Sun, W.; Zhang, D.; Wang, Q. Inhibition of NADPH Oxidase by Apocynin Prevents Learning and Memory Deficits in a Mouse Parkinson’s Disease Model. Redox Biol. 2019, 22, 101134. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, T.; Hoekstra, J.; Heng, X.; Kang, W.; Ding, J.; Liu, J.; Chen, S.; Zhang, J. P2X7 Receptor Is Critical in α-Synuclein–Mediated Microglial NADPH Oxidase Activation. Neurobiol. Aging 2015, 36, 2304–2318. [Google Scholar] [CrossRef] [PubMed]

	



Whiten, D.R.; Cox, D.; Horrocks, M.H.; Taylor, C.G.; De, S.; Flagmeier, P.; Tosatto, L.; Kumita, J.R.; Ecroyd, H.; Dobson, C.M. Single-Molecule Characterization of the Interactions between Extracellular Chaperones and Toxic α-Synuclein Oligomers. Cell Rep. 2018, 23, 3492–3500. [Google Scholar] [CrossRef] [PubMed]

	



Hinault, M.-P.; Cuendet, A.F.H.; Mattoo, R.U.H.; Mensi, M.; Dietler, G.; Lashuel, H.A.; Goloubinoff, P. Stable α-Synuclein Oligomers Strongly Inhibit Chaperone Activity of the Hsp70 System by Weak Interactions with J-Domain Co-Chaperones. J. Biol. Chem. 2010, 285, 38173–38182. [Google Scholar] [CrossRef]

	



Aprile, F.A.; Källstig, E.; Limorenko, G.; Vendruscolo, M.; Ron, D.; Hansen, C. The Molecular Chaperones DNAJB6 and Hsp70 Cooperate to Suppress α-Synuclein Aggregation. Sci. Rep. 2017, 7, 1–11. [Google Scholar] [CrossRef]

	



Delgado-Camprubi, M.; Esteras, N.; Soutar, M.P.M.; Plun-Favreau, H.; Abramov, A.Y. Deficiency of Parkinson’s Disease-Related Gene Fbxo7 Is Associated with Impaired Mitochondrial Metabolism by PARP Activation. Cell Death Differ. 2017, 24, 120–131. [Google Scholar] [CrossRef]

	



Kam, T.-I.; Mao, X.; Park, H.; Chou, S.-C.; Karuppagounder, S.S.; Umanah, G.E.; Yun, S.P.; Brahmachari, S.; Panicker, N.; Chen, R. Poly (ADP-Ribose) Drives Pathologic α-Synuclein Neurodegeneration in Parkinson’s Disease. Science 2018, 362. [Google Scholar] [CrossRef]

	



Weingarten, M.D.; Lockwood, A.H.; Hwo, S.-Y.; Kirschner, M.W. A Protein Factor Essential for Microtubule Assembly. Proc. Natl. Acad. Sci. USA 1975, 72, 1858–1862. [Google Scholar] [CrossRef]

	



Orr, M.E.; Sullivan, A.C.; Frost, B. A Brief Overview of Tauopathy: Causes, Consequences, and Therapeutic Strategies. Trends Pharmacol. Sci. 2017, 38, 637–648. [Google Scholar] [CrossRef]

	



Kumar, P.; Jha, N.K.; Jha, S.K.; Ramani, K.; Ambasta, R.K. Tau Phosphorylation, Molecular Chaperones, and Ubiquitin E3 Ligase: Clinical Relevance in Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 43, 341–361. [Google Scholar] [CrossRef] [PubMed]

	



Kundel, F.; Hong, L.; Falcon, B.; McEwan, W.A.; Michaels, T.C.T.; Meisl, G.; Esteras, N.; Abramov, A.Y.; Knowles, T.J.P.; Goedert, M.; et al. Measurement of Tau Filament Fragmentation Provides Insights into Prion-like Spreading. ACS Chem. Neurosci. 2018, 9, 1276–1282. [Google Scholar] [CrossRef] [PubMed]

	



Esteras, N.; Kundel, F.; Amodeo, G.F.; Pavlov, E.V.; Klenerman, D.; Abramov, A.Y. Insoluble Tau Aggregates Induce Neuronal Death through Modification of Membrane Ion Conductance, Activation of Voltage-Gated Calcium Channels and NADPH Oxidase. FEBS J. 2020. [Google Scholar] [CrossRef]

	



Olguín-Albuerne, M.; Morán, J. ROS Produced by NOX2 Control in Vitro Development of Cerebellar Granule Neurons Development. ASN Neuro 2015, 7, 1759091415578712. [Google Scholar] [CrossRef]

	



Esteras, N.; Rohrer, J.D.; Hardy, J.; Wray, S.; Abramov, A.Y. Mitochondrial Hyperpolarization in IPSC-Derived Neurons from Patients of FTDP-17 with 10+16 MAPT Mutation Leads to Oxidative Stress and Neurodegeneration. Redox Biol. 2017, 12, 410–422. [Google Scholar] [CrossRef]

	



Abramov, A.Y.; Angelova, P.R. Cellular Mechanisms of Complex I-Associated Pathology. Biochem. Soc. Trans. 2019, 47, 1963–1969. [Google Scholar] [CrossRef] [PubMed]

	



Kopach, O.; Esteras, N.; Wray, S.; Rusakov, D.A.; Abramov, A.Y. Maturation and Phenotype of Pathophysiological Neuronal Excitability of Human Cells in Tau-Related Dementia. J. Cell Sci. 2020, jcs.241687. [Google Scholar] [CrossRef] [PubMed]

	



Angelova, P.R.; Barilani, M.; Lovejoy, C.; Dossena, M.; Viganò, M.; Seresini, A.; Piga, D.; Gandhi, S.; Pezzoli, G.; Abramov, A.Y.; et al. Mitochondrial Dysfunction in Parkinsonian Mesenchymal Stem Cells Impairs Differentiation. Redox Biol. 2018, 14, 474–484. [Google Scholar] [CrossRef]

	



Kulic, L.; Wollmer, M.A.; Rhein, V.; Pagani, L.; Kuehnle, K.; Cattepoel, S.; Tracy, J.; Eckert, A.; Nitsch, R.M. Combined Expression of Tau and the Harlequin Mouse Mutation Leads to Increased Mitochondrial Dysfunction, Tau Pathology and Neurodegeneration. Neurobiol. Aging 2011, 32, 1827–1838. [Google Scholar] [CrossRef] [PubMed]

	



Kandimalla, R.; Manczak, M.; Yin, X.; Wang, R.; Reddy, P.H. Hippocampal Phosphorylated Tau Induced Cognitive Decline, Dendritic Spine Loss and Mitochondrial Abnormalities in a Mouse Model of Alzheimer’s Disease. Hum. Mol. Genet. 2018, 27, 30–40. [Google Scholar] [CrossRef] [PubMed]

	



Holmström, K.M.; Baird, L.; Zhang, Y.; Hargreaves, I.; Chalasani, A.; Land, J.M.; Stanyer, L.; Yamamoto, M.; Dinkova-Kostova, A.T.; Abramov, A.Y. Nrf2 Impacts Cellular Bioenergetics by Controlling Substrate Availability for Mitochondrial Respiration. Biol. Open 2013, 2, 761–770. [Google Scholar] [CrossRef]

	



Esteras, N.; Dinkova-Kostova, A.T.; Abramov, A.Y. Nrf2 Activation in the Treatment of Neurodegenerative Diseases: A Focus on Its Role in Mitochondrial Bioenergetics and Function. Biol. Chem. 2016, 397, 383–400. [Google Scholar] [CrossRef] [PubMed]

	



Su, B.; Wang, X.; Lee, H.; Tabaton, M.; Perry, G.; Smith, M.A.; Zhu, X. Chronic Oxidative Stress Causes Increased Tau Phosphorylation in M17 Neuroblastoma Cells. Neurosci. Lett. 2010, 468, 267–271. [Google Scholar] [CrossRef] [PubMed]

	



Jeandel, C.; Nicolas, M.B.; Dubois, F.; Nabet-Belleville, F.; Penin, F.; Cuny, G. Lipid Peroxidation and Free Radical Scavengers in Alzheimer’s Disease. Gerontology 1989, 35, 275–282. [Google Scholar] [CrossRef]

	



Subbarao, K.V.; Richardson, J.S.; Ang, L.C. Autopsy Samples of Alzheimer’s Cortex Show Increased Peroxidation In Vitro. J. Neurochem. 1990, 55, 342–345. [Google Scholar] [CrossRef]

	



Liu, Y.; Nguyen, M.; Robert, A.; Meunier, B. Metal Ions in Alzheimer’s Disease: A Key Role or Not? Acc. Chem. Res. 2019, 52, 2026–2035. [Google Scholar] [CrossRef]

	



Huang, X.; Moir, R.D.; Tanzi, R.E.; Bush, A.I.; Rogers, J.T. Redox-Active Metals, Oxidative Stress, and Alzheimer’s Disease Pathology. Ann. N. Y. Acad. Sci. 2004, 1012, 153–163. [Google Scholar] [CrossRef]

	



Smith, D.G.; Cappai, R.; Barnham, K.J. The Redox Chemistry of the Alzheimer’s Disease Amyloid β Peptide. Biochim. Biophys. Acta Biomembr. 2007, 1768, 1976–1990. [Google Scholar] [CrossRef]

	



Abramov, A.Y.; Canevari, L.; Duchen, M.R. Changes in Intracellular Calcium and Glutathione in Astrocytes as the Primary Mechanism of Amyloid Neurotoxicity. J. Neurosci. 2003, 23, 5088–5095. [Google Scholar] [CrossRef] [PubMed]

	



Abramov, A.Y.; Ionov, M.; Pavlov, E.; Duchen, M.R. Membrane Cholesterol Content Plays a Key Role in the Neurotoxicity of β-Amyloid: Implications for Alzheimer’s Disease. Aging Cell 2011, 10, 595–603. [Google Scholar] [CrossRef] [PubMed]

	



Abramov, A.Y.; Canevari, L.; Duchen, M.R. Beta-Amyloid Peptides Induce Mitochondrial Dysfunction and Oxidative Stress in Astrocytes and Death of Neurons through Activation of NADPH Oxidase. J. Neurosci. 2004, 24, 565–575. [Google Scholar] [CrossRef] [PubMed]

	



Abramov, A.Y.; Duchen, M.R. The Role of an Astrocytic NADPH Oxidase in the Neurotoxicity of Amyloid Beta Peptides. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2005, 360, 2309–2314. [Google Scholar] [CrossRef]

	



Abeti, R.; Abramov, A.Y.; Duchen, M.R. β-Amyloid Activates PARP Causing Astrocytic Metabolic Failure and Neuronal Death. Brain 2011, 134, 1658–1672. [Google Scholar] [CrossRef]

	



Narayan, P.; Holmström, K.M.; Kim, D.-H.; Whitcomb, D.J.; Wilson, M.R.; St George-Hyslop, P.; Wood, N.W.; Dobson, C.M.; Cho, K.; Abramov, A.Y.; et al. Rare Individual Amyloid-β Oligomers Act on Astrocytes to Initiate Neuronal Damage. Biochemistry 2014, 53, 2442–2453. [Google Scholar] [CrossRef]

	



Ionov, M.; Burchell, V.; Klajnert, B.; Bryszewska, M.; Abramov, A.Y. Mechanism of Neuroprotection of Melatonin against Beta-Amyloid Neurotoxicity. Neuroscience 2011, 180, 229–237. [Google Scholar] [CrossRef]

	



Zhou, J.; Zhang, S.; Zhao, X.; Wei, T. Melatonin Impairs NADPH Oxidase Assembly and Decreases Superoxide Anion Production in Microglia Exposed to Amyloid-Β1–42. J. Pineal Res. 2008, 45, 157–165. [Google Scholar] [CrossRef]

	



Giacovazzi, R.; Ciofini, I.; Rao, L.; Amatore, C.; Adamo, C. Copper–Amyloid-β Complex May Catalyze Peroxynitrite Production in Brain: Evidence from Molecular Modeling. Phys. Chem. Chem. Phys. 2014, 16, 10169–10174. [Google Scholar] [CrossRef]

	



Abramov, A.Y.; Kasymov, V.A.; Zinchenko, V.P. β-Amyloid Activates Nitric Oxide Synthesis and Causes Neuronal Death in Hippocampal Astrocytes. Biochem. Suppl. Ser. A Membr. Cell Biol. 2008, 2, 8–13. [Google Scholar] [CrossRef]

	



Sorolla, M.A.; Reverter-Branchat, G.; Tamarit, J.; Ferrer, I.; Ros, J.; Cabiscol, E. Proteomic and Oxidative Stress Analysis in Human Brain Samples of Huntington Disease. Free Radic. Biol. Med. 2008, 45, 667–678. [Google Scholar] [CrossRef] [PubMed]

	



Johri, A.; Beal, M.F. Antioxidants in Huntington’s Disease. Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 664–674. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, A.; Ratan, R.R. Oxidative Stress and Huntington’s Disease: The Good, The Bad, and The Ugly. J. Huntingtons. Dis. 2016, 5, 217–237. [Google Scholar] [CrossRef] [PubMed]

	



Manoharan, S.; Guillemin, G.J.; Abiramasundari, R.S.; Essa, M.M.; Akbar, M.; Akbar, M.D. The Role of Reactive Oxygen Species in the Pathogenesis of Alzheimer’s Disease, Parkinson’s Disease, and Huntington’s Disease: A Mini Review. Oxid. Med. Cell. Longev. 2016, 2016, 8590578. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.; Winderickx, J.; Franssens, V.; Liu, B. A Mitochondria-Associated Oxidative Stress Perspective on Huntington’s Disease. Front. Mol. Neurosci. 2018, 11, 329. [Google Scholar] [CrossRef] [PubMed]

	



Essa, M.M.; Moghadas, M.; Ba-Omar, T.; Walid Qoronfleh, M.; Guillemin, G.J.; Manivasagam, T.; Justin-Thenmozhi, A.; Ray, B.; Bhat, A.; Chidambaram, S.B.; et al. Protective Effects of Antioxidants in Huntington’s Disease: An Extensive Review. Neurotox. Res. 2019, 35, 739–774. [Google Scholar] [CrossRef]

	



Paul, B.D.; Snyder, S.H. Impaired Redox Signaling in Huntington’s Disease: Therapeutic Implications. Front. Mol. Neurosci. 2019, 12, 68. [Google Scholar] [CrossRef]

	



Stoy, N.; Mackay, G.M.; Forrest, C.M.; Christofides, J.; Egerton, M.; Stone, T.W.; Darlington, L.G. Tryptophan Metabolism and Oxidative Stress in Patients with Huntington’s Disease. J. Neurochem. 2005, 93, 611–623. [Google Scholar] [CrossRef]

	



Browne, S.E.; Beal, M.F. Oxidative Damage in Huntington’s Disease Pathogenesis. Antioxid. Redox Signal. 2006, 8, 2061–2073. [Google Scholar] [CrossRef]

	



Túnez, I.; Sánchez-López, F.; Agüera, E.; Fernández-Bolaños, R.; Sánchez, F.M.; Tasset-Cuevas, I. Important Role of Oxidative Stress Biomarkers in Huntington’s Disease. J. Med. Chem. 2011, 54, 5602–5606. [Google Scholar] [CrossRef]

	



Hands, S.; Sajjad, M.U.; Newton, M.J.; Wyttenbach, A. In Vitro and in Vivo Aggregation of a Fragment of Huntingtin Protein Directly Causes Free Radical Production. J. Biol. Chem. 2011, 286, 44512–44520. [Google Scholar] [CrossRef] [PubMed]

	



Liang, H.; Ward, W.F. PGC-1α: A Key Regulator of Energy Metabolism. Am. J. Physiol. Adv. Physiol. Educ. 2006, 30, 145–151. [Google Scholar] [CrossRef] [PubMed]

	



Cui, L.; Jeong, H.; Borovecki, F.; Parkhurst, C.N.; Tanese, N.; Krainc, D. Transcriptional Repression of PGC-1α by Mutant Huntingtin Leads to Mitochondrial Dysfunction and Neurodegeneration. Cell 2006, 127, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



Fão, L.; Rego, A.C. Mitochondrial and Redox-Based Therapeutic Strategies in Huntington’s Disease. Antioxid. Redox Signal. 2020. [Google Scholar] [CrossRef]

	



Bertoni, A.; Giuliano, P.; Galgani, M.; Rotoli, D.; Ulianich, L.; Adornetto, A.; Santillo, M.R.; Porcellini, A.; Avvedimento, V.E. Early and Late Events Induced by PolyQ-Expanded Proteins: Identification of a Common Pathogenic Property of PolYQ-Expanded Proteins. J. Biol. Chem. 2011, 286, 4727–4741. [Google Scholar] [CrossRef]

	



Chumakov, P.M. Versatile Functions of P53 Protein in Multicellular Organisms. Biochemistry (Mosc.) 2007, 72, 1399–1421. [Google Scholar] [CrossRef]

	



Steffan, J.S.; Kazantsev, A.; Spasic-Boskovic, O.; Greenwald, M.; Zhu, Y.-Z.; Gohler, H.; Wanker, E.E.; Bates, G.P.; Housman, D.E.; Thompson, L.M. The Huntington’s Disease Protein Interacts with P53 and CREB-Binding Protein and Represses Transcription. Proc. Natl. Acad. Sci. USA 2000, 97, 6763–6768. [Google Scholar] [CrossRef]

	



Paul, B.D.; Sbodio, J.I.; Xu, R.; Vandiver, M.S.; Cha, J.Y.; Snowman, A.M.; Snyder, S.H. Cystathionine γ-Lyase Deficiency Mediates Neurodegeneration in Huntington’s Disease. Nature 2014, 509, 96–100. [Google Scholar] [CrossRef]

	



Sbodio, J.I.; Snyder, S.H.; Paul, B.D. Transcriptional Control of Amino Acid Homeostasis Is Disrupted in Huntington’s Disease. Proc. Natl. Acad. Sci. USA 2016, 113, 8843–8848. [Google Scholar] [CrossRef]

	



Ribeiro, M.; Rosenstock, T.R.; Cunha-Oliveira, T.; Ferreira, I.L.; Oliveira, C.R.; Rego, A.C. Glutathione Redox Cycle Dysregulation in Huntington’s Disease Knock-in Striatal Cells. Free Radic. Biol. Med. 2012, 53, 1857–1867. [Google Scholar] [CrossRef]

	



Reijonen, S.; Kukkonen, J.P.; Hyrskyluoto, A.; Kivinen, J.; Kairisalo, M.; Takei, N.; Lindholm, D.; Korhonen, L. Downregulation of NF-ΚB Signaling by Mutant Huntingtin Proteins Induces Oxidative Stress and Cell Death. Cell. Mol. Life Sci. 2010, 67, 1929–1941. [Google Scholar] [CrossRef] [PubMed]

	



Yano, H.; Baranov, S.V.; Baranova, O.V.; Kim, J.; Pan, Y.; Yablonska, S.; Carlisle, D.L.; Ferrante, R.J.; Kim, A.H.; Friedlander, R.M. Inhibition of Mitochondrial Protein Import by Mutant Huntingtin. Nat. Neurosci. 2014, 17, 822–831. [Google Scholar] [CrossRef] [PubMed]

	



Yablonska, S.; Ganesan, V.; Ferrando, L.M.; Kim, J.; Pyzel, A.; Baranova, O.V.; Khattar, N.K.; Larkin, T.M.; Baranov, S.V.; Strohlein, C.E.; et al. Mutant Huntingtin Disrupts Mitochondrial Proteostasis by Interacting with TIM23. Proc. Natl. Acad. Sci. USA 2019, 116, 16593–16602. [Google Scholar] [CrossRef] [PubMed]

	



Choo, Y.S.; Johnson, G.V.W.; MacDonald, M.; Detloff, P.J.; Lesort, M. Mutant Huntingtin Directly Increases Susceptibility of Mitochondria to the Calcium-Induced Permeability Transition and Cytochrome c Release. Hum. Mol. Genet. 2004, 13, 1407–1420. [Google Scholar] [CrossRef]

	



Quintanilla, R.A.; Tapia, C.; Pérez, M.J. Possible Role of Mitochondrial Permeability Transition Pore in the Pathogenesis of Huntington Disease. Biochem. Biophys. Res. Commun. 2017, 483, 1078–1083. [Google Scholar] [CrossRef]

	



Peng, T.-I.; Jou, M.-J. Oxidative Stress Caused by Mitochondrial Calcium Overload. Ann. N. Y. Acad. Sci. 2010, 1201, 183–188. [Google Scholar] [CrossRef]

	



Cherubini, M.; Lopez-Molina, L.; Gines, S. Mitochondrial Fission in Huntington’s Disease Mouse Striatum Disrupts ER-Mitochondria Contacts Leading to Disturbances in Ca2+ Efflux and Reactive Oxygen Species (ROS) Homeostasis. Neurobiol. Dis. 2020, 136, 104741. [Google Scholar] [CrossRef]

	



Shirendeb, U.P.; Calkins, M.J.; Manczak, M.; Anekonda, V.; Dufour, B.; McBride, J.L.; Mao, P.; Reddy, P.H. Mutant Huntingtin’s Interaction with Mitochondrial Protein Drp1 Impairs Mitochondrial Biogenesis and Causes Defective Axonal Transport and Synaptic Degeneration in Huntington’s Disease. Hum. Mol. Genet. 2011, 21, 406–420. [Google Scholar] [CrossRef]

	



Song, W.; Chen, J.; Petrilli, A.; Liot, G.; Klinglmayr, E.; Zhou, Y.; Poquiz, P.; Tjong, J.; Pouladi, M.A.; Hayden, M.R.; et al. Mutant Huntingtin Binds the Mitochondrial Fission GTPase Dynamin-Related Protein-1 and Increases Its Enzymatic Activity. Nat. Med. 2011, 17, 377–383. [Google Scholar] [CrossRef]

	



Haun, F.; Nakamura, T.; Shiu, A.D.; Cho, D.-H.; Tsunemi, T.; Holland, E.A.; La Spada, A.R.; Lipton, S.A. S-Nitrosylation of Dynamin-Related Protein 1 Mediates Mutant Huntingtin-Induced Mitochondrial Fragmentation and Neuronal Injury in Huntington’s Disease. Antioxid. Redox Signal. 2013, 19, 1173–1184. [Google Scholar] [CrossRef]








[image: Life 10 00101 g001 550] 





Figure 1. Effect of oligomeric α-synuclein on the redox balance in neurons. α-Synuclein-induced reactive oxygen species (ROS) lead to decreased endogenous antioxidant (GSH), lipid peroxidation, and oxidation. Although oligomeric α-synuclein has no effect on ROS production in mitochondria, α-synuclein produced ROS oxidase mitochondrial proteins including subunits of F1-F0-ATPase. In combination with calcium overload, it induces mitochondrial permeability transition pore (mPTP) opening and cell death. 
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Figure 2. Phosphorylated tau forms a channel on the neuronal membrane and induces a calcium signal which activates ROS production in NADPH oxidase. Tau aggregates inhibit mitochondrial respiration and induce ROS overproduction in this organelle. 
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Figure 3. Effect of β-amyloid on redox homeostasis and mitochondrial metabolism of astrocytes. 
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