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ABSTRACT
SIGNIFICANCE: The molecular processes that determine Huntington’s disease (HD) pathogenesis are not yet fully understood, and until now, no effective neuroprotective therapeutic strategies have been developed. Mitochondria are one of most important organelles required for neuronal homeostasis, either by providing metabolic pathways relevant for energy production, regulating calcium homeostasis or controlling free radical generation and cell death. Because augmented reactive oxygen species (ROS) accompanied by mitochondrial dysfunction are relevant early HD mechanisms, targeting these cellular mechanisms may constitute relevant therapeutic approaches.
RECENT ADVANCES: Previous findings point towards a close relationship between mitochondrial dysfunction and redox changes in HD. Mutant huntingtin (mHTT) can directly interact with mitochondrial proteins, as TIM23, disrupting mitochondrial proteostasis and favoring ROS production and HD progression. Furthermore, abnormal brain and muscle redox signaling contribute to altered proteostasis and motor impairment in HD, which can be improved with the mitochondria-targeted antioxidant MitoQ or resveratrol, a SIRT1 activator that ameliorates mitochondrial biogenesis and function. 
CRITICAL ISSUES: Various antioxidants and metabolic enhancers have been studied in HD, however the real outcome of these molecules is still debatable. New compounds have proven to ameliorate mitochondrial and redox-based signaling pathways in early stages of HD, potentially precluding selective neurodegeneration. 
FUTURE DIRECTIONS: Unravelling the molecular etiology of deregulated mitochondrial function and dynamics, and oxidative stress opens new prospects for HD therapeutics. In this review we explore the role of redox unbalance and mitochondrial dysfunction in HD progression, and further describe advances on clinical trials in HD based on mitochondrial and redox-based therapeutic strategies.



1 –MAIN FEATURES OF HUNTINGTON’S DISEASE PATHOGENESIS
Huntington’s Disease (HD) is an autosomal dominant progressive neurodegenerative disorder, affecting 5 to 10 per 100,000 individuals in North America and Europe (14). The disease is caused by cytosine-adenine-guanine (CAG) repeat extension in the HTT gene, encoding for a polyglutamine (polyQ) tract at the N-terminus of mutant huntingtin (mHTT in humans; mHtt in non-human animals) (11). This polyQ expansion leads to conformational changes and abnormal cytoplasmic and nuclear accumulation of mHTT. CAG repeat expansion correlates with disease severity and inversely with the age-of-onset (11). Healthy individuals have approximately 25 CAG repeats in the HTT gene, whereas 40–50 CAG repeats or more than 60 CAG repeats cause adult- or juvenile-onset HD, respectively (78). HD particularly affects neurons in the striatum (caudate nucleus, mainly, and putamen), leading to striatal neuronal damage and striatum atrophy (140). Neuronal degeneration has been described to spread to cortical areas (140) and to other extrastriatal regions, such as the hippocampus (119), thalamus (145) and neocerebellum (173). The main symptoms associated to HD are motor impairment, such as chorea-like involuntary movements, dystonia and bradykinesia found in juvenile cases or advanced adult-onset cases, as well as cognitive and psychiatric alterations, the later occurring at pre-motor stages (111). The genetic cause of HD is well studied and described, however the cellular and molecular mechanisms involved in mHTT-mediated early neuronal dysfunction and late neurodegeneration are not fully understood. However, oxidative stress (130), mitochondrial dysfunction (146), excitotoxicity (86), and transcriptional deregulation are considered important pathological alterations observed in HD patients (Figure 1). 
In this review we focus on redox and mitochondrial-related dysfunctional mechanisms that have been described in human and animal brain or cell HD models. Moreover, we discuss the therapeutic potential of modifying HD-related redox and mitochondrial pathways using genetic or pharmacological strategies, aiming to prevent or slow down HD progression. Herewith we dissect relevant information on dysfunctional pathways related with mitochondria and redox changes in HD and address possible HD therapeutic targets and application in clinical trials.


2. - OXIDATIVE STRESS IN HUNTINGTON’S DISEASE PATHOLOGY AND POTENTIAL NEUROPROTECTIVE STRATEGIES
In HD, augmented oxidative stress, defined as an imbalance between oxidants (e.g. free radicals and non-radical species) and antioxidant molecules responsible for their elimination and/or reduction, is a well-recognized pathological feature, closely linked to neurodegeneration. 
Under physiological conditions, reactive oxygen species (ROS) and reactive nitrogen species (RNS) are byproducts of normal metabolism, with essential roles in cell division, cell signaling, homeostasis and autophagy, being promptly produced and eliminated, through a process denominated as “redox homeostasis” (50). However, when these cellular mechanisms fail to maintain cellular homeostasis, increased cellular stress and cytotoxicity emerges. 
Endogenously, two important sources of ROS are mitochondria during electron transfer (157) and NADPH oxidase (NOX), an enzymatic complex located at plasma membrane that produces ROS to the cytoplasm (192). Accumulation of ROS in neurons, which have low levels of antioxidants, cause altered protein structure and increased oxidation, impaired DNA structure and lipid peroxidation (165), contributing to the pathogenesis of many diseases, including HD. 
Redox signaling is essential for normal brain function, being involved in memory consolidation, neuronal differentiation and plasticity. The brain is one of the most metabolically active organs in the body, consuming about 20% of all oxygen (58). In particular, neurons quickly undergo oxidation not only because they retain low levels of antioxidants [25, for review], but also because they have localized high levels of iron, auto-oxidizable catecholamines and high levels of membrane polyunsaturated fatty acids and high metabolic rates and thus constant oxygen consumption (41). Additionally, neurons are post-mitotic cells that accumulate non-degradable oxidized molecules (22). In this section, we describe the evidences for ROS production in the presence of mHTT, its toxic effects related with impaired antioxidant defenses and augmented accumulation of free metal ions. Moreover, we complement the information of potential therapeutic targets aiming at ameliorating early redox changes and oxidative stress in HD.

2.1- mHTT-INDUCED OXIDATIVE STRESS 
Numerous reports have associated HD with an imbalance in ROS and RNS production and their degradation (61). Mitochondrial complexes II, III and IV deficiency was reported in postmortem HD striatum (23, 64), which were related with enhanced ROS and oxidative stress in human HD samples (26). 
Analysis of proteins oxidative modifications is one way of measuring ROS-mediated cytotoxicity in vivo. Sorolla and colleagues identified 13 oxidatively modified proteins in striatal human HD brain samples, when compared to controls, including mitochondrial enzymes (176). In HD patients, levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG), a DNA oxidation biomarker, were also increased in caudate tissue (27), as well as in serum and leukocytes (99), indicating that both nuclear and mitochondrial DNA are more oxidized in HD patients samples. 8-OHdG levels were also increased in STHdhQ111/Q111 striatal cells, derived from HD knock-in mice, and in human HD skin fibroblasts (170). Increased lipid peroxidation markers, such as malondialdehyde and 4-hydroxynonenal, were also observed in blood samples of HD patients (180). Concordantly, urine, plasma and striatal microdialysates from the R6/2 mouse model, which express exon 1 of the human HTT gene with ~150 CAG repeats, evidenced increased concentrations of 8-OHdG (21) and striatal lipid peroxidation (134). 
[bookmark: _Hlk33309436]NOX is one of the main sources of ROS, which activity has been used as an indicator for ROS generation in vivo. Cortical and striatal samples from HD postmortem patients showed augmented levels of brain NOX activity, more specifically, NOX2, shown to colocalize at plasma membrane lipid rafts and to be directly responsible for increased ROS levels (192). Moreover, the HD rat model induced by striatal administration of quinolinic acid (QA, N-methyl-D-aspartate receptor agonist) showed increased NOX-linked striatal superoxide production that increased with the addition of NADPH, a NOX substrate (104). Furthermore, studies using the HD140Q/140Q mice revealed augmented NOX activity in cortical and striatal synaptosomes and in primary neurons derived from this mouse model (192). Importantly, treatment with NOX inhibitors reduced ROS levels and neuronal cell death in HD140Q/140Q mice (192). STHdhQ111/Q111 striatal cells also showed increased oxidative damage attributable to NOX, since the NOX inhibitor apocynin attenuated ROS production and neurotoxicity, in cells exposure to chlorpyrifos (CPF), an organophosphate insecticide (48). 
Evidence for increased oxidative stress is observed in different HD models. The R6/2 mouse model showed increased ROS in brain fractions (96) and striatal neurons (51). Additionally, protein carbonyls were detected in cortex (101). The R6/1 HD mouse model, which express exon 1 of the human HTT gene with ~116 CAG repeats and an ameliorated phenotype when compared to R6/2 mice, also showed striatal oxidative damage (133) and augmented ROS formation (135). The transgenic yeast artificial chromosome (YAC) mice expressing full-length human mHTT with 128 glutamines (YAC128) further showed increased protein carbonyls in pre-frontal cortex at 6 months of age (24), when compared with WT mice. In YAC128-derived embryonic fibroblasts, superoxide anion (O2•-) formation was increased (194). Neurons derived by human HD neural progenitor cells (NPCs) and induced pluripotent stem cells (iPSCs) were more susceptible to death than WT neurons, formed HTT aggregates under oxidative stress conditions (97) and exhibited augmented DNA damage (38). STHdhQ111/Q111 striatal cells also showed increased ROS production, lesion in mtDNA and a lower spare respiratory capacity (169). Moreover, using the same cellular model, we showed augmented intracellular (122, 151) and mitochondrial (150) ROS levels due to mHtt expression (Figure 2). Concordantly, Hands and colleagues previously reported that polyQ oligomerization in HeLa and PC12 cells leads to early hydrogen peroxide (H2O2) generation (66). 
Exposure to 3-nitropropionic acid (3-NP, an irreversible inhibitor of mitochondrial complex II or succinate dehydrogenase), damages striatal medium spiny neurons through mitochondrial impairment and mimics many characteristics of HD (59). The 3-NP mice model of HD showed augmented oxidative stress, with increased levels of malondialdehyde and nitrites, lipid peroxidation markers, in cortical, striatal and hippocampal neurons (109, 171) and striatal astrocytes (60). 3-NP further induced increased ROS levels in HD cybrids, a cell model in which the contribution of mitochondrial defects from patients is isolated, relatively to control cells (53) and in primary rat striatal neurons (153). 3-NP-induced C. elegans HD model further exhibited increased oxidative stress (87). Importantly, permeability transition pore (PTP) inhibitors and vitamin E (or α-tocopherol) attenuated ROS generation, PTP opening and behavioral changes in the rat HD model induced by 3-NP (154). Moreover, other less affected brain areas in HD, such as cerebellum and hippocampus, showed increased oxidative stress. 3-NP-induced HD mice exhibited augmented ROS production, malondialdehyde, protein carbonyls and nitric oxide levels in striatum and cerebellum (46), as well as impaired oxidative defenses in the hippocampus (89). These results suggest that mHTT can exert its toxic effect by promoting ROS generation.
Antioxidants have been demonstrated to be beneficial in distinct HD models. α-Lipoic acid treatment in R6/2 and N171-82Q mice (with treatments starting at 4 weeks of age) improved survival in both HD transgenic mouse models (9), while vitamin E/α-tocopherol was tested in a clinical trial revealing selective therapeutic effect on neurologic symptoms in early HD patients (137), suggesting that antioxidant therapy may slow the rate of motor decline early in the course of the disease.

2.2 - ALTERED ANTIOXIDANT MOLECULES AND ENZYMES IN HUNTINGTON’S DISEASE
A relevant neuroprotective mechanism, to combat oxidative damage, is the activation of nuclear factor erythroid 2-related factor 2 (Nrf2), a pervasive transcription factor that combats oxidative stress in response to a mild oxidant stimulus. Nrf2 is known to upregulate the expression of cytoprotective and antioxidant enzymes/proteins by binding to the Antioxidant Response Element (ARE), enhancer sequences present in the regulatory regions of Nrf2 target genes (205). Under physiological conditions, Nrf2 interacts with Keap1 protein, being mostly located in the cytosol. Following stress conditions, oxidation of cysteine residues at Keap1 leads to Nrf2 disconnection; Nrf2 migrates into the nucleus, where it binds to ARE (72) and recruits transcriptional co-activators, such as CREB-binding protein (CBP) (212) to promote transcription by intrinsic histone acetyltransferase activity. Thus, when Nrf2 binds to ARE, it regulates the transcriptional activation of important antioxidant proteins and enzymes, namely glutamate-cysteine ligase (GCL), involved in the synthesis of reduced glutathione (GSH), enzymes of the glutathione cycle, glutathione peroxidase (GSH-Px) and glutathione reductase (GSH-R), glutathione-S-transferase (GST), NAD(P)H:quinone dehydrogenase 1 (NQO1), superoxide dismutase 1 (SOD1 or Cu/Zn-SOD, located in cytosol, mitochondrial intermembrane space and nuclear compartments), heme oxygenase-1 (HO-1), peroxiredoxin (Prx1), among others (81, 98). Of relevance, some of these antioxidant defenses are altered in HD. 
Malonate (reversible complex II inhibitor) and 3-NP induced higher toxicity in Nrf2 knockout mice and Nrf2-deficient cells (29), suggesting the involvement of Nrf2 activity in neuronal degeneration in HD. In addition, intrastriatal transplantation of astrocytes overexpressing Nrf2 in wildtype mice was shown to have an important neuroprotective effect after exposure to malonate (29). Moreover, STHdhQ111/Q111 striatal cells presented decreased Nrf2 levels (123) and activity (76). 
[bookmark: _Hlk32773860]Overall, these studies suggest that Nrf2 positive modulation should have neuroprotective effects in HD pathogenesis. Indeed, cystamine, an inhibitor of transglutaminase activity with additional potentially beneficial effects, protected against neurodegeneration, and extended lifespan in genetic R6/2 (55) and YAC128 (144) HD models (3 weeks of age). Systemic cystamine administration led to Nrf2-dependent ARE activation in the striatum and alleviated striatal lesion volume in 3-NP-treated mice. To verify that induction of neuroprotection via cystamine occurred through Nrf2 activation, Nrf2 deficient (Nrf2-/-) animals were treated with cystamine following 3-NP-induced neurotoxicity (30), confirming that Nrf2 is essential for cystamine protection. Additionally, hesperidin, a flavanone group member, restored antioxidant protein levels and reduced the levels of malondialdehyde in striatum, cortex and hippocampus, improving locomotor activity in the 3-NP-induced HD rat model (109). We previously showed that creatine and cystamine increased viability of HD mutant cells and prevented ROS formation in HD cells subjected to H2O2 (151). 
Moreover, treatment of R6/2 and YAC128 HD transgenic mice with fumaric acid ester dimethylfumarate (DMF), an orally bioavailable fumaric acid ester (FAE), which is metabolized to methyl hydrogen fumarate, induced Nrf2 nuclear migration and activation, which resulted in preserved striatal and motor cortical neurons in these HD mouse models (51). Furthermore, Gao and colleagues showed that protopanaxtriol (Ppt), a perennial herb from Chinese medicine, prevented ROS production in the striatum through increased Nrf2 activity and HO-1 expression in 3-NP mouse model, improving body weight and behavior (60). 
Furthermore, sulforaphane (SFN) stimulated the Keap1-Nrf2-ARE pathway and inhibited mitogen activated protein kinases (MAPKs) and factor nuclear kappa B (NF-κB) pathways to mitigate 3-NP-induced neurotoxicity, including suppression of the lesion area, apoptosis, microglial activation, and mRNA or protein expression of inflammatory mediators, suggesting that SFN is an appellative therapeutic approach (73).
GSH is the main endogenous antioxidant involved in maintenance of cellular redox homeostasis. Different studies showed altered GSH metabolism in HD, which can contribute to redox imbalance during disease progression. Indeed, cortical samples from postmortem HD patients showed reduced levels of GSH (54). Decreased levels of both GSH and GSH-R in plasma were associated with caudate atrophy in HD patients (132), and studies in peripheral tissues of HD patients reported decreased GSH levels in plasma (84) and reduced GSH-Px activities in HD leukocytes (35). In addition, polyQ oligomerization in HeLa and PC12 cells induced early disturbance in GSH levels (66). Conversely, other studies showed that, in some cellular (STHdhQ111/Q111 striatal cells) and animal (R6/2) HD models, GSH levels are increased, although these augmented levels were not enough to ameliorate HD-associated oxidative imbalance (149, 208). 
HD patients showed reduced SOD1 activity in cytosol of parietal cortex and cerebellum (27), but increased immunoreactive staining for HO-1 in cortex and striatum (28). Additionally, human HD-iPSCs further showed reduced SOD1 and Prx (32). Concordantly, decreased SOD1 activity was detected in erythrocytes derived from HD patients (35). These studies are in accordance with data from transgenic HD mice, which showed reduced SOD1 activity in older mice (at 35 weeks of age), suggesting that the antioxidant mechanism to protect cells falls with advanced disease stage and aging (163). Data showing decreased Nrf2 activity and reduced levels of GSH and SOD1/2, two relevant endogenous antioxidants, suggest a dysregulation of Nrf2-ARE pathway in different HD models, favoring cellular oxidative damage.
Importantly, Mason and co-workers, demonstrated that augmented GSH-Px activity (by genetic or pharmacological approaches) was neuroprotective in different HD models, namely in yeast, mammalian cells and Drosophila (105). Furthermore, overexpression of SOD1 in mHtt expressing cells (HD 150Q cells) decreased mHtt aggregation and proteasome malfunction induced by oxidative stress (63). The QA-induced rat HD model showed increased oxidative stress by decreasing antioxidant defense mechanisms and enhancing lipid peroxidation (LPO), protein carbonyls, and nitrate concentration (NO), as well as altering the activities of glutathione family enzymes (GSH-Px, GST, GSH-R) (183). The administration of edaravone, a potent free radical scavenger, to QA-induced rat HD model ameliorated all these QA-induced features in rat striatum (183).
Flavonoids, plant-derived compounds, were characterized as antioxidant and free radical scavengers. Recent studies have shown the positive effects of flavonoids in HD, which could be of potential clinical use. Oral administration of the flavone chrysin improved behavior and diminished oxidative stress markers (lipid peroxidation, nitrite and protein carbonyls) by significantly improving the antioxidant status (SOD1, catalase and GSH) in striatal mitochondria, enhancing the survival of striatal neurons in the 3-NP rat model of HD (189). Another flavonoid, quercetin, restored the activities of SOD1 and catalase in the same HD model (160). Similarly, rutin prevented 3-NP-induced impairment in motor function and decreased markers of oxidative stress, leading to increased activities of SOD1, GSH-Px and GSH-R (182). The flavonol kaempferol and the flavanone glycoside hesperidin had similar effects using the same HD model (91, 109). Oxytocin administration, a neurohypophysial nonapeptide with antioxidant properties, was shown to be protective in the 3-NP rat model of HD, increasing SOD1 and catalase in striatum, hippocampus and cortex (112); nicotinamide administration also augmented  GSH levels in the striatum (171). Similar results, using the same HD model were assessed using curcumin, a potent antioxidant of dietary polyphenol, with free radical scavenging, iron chelating and anti-inflammatory activities (90). Furthermore, Intravenous immunoglobulin (IVIg) therapy was shown to rescue motor and cognitive deficits, prevent synaptic degeneration, increase GSH/GSSG ratio and SOD activity and inhibit ROS generation in the brains of R6/2 mice (96).
In PC12 cells overexpressing the N-terminal fragment of Htt protein with either a nonpathogenic or pathogenic polyQ repeat (Htt-103Q), showed reduced expression of the antioxidant protein Prx1. Treatment of these cells with dimercaptopropanol, a thiol-based antioxidant, combated the cytotoxicity induced by mHTT and the expression level of Prx1 (141). This study suggests the involvement of mHTT in ROS production and reveal the importance of thiol-based antioxidants as potential drugs for HD treatment.
Selenium (Se), an essential trace element present in GSH-Px structure and critical for the neuroprotective brain function, was shown to be reduced in human HD brains (42). Tolfenamic acid, a nonsteroidal anti-inflammatory drug with neuroprotective properties, was shown to exhibited antioxidant effects in both R6/1 mice and PC12 cell models, increasing GSH levels and reducing ROS accumulation, respectively, suggesting that tolfenamic acid has a good therapeutic effect in HD models (95). Moreover, fibroblast growth factor 9 (FGF9) suppressed cell death and induced upregulation and activation of Nrf2 and its downstream targets, GSH-R and SOD2 (or Mn-SOD, located in the mitochondrial matrix), in STHdhQ111/Q111 striatal cells (211). Cong and colleagues showed the positive effects of selenium nanoparticles (Nano-Se) for HD therapy by regulating HD-related neurodegeneration in transgenic HD models of Caenorhabditis elegans (C. elegans); Nano-Se significantly decreased neuronal death, relieved behavioral dysfunction, reduced oxidative stress and relieved behavioral dysfunction. This study suggests that Nano-Se has a great potential as a HD therapeutic strategy (42). 
Nevertheless, antioxidants were not always effective in attenuating HD symptoms, possibly because HD-induced ROS production mainly occurs in mitochondria. A good example is the ineffectiveness of antioxidant compounds used in clinical trials, as described later in section 4. However, the use of mitochondrial-targeted antioxidants was shown to be effective in HD mouse models. The synthetic mitochondrial selective antioxidant XJB-5-13 was shown to have a very positive effect in two different HD mouse models, HdhQ (150/150) and R6/2 mice, suppressing oxidative mtDNA damage, restoring mtDNA copy number, alleviating motor decline and weight loss, and enhancing neuronal survival and mitochondrial function (142, 203). Additionally, MitoQ10 (MitoQ, or mitoquinone) administration, a lipophilic, positively-charged chain-breaking antioxidant that accumulates in mitochondria, was shown to ameliorate fine motor control through reduction of oxidative damage, which was particularly evident in the muscle of R6/2 mice, revealing a potential HD therapeutic molecule for ROS combat (139). 

2.3 - INCREASED ACCUMULATION OF METAL IONS IN HUNTINGTON’S DISEASE
Some processes such as redox regulation, oxygen and electron transport implicate the presence of metal ions as cofactors, such as iron (Fe), copper (Cu), manganese (Mn), and zinc (Zn). These metal ions have beneficial and important roles in cell function and homeostasis. However, excessive accumulation of transition metals that are highly redox active can cause some pathological conditions. HD patients showed significantly increased levels of iron in basal ganglia, as detected by magnetic resonance imaging, which occurred in early and late stages of disease process, suggesting that augmented iron levels are related with increased neurotoxicity in HD (12, 13). Additionally, blood samples from HD patients, with genetic diagnosis of disease showed increased levels of iron, arsenic and zinc, suggesting the blood metal profile as a relevant in vivo tool to study and characterize HD (177). 
Iron can accumulate in both neurons and glia. Neonatal iron diet supplementation in R6/2 mice promoted neurodegeneration by potentiating oxidative stress (18). Additionally, neonatal iron supplementation further caused mitochondrial iron accumulation (1). In HD, iron-containing proteins are also altered (113). The main component of mitochondrial complex II, succinate dehydrogenase, was shown to express reduced levels of Fe-S subunit Ip and subunit Fp in human postmortem tissue and in a HD cellular model (Htt171-82Q). Decreased subunits expression led to reduced succinate dehydrogenase catalytic activity (16). Moreover, copper can bind to the N-terminal of mHTT, favoring protein aggregation and reduced degradation (56). Concordantly, excess copper deposition in human HD striatum has been correlated with neurodegeneration (47, 57). Chen and colleagues showed that intra-cerebroventricular delivery of the iron chelator deferoxamine improved the motor phenotype of R6/2 HD mice (36). In this way, reduction in the levels of these metal ions may represent a potential protective therapy in HD.


3 – MITOCHONDRIAL DYSFUNCTION IN HUNTINGTON’S DISEASE PATHOLOGY AND POTENTIAL THERAPEUTIC STRATEGIES
Mitochondrial bioenergetics and dynamics are significantly linked with neuronal physiology and homeostasis. Neurons are extremely dependent on mitochondria since they are highly energy requiring cells. Indeed, mitochondria have an important role in generating adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS). Electron leakage at complexes I and III generates O2•-; thus, altered mitochondrial function due to complexes inhibition induces oxidative stress (116). Mitochondria also have an important role in intracellular Ca2+ homeostasis, namely through the crosstalk with endoplasmic reticulum, and further regulate oxidative and nitrosative stress, neuronal survival, and cellular metabolism, including heme synthesis and iron usage (116). 
Different evidences showed that mitochondrial dysfunction is closely related with HD pathogenesis. Previous studies reported ultrastructural defects in mitochondria isolated from postmortem HD cortical tissue and compromised oxidative function and ATP synthesis in pre-symptomatic HD carriers (158), suggesting mitochondrial dysfunction as an early relevant pathogenic mechanism. Moreover, postmortem HD patient’s brain specimens and human HD lymphoblasts showed abnormal mitochondrial morphology and trafficking (120). Concordantly, isolated brain mitochondria from caudate nucleus of HD patients (207) and different HD cellular (human neuroblastoma cells; STHdhQ111/Q111) and animal models (Hdh(CAG)150 knock-in mouse) showed HTT fragments in close contact with mitochondria (39, 126), suggesting a direct effect of mHTT on mitochondrial function.
Considering these observations, in this section we highlight the major findings regarding the role of mitochondrial dysfunction in HD pathogenesis, by describing mHTT-mediated altered mitochondrial membrane potential and respiration, Ca2+ buffering, mitochondrial bioenergetics and dynamics, and potential therapeutic targets for mitochondrial malfunction in HD.

3.1 – ALTERED MITOCHONDRIAL MEMBRANE POTENTIAL AND ELECTRON TRANSFER CHAIN FUNCTION 
Normal mitochondrial activity creates an electrochemical proton gradient and thus a mitochondrial transmembrane potential (m) of -150 to -180 mV, allowing ATP synthesis. Studies using postmortem caudate and putamen derived fromsymptomatic HD patients, mHtt-expressing striatal cells, brains of HD animal models (Htt171-82Q and 3-NP rat HD mice, with 20 weeks) and peripheral cells derived from HD patients (pre-symptomatic and symptomatic) showed a dramatic decrease in the activity of complexes II, III and mildly of complex IV (16, 25, 64, 172). Striatal mitochondria isolated from R6/1 HD transgenic mice also exhibited reduced activity of complexes II, III, IV and altered oxygen consumption rates (200). Moreover, human NPCs showed reduced oxygen consumption and ATP production (125, 202).
Different reports showed altered electron transfer chain activity, which cause impaired ΔΨm in HD. Mitochondria isolated from HD patients and HD transgenic mouse brains (with 72 or 150 polyQ repeats, respectively) showed depolarized mitochondrial membrane (129). Some studies also reported that HD lymphoblasts are highly susceptible to decreased m, showing correlation with increased polyQ repeats (115). We previously showed significant changes in m associated with apoptotic events in symptomatic HD cybrids (an ex-vivo peripheral model obtained from the fusion of HD human platelets with mtDNA-depleted rho0 cells) and in HD human B-lymphocytes (6, 53). Moreover, human neural progenitor cells (NPCs) lines carrying varying CAG repeat lengths in the first exon of HTT and PC12 cells treated with 3-NP showed lower ΔΨm [131,132]. Concordantly, when compared with wild-type cells, striatal STHdhQ111/Q111 cells showed significant reduction in m after increasing Ca2+ concentrations (110) (Figure 3). Of relevance, ΔΨm defect in STHdhQ111/Q111 cells was attenuated in the presence of ADP and reduced Ca2+ uptake capacity was improved in the presence of inhibitors of the permeability transition pore (PTP) (110). 
Melatonin (endogenously produced by the pineal gland and the retina) has been described to be protective in HD context, preventing toxicity induced by 3-NP. Indeed, melatonin inhibited mutant Htt-induced ΔΨm loss in ST14A cells (195); this further inhibited the release of mitochondrial proapoptotic factors, making melatonin a therapeutic strategy for counteracting cell death and improve HD-related mitochondrial features (195). Moreover, HTT phosphorylation at Ser421 restored m in HD human lymphoblasts (70, 115). 
Intraperitoneal administration of 3-NP induced loss of body weight, a decline in motor function, increased lipid peroxidation, nitrite and lactate dehydrogenase, and blockade of ATP synthesis by inhibiting the mitochondrial complex II activity in striatum and cortex of the treated animals. As cited above, flavonoids are important antioxidants in HD context. The administration of the flavonoid quercetin was able to reverse 3-NP induced inhibition of respiratory chain complexes, restored ATP levels, attenuated mitochondrial oxidative stress in terms of lipid peroxidation and prevented mitochondrial swelling. 
Quercetin also restored the activities of SOD1 and catalase along with thiol content in 3-NP treated rats (7, 160). Concordantly, the flavonoid naringin improved mitochondrial membrane potential and mitochondrial respiratory complex enzymes activities in 3-NP-treated rats (88). 
Additionally, an aqueous extract of Centella asiatica (CA) evoked protection against 3-NP-induced mitochondrial dysfunction, reduction in the activity of mitochondrial complex II, electron transport chain enzymes, and decreased mitochondrial viability (166). These results indicate that the protective effect of CA against neuronal damage and mitochondrial dysfunction along with its memory enhancing activity can be beneficial to reduce HD-related impairments. 
Recently, Zhu and colleagues showed that nicotinamide mononucleotide adenylyltransferase (NMNAT), an evolutionarily conserved nicotinamide adenine dinucleotide (NAD+) synthase and neuroprotective factor, was also beneficial in HD; indeed, NMNAT significantly diminished mHtt-induced neurodegeneration by reducing mHtt aggregation through autophagic clearance, and improving mitochondrial function by restoring ATP levels in a Q138 expression Drosophila model of HD (213). 
The antioxidant N-acetylcysteine (NAC) has been shown to be quite effective against mitochondrial complexes dysfunction in HD models. Chronic NAC administration delayed the onset and progression of motor deficits in R6/1 mice and enhanced baseline respiration, maximal ADP-stimulated respiration and respiration after consumption of ADP in HD mice (200). Similarly, 3-NP treatment reduced the activity of complexes II, IV and V in mice, which was rescued following NAC treatment (162). Similar results were obtained with lycopene administration, an antioxidant found in red and pink fruits, and SFN, in 3-NP-induced (161) and QA-induced HD models (102), respectively. Moreover, we previously demonstrated that insulin-like growth factor 1 (IGF-1) alleviated HD symptoms through improvement of mitochondrial function. We found that HD models (YAC128 and R6/2 mice, human HD lymphoblasts and STHdhQ111/Q111 cells) exhibited reduced ATP/ADP ratio, decreased O2 consumption, increased mitochondrial ROS and fragmentation, aberrant lactate/pyruvate levels and decreased mitochondrial membrane potential, and each of these parameters was shown to be rescued by IGF-1 treatment via upregulation of PI3K/AKT signaling in cellular and mouse models of HD (115, 117, 150).
These results suggest that NAC, lycopene SFN and IGF-1 treatment can improve mitochondrial activity, thus being a potential therapy in the treatment of HD. Furthermore, we further showed that treatment with sodium butyrate (SB), a class I and IIa histone deacetylase inhibitor (HDACis), preferentially modulating Lys acetylation sites in the nucleus, reduced pyruvate dehydrogenase (PDH) kinases PDK1, PDK2, and PDK3 mRNA levels and consequently PDH phosphorylation, culminating in increased PDH activity, mitochondrial respiration, and ATP production in YAC128 mice and STHdhQ111/Q111 cells (114). Thus, HDACis can be used in HD therapeutics to diminish HD-related deficits in mitochondrial bioenergetics and motor function. 
Mitochondrial deregulation has an important role in intrinsic apoptotic pathway. Mitochondrial PTP opening leads to the collapse of the ΔΨm and release of cytochrome C, which forms a complex (the apoptosome) in the cytosol to activate caspase-9 and caspase 3 to induce apoptosis (186). Cytochrome C released from mitochondria abrogates electron flux and oxygen consumption at mitochondrial inner membrane (MIM), exacerbating mitochondrial dysfunction.
Increased cytochrome c release was detected in HD human cybrid lines, showing their increased susceptibility to intrinsic apoptosis (53). Primary rat striatal and cortical neurons treated with 3-NP and STHdhQ111/Q111 cells showed increased caspase-3 activation and increased cytochrome c levels in the cytosol and DNA fragmentation/condensation (5, 62, 153). FK506, an inhibitor of calcineurin (or protein phosphatase 3, formerly known as protein phosphatase 2B) was shown to be protective against apoptosis and necrosis in these two models (4, 153).


3.2 – IMPAIRED MITOCHONDRIAL BIOGENESIS IN HUNTINGTON’S DISEASE
Mitochondrial biogenesis is a complex multi-step process where transcription and translation of mtDNA and nuclear-encoded mitochondrial-related transcripts associate to control mitochondrial protein import and general assembly of a mitochondrial network. mtDNA is a ∼16-kb genome that encodes for 13 protein subunits of the mitochondrial electron transport chain and ATP synthase (8). Most of the mitochondrial proteins are nuclear encoded, then synthesized in the cytosol, and imported into the mitochondria. Thus, an imbalance in nuclear- and/or mitochondrial-encoded proteins synthesis, import and folding, or mutations in mtDNA, can disturb mitochondrial integrity and functionality. 
Different studies provided evidences that mtDNA damage is implicated in the pathogenesis of HD (190) since mtDNA is a major target of the oxidative stress associated with mHTT. In line with that, some authors showed that the abundance of mtDNA decreases dramatically in striatal cells expressing mHtt (STHdhQ111/Q111)(169). Additionally, HD patients showed mtDNA depletion in leukocytes, which was related with increased number of mHTT polyQ repeats (94). Moreover, human peripheral HD leukocytes and striatum from transgenic HD R6/2 mice showed significantly reduced mtDNA copy number (68, 136).
Mitochondrial proteins encoded in nucleus are synthesized as precursors and maintained in the cytosol with an unfolded conformation, existing in complexes with cytosolic chaperones, such as HSP70 and HSP90, to avoid their degradation and aggregation (210). Most of these precursors contain N-terminal mitochondrial targeting sequences (MTS), which are 10–80 amino acid residues with no sequence identity, enriched with positively charged residues, in order to direct them to the mitochondria and into the correct mitochondrial compartment. Different mitochondrial proteins are located to the matrix. Once in the mitochondrial matrix, MTS are cleaved generating mature polypeptides. Moreover, cooperation between the two main mitochondrial translocases, the translocase of the outer membrane (TOM) complex at mitochondrial outer membrane (MOM) and the translocase of the inner membrane (TIM23) complex, is needed for these proteins to be imported (15). In addition, an intact mitochondrial membrane potential and the hydrolysis of ATP are essential for protein translocation through the TIM23 complex.
Highly purified synaptosomal mitochondria from presymptomatic R6/2 mice showed mitochondrial import defects. Indeed, mHTT can interact with TIM23 complex, disrupting mitochondrial proteostasis through reduced levels of nuclear-encoded proteins imported by TIM23 (204), while wild-type HTT does not associate with this translocase complex, suggesting a role of polyQ domains in these interactions (207). Interestingly, the delivery of Tim23, Tim50, and Tim17a (subunits of TIM23 complex) by lentiviral to rescue mitochondrial protein import, improved mitochondrial function and reduced cell death in mHTT-expressing neurons (207), suggesting a possible therapeutic approach against impaired mitochondrial import in HD.
Mitochondrial network is constantly renewed through nuclear- and mtDNA-encoded proteins. However, mHTT can interact and affect the function of some transcription factors involved in maintenance of mitochondrial function and biogenesis. Peroxisome proliferator-activated receptor (PPAR)γ coactivator 1α (PGC-1α) is a regulator of different metabolic processes including mitochondrial respiration and biogenesis (44), expression of nuclear-encoded subunits of each of the electron transport-chain complexes, and antioxidant defense proteins, suppressing cellular ROS formation (179). PGC-1α also regulates the expression of the mitochondrial transcription factor A (TFAM), the major transcriptional regulator of mtDNA (128) and nuclear respiratory factor (NRF)1 and 2 and PPAR α, δ and γ by forming heteromeric complexes, regulating the expression of cytochrome c and complexes I-V (128). 
Striatum of early-stage HD patients showed diminished TFAM and PGC-1α levels and decreased expression of 24 out of 26 PGC-1α target genes, increasing disease severity and loss of mitochondrial function (44, 197) (Figure 4). Additionally, a PGC-1α coding variant was described to be associated with the age of onset of motor symptoms in HD patients (198). Moreover, spongiform lesions predominantly in the striatum were seen in PGC-1α null mice, which developed a neurological phenotype consistent with neurodegeneration, suggesting an increased susceptibility of striatal neurons to altered PGC-1α expression (93). The NLS-N171-82Q transgenic HD mouse model and STHdhQ111/Q111 cells showed reduced PGC1α, PGC1β, NRF1, NRF2 and TFAM protein and mRNA levels (34, 209).
mHTT can further interact with the PGC-1α promoter, interfering with the transcriptional activation functions of promoter-bound transcription factors, cAMP response element (CRE)- binding protein (CREB) and Transcription initiation factor TFIID subunit 4 (TAF4), which results in decreased PGC-1α expression and augmented mitochondrial abnormalities. R6/2 transgenic mice showed reduced CREB activation (127). Moreover, R6/2 transgenic and full-length mHTT mouse models of HD, subjected to treatment with bezafibrate, a pharmacologic activator of PGC-1α expression, showed improved phenotype, enhanced cell survival and reduced brain, muscle, and brown adipose tissue pathology (77). Vildagliptin also restored mitochondrial integrity along with striatal p-CREB levels in 3-NP treated rats (164) (Figure 4).
[bookmark: _Hlk25935549]SIRT1 is a deacetylase of the sirtuin family that deacetylates PGC-1α, a co-transcription factor involved in mitochondrial biogenesis. In our group, we showed that resveratrol, a SIRT1 activator with antioxidant properties, increased mtDNA copies and mitochondrial-related transcription factors (TFAM and nuclear PGC1α) in HD human lymphoblasts, as well as increased expression of mitochondrial electron transport chain proteins and improved motor function in YAC128 mice (118). Moreover, β-Lapachone (βL) is a natural compound obtained from the bark of the Lapacho tree with beneficial effects on various diseases. R6/2 HD mice treated with βL showed improved rotarod performance and clasping scores as well as increased brain SIRT1 and p-CREB levels, augmented PGC-1α deacetylation, and reduced mitochondrial ROS formation (92), highlighting its role in diminishing mitochondrial dysfunction seen in HD models. As cited above, MitoQ can be an appealing HD therapeutic strategy for combating mitochondrial ROS levels. In addition, MitoQ was shown to reduce defective mitochondrial biogenesis and improve healthy mitochondrial biogenesis in STHdhQ111/Q111 cells through increased mRNA levels of biogenesis-related genes, such as PGC1α and TFAM (209). Similar results were obtained with the PPARγ agonist, thiazolidinedione (TDZ), in mHtt expressing N2A cells (37) and fasudil, simvastatin, and inhibitors of rho kinase (ROCK), known to attenuate mitochondrial dysfunction, in 3-NP-induced HD rats (2). R6/2 transgenic HD mice treated with pan-PPAR agonist, bezafibrate, showed increased PGC-1α expression and mitochondrial biogenesis, with increased functional mitochondria in striatum, and thereby improved behavior, augmented survival and reduced brain, muscle and brown adipose tissue pathology (77). Similar results were obtained with bezafibrate in BACHD mice, an HD transgenic mice which express a full-length mHTT exon 1 sequence, containing 97 mixed CAG repeats (33). As suggested by these reports, PGC-1α pathway plays an important role in mitochondrial dysfunction in HD, and thus can be seen as a possible HD therapeutic target. 

3.3 – mHTT-INDUCED MODIFIED MITOCHONDRIAL DYNAMICS
Mitochondria are dynamic organelles and thus their structure varies constantly from a tubular network to individual mitochondria. Mitochondrial dynamics (including mitochondrial fusion and fission), mitochondrial biogenesis and elimination of unwanted mitochondria, by mitophagy, and movement are processes that must coexist in balance for normal mitochondrial network and function. Indeed, mitochondria can divide (fission) and unite (fusion) in response to different stimuli. Both dynamic processes make possible the exchange of membranes and intra-mitochondrial content or mobility of the organelle to specific subcellular locations. 
Altered mitochondrial morphology and consequently neuronal dysfunction have been described in HD models, complemented with altered expression of genes involved in fission/fusion balance (147). Mitochondrial fission is regulated by dynamin-related protein 1 (Drp1), which have an effector guanosine triphosphate (GTP)ase domain and can translocate from cytosol to MOM, after a fission stimulus (85). Additionally, mitochondrial fission 1 (Fis1) and mitochondrial fission factor (Mff), located at MOM, serve as adaptors for Drp1, which allows the recruitment of Drp1. The GTPases mitofusins (Mfn) 1 and 2, present at MOM, mediate the fusion of MOMs of juxtaposing mitochondria. Moreover, mitochondrial fusion is regulated by optic atrophy 1 (OPA1), which associates with the MIM. Striatum and cortex of some HD animal models further showed reduced levels of Mfn1, Mfn2 and OPA1 and augmented levels of Drp1 and Fis1, revealing excessive mitochondrial fragmentation (43, 167). Moreover, mHTT can interact with Drp1, resulting in increased GTPase activity and consequently less efficient mitochondria and reduced energy production for neuronal function (175) (Figure 6). Interestingly, although mitochondrial fission has been largely associated with HD, R6/2 HD mice lacking Mff, which greatly reduced mitochondrial fission, exhibited more severe neurological phenotypes and had shortened lifespans (31), suggesting a possible protective role for mitochondrial fission in HD. However, and as shown by different authors, too much fission can be harmful, therefore manipulation of mitochondrial dynamics as a HD therapy might be applied only if an equilibrium between fusion and fission can be achieved.
Recently, Aladdin and co-workers demonstrated that skin fibroblasts from juvenile HD patients had significantly lower levels of mitochondrial fusion and fission proteins and reduced branching in the mitochondrial network. Moreover, juvenile HD fibroblasts exhibited higher proteasome activity, which was associated with elevated gene and protein expression of parkin, as well as augmented proteasomal degradation of the mitochondrial fusion protein Mfn1 in diseased cells (3). These data suggest that expansion of mHtt is linked to increased proteasome activity and faster turnover of specific substrates of ubiquitin-proteasome system in order to protect cells, which could contribute to altered mitochondrial dynamics in early phases of the disease. However, mitochondrial fusion also seems to be positive in HD models. Metformin, an antidiabetic drug, mimics caloric restriction by acting on cell metabolism at multiple levels. In HD context, metformin restored ATP levels in STHdhQ111/Q111 cells, and prevented mitochondrial membrane depolarization, excess fission and modulated the disturbed mitochondrial dynamics in HD cells (75). Moreover, the mitochondria-targeting neuroprotective compound, olesoxime, showed positive effects in the BACHD rat model of HD. Olesoxime is a small cholesterol-like molecule that accumulates at mitochondria. Its mechanism of action is not completely understood, however it has been shown to be important in mitochondrial PTP inhibition (40). Olesoxime reduced the amount of mHtt in mitochondria, restored the respiration deficits, and enhanced the expression of fusion and outer-membrane transport proteins, improving cognitive and psychiatric phenotypes, and ameliorated cortical thinning in the BACHD rat (40). 3-NP-mediated HD model mitochondria showed increased cholesterol to phospholipid ratio, suggesting decreased mitochondrial membrane fluidity, as well as ultrastructural mitochondrial changes, accompanied by organelle swelling. The administration of the antioxidants alpha-lipoic acid (ALA) and acetyl-L-carnitine (ALCAR) normalized mitochondrial lipid composition, improved striatal mitochondrial structure and ameliorated memory impairments in 3-NP-treated animals, proposing these two antioxidants as important therapeutic modulators in HD progression (108). Furthermore, HDAC6 inhibition with tubastatin A (TBA) increased acetylated alpha-tubulin levels, and induced mitochondrial motility and fusion in striatal neurons to levels observed in cortical neurons (65). Thus, pharmacological inhibition of HDAC6 deacetylase activity is a potential strategy to reduce the vulnerability of HD striatal neurons.
Mitochondria are present in different subcellular locations where high energy is required through mitochondrial trafficking, which has been shown to be deregulated in neurodegenerative diseases as HD. In neurons expressing mHTT, mitochondria are mainly localized in the cell body and less transported to dendrites, axons or synapses (anterograde movement), resulting in reduced ATP levels at these sites, followed by synaptic degeneration (168). Both N-terminal fragments and full-length mHTT can directly disturb mitochondrial trafficking in either anterograde or retrograde movement (126, 168, 191). Neurons differentiated from iPSCs from HD patients showed impaired mitochondrial trafficking and distribution, and nuclear roundness (121). In striatal and cortical neurons overexpressing mHTT protein aggregates can sequester and block mitochondrial transport machinery, hindering mitochondrial movement through neuronal projections (191), suggesting that improvement of mitochondrial movement could be a possible therapeutic strategy in HD.

3.4  – MODIFIED MITOCHONDRIAL QUALITY CONTROL 
Loss of mitochondrial transmembrane potential (Δѱm), oxidative stress, impaired OXPHOS, altered mitochondrial dynamics, an important physiological process warranting the proper movement of mitochondria to intracellular sites of high-energy demand as well as suitable mitochondrial morphology changes, or decreased biogenesis favors the accumulation of damaged mitochondria that occurs in HD cells. Mitophagy is a highly specialized type of autophagy, responsible for elimination of dysfunctional mitochondria, playing a fundamental role in neuronal survival and energy supply. Mitophagy consist of three main steps: recognition of the mitochondrion that needs to be cleared and flag them to degradation, which occurs through tensin homolog (PTEN)-induced putative kinase 1 (PINK1) and Parkin, the latter an E3 ubiquitin ligase (138); development of the autophagic membrane to surround the organelle; and fusion of the mito-autophagosome with the lysosome. Still considering the PINK1/Parkin-dependent mitophagy pathway, in damaged mitochondria exhibiting decreased Δѱm, PINK1, which is normally imported into MIM, stabilizes at the MOM, favoring Parkin, an E3 ubiquitin ligase, translocation to mitochondria. Then, Parkin binds ubiquitin chains to MOM proteins that are recognized by autophagy adaptors such as p62. Juvenile HD fibroblasts showed increased Parkin levels (3). Indeed, PINK1 overexpression in HD flies and STHdhQ111/Q111 cells proved to be protective in these models (82). Although little is known about alterations in PINK1/Parkin-dependent mitophagy in HD, its activation may constitute an interesting therapeutic approach in this neurodegenerative disorder. This PINK1/Parkin-dependent mitophagy pathway is the most well characterized mitophagy pathway, however PINK1/Parkin-independent mitophagy may also occur (181). Moreover, under normal conditions, Htt is an important protein in the control of autophagosome dynamics, along with huntingtin-associated protein 1 (HAP1), through the regulation of dynein and kinesin. Interestingly, impaired axonal transport and maturation of autophagosomes in the presence of mHtt was related with inefficient mitochondrial degradation (199). These results suggest that inducing degradation of damaged mitochondria and favoring mitochondrial biogenesis are important therapeutic targets for HD treatment.

3.5 – ABNORMAL CALCIUM HOMEOSTASIS AND MITOCHONDRIA-ASSOCIATED MEMBRANE (MAM) COMMUNICATION
Mitochondria is an important organelle in the regulation of intracellular Ca2+ homeostasis, due to mitochondrial calcium uniporter (MCU) channel, which is located at MIM and allow mitochondrial Ca2+ buffering. Altered mitochondrial Ca2+ handling may participate in HD neurodegeneration. Indeed, mHTT can interact with MOM, which may induce the opening of the mitochondrial PTP. PTP opening can be stimulated by increased Ca2+, ROS or decreased adenine nucleotide levels, which can induce mitochondrial swelling, depolarization, diminished ATP levels within the organelle and cell death (110). STHdhQ7/Q7 and STHdhQ111/Q111 cells treated with 3-NP showed increased apoptosis and altered m, which were rescued after inhibition of mitochondrial PTP with cyclosporin A and after inhibition of MCU with ruthenium red (155). Isolated mitochondria from liver of homozygous knock-in HdhQ150/Q150 mice also demonstrated increased predisposition to PTP induction by Ca2+ (39). Lower Ca2+ retention were shown in isolated mitochondria from brains of transgenic YAC mice expressing full-length mHTT with 72 glutamines (YAC72) and HD patient’s lymphoblasts (129). Moreover, R6/1 transgenic mice further showed decreased mitochondrial Ca2+ uptake with diminished Ca2+ handling, which contributes to neuronal dysfunction and degeneration, in striatum and cortex (152).
In addition, HD human lymphoblasts exposed to H2O2 displayed decreased mitochondrial Ca2+ retention (115). In contrast, we showed increased Ca2+ uptake in isolated mitochondria from pre-symptomatic R6/2 and YAC128 brain mice (124). Additionally, in a study using synaptic and non-synaptic mitochondria from YAC128 mice brain, augmented Ca2+ uptake could be directly correlated with mHTT levels associated with the mitochondrial membrane (131). 
Mitochondrial-associated membrane (MAM) is the connection between mitochondria and a specialized domain of the endoplasmic reticulum (ER), the best-characterized inter-organelle connection. ER-mitochondria contact sites are important regulators of lipid metabolism and Ca2+ homeostasis, and consequently modulate fundamental cellular processes such as mitochondrial morphology, cell stress induced by ROS, autophagy and apoptosis. MAMs regulate Ca2+ transfer from the ER to mitochondria in order to maintain cellular bioenergetics and mitochondrial dynamics or to induce cell death (20). Ca2+ transfer in MAMs can occur through the Ca2+ channel inositol-1,4,5-trisphosphate (IP3) receptor (IP3R), which contacts with MOM protein voltage-dependent anion channel isoform 1 (VDAC1) through the molecular chaperone glucose-regulated protein 75 (GRP75) (184) (Figure 2). Thus, IP3R is highly concentrated in ER-mitochondrial contact sites. Importantly, Tang and colleagues showed that mHTT can interact with type 1 IP3R (IP3R1), suggesting an important role of this ER Ca2+ channel in HD Ca2+ deregulation and neurodegeneration (188) (Figure 5).
The ER protein sigma-1 receptor (Sig-1R) is further localized at the ER-mitochondria junction and is usually used as a MAM marker (67). Sig-1R forms a Ca2+-sensitive chaperone complex with immunoglobulin protein/glucose-regulated protein 78 (BiP/GRP78); upon ER Ca2+ depletion or ligand stimulation, Sig-1R dissociates from BiP, prolonging Ca2+ signaling from the ER to the mitochondria by stabilizing IP3R at MAMs (67). Hyrskyluoto and coworkers showed that mHTT expression (N-terminal HTT fragment with 120 polyQ repeats or full-length HTT with 75 repeats) diminished Sig-1R expression in neuronal PC6-3 cells. Importantly, selective Sig-1R agonist PRE-084 improved Sig-1R, SOD1, SOD2 and thioredoxin 2 expression in these cells (71). PRE-084 administration also diminished caspase-3 cleavage and oxidative stress and increased calpastatin (endogenous calpain inhibitor), activating the NF-κB pathway, suggesting a protective effect of Sig-1R  augmented function in HD (71). In accordance, Sig-1R downregulation with antisense RNA amplified the amount of mHTT aggregates in both the cytoplasm and nucleus. Pridopidine, which was first described as a dopamine stabilizer (143, 196), was recently shown to interact with Sig-1R (159). Different clinical trials using pridopidine showed some efficacy in HD motor symptoms (79, 103, 148), later suggesting that Sig-1R might be involved in pridopidine therapeutic effects. Squitieri and colleagues showed that pridopidine administration in a pre-symptomatic phase reduced motor symptoms of R6/2 mice, improving horizontal ladder task and open-field locomotor performances and reducing the amount of mHTT aggregation (178). Moreover, pridopidine seems to be also synaptoprotective in HD. Indeed, HD MSNs showed decreased ER Ca2+ levels due to mHTT-induced IP3R1 hyperactivity, which resulted in abnormal Ca2+ signaling in post-synaptic spines and their destabilization (187, 201). Interestingly, treatment of YAC128 mouse corticostriatal co-cultures with pridopidine prevented MSN spine loss, restored ER Ca2+ levels and decreased excessive Ca2+ release (156). Thus, in addition to the beneficial effect of pridopidine in alleviating motor symptoms in HD, it may also be important for synaptic and neuronal viability, due to Sig-1R activation.


4 - ANTIOXIDANTS AND MITOCHONDRIAL-RELATED CLINICAL TRIALS IN HUNTINGTON’S DISEASE
Antioxidant supplementation has been shown to be beneficial in HD mouse models, however human clinical trials using compounds with antioxidant properties have not been as efficient. A phase 2 clinical trial with sativex (early stage, n= 26; NCT01502046), a botanical extract with an equimolecular combination of delta-9-tetrahydrocannabinol and cannabidiol, was performed in HD patients. This cannabinoid mixture was previously shown to reduce inflammation and oxidative stress; however, despite being safe and well tolerated, sativex did not show improvement in HD clinical features or biomarker analysis (100). Future studies should consider higher doses, longer treatment periods and/or alternative cannabinoid combinations. Similarly, cystamine, which crosses the blood-brain barrier, was shown to improve motor impairment and behavioral abnormalities and to increase life expectancy in YAC128 and R6/2 HD mice (45, 80, 144). A phase 2 clinical trial with cystamine (early stage, n= 96; NCT02101957) was shown to be safe and well tolerated; however delayed cystamine treatment was not beneficial (193). Additionally, vitamin E/α-tocopherol was tested showing significant therapeutic effect on neurologic symptoms for patients (n=73) in the early stage of the disease (137), suggesting that antioxidant therapy may slow the rate of motor decline early in the course of HD. Indeed, a single antioxidant cannot target all oxidant species, which may explain the low efficacy of these compounds. On the other hand, slight changes in redox homeostasis and the elaborate interplay between the different pathways involved in protection against oxidative events is not completely understood. Still, it is not clear whether early ROS formation plays a protective role by promoting antioxidant expression and thus preclude the neurodegenerative process.
Mitochondrial coenzyme Q10 was previously shown to have neuroprotective effects, being an important mitochondrial cofactor of electron transport chain by accepting electrons from complexes I and II (19). Coenzyme Q10 oral administration significantly enhanced brain mitochondrial levels in mature and older animals (106). Administration of coenzyme Q10 in R6/2 mice improved survival, delayed motor deficits, weight loss, cerebral atrophy and neuronal intranuclear inclusions (52, 174). Combination of coenzyme Q10 and creatine induced additional neuroprotective effects by improving motor performance and extending survival in the R6/2 mice (206). However, a phase 3 clinical trial with coenzyme Q10 (early stage, n= 609; NCT00608881) in HD patients showed no significant rescue of Total Functional Capacity score, Functional Checklist and Independence Scale scores (107), suggesting that coenzyme Q10 does not slow the progression of functional decline in HD. Similar results and conclusions were made for creatine. Creatine enhanced neural progenitor cell survival in HD (10) and slowed down brain atrophy in premanifest HD carriers (17). Conversely, the CREST-E study of treatment with creatine failed in delaying functional decline in early manifest HD carriers (69). Possible explanations for these results include the complexity and heterogeneity of neurodegeneration, inherent limitations of preclinical models in representing the human disease, requiring a more efficient delivery of coenzyme Q10 and creatine to the brain, with coenzyme Q10 given prior to the onset of symptoms. So far, these studies indicate that coenzyme Q10 and creatine are likely ineffective in HD. A phase 3 clinical trial with ethyl-eicosapentaenoic acid (Ethyl-EPA) (manifest, n=316, NCT00146211), an omega-3 fatty acid previously shown to promote mitochondrial biogenesis (74) and modulate the expression of proteins associated with energy metabolism and ATP production in rat brain (83), was not beneficial in patients with HD during 6 months of placebo-controlled evaluation (49).
Different clinical trials with pridopidine, formerly known as ACR16, were developed (phase 3, stages I–III, n= 437, NCT00665223; phase 2 and 3, stage III, n=227, NCT00724048; phase 2, stage III, n=235, NCT01306929; phase 2, stages I-II , n=248, NCT02494778). These clinical trials showed that pridopidine was well tolerated and safe for low doses, some indicating improved motor function, suggesting that it may slow clinical progression (79, 103, 148). Meanwhile, pridopidine was shown to selectively target Sig-1R when used at low doses [195] and thus an additional clinical trial in HD patients can be envisaged. 
An ongoing clinical trial for HD (phase 3, early affected, n=102, NCT02336633) is being developed using resveratrol, known to have mitochondrial protective effects, as shown by us in different HD models (118). The main goal of the study is to measure the rate of caudate atrophy before and after 1-year of treatment with resveratrol in early affected HD patients using volumetric magnetic resonance imaging. 
Considering these studies, numerous compounds were shown to reduce ROS production and its toxicity and to ameliorate mitochondrial function and dynamics in HD cells and animal models, however clinical trials were not beneficial in HD symptomatic (stage III) patients. The disease complexity, along with the heterogeneity of neurodegeneration in different patients, the limitations of drug testing in preclinical models that do not represent all the characteristics of the human disease, and challenging delivery of compounds into the brain may explain the difficulty of advancing most of the innovative neuroprotective compounds into the market.


5 - CONCLUSIONS
HD treatments are currently based on the attenuation of disease symptoms, including motor and behavioral alterations. There are no effective neuroprotective pharmacological therapies counteracting the onset of the pathology or slowing down the neurodegenerative process and thus disease progression.
Deregulated mitochondrial function, dynamics and degradation and elevated oxidative status have been closely related with HD progression, comprising possible therapeutic targets. Based on the studies cited in this review, there are numerous compounds that ameliorate mitochondrial function and dynamics and reduce the burden of ROS production and its consequences in HD cell and animal models. Human clinical trials with antioxidant supplementation have not been as efficient as the results shown in pre-clinical studies in animal models of HD. The same applies to compounds that positively influence mitochondrial function in HD symptomatic patients, with the possible exception of resveratrol.
The use of a cocktail of drugs aimed to target ROS/oxidative damage and multiple mitochondrial defects could have a potential benefit in HD treatment. Therefore, inhibiting oxidative damage together with targeting cytoprotective pathways and mitochondrial deficiencies as a whole may afford greater protection against neuronal dysfunction and late degeneration, being beneficial in a pre-symptomatic phase, at a disease stage when the dysfunctional pathways caused by mHtt expression have been initiated. Thus, these ‘cocktail’ pharmacological strategies could be tested to promote synergistic effects in early stages of HD. On the other hand, it will be relevant to analyse whether novel gene silencing approaches applied to HD carriers, such as those using antisense oligonucleotides (185), not only reduce the levels of mHTT, but also improve mitochondrial function and redox activity, preventing neuronal dysfunction and death, along with major HD-related symptoms.
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[bookmark: _Hlk26052393]Δѱm: mitochondrial membrane potential; 3-NP: 3-nitropropionic acid; 8-OHdG: 8-hydroxy-2'-deoxyguanosine; βL: β-Lapachone; ALA: alpha-lipoic acid; ALCAR: acetyl-L-carnitine; Apaf-1: apoptotic protease-activating factor 1; ARE: Antioxidant Response Element; ATP: adenosine triphosphate; Bcl-2: B-cell lymphoma 2; BDNF: brain derived neurotrophic factor; BH3: Bcl-2 homology 3; Bid: BH3 interacting-domain death agonist; Bim: Bcl-2 interacting mediator of cell death; BiP: immunoglobulin protein; CAG: cytosine-adenine-guanine; CBP: CREB-binding protein; CK: creatine kinase; CoQ coenzyme Q; CREB: cAMP response element-binding protein; Cu: copper; DMF: fumaric acid ester dimethylfumarate; Drp1: dynamin-related protein 1; ETC: electron transport chain; ER: endoplasmic reticulum; FAE: fumaric acid ester; Fe: iron; Fis1: mitochondrial fission 1; FGF9: fibroblast growth factor 9; FMN: flavin mononucleotide; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; Gln: glutamine; GRP75: chaperone glucose-regulated protein 75; GRP78: glucose-regulated protein 78; GSH-Px: glutathione peroxidases; GSH-R: glutathione reductase; GSH-Px: glutathione peroxidase; GSH-R: glutathione reductase; GST: glutathione-S-transferase; GTP: guanosine triphosphate; H2O2: hydrogen peroxide; HD: Huntington’s disease; HDACs: histone deacetylase inhibitor; hESC: human embryonic stem cells; HO2: perhydroxyl radical; HO-1: heme oxygenase-1; Htt/HTT: huntingtin protein/gene; IAP1: Inhibitor of Apoptosis Protein-1; IGF-1: insulin-like growth factor 1; IP3R: Inositol trisphosphate receptor; iPSCs: induced pluripotent stem cells; IVIg: Intravenous immunoglobulin; K: lysine; LC3: light chain 3; LPO: lipid peroxidation; MAM: Mitochondrial-associated membrane; MCU: mitochondrial calcium uniporter; Mff: mitochondrial fission factor; Mfn: mitofusin; mHtt/mHTT: mutant huntingtin protein/gene; MIM: mitochondrial inner membrane; Mn: manganese; MOM: mitochondrial outer membrane; mtDNA: mitochondrial DNA; MTS: mitochondrial targeting sequences; NAC: antioxidant N-acetylcysteine; NADPH: Nicotinamide adenine dinucleotide phosphate; NAD: β-nicotinamide adenine dinucleotide; ND5: NADH dehydrogenase subunit 5; NF-κB: factor nuclear kappa B; NMNAT: nicotinamide mononucleotide adenylyltransferase; NOX: NADPH oxidase; Nano-Se: selenium nanoparticles; NRF: nuclear respiratory factor; Nrf2: nuclear factor-erythroid 2-related factor-2; O2•-: superoxide anion; OPA1: optic atrophy 1; OXPHOS: oxidative phosphorylation; PCr: phosphocreatine; PDH: pyruvate dehydrogenase; PGC-1α: PPARγ – coactivator-1α; Ppt: protopanaxtriol; Phe: phenylalanine; PINK1: PTEN-induced putative kinase 1; PolyQ: polyglutamine; PPAR: peroxisome proliferator-activated receptor; Prx: peroxiredoxins; PTEN: phosphatase and tensin homolog; PTP: permeability transition pore; QA: quinolinic acid; ROS: reactive oxygen species; RyR: ryanodine receptor; Sig-1R: sigma-1 receptor; SB: sodium butyrate; SDH: succinate dehydrogenase; Ser: serine; SOD: superoxide dismutase; SFN: sulforaphane; TAF4: Transcription initiation factor TFIID subunit 4; TBP: TATA-binding protein; TBA: tubastatin A; TDZ: thiazolidinedione; TFAM: mitochondrial transcription factor A; TIM: translocase of the inner membrane; TOM: translocase of the outer membrane; TRAK: trafficking kinesin protein; VDAC: Voltage-dependent anion channel; YAC: yeast artificial chromosome; Zn: zinc.
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