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    The book series Frontiers in Clinical Drug Research-Alzheimer Disorders presents important recent developments in the form of cutting edge reviews written by the authorities in the field. The chapters in the 8th volume are focused on different therapeutic agents being employed or under development for treating Alzheimer’s disease.




    Salama et al., in Chapter 1 discuss the structure, functions and interactions of tau protein with reference to the potential therapeutic targets for the treatment of tauopathies. Piemontese et al., in Chapter 2 present the new generation of drugs as potential therapy for Alzheimer’s disease. Chapter 3 by Burgos-Ramos et al., reviews the neuroprotective role of some antibiotics as therapeutic means in Alzheimer’s disease.




    Chapter 4 by Xu et al., describes the use of antipsychotics in patients with Alzheimer’s disease. ÖZDEMİR et al., in chapter 5, discuss the role of cholinergic hypothesis and cholinesterase inhibitors for the treatment of Alzheimer's disease. The last chapter by Stovicek et al., discusses the potential biological mechanisms with prophylactic action in rapid cognitive impairment in late-onset Alzheimer's disease.




    I am grateful to all the eminent scientists for their excellent contributions. The efforts of Ms. Fariya Zulfiqar (Manager Publications) & Mr. Shehzad Naqvi (Editorial Manager Publications) and the leadership of Mr. Mahmood Alam (Director Publications) are greatly appreciated.
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      Abstract




      Neurodegenerative diseases (NDDs) are heterogeneous group of disorders that lately become among the most life-threatening disorders affecting the elderly people. The neurodegenerative disorders that are collectively grouped under the term of tauopathies are featured by the presence of abundant neurofibrillary lesions made by accumulation of abnormal hyperphosphorylated microtubule associated protein tau inside the neurons and/or glial cells. Undoubtedly, tau protein plays a fundamental role in axonal microtubule network stabilization however, the flexible unfolded structure of tau enables modification of tau by several intracellular enzymes which in turn extends tau function and interaction spectrum. The distinctive characteristics of tau protein alongside the essential role of tau interaction partners in the development and progression of neuronal neurodegeneration suggest tau and its binding partners as potential drug targets for the treatment of neurodegenerative diseases. This chapter aims to discuss interaction between mitochondria and tau, and the key molecular players that interfere with tau proteins in physiological and pathological conditions. We outline the putative molecular targets and address the mitochondrial critical role based on research efforts that previously identify their influence on diseases models. Taken together, no solitary player would trigger the whole pathogenic pathway, we attempted to give a detailed description of structure, functions and interactions of tau protein in order to provide insight into potential therapeutic targets for treatment of tauopathies.
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    The microtubule associated protein tau (MAPT) plays a fundamental role in the physiological functions of the nerve cell. As a cytoskeletal protein, it is not only involved in maintenance of cellular structure but in signaling pathway as well. MAPT has been extensively studied for regulation of microtubules (MTs) assembly and stabilization under normal physiological conditions, however, in pathological circumstances resulting in neurodegeneration.




    Tau as a stigma of neurodegenerative diseases (NDDs), was initially discussed in Alzheimer’s disease (AD). However, with more research efforts in this topic, other disorders appear to share tau protein abnormalities, like atypical Parkinson’s disease (PD+). Classically, α-Synucleinopathies staining of Lewy bodies present the hallmark inclusion bodies in diagnosis of PD, however, multiple tau antibodies have been additionally reported which denote the involvement of tau in PD pathologies.




    Tauopathy is a terminology that has been emerged to describe a pathological condition comprises aggregation of hyperphosphorylated tau protein. Tauopathies include, but are not limited to, AD, argyrophilic grain disease, corticobasal degeneration, dementia pugilistica, Down’s syndrome, frontotemporal dementia with parkinsonism related to chromosome 17 (FTDP-17), Parkinson’s disease complex of Guam, Pick’s disease, postencephalitic parkinsonism and progressive supranuclear palsy (PSP) [1].




    In tauopathy, the soluble tau proteins become hyperphosphorylated and detach from microtubules losing their functions and consequently aggregate intracellularly into abnormal toxic filaments so-called neurofibrillary tangles (NFTs) [2]. Alongside the abnormal aggregations of tau, the pathological form of tau proteins, tend to follow a somatodendritic pattern of distribution. On the contrary, under physiological condition tau proteins show axonal localization.




    Among all human tauopathies, age is a shared event which triggers tau accumulation even in the presence of obvious genetic component, therefore, it is believed that mTOR principally controls normal physiological development and growth process whilst, during adulthood, where there is relatively little growth, mTOR controls aging and nutrient-related physiology [3]. This dual role was supported by the results obtained from transgenic mice model, triggering tau expression during development or even shortly after birth, however, tau accumulation and the linked phenotype develops only as the age advances [4]. This has led to the assumption that molecular events that accompanied aging may contribute and/or promote tau aggregation [5].




    Nevertheless, the trigger initiating transformation of functional tau into pathological one is yet unraveled despite several theories have been suggested to advocate different molecular targets as possible key players in tauopathy. In this context, we will discuss various pathways that might be involved in tauopathy including; mTOR pathway with defective autophagy, protein kinase RNA-activated-like ER kinase (PERK) with its role in unfolded protein response, neuronal autoantibodies formation and autoimmunity, and mitochondrial dysfunction with impairment of the energy production. We believe that better understanding of these molecular targets will offer new therapeutic and diagnostic windows for tauopathies and related NDDs.




    

      Implication Of mTOR In Neurodegeneration And TAUOPATHIES




      With increasing number of population aging above 60 years together with recorded age-related diseases and the resultant cognitive deficit, understanding the molecular mechanisms underlying the NDDs has become a matter of global concern. Promoting healthy aging process and decreasing the incidence of age-related debilitating diseases that affect even individuals who are otherwise healthy would have a lifelong beneficial impact on the society [6-8].




      In review of evidences coupling mTOR to tau deposition, mTOR activation pathway is thought to be the key element in tauopathies pathogenesis [9]. Since its discovery in 1994, as the direct target of the rapamycin-FKBP12 complex in mammals, the mechanistic (formerly “mammalian”) target of rapamycin (mTOR) has become a hotspot molecular target that attracts dozens of studies to reveal its role in cell physiology [10-13].




      mTOR is a conserved 289-kDa Serine/Threonine protein kinase belonging to the phosphoinositide 3-kinase (PI3K)-related kinase family [14]. It is an extensive eukaryotic signaling network that gains enormous value due to its involvement in various critical cell processes; protein homeostasis and autophagy in response to various environmental cues. Such pathway generates and/or utilizes huge amount of energy and nutrients in organizing cell growth, proliferation and metabolism. Therefore, disturbed mTOR signaling is implicated in disease progression including type 2 diabetes, cancer and NDDs particularly the pathophysiological changes occurred with the aging process rendering it a plausible target aiming at modulating its activity to cure diseases [3, 13, 14].




      Structurally, mTOR is the common catalytic subunit which comprises the two well-identified large protein complexes; mTORC1 and mTORC2 [8, 13, 14]. Both complexes share mammalian lethal with sec-13 protein 8 (mLST8, also known as GbL) [15, 16], DEP domain containing mTOR-interacting protein (DEPTOR) [17], and the Tti1/Tel2 complex [18]. Further, mTORC1 is defined by regulatory-associated protein of mammalian target of rapamycin (raptor) [19, 20], which enables substrate enrollment to mTORC1 via binding to the TOR signaling (TOS) modifies which are located on many canonical mTORC1 substrates and are crucial for the proper subcellular localization of mTORC1 [13] and proline-rich Akt substrate 40 kDa (PRAS40) which is specific to mTORC1 [21-23]. Instead of raptor, mTORC2 has a rapamycin-insensitive companion of mTOR (rictor) which serves as an analogous function [16]. mTORC2 also involves mammalian stress-activated MAP kinase-interacting protein 1 (mSin1) [24, 25], and protein observed with rictor 1 and 2 (protor1/2) [26]. By activating mTORC1, it activates p70S6 kinase (S6K), and mTORC2 as an essential component of the PI3K pathway/phosphoinositide-dependent kinase 2 phosphorylates Akt eventually to stimulate cell survival and protein homeostasis [14].




      mTOR is the essential regulator of protein synthesis, longevity and degradation, and cytoskeletal formation [6, 8, 27]. It interacts with several proteins resulting in identification of two distinct complexes; mTOR complex 1 (mTORC1) that facilitates mRNA translation, controls the balance between protein synthesis and degradation and consequently promotes cell growth and proliferation, lipid biogenesis, controls mitochondrial metabolism and modulates autophagy [28-30]. The way by which mTORC1 regulates protein translation is thought to be mainly via controlling the activity of ribosomal protein S6 kinase-1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4EBP1), which consequently control the activity of several initiation factors in mRNA translation process [31-33]. Oppositely, mTOR complex 2 (mTORC2) endorses cell survival, normal cellular shape and size by modulating actin function primarily in cytoskeleton assembly [14, 24, 34, 35]. These two complexes vary in their sensitivity to rapamycin and have different upstream inputs and downstream outputs [14].




      Several factors including growth factors, amino acids, glucose nutrients, insulin and oxidative stress together with various signaling pathways converge on mTOR and may differentially activate/inhibit protein synthesis [31, 36]. Stress induces mTOR complex 1 through phosphoinositide 3-kinase (PI3K)/v-Akt murine thymoma viral oncogene homolog-1 (Akt) and Ras/extracellular signal regulated kinase 1 and 2 (ERK1/2) pathways and is suppressed by deficient energy through 5-adenosine monophosphate-activated protein kinase and glycogen synthase kinase-3ß (GSK-3ß). cAMP-dependent protein kinase (PKA) induces up-regulation of mTORC1 by stimulating ERK1/2 [37], whereas cyclin-dependent protein kinase 5 (Cdk5) is a downstream substrate of PI3K-mTorC1 [9]. In contrast, mTOR complex 2 appears to be strictly controlled by growth factor [8, 24, 35].




      The importance of mTOR arises from its essential implication as a regulator of neural development. Both mTORC1 and mTORC2 signaling is essential for proper brain development in which deletion of either Raptor or Rictor in neurons results in a reduction in the neuronal size, and early neuronal death. However, mTORC1 signaling hyperactivation has been observed in several neurological disorders, including autism, epilepsy, and benign brain tumors [13].




      In the synaptic vicinity, mTORC1 controls a fundamental step in neuronal circuit formation where it promotes activity-dependent mRNA translation. The finding of mTORC1 signaling activation by the NMDA receptor antagonist ketamine in mouse neurons with a subsequent increase in synaptic proteins translation strongly support this function [38]. Further, the role of mTORC1 in regulating autophagy is likely a strong contributor in the pathogenesis of NDDs, including AD and PD. Inhibiting mTOR signaling induces beneficial effects on mouse models of AD [39].




      Generally, autophagy is the process responsible for getting rid of the misfolded/unfolded aberrant proteins and/or the degraded organelles with their constituents recycled in lysosomes aiming at maintaining proper cell function [29, 33, 40, 41]. Three types of autophagy are well-identified; microautophagy, macroautophagy and chaperone-mediated autophagy. Micro- and macroautophagy take over the degradation process in the regions of the cytosol whilst chaperone-mediated autophagy is known to be a more selective pathway and involves degradation of only proteins with a lysosomal targeting sequence [42-44].




      mTOR is a negative autophagic regulator by which when inhibited results in autophagy stimulation. This can be achieved by regulating Atg1 in yeast and its Atg1 kinase complex mammalian homolog that is so-called serine/threonine protein kinase ULK1 (UNC-51-like kinase) [45, 46]. Atg1 and its regulatory subunits Atg13 and Atg17 together with the well-conserved serine/threonine kinase mammalian counterparts; ULK1/2, mATG13 and FIP200 are the most upstream components of the core autophagy machinery. It was demonstrated that AMPK regulation of ULK1 is necessary for autophagy [45]. Both mTORC1 and AMPK retain cellular homeostasis through regulation of nutrition and cellular energy signals that control autophagy. The disturbance in ATP/ADP ratio could result in the activation of AMPK, which then suppresses the mTOR activity resulting in autophagy [46]. Indeed, suppression of mTORC1 reduces the phosphorylation of ULK1, which sequentially activates several autophagy-related proteins, ended by the formation of the autophagosome (AV) [47-50]. Therefore, the AMP activated protein kinase/ mammalian target of rapamycin/p70ribosomal S6 Kinase (AMPK/mTOR/S6K) is a major signaling pathway that regulates autophagy [51], in which autophagy is stimulated by AMPK, and the mTOR/S6K signaling pathway is the basic inhibitory for autophagy [45, 52-54].




      In NDDs, autophagy and the ubiquitin-proteasome system are considered the key players [14]. Consequently, mTORC1 signaling as the main regulator of autophagy, has been extensively studied over the last decade. The observation made by deletion of the essential autophagy genes; Atg 5 or 7 in the central nervous system of mice resulting in accumulation of polyubiquitinated proteins and neurodegeneration, despite the absence of any disease-associated mutant proteins, has supported the idea that autophagy is crucial for the survival of neural cells and its impairment may play an important role in the pathogenesis of NDDs [55, 56]. Further, inhibition of mTORC1 with rapamycin diminishes the severity of neurodegeneration in several in vivo models and facilitates the autophagic degradation of aggregate-prone proteins in vitro [14]. Interestingly, other downstream effectors of mTORC1 signaling are thought to be implicated in the development of neurodegenerative pathologies, the effect which was suggested by rapamycin reducing the aggregation of misfolded proteins by slowing the rate of the protein synthesis [57].




      With the fact that mTOR kinase inhibitors are considered more efficient than the first generation of rapalogs in stimulating autophagy and blocking protein synthesis [58, 59], it is quite logical to suppose that these molecules could be even more superior in treating diseases that are associated with the formation and accumulation of protein aggregates. Nevertheless, the prolonged use of mTOR kinase inhibitors could result in impairment of metabolism and damage of the tissue. The development of small molecules that can selectively modulate the activity of proteins controlling autophagy downstream of mTORC1 could represent a possible hope to make this process more specific [14].




      Since the work conducted in S. cerevisiae investigating the longevity and stress resistance, the doubling of the chronological lifespan as a result of deletion of the gene encoding the yeast orthologue of S6K1 was the first evidence of mTOR’s involvement in aging [60]. Afterward, an extended lifespan was demonstrated in C. elegans following inhibition of raptor and S6K1 [61, 62]. Ultimately, the role of mTOR in aging has been extensively discussed elsewhere and aging has become the main risk factor for the development of NDDs even with well-documented genetic background therefore, understanding the molecular mechanisms regulating aging process might help to delay the age-related pathologies and could eventually extend human healthy lifespan [8].




      The relation that links rapamycin, an mTOR inhibitor, to lifespan has been studied in which remarkable results revealed that rapamycin, was administrated to genetically heterogeneous mice, prolonged their lifespan [63]. The involvement of mTOR in controlling lifespan in mammals has also been investigated using two independent genetic approaches. The first one revealed that the deletion of S6K1, a downstream target of mTOR, prolongs lifespan and health span in both female and male mice by 9% [64]. The second study reported that mice having two hypomorphic alleles, which reduce mTOR expression by 25%, compared to wild-type mice had a 20% rise in the median lifespan [65]. Surprisingly, complete suppression of TOR signaling during development results in premature lethality [66-68], indicating that TOR signaling is a crucial and evolutionarily conserved regulator of longevity, which can only function within a narrow range for maintaining the homeostasis and health [8].




      Additionally, among all human tauopathies, age is a shared event which trigger tau accumulation even in presence of obvious genetic component, therefore, it is believed that mTOR principally controls normal physiological development and growth process whilst, during adulthood, where there is relatively little growth, mTOR controls aging and nutrient-related physiology [3]. This dual role was supported by the results obtained from transgenic mice model which trigger tau expression during development or shortly after birth, however, tau accumulation and the associated phenotype develops only as the age advances [4]. This has led to assume that molecular events that accompanied aging may contribute or facilitate tau aggregation [5].




      AD is the most prevalent NDD [69]. When AD occur without any apparent association with known genetic mutation, it is described as sporadic form of the disease in which several different pathophysiological mechanisms are involved [70] and various risk factors have been implicated including aging, neuroinflammation, head trauma, and diabetes [9].




      Generally, it is characterized by the presence of the filamentous lesions, which are composed of the 39-43-amino acid, ß-amyloid peptide and hyperphosphorylated tau [71], the later has been strongly linked to disease pathogenesis [72, 73]. Strong lines of evidence obtained from cell-based and transgenic animal models overexpressing tau emphasize the neurotoxicity of aggregated and hyperphosphorylated tau [74-78]. Importantly, when tau hyperphosphorylates, its association with microtubules reduces and its propensity for aggregation increases displaying the hallmark in AD brains. Though, the severe form of the cortical neurodegeneration and synapse loss of AD was not observed among the genetically modified mouse lines with cerebral amyloid deposition [79]. Initially, the incriminating role of the phosphorylated and/or aggregated intracellular tau protein in induction of neuronal degeneration and death was postulated. Both forms of abnormally hyperphosphorylated tau, the soluble and insoluble one, exist in AD brains without interaction with tubulin [80, 81]. Moreover, when the soluble form of abnormally hyperphosphorylated tau exists, it sequesters normal tau and microtubule-associated proteins 1 and 2 [82], resulting in accelerating disruption of the microtubule network [9]. However, the presence of non-phosphorylated and non-aggregated tau in the brain extracellular space has been linked to neurotoxicity [69].




      In transgenic mouse brains, before formation of NFTs and occurrence of the neuronal loss, the abnormal hyperphosphorylated tau is aggregated [74]. In vitro expression of tau pseudophosphorylated at Thr-212, Thr-231, and Ser-262 induces apoptosis [83], which is associated by tau aggregation and breakdown of the microtubule network [83, 84]. On the other hand, in vivo expression of wild type tau results in synaptic loss, while deletion of tau exerts a protective effect against ß-amyloid peptide- induced toxicity at the synapse [85]. Conclusively, the formation of NFTs is thought to be the major contributor to AD pathogenesis and correlates with the duration and progression of neuronal degeneration of AD [86]. It is yet so far to wholly understand the upstream intracellular effectors underlying the molecular events involving in the process of tau deposition that leads to the changes of neuronal function and cognitive decline. However, mammalian target of rapamycin (mTOR), has been robustly proposed with its multiple signal pathway [87-90].




      Regarding AD treatment approaches, several tau-based therapeutic strategies are supposed aiming to stabilize microtubules, block tau aggregation, inhibit protein kinases involved in tau hyperphosphorylation, and immunologically remove extracellular tau. Another promising strategy is enhancement of the degradation of tau multimers through stimulation of macroautophagy; a cellular pathway responsible for getting rid of protein aggregates and dysfunctional organelles. Autophagy can be stimulated by either pharmacologic or molecular genetic suppression of the protein kinase mechanistic target of rapamycin (mTOR) has been shown to reduce tau pathology [5, 91, 92], exerts a neuroprotective effect against neuronal loss and reduce behavioral impairment in tau-overexpressing transgenic mice [93].




      Interestingly, a tau-directed therapeutic modality targeting the preservation of both the function and the structure of the perforant pathway, this pathway is projected from layer II of the entorhinal cortex to the hippocampal dentate gyrus and plays an essential role in long-term memory formation, and it is preferentially susceptible to develop a degenerative tauopathy early in AD which may spread later trans-synaptically, has been studied and concluded that the mTOR inhibitor and autophagy stimulator rapamycin can mitigate pathological tau-induced loss of perforant pathway neurons, axons, and synapses, and antagonizes tau-induced neuroinflammation. The data indicate the potential of slowing the progression of the disease pharmacologically mainly at its earliest neuropathological phase. Molecular understanding how rapamycin exerts the neuroprotective effect in the perforant pathway and mechanistic understanding how the neuron-specific signaling regulates the degradation of pathological protein aggregates would be pivotal in the development of novel therapeutic strategies for attenuating or even hindering the tau-mediated pathology and reducing the progressive brain atrophy in AD [94].




      

        Conclusion




        The complex role of mTOR is at the crossroad between age-related cognitive decline and pathological tau accumulation in which mTOR regulates tau phosphorylation and degradation via autophagy and directly increases overall tau levels by regulating translation of its mRNA. Hence, environmental and genetic factors that increase mTOR may contribute to the development of tau pathology. Beside what was extensively and previously described for the key role of mTOR in aging and AD pathogenesis, it is very attractive avenue that modulating mTOR activity could serve as a novel therapy to enhance healthy brain, as well as attenuating age-related disease progression and treating age-related diseases not only limited to AD but further those involve tau accumulation. Logically, suppression of mTOR molecule would enhance brain healthspan and halt cognitive aging effect.


      


    




    

      IMPLICATIONS OF PERK IN NEURODEGENERATION AND TAUOPATHIES




      Three tauopathy models were used in a study conducted by Bruch and colleagues using a cultured human neuronal cell line overexpressing the 4-repeat wild-type tau, treated with annonacin, an environmental neurotoxin, and P301S tau transgenic mice. The results indicated that treatment with CCT020312, a pharmacological protein kinase RNA-like endoplasmic reticulum kinase (PERK) activator, reduced tau phosphorylation and tau isoforms, and improve the cell viability in vitro. Furthermore, in vivo, the PERK activator reduced pathological findings linked to tau aggregates and alleviated the impaired memory and locomotor function. In P301S tau mice, PERK overexpression was protective against dendritic spine and motoneuron loss. EIF2A, the PERK substrate, was observed to be down-regulated in PSP brains and tauopathy models, exploring PERK-NRF2 as another pathway responsible for beneficial effects in the tauopathies. Eventually, they came to the conclusion that PERK stimulation could be a promising novel intervention for tauopathies [95].




      PERK is the major signaling pathways of the endoplasmic reticulum (ER) stress and unfolded protein response (UPR) which perfectly reduces the misfolded protein loads in the ER by inhibiting general protein synthesis and consequently reducing their entrance into the ER lumen [96]. The process of PERK activation comprises autophosphorylation and dimerization resulting in the formation of large clusters [97]. Activated PERK, a member of elF2α kinase family, phosphorylates the α-subunit of eukaryotic translation-initiation factor 2α (eIF2α). In the brain, eIF2α is essential for regulating learning and memory function and for preserving neuronal integrity in health and disease [98]. The phosphorylation of eIF2α is carried out by a family of four protein kinases, PERK, protein kinase double-stranded RNA-dependent (PKR), general control non-derepressible-2 (GCN2), and heme-regulated inhibitor (HRI) [99-101]. Among four eIF2α kinases, PERK is considered as a key regulator responsible for neurodegeneration and memory impairments in AD [98].




      Upon severe sustained cellular stress which is robustly accused for NDDs, PERK activation is sustained with subsequent abnormal prolonged hyperphosphorylated eIF2α leading to a long-lasting suppression of mRNA translation; such pathway which causes harmful effects on the cognitive function as new protein synthesis is crucial for long-term neuronal plasticity and memory formation [102, 103]. This has led to a considerable discussion on whether or not PERK activation during cellular stress is harmful rather than protective? And hence, PERK inhibition could serve as a promising therapeutic modality for the cognitive and memory deficits in NDDs.




      Overactivation of PERK downstream pathway of UPR is observed in several mouse models of NDDs, including AD [96, 104, 105], prion [106], tauopathy [104, 107] and amyotrophic lateral sclerosis (ALS) [108, 109]. In a studied mice model of prion-disease, misfolded prion protein (PrP) aggregate promotes persistently higher levels of phosphorylated PERK and eIF2α, and subsequent sustained translational failure that results in a devastating decrease in levels of key synaptic proteins, resulting in synaptic failure and finally neuronal loss [106]. Both genetic interventions that lower eIF2α-P levels [106] and pharmacological inhibition of PERK by the inhibitors like; GSK2606414 [110], or with the small molecule inhibitor, ISRIB acting a downstream of eIF2α-P, resulting in restoration of the vital protein synthesis rates and antagonizing the neurodegeneration in prion-infected mice [106, 111]. On the other hand, pharmacological treatment preventing the reduction of eIF2α-P levels worse the disease and aggravated toxicity in prion-diseased mice [106]. PERK branch of UPR has found to be dysregulated in a wide range of NDDs hence, it is of a great importance to understand its role in facilitating neuronal loss in disorders associated with protein-misfolding more broadly, mainly in the AD and other tauopathies [112].




      Moreover, with relevance to AD and other tauopathies, PERK branch activation has significant contribution to the phosphorylation of tau; which is linked to tauopathies at both in vitro and in vivo [113-115]. In vitro, this pathology has been revealed to be attributed to PERK-mediated induction of glycogen synthase kinase-3 (GSK3β), a serine/threonine kinase that induces phosphorylation of tau at disease-relevant epitopes [116], an effect that can be reversed by suppression of PERK [115]. Therefore, UPR activation could have a dual pathological role in tauopathies, influencing on two processes essential to induce neurodegeneration in these disorders.




      The effect of PERK pathway activation in the rTg4510 mouse model of FTD induced by the human tau P301L mutation has been examined. Mice carrying the mutant tau transgene (tau+P301L) express high levels of P301L tau. They show age-related tau pathology, progressive memory decline and, significantly, massive forebrain neurodegeneration from 5.5 months of age. Tau+P301L rTg4510 mice demonstrate abnormal tau aggregation from 2.5 months, from which hyperphosphorylated tau was manifested by 4 months of age, while the mature neurofibrillary tangles were apparent with marked neurodegeneration in the hippocampus from 5.5 months. Extensive neuronal loss has been demonstrated throughout the forebrain after the age of 7 months, resulted in massive forebrain atrophy associated with clinical signs of inferior grooming performance and motor impairment. In contrast, the transgene-negative (tau−P301L) rTg4510 mice did not suffer from a behavioral impairment. Their brains show normal morphology without phosphorylation of tau [78, 117, 118]. High levels of PERK-P in the brain of these mice have been detected during advanced disease stages (from 9 months), while the role of PERK-P signaling in mediating neurodegeneration in these animals has not previously been reported [104, 112].




      A highly selective PERK inhibitor molecule so-called GSK2606414 that easily cross blood–brain barrier, was administrated to prion-infected mice and resulted in successful management from the pathological and behavioral prospectives [119, 120]. Additionally, the genetic knockdown of PERK in the forebrain of AD model mice was shown to improve AD- associated manifestation regarding synaptic plasticity and memory impairments [121]. Nevertheless, the putative role of the PERK inhibitors as an effective target therapy in different NDDs models should not be taken for granted cause massive suppression of PERK, as this could induce disruption of the normal protein regulation and consequently neuronal response to cellular stress leading to synaptic dysfunction [122]. Thus, it is mandatory to adjust both the dose and duration of treatment with PERK inhibitor for achieving the desired beneficial effect with maintenance of cellular capability of restoring the protein synthesis in response to stress [123].




      Taken together, genetic and pharmacological manipulations of PERK-eIF2α signaling pathway have demonstrated that its excessive activation is not a mere consequence of the neurodegenerative process but play pivotal roles in AD pathogenesis and the development of memory deficits and thus the expectation of the therapeutic perspectives targeting the PERK-eIF2α pathway are providing multiple beneficial outcomes in AD, including; neuroprotection, antagonizing the memory impairment, and disease modification [98].




      

        Conclusion




        PERK branch of UPR and its downstream signaling pathway offers extremely rich subject for research in the context of NDDS and targeting therapeutic modalities. Simply, this is due to the contradictory and sometimes, unpredicted effects on disease pathophysiology and disease progression. It is not unforeseen that PERK contribution to NDDs is not an easy task owing to the crosstalk with other important stress responses involved in neuroprotection, such as autophagy. Hence, it becomes an extremely convincing to carefully and systematically assess PERK signaling and highlight the complex interaction to distinct NDDs.


      


    




    

      IMPLICATIONS OF MITOCHONDRIAL DYSFUNCTION IN NEURODEGENERATION AND TAUOPATHIES




      The powerhouses of the cell. This how mitochondria are known in the scientific community. Mitochondria are intracellular organelles, which are responsible for the production of the majority of the energy needed for our bodies. The 1960s was one of the critical times showing great progress in understanding how the mitochondria perform their function. This occurred when Peter Mitchell proposed the chemiosmotic theory for linking the respiration with the energy production in mitochondria. In spite of controversy in his work, he won the Nobel Prize and his theory was fully accepted at the 1970s [124-126].




      With the advance in science, we could understand more deeply how is energy is obtained from the mitochondria. This can be achieved through oxidative phosphorylation of food by electron transport chain (ETC). Mitochondria are surrounded by double membranes creating two spaces; matrix and intermembrane space. The inner membrane is folded to form cristae for increasing its surface area. One of the unique features of the mitochondria is that they have their own DNA. Mitochondrial DNA (mtDNA) is present in the matrix and ETC complexes are embedded in the inner membrane. The oxidative phosphorylation process started by entering of high energy electron mainly through the mitochondrial complex I (NADH dehydrogenase) and to less extent from the complex II (succinate-ubiquinone oxidoreductase) from NADH or succinate, respectively. These highly energetic electrons are carried through a mobile carrier called ubiquinone to complex III (cytochrome bc1 complex). Cytochrome c transfers these electrons to the complex IV (cytochrome c oxidase). Finally, the electrons are carried to oxygen forming water. This creates transmembrane proton gradients due to the movement of the protons to the intermembrane space of the mitochondria, which acts as a driving force stimulating the mitochondrial complex V (ATP synthase) for ATP production [126-129].




      Mitochondrial complex I is the largest mitochondrial complex composed of 45 subunits and represents the main site for entrance of the electrons in ECT. 14 subunits of the complex I named the core subunits, which are mostly similar between the different creatures and are responsible for basic function of the mitochondrial complex I. They are categorized into three modules; N module receives the electrons from NADH, Q module which is responsible for transferring these electrons to ubiquinone through the iron-sulfur clusters and P one translocates the protons into the intermembrane space. Seven of the core subunits are encoded by mtDNA, while the other subunits are controlled by nuclear DNA. This means that some of the subunits should be imported first into the mitochondria, and then get assembled by assembling factors [130-133]. The oxidative phosphorylation is associated with the production of the reactive oxygen species (ROS) mainly superoxide, however, when function of the mitochondrial complex I is preserved, it is responsible for getting rid of ROS. Dysfunction of the mitochondrial complex I can result from the mutation of nuclear DNA and/ or mtDNA encoding for its subunits, defect in assembling factors and/ or exposure to environmental exposure to mitochondrial complex I toxins. The dysfunction mitochondrial complex I results in impairment of the energy production and oxidative stress [131, 134-136].




      The mitochondria are not only the powerhouses of the cells, but also the central regulator of the programmed cell death [137, 138]. Mitochondrial complex I dysfunction [139] and exposure of the environmental contaminants such as rotenone [140, 141] and OPs pesticides; chlorpyrifos [142-144], malathion [145], and dichlrovos [146, 147] resulted in mitochondrial apoptosis through translocation of Bax to mitochondria, efflux of the cytochrome c from the mitochondria to the cytoplasm and activation of the caspases.




      Furthermore, mitochondria have essential metabolic functions and their number and size of mitochondria are variable from cell to another cell depending on the metabolic activities. Mitochondria play a pivotal role in calcium homeostasis and in the metabolism of carbohydrate, fat, and proteins. The Mitochondria are capable of performing specific functions depending on the organ. In the liver, mitochondria are responsible for the detoxification of ammonia [148-152].




      The mitochondrial dysfunction was detected earlier in the myopathies than the NDDs. The mitochondrial muscle disease was reported in 1959 with a defect in the oxidative phosphorylation process [153, 154]. This was associated with a defect in the functions of the mitochondrial complex I and III, and mitochondrial respiration in the muscle biopsy of patient diagnosed with myopathies [155-157]. Deletion of the mitochondrial DNA was detected among 36% of muscles of the mitochondrial myopathies’ patients [158]. Patients suffered from Kearns-Sayre syndrome have deletion of the mitochondrial DNA ranging from 45% to 75% with partial reduction of the mitochondrial complex IV activity [159].




      A young man developed Parkinsonism like manifestation after injecting himself with a drug of abuse, meperidine like structure and also called synthetic heroin or MPTP, after his trial of synthesis. Years later, another four drugs abuser developed Parkinsonism. Subsequently, MPTP was used for modeling PD in monkey and mice. Due to the fact that MPTP is one of the potent mitochondrial complex I, this opened the door for investigating the role of mitochondrial dysfunction in PD [160].




      At the end of the 1980s and beginning of the 1990s, a deficit of the mitochondrial complex I was firstly detected in the substantia nigra (SN) (39-42%) [161, 162] and in platelets (16-55%) of PD patients [163, 164]. Nearly at the same period, Parker et al., 1990 reported that the activity of mitochondrial complex IV was reduced to 50.09% of the healthy control individuals in the platelet of AD patients [165]. In the frontal and temporal cortex of AD patients, the activity of mitochondrial complex IV was 74% and 83% values of the healthy individuals, in that order [166]. The activity of the mitochondrial ECT was suppressed among AD patients’ brain, as the activities of the mitochondrial complex I, II, III and IV were 60.58%, 64.45%, 57.48% and 46.64% of the healthy persons, respectively [167]. Furthermore, the mitochondrial dysfunction was also found in another NDS. The activity of mitochondrial complex I in platelets of Huntington patients is 28,03% of the value of the healthy individuals [168], while in the caudate nucleus of Huntington patients, the activities of mitochondrial complexes I, II, III and IV were 85.71%, 47.44%, 40.91% and 61,83%, respectively [169].




      Combinations of affection of the skeletal and nervous systems were detected among four members of an English family in the form retinitis pigmentosa, developmental impairment, dementia, ataxia, seizures, sensory neuropathy and neurogenic muscle weakness. This might be attributed to the point mutation of nucleotide 8993 resulting in changing of leucine to arginine in the subunit 6 of the mitochondrial complex V. The clinical severity was partially related to the degree of the mutation [170]. This came in agreement with the finding among the members of an Italian family suffering from of similar clinical presentations in form of retinitis pigmentosa, psychomotor retardation, memory impairment, muscle weakness and wasting, hypotonia, ataxia, and dysarthria. The affected members suffered from the same mutation and the severity of the clinical manifestations was related to the amount of this point mutation [171].




      Mitochondria dysfunction is observed among the idiopathic and familial AD due to mutation of APP, PS1 and PS2, and both idiopathic and genetic PD due to DJ1, PARK2 and PINK1 mutations. Additionally, these mutations increase the susceptibility of the neurons when they exposure to environmental contaminates [172-177].




      Growing scientific evidence supports the incriminating role of the pathological form of tau in aggravating the mitochondrial dysfunction in NDDs. Stereotaxic injection of tau oligomers in the hippocampus in C57BL/6 mice resulted in synaptic dysfunction and memory impairment. Tau oligomers induced inhibition of the mitochondrial complex I. Mitochondrial apoptotic pathway was stimulated through activation of caspase 9 [178]. In vitro application of prefibrillar amyloid aggregates, alpha-synuclein, and tau 441 induced permeabilization of the mitochondrial membranes, mainly through the affection of the cardiolipin, which facilitated the efflux of cytochrome c [179]. Pathological tau induced somatodendritic distribution of the mitochondria. These findings were observed in the temporal cortex of AD patients and primary somatosensory of rTg4510 transgenic mice, overexpressing the mutant tau P301L. This can be explained by impairment of the mitochondrial trafficking [180].




      Another animal model of FTDP-17T was established by knocking in mutant P301 tau show an age-dependent alteration of axonal trafficking of mitochondria. In the young mice, the antegrade mitochondrial movement increased in the young mice by 22.5%, however, in the older ones, the antegrade movement reduced by 27.5%. No significant effects were observed regarding the retrograde movement, average nor the maximal velocity of the mitochondrial movement [181]. Expression of P301L tau in mouse cortical neurons resulted in a reduction of the phosphorylation of the tau and impairment of binding of the tau to the microtubules without affecting its membrane localization. Reductions of the number of the mitochondria in axons, increasing in the size of the moving mitochondria without affection of the velocity or the direction of mitochondrial movement were apparent tau effects [182].




      In vitro, NH2-tau fragments induced synaptic dysfunction and impaired of the mitochondrial dynamic by which the mitochondria are redistributed mainly to the cell body. NH2-tau fragments led to a reduction of the number and size of the mitochondria, disruption of mitochondrial morphology, enhancement of selective autophagic clearance of the mitochondria, inhibition of the mitochondrial complex IV and stimulation of the oxidative stress [183]. Phosphorylated tau was detected among the cerebral cortex among the AD patients and three animal model of AD; single (mutant APP), double (mutant APP and PS1), and triple (mutant APP, PS1 and tau P301L) transgenic mice. The interaction between the phosphorylated tau and a mitochondrial fission protein called Drp1 was obvious among the AD patients and all animal AD models. The activity of one the enzyme responsible for the mitochondrial fragment (GTPase) was elevated among the AD patients and the AD animal models. A positive correlation existed between the phosphorylated tau and the GTPase activity [184].




      The pathological forms of the tau induce mitochondrial dysfunction in different ways, as previously described, but can the mitochondrial dysfunction trigger the formation of abnormal tau? The deficit in mitochondrial complex I due to impairment of the mitochondrial assembly factors like; NDUFA 12L is associated with taupathies [131, 185].




      Rotenone is a potent mitochondrial complex I inhibitor. It one of the most widely used animal models of PD. This is due to its capability to mimic the chronic and progressive nature of the PD with the formation of alpha-synuclein in dopaminergic neurons. Additionally, the epidemiological studies show that exposure to rotenone increase the risk of PD [186-190]. Rotenone not only induced degeneration of the dopaminergic neurons in SN and fibers in corpus striatum (CS) and locomotor impairment of Lewis rats but also it provoked hyperphosphorylated tau in neuronal fibers, astrocytes, and oligodendrocytes in CS [191]. Rotenone promoted destabilization of the microtubules and phosphorylation of tau, inhibited tau binding to the microtubules through activation of the glycogen synthase 3β. Taxol was used for preventing displacement of the tau from the microtubule resulting in significant attenuation of the rotenone-induced cell death in SH-SY5Y cells [192].




      High prevalence of PD+ which shares some feature of the progressive supranuclear palsy was observed in Guadeloupe in the French West Indies. Tau accumulations are obvious in the neuronal cell body in the brain of the patients. There was a close association between consuming annonaceous plants containing annonacin, one of the potent mitochondrial complex I inhibitor, and this form of the neurological impairment [193, 194]. Annonacin induced dose-dependent cell death, reduction of ATP level and somatodendritic redistribution of the tau and retrograde transportation of the mitochondria in primary culture of fetal striatum Wister rat. The tau was attached to the outer mitochondrial membrane and taxol hindered the redistribution of both mitochondria and tau to the cell body. Other mitochondrial complex I inhibitors; used for modeling PD (MPP+) and Huntington disease (3-nitropropionic acid) induced dose-dependent cell death and redistribution of tau to the cell bodies [195]. Administration of the annonacin to the transgenic mice with R406W-tau mutation led to an increase in tau level by inhibition of tau degradation, and stimulation of both phosphorylation of tau and redistribution of tau to the cell body in frontal and parietal cortex and hippocampus [196].




      Fenazaquin (64 nM) is another mitochondrial complex I induced somatodendritic redistribution of the tau in among 37% of Lund human mesencephalic cells (LUHMES) [197]. Twenty-four mitochondrial environmental complex I inhibitors induced neuronal cell death in the primary culture of fetal striatum Wister rat and induced the redistribution of tau to the cell bodies. A positive correlation existed between the degree of the inhibition of the mitochondrial complex I and tau redistribution [198].




      Another possibility is that both pathological tau accumulation and mitochondrial dysfunction synergically interact together facilitating the neurodegeneration. Both mitochondrial affection and tau aggregation was observed among AD and animal model with APP and PS1 mutations [184]. Among the familial PD patients, PINK1 and LRRK2 mutations induce both pathological forms. Mitochondrial dysfunction was observed in the SH-SY5Y cells with PINK1 (R492X) mutation in the form of inhibition of the mitochondrial complex I, impairment of the mitochondrial membrane potential and activation of the mitochondrial apoptosis pathway through the release of the cytochrome c to the cytoplasm. This mitochondrial impairment was aggravated by MPP+ exposure [199]. Furthermore, PINK1 (G309D) mutation induced the phosphorylation of tau in N2a neuroblastoma cells [200]. Additionally, skin biopsies from PD patients having LRRK2 (G2019S) mutation show disruption of the mitochondrial morphology, inhibition of mitochondrial complex I, II and IV, and impairment of the mitochondrial membrane potential with a significant reduction of ATP level [201]. Hyperphosphorylated tau was observed in the brainstem of PD patients having LRRK2 (I2020T) mutation. This form of the mutation induced also in vitro hyperphosphorylation of tau [202].




      

        Conclusion




        The epidemiological and experimental studies emphasize the incriminating role of the mitochondrial dysfunction in NDDs. Strong scientific evidence supports the hazardous consequences of the pathological form of tau in worsening the mitochondrial dysfunction, however, others reveal the role of mitochondrial dysfunction in aggravation of tau pathology. This still unresolved issue whether the pathological tau or the mitochondrial dysfunction are the initiating factors or this is a hazardous synergistic interaction between both resulting in a vicious circle ended by neurodegeneration.
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          	4EBP1:



          	Eukaryotic Initiation Factor 4E-Binding Protein 1

        




        

          	AD:



          	Alzheimer Disease

        




        

          	ALS



          	Amyotrophic Lateral Sclerosis

        




        

          	APP



          	Amyloid Precursor Protein

        




        

          	AMPK/mTOR/S6K



          	AMP Activated Protein Kinase/ Mammalian Target of Rapamycin/p70ribosomal S6 Kinase

        




        

          	ATP



          	Adenosine Triphosphate

        




        

          	Cdk5:



          	Cyclin-Dependent Protein Kinase 5

        




        

          	CS:



          	Corpus Striatum

        




        

          	DEPTOR:



          	DEP Domain Containing mTOR-Interacting Protein

        




        

          	ECT:



          	Electron Transport Chain

        




        

          	eIF2α



          	α-Subunit of Eukaryotic Translation-Initiation Factor 2α

        




        

          	ER:



          	Endoplasmic Reticulum

        




        

          	ERK1/2:



          	Extracellular Signal Regulated Kinase 1 And 2

        




        

          	GCN2:
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          	GSK-3ß:



          	Glycogen Synthase Kinase-3ß

        




        

          	HRI:



          	Heme-Regulated Inhibitor

        




        

          	LRRK2:



          	Leucine-Rich Repeat Kinase 2

        




        

          	mtDNA:



          	mitochondrial DNA

        




        

          	PD:



          	Frontotemporal Dementia With Parkinsonism Related To Chromosome 17 (FTDP-17)

        




        

          	MAPT:



          	Microtubule Associated Protein Tau

        




        

          	mLST8:



          	Mammalian Lethal With Sec-13 Protein 8

        




        

          	MPP+:



          	1-methyl-4-phenylpyridinium

        




        

          	MPTP:



          	1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

        




        

          	mTOR:



          	Mechanistic Target of Rapamycin

        




        

          	mTORC1:



          	mTOR Complex 1

        




        

          	mTORC2:



          	mTOR Complex 2

        




        

          	mSin1:



          	Mammalian Stress-Activated MAP Kinase-Interacting Protein 1

        




        

          	NDDs:



          	Neurodegenerative Diseases

        




        

          	NFTs:



          	Neurofibrillary Tangles

        




        

          	PD:



          	Parkinson’s Disease

        




        

          	PD+:



          	Atypical Parkinson’s Disease

        




        

          	PERK:



          	Protein Kinase RNA-Activated-Like ER Kinase

        




        

          	PI3K:



          	phosphoinositide 3-Kinase

        




        

          	PINK:



          	PTEN-Induced Putative Kinase 1

        




        

          	PKA:



          	cAMP-Dependent Protein Kinase

        




        

          	PKR:



          	Protein Kinase Double-Stranded RNA-Dependent

        




        

          	PRAS40:



          	Proline-Rich Akt Substrate 40 kDa

        




        

          	protor1/2:



          	Protein Observed With Rictor 1 And 2

        




        

          	PrP:



          	Misfolded Prion Protein

        




        

          	PS1:



          	Presenilin1

        




        

          	PS2:



          	Presenilin2

        




        

          	PSP:



          	Progressive Supranuclear Palsy

        




        

          	raptor:



          	Regulatory-Associated Protein Of Mammalian Target Of Rapamycin

        




        

          	rictor:



          	Rapamycin-Insensitive Companion Of mTOR

        




        

          	ROS:



          	Reactive Oxygen Species

        




        

          	S6K:



          	p70S6 Kinase

        




        

          	S6K1:



          	Ribosomal Protein S6 Kinase-1

        




        

          	SN:



          	Substantia Nigra

        




        

          	TOS:



          	TOR Signaling

        




        

          	UNC-51-like kinase:



          	Serine/Threonine Protein Kinase ULK1

        




        

          	UPR:



          	Unfolded Protein Response
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