


Mitochondria and nuclear interaction: cellular insights and implications in neurodegenerative diseases

Abstract
Mitochondria are organelles known as the "powerhouses" of the cell that produce energy. They are centers that have roles in producing heat, storing calcium, and controlling cell division and death. To this end each of the several compartments or areas that make up mitochondria has a specific function. Several researchers report unusual cytological features of mitochondria, such as proximity to the nucleus and different shapes in both normal and aberrant conditions. Aided by several proteins and processes, several proteins are shuttled from the mitochondria to the nucleus and vice versa at the cellular level. Mitochondria and nucleus are essential for cellular important functions such as energy production, metabolism, and cell proliferation. Additionally, the transport shapes, and functions of mitochondria are crucial for a number of cellular processes specifically neuronal functions. The cyto-architecture and distinct physiological adaptations of cells in both healthy and diseased conditions are included in this review, which provides an update in this field of mitochondrial biology. We specifically concentrate on the function of mitochondria and mitochondria-nuclear transport in brain since neurons play special roles beyond energy production. These functions include preserving calcium homeostasis, controlling the metabolism of fats and carbohydrates, and generating reactive oxygen species (ROS), all of which are essential for the proper operation of the brain. A number of neurodegenerative illnesses exhibit altered nuclear proteins, aberrant mitochondrial morphology, metabolic dysfunction and interaction dysfunctions. Lastly, mitochondria have emerged as a potentially useful therapeutic target in several human mitochondrial diseases. The present review is an update to bridge several knowledge gaps that exist regarding the mitochondrial dysfunction in neurodegeneration. 
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Introduction 
Basic cell biology and cellular roles of mitochondria
The organelles known as mitochondria (singlular: mitochondrion) are essential for the production of cellular energy and are regarded as the "powerhouses" of all eukaryotic cells, from lower eukaryotes to mammals and archaebacteria (Cooper and Hausman 2013). With the exception of mature red blood cells, nearly every cell in the human body has mitochondria (Nemkov et al., 2024). The integration of an endosymbiotic alphaproteobacterium into a host cell linked to the Asgard Archaea is the origin of mitochondria, a common ancestral organelle. There were numerous evolutionary modifications involved in the shift from endosymbiotic bacteria to permanent organelles (Andrew J. Roger et al., 2017). Almost all eukaryotic cells contain these membrane-bound, cytoplasmic organelles, which serve as the "digestive system" of the cell. The remarkable complexity of mitochondrial protein architecture, which reflects the many and diverse mitochondrial functions, have been brought to light by recent proteomics studies. These include proteins that are involved in metabolism, homeostasis, cellular differentiation, and biosynthesis processes. The proteins play a role in mitophagy, cellular stress response, apoptosis, ion homeostasis, ATP generation, antioxidant management, redox regulation, and cell growth and differentiation (Pfanner N et al., 2019). Fission and fusion, biogenesis, and autophagy are mechanisms that govern the shape and location of mitochondria in cells ensuring a relatively constant mitochondrial population. To preserve mitochondrial quality control and functions under stress, mitochondria can create stress response mechanisms. On the other hand, the pathophysiology of a number of disorders has been linked to the disruption of these systems (Isabel Amador-Martínez et al., 2025). For these reasons, it is not surprising that ischemic injury in the heart and brain, neurodegenerative diseases, cardiovascular, renal diseases, metabolic and age-related disorders are all directly caused by the dysfunction of these organelles (Ratliff et al., 2016; Doi and Noiri, 2016; Shi et al., 2022). 
At the physiological level, mitochondria serve important roles in cellular signaling through their dynamic interactions with one another and other organelles, including the nucleus, lysosomes, and the endoplasmic reticulum (ER) (Lee et al., 2024). However, during oxidative phosphorylation (OXPHOS), mitochondria are the primary locations for the generation of reactive oxygen species (ROS). Additionally, mitochondrial dysfunction is caused by excessive ROS generation at levels that surpass antioxidant defenses, and vice versa (Sies et al., 2022; Schieber and Chandel, 2014). 
All eukaryotic cells contain mitochondria, which are membrane-bound organelles with a diameter of 0.5 to 1.0 micrometers. The structure is made up of an inner membrane, an outer membrane, and a matrix, which is a gel-like substance. These membranes are phospholipid bilayers with proteins incorporated in them. A bilayer membrane surrounds mitochondria, which have a characteristic oblong or oval form (Friedman and Nunnari. 2014). The kind and function of a cell determine how many mitochondria it contains. The specialized membranes that surround each mitochondrion serve distinct purposes. The internal matrix and the much smaller intermembrane gap are the two distinct mitochondrial compartments they form together. Porin, a transport protein found in higher quantities in the outer membrane, creates expansive aqueous channels that cut through the lipid bilayer. Thus, this membrane is similar to a sieve that allows molecules and proteins, that are 5000 daltons or less to pass through (Kuhlbrandt 2015). The two primary substructures involved in several functions are the matrix and the inner membrane. The double phospholipid cardiolipin, which has four fatty acids instead of two membranes, makes the inner membrane, a highly specialized lipid bilayer, impervious to ions. Additionally, this membrane has a range of transport proteins that allow it to selectively let through small molecules needed or processed by the numerous mitochondrial enzymes gathered in the matrix. The inner membrane is typically convoluted, generating a sequence of in-foldings known as cristae that protrude into the matrix Robertis & Robertis (2020). The folds increase the accessible surface area, which improves the "productivity" of cellular respiration. The body's primary source of ATP, the electron transport chain (ETC), is made up of a number of protein complexes and electron carrier molecules found inside the inner mitochondrial membrane. For example, the number of cristae is three times greater in the mitochondrion of a cardiac muscle cell than in the mitochondrion of a liver cell because of the greater demand for ATP in heart cells. Enzymes, ribosomes, and mitochondrial DNA (mtDNA) are all found in the mitochondrial matrix. The matrix's high concentration of enzymes enables several cellular respiration processes, such as the citric acid cycle and oxidative phosphorylation (Bradshaw and Stahl 2016). 
Majority of cellular oxidations are carried out by the mitochondrion, which also generates the majority of the ATP in an animal cell (Yugi 2013). In order to transfer electrons to the carriers NADH and FADH2, mitochondria oxidize pyruvate (which is produced from glucose or lactate), to fatty acids, and amino acids. As "biosynthetic hubs," mitochondria are essential sources of building blocks for biosynthetic processes, such as the creation of nucleotides, fatty acids, and cholesterol amino acid synthesis, and glucose and heme synthesis (Spinelli and Haigis, 2017). They also function as redox balancing equivalents, preserving NAD+ and appropriate redox equivalent compartmentalization, which are essential for cellular homeostasis and survival in response to external stimuli (Ji et al., 2020). Through mechanisms like mitophagy, which selects and eliminates damaged or defective mitochondria they preserve cellular health, and coordinate waste management (Kaili Ma et al., 2020). Lastly, they also aid in the ROS, which helps cells recover from oxidative damage (Joe Dan Dunn et al., 2015). 
Mitochondrial structure and transport
Research using live cell microscopy in the 1980s demonstrated that mitochondria are extremely active organelles capable of creating extensive, linked intracellular networks. The mitochondria of various eukaryotic cell types constantly travel along cytoskeletal paths and often divide and fuse (Herrmann 2024). The mitochondrial compartment is shaped by the fusion and fission machinery, allowing cells to adapt to their physiological environment. A shift towards fission results in many mitochondrial fragments, while a shift towards fusion favors linked mitochondria (Lacombe and Scorrano. 2024). In quiescent cells, mitochondria are typically seen as morphologically and functionally different tiny spheres or short rods (McCarron, et al., 2012). Recent research on mitochondrial fusion and fission has gained significant attention due to its importance in understanding biological processes like mitochondrial functions, apoptosis, and ageing. The number of regulatory proteins and pathways integrating mitochondria's dynamic behavior into cell activities is increasing (Green et al., 2022).  Membrane fusion is a fundamental process in the life of eukaryotic cells and is involved in several vital cellular processes (Methods in Enzymology, 2017). The fusion machineries that have evolved to fit the needs of these different pathways are diverse, but operate through common principles. Mitochondrial fusion is a particularly complex process, as mitochondria are double membrane-bound organelles and must coordinate the fusion of four membranes (Adebayo et al., 2022). The Drosophila melanogaster mutant known as fuzzy onions (fzo) necessary for mitochondrial fusion was the first protein to be discovered.  It is the original member of a family of conserved proteins known as mitofusins, which also includes members in mammals, worms, and yeast (Hales and  Fuller 1997).  These are large GTPases with two transmembrane sections in the outer mitochondria membrane, with the majority of the protein facing the cytosol and a brief loop in the intermembrane space (Fritz et al., 2018).  Clearly, the quantity of mitochondria must rise as cells proliferate. Consequently, it was shown that the mitochondrial network of cultured mammalian at interphase cells fragmented prior to the cells going through cytokinesis and mitosis. This permits stochastic organelle partitioning to the offspring cells. In yeast Mitochondrial cell cycle-dependent morphological changes are far less noticeable (Lawrence and Mandato et al., 2013). The inheritance and maintenance of mtdNA depend on mitochondrial fusion. In mammalian cells, interruption of fusion also results in mitochondrial malfunction and heterogeneity, maybe as a result of individual nucleoid loss. 
mitochondria (Rong, et al., 2021). Therefore, fusion appears to be a key strategy for preserving a mitochondrial population that has the entire complement of gene products encoded by the nucleus and mitochondria. Finally, fusion guarantees that the mitochondrial genome and gene products are restored before functioning is lost, even though mitochondrial fission invariably produces organelles devoid of nucleoids.
Unique mitochondrial dynamics in Neurons
Mitochondria are essential for neuronal function and survival. Mitochondria are commonly found in synaptic terminals, enabling neurotransmission through ATP production and buffering Ca2+ (Guillermo López-Doménech and Kittler. 2023). Mitochondrial transport and distribution in neurons is efficiently regulated in response to changes in neuronal activity and various physiological and pathological states. Neuronal mitochondria undergo dynamic and bidirectional transport along neuronal processes, frequently changing direction, pausing or switching to persistent docking (Guan, et al., 2023). These complex mitochondrial mobility patterns are a result of mitochondrial coupling to anterograde kinesin motors of the KIF5 family and to the retrograde motor dynein, as well as to docking and anchoring machineries, including syntaphilin. Mitochondria attach to the motors by associating with their respective motor adaptor proteins and mitochondrial receptors. These motor–adaptor–receptor complexes ensure targeted trafficking of mitochondria and precise regulation of their mobility (Sheng 2014).Figures-2 A,B, describe the mechanisms of mitochondrial transport. Elaborate mitochondrial quality-control systems maintain mitochondrial integrity and function. It is well documented that mitochondrial dysfunction, changes in mitochondrial dynamics and mobility, and perturbation of mitochondrial turnover are involved in the pathology of some major neurodegenerative and neurological disorders (Grel, et al., 2023). The long, larger cells like neurons require a different mitochondrial dynamics in order to establish appropriate mitochondrial content in dendrites important proteins are essential (Liu, et al., 2023). In mutant neurons 
a small number of clumped and unevenly dispersed mitochondria are seen in the neurites of initial cell cultures, and they exhibit respiratory abnormalities (Merz and Westermann 2009). A brief list of proteins involved in mitochondrial fusion/fission are listed in Table-3.
Physical and functional Interaction of mitochondria with the nucleus
Bidirectional transmission between the mitochondria and the nucleus is essential because mitochondrial metabolism is situated at the intersection of several cellular processes, including cell development, proliferation, and death, as well as epigenetics, immunity, and metabolic dysfunction (Grivell 1997;Cannino et al., 2007;Martinez and Chandel 2020). The expression of many genes is controlled by mitochondria, which also carry out nuclear directives. Genes from the mitochondrial (proteobacterial) genome were significantly transferred to the nucleus in eukaryotic organisms as a result of the evolutionary process. As a result, the proteome of the mitochondrion includes more than a thousand proteins that are encoded in the nucleus. In response to changes in cell physiology, signals from the mitochondria in the nucleus promote gene expression, facilitating metabolism or inducing a stress response. The relationship between the nuclear genome and the mitochondria is mediated by proteins (and few RNAs) that are encoded in the nucleus and delivered into the mitochondria. Likewise, the majority of the proteins in the mitochondria are encoded by nuclear DNA referred as “Retrograde signaling” (Walker et al., 2022). Most of the inner membrane and matrix proteins, as well as the outer membrane and intermembrane gap proteins, are nuclear-encoded mitochondrial genes (Schmidt et al., 2020). Numerous cytological investigations have demonstrated the proximity of the mitochondria to the nucleus (Prachar, 2003). The first evidence of such interactions comes from the mechanism of translocation of mitochondria close to the nucleus upon the activation of the mitochondrial retrograde response (MRR) triggered by cellular stress (Desai et al., 2020). These inter-organelle contact areas, known as the Nucleus-associated mitochondria (NAM), are essential for priming pro-survival gene expression, which in turn determines cellular defense against stimuli (Strobbe et al., 2021). Early, preliminary research provided answers to several of the "mysteries" surrounding mitochondrial formation, including the generation of new mitochondria. Binary fission and de novo formation were recognized ideas (Harvey, 1946; Fawcett 1955). The extrusion of mitochondria from the nucleus was then suggested by Hoffman, and Grigg 1958; Brandt and Pappas, 1959). Lastly, a close association between the mitochondria and the nucleus cell types was discovered by various electron imaging techniques, allowing for a number of clarifications (Mota,  1963). 
For microtubule-mediated transport, the kinesin superfamily proteins act as anterograde (toward the cell periphery) motors, whereas dynein drives movement in a retrograde manner (towards the nucleus) (Schwarz et al., 2013; Tanaka et al., 1998). The nucleus encodes the primary transcriptional co-activators, including nuclear respiratory transcription factors 1 and 2 (NRF-1/NRF-2), and all transcription factors involved in mitochondrial gene expression (Scarpulla, 2006). Additionally, mtDNA replication, maintenance, and segregation are regulated by the nucleus (Moraes et al., 1999; Battersby and Loredo-Osti, J.; 2003). These organelles' close proximity may also hasten retrograde reactions by promoting mitophagy or mitogenesis. The identification of translocator protein (TSPO) was crucial to understand mitochondrial redistribution and subsequent communication with the nucleus in relation to the cellular membrane stability of the outer mitochondrial membrane (OMM) (Desai et al., 2020). TSPO and its interacting partners, the A-kinase anchoring protein acyl–coenzyme A binding domain containing 3( ACBD3 ) and the protein kinase A( PKA ), interact with the A-kinase–anchoring protein (AKAP95) on the nucleus (Gatliff and Campanella, 2016). The transport of metabolites, including ions, proteins, and lipids, is facilitated by mitochondrial contact sites (MCS) and also by cellular signaling (Scorrano et al., 2019).MCS are critical for cellular functions of eukaryotes, as they enable communication and exchange between organelles. NAMs are juxtaposed to mitochondrial membranes and the nuclear envelope; they function as tethering mechanisms for homeostatic communication by priming the gene expression (Tracey-White and Hayes 2024). MCS helps maintain the shape, biosynthesis, and identity of organelles. In order to maintain vital processes required for tissue growth and homeostasis, MCS regulate areas of closeness between homologous or heterologous membranes. Transport is made possible by a number of physiological mechanisms, including hypoxia. Al-Mehdi et al. 2012 show that mitochondria in pulmonary endothelial cells are localized and cluster in the perinuclear area under Hypoxia Neuronal degeneration and the advancement of several cancers are facilitated by abnormalities in MCS (Voetz et al., 2024). Connelly et al., 2021 identified membrane translocator protein (TSPO) as a tethering protein owing to its capacity to bind cholesterol and inhibit mitophagy. Fluorescence signals are associated with larger mitochondria that are closer to the nucleus in persister cells (Jana 2022). Earlier research, mitochondria may be a sensor of the cellular damage caused by the omega-3 fatty acid docosahexaenoic acid (DHA) after damage from ROS. This process is associated with nuclear proximity and alterations in mitochondrial morphology (Yong et al., 2020). In human cells exposed to serum and epidermal growth factor (EGF), the mitochondrial protein mitofusin-2 (MFN2) is involved in the translocation of the mitochondrial pyruvate dehydrogenase complex into the nucleus (Zervopoulos et al., 2022). It was also seen that the mitochondria were crowded around the nucleus. The biological evidence supporting the link between the release of mitochondria from the nucleus and these investigations is further supported through the following studies. 
According to Wilfling and Boyle 2022, mitochondria-to-nucleus tethering facilitates the mitochondrial pyruvate dehydrogenase complex's (PDC) through non-canonical nuclear entrance pathway. In response to proliferative stimuli, PDC, a macromolecular enzyme complex found in the inner mitochondrial membrane, travels through the nuclear envelope through the NAM and interacts with the nuclear lamina protein Lamin A in areas far from the nuclear pore complexes (NPCs) (Fanny & Tang 2014). Cytological and inhibitor studies support this observation. For example, discovered mitochondrial accumulation in the aerial roots of Chlorophytum cse within nucleus invasions. Ornstein, 1956 report that the nuclear and mitochondrial membrane contacts are continuous. The interactions were improved by the addition of 2,4-dinitrophenol, an OXPHOS uncoupler (Frederic, 1954). In murine leukemia cells, fusion of the outer membranes and mitochondria close to the nuclear envelope, indicates increased metabolic activity acting as a buffer for the transfer of mRNA and proteins (Prachar 2023). Using laser confocal imaging, Dzeja et al., 2002 discovered mitochondria clustered around the nucleus, indicating that one of the main roles of nuclear-mitochondrial interactions is energy communication. It is assumed that this proximity is necessary to enable high-energy requirements of the nucleus because direct contact was hindered by the perinuclear area. A retrograde reaction is triggered by TSPO depletion by alteration of the mitochondrial membrane potential (DYm), leading to dysregulation of calcium homeostasis, reduced respiratory function, and altered transcriptome (Fan, J.; Papadopoulos, 2020). Tables-2 A,B summarize a short list of proteins involved in mitochondrial and nuclear interaction. As previously mentioned, about 95% of mitochondrial proteins are encoded by nuclear DNA. The nucleus's ability to react to signals from the mitochondria is crucial for modifications and adaptations in mitochondrial function (Quiros, 2016). Retrograde signaling (RTG) can lengthen lifespan by eliminating unhealthy organelles and adapting to metabolic demands (Jazwinski, 2012). Rtg1-3 was the first retrograde signaling response protein identified and described in yeast in the field( Liu and Butow 2006 ; Guaragnella et al., 2018). There is disagreement about whether there is a true mitochondrial UPR and how to characterize the mitochondrial stress response in mammalian cells, and several of the eukaryotic proteins that have been found lack a mammalian homolog (Vögtle, 2020; Cardamone and Tanasa 2018). The ATP/ADP ratio, mitochondrial membrane potential disturbance, reactive oxygen species (ROS), or overall cellular stress can all trigger the retrograde response (Da Cunha and Torelli et al., 2015; Eisenberg-Bord and Schuldiner, 2016). 
This route stimulates a number of important cell signaling pathways. For example, the NF-kB pathway responds to respiratory stress by translocating to the nucleus and activating the transcription of genes for glucose metabolism and Ca2+ homeostasis (Biswas et al., 2008; Srinivasan et al., 2010). The RTG signaling then compensates for mitochondrial failure by boosting citric acid cycle genes and, consequently, citric acid cycle activity. Lastly, it has been demonstrated that RTG signaling is responsible for both the activation of the SIRT2 pathway and the inhibition of the TOR pathway (Soledad et al., 2019).  Through mechanisms like ROS-induced JNK (c-Jun N-terminal kinase) signaling, the signaling system plays a significant part in apoptosis. (R.J. Davis, 2000). JNK can either encourage cell survival or death, depending on the stimulus and kind of cell (Liu, and Lin, 2005). By interacting with the Bcl-2 family, prolonged JNK activation can trigger a second generation of mitochondrial superoxide and encourage proapoptotic activation (Chambers and LoGrasso, 2011). On the other hand, short-term JNK activation might encourage pro-survival signaling, which could be amplified by additional survival signaling pathways like NF-kB. (Nakano et al., 2006; Wu et al.,  2014). Finally, RTG signaling is involved in FOXO transcription factor-mediated insulin and growth factor signaling and regulated by phosphorylation and post-translational modifications. The activity and function are regulated by ROS, AMP, NAD+, and Acetyl-CoA. (Kim and Koh, 2017; Mouchiroud, 2013).
Alterations in mitochondria and nuclear interactions and in human pathology
Mutations in nuclear DNA, or mtDNA, which codes for mitochondrial proteins and RNAs, particularly tRNAs, are the cause of a class of hereditary illnesses known as mitochondrial diseases. More than 300 pathological mutations have been found in the mitochondrial genome to date, and the mutation rate is 10–17 times higher than that of nuclear DNA (Wen et al., 2025). The mutations mostly impact multi-systemic tissues, including the brain and muscles, which have high energy demands. Although mitochondrial disorders are inherited, their genetic makeup is complicated; mtDNA mutations are inherited maternally, while nuclear mutations might be X-linked, dominant, or recessive (Davisone et al., 2019). Mitochondrial dysfunction may also result from the accumulation of mutations associated with aging. Since each cell contains hundreds of copies of mtDNA, its heteroplasmic nature creates complexity; subsequently pathology results from a mixed population of mutant and wild-type mtDNA (Wallace et al., 2013). As discussed previously, nuclear-encoded proteins are crucial for the maintenance and expression of mtDNA. Defective oxidative phosphorylation and incorrect respiratory chain complex assembly are caused by either due to abberant mitochondrial gene expression or mtDNA maintenance (Mayr et al., 2015). Base excision repair (BER), one of the mtDNA repair pathways, fixes damages brought on by ROS, mismatch repair, translesion synthesis, and single- and double-strand break repairs are repair processes are demonstrated to take place in mitochondria (Siyang Liao, et al., 2022). Biochemical malfunction and aberrant mitochondrial morphology are features of several neurodegenerative disorders. At the cellular level research reports excessive mitochondrial fission, aberrant post-translational modification (PTM) including S-nitrosylation, phosphorylation, SUMOylation and ubiquitination and NO signaling pathways also contribute to the is reported in neurodegenerative disorders (Nitu, et al., 2024). Abnormal mitochondrial DNA or mutant nuclear proteins that interact directly or indirectly with mitochondria can cause mitochondrial dysfunction. Rather than being brain-limited, changes are frequently systemic, resulting in neuronal malfunction and death. Nonetheless, there are still a number of unanswered questions regarding how mitochondrial malfunction contributes to neurodegeneration. The intricate hierarchical pathways that propel and mediate neuronal malfunction and death in neurodegenerative disorders are illustrated in Figure-1. Research indicates mitochondria may be involved in sporadic neurodegeneration upstream. This is true for both extremely common age-related disorders like Alzheimer's disease (AD) and Parkinson's disease (PD) and extremely rare neurodegenerative diseases (Xu et al., 2021). An outline of the abnormal mitochondrial and nuclear interactions in human pathophysiology and in particular neurodegenerative diseases will be covered in the paragraphs that follow. 

a. Cancer's Mitochondrial Dysfunction 
Through a process known as metabolic reprogramming, or the Warburg Effect, cancer cells undergo mutations and adapt to grow out of control and spread throughout the body(Liberti and Locasale 2016). Mutations that cause an abundance of onco-metabolites (D-2-HG, fumarate, and succinate, respectively) in the mitochondrial metabolic enzymes isocitrate dehydrogenase (IDH1/2), succinate dehydrogenase (SDH), or fumarate hydratase (FH) result in functional loss or gain(Sciacovelli and Frezza. 2016). The inhibition of α-ketoglutarate enzymes by onco-metabolites can change the expression of genes related to malignant transition and cell differentiation. Epigenetic alteration in cancer cells is hypermethylation these changes may lead to more mitochondrial malfunction and an increase in ROS generation, which is thought to facilitate the growth of tumors. Acetyl-CoA stimulates cell division and development via increasing histone acetylation (Álvaro García-Guede et al., 2020).
Since malignancies frequently have mitochondrial DNA deletions and depletions, this route is pertinent to carcinogenesis. Retrograde signaling and calcium dysregulation result from mtDNA depletion (Prakash et al., 2010) When this route was altered, anti-apoptotic markers increased, which in turn caused resistance to apoptosis and invasive behavior. Epithelial-mesenchymal transition (EMT) has also been linked to mtDNA depletion. 
The nervous system is especially vulnerable to mitochondrial disorders since they disproportionately impact tissues with high energy requirements. Leigh syndrome, Alpers-Huttenlocher syndrome, Leber's hereditary optic neuropathy (LHON), mitochondrial encephalopathy, acidosis, and stroke-like episodes (MELAS) are among the primary mitochondrial illnesses that impact the neurological system(Robert McFarland 2012). The phenomenology of a number of neurodevelopmental disorders and potentially neuropsychiatric illnesses like schizophrenia are also linked to impaired mitochondrial dynamics. In addition to the nervous system being affected in primary mitochondrial diseases, dysfunctional mitochondria are also proposed to play roles in other neurological and adult-onset neurodegenerative diseases.  
b. Degenerative illnesses.
The slow, selective loss of anatomically or physiologically connected neural systems is a hallmark of neurodegenerative disorders. Physiology and cognition, including mobility, strength, coordination, sensation, vision, autonomic control, and cognition, are impacted by the clinical syndromes linked to specific neuroanatomical patterns of cell malfunction and death (Dnyandev G. et al., 2024). Neurodegenerative illnesses include, for example, Huntington disease (HD), Amyotrophic lateral sclerosis (ALS), PD (Parkinson’s disease), and AD (Alzheimer’s disease). A number of these conditions exhibit Mendelian inheritance, sporadic epidemiology, and age-related characteristics. Given their high energy requirements, neurons are especially reliant on mitochondria; thus, it would seem logical to assume that neurons are not very tolerant of mitochondrial malfunction. In the subsequent paragraph three main neurodegenerative illnesses are covered since the list is longer and to maintain brevity. The most prevalent neurodegenerative illness and the leading cause of dementia is AD. There are sporadic and autosomal dominant forms of AD, as well as early versus late-onset versions (Anil Kumar et al., 2005(stat pearls)). One of the main causes of AD is mutations in the genes encoding the amyloid precursor protein (APP), presenilin 1 (PS1), or presenilin 2 (PS2), which change how APP is processed to produce the amino acid beta amyloid (Aβ) derivative. The primary component of amyloid plaques seen in the neocortex, hippocampus, and other subcortical areas of the brain—a region crucial to cognitive process—is Aβ (Christopher Bi et al., 2018). One explanation is that Aβ disrupts mitochondrial activity supported by several biochemical data, cellular and animal model studies. The inhibition of numerous important enzymes reduced respiratory capacity (Wenzhang Wang et al., 2020). Sub lethal Aβ concentrations in cultured rat hippocampus neurons, led to mitochondrial transport impairment but not cell death (Rui et al., 2006). At the DNA level Zong et al., 2024 indicate Aβ decreases the quantity of mitochondria that appear normal and raises the amounts of mitochondrial DNA (mtDNA). Transgenic mice and human’s studies have shown physical connections between mitochondria and APP, Aβ, and (Rönnbäck et al., 2016). Numerous studies in cell biology show that AD patients also have altered mitochondrial structure dynamics. The percentage of normal mitochondria and damaged cristae is considerably smaller, according to quantitative ultrastructural morphometric study (Leonard et al., 2015). Additionally, mitochondria appear longer in patient fibroblasts, and two or more mitochondria are frequently connected together (Tokuyama et al., 2020). In fact, mitochondria in APP-overexpressing cells exhibit a variety of morphologies, including punctiform, elongated, fragmented, and net-like structures (Wang et al., 2008). Biochemically, complex IV (cytochrome c oxidase; COX), pyruvate dehydrogenase complex, and α-ketoglutarate dehydrogenase complex are among the mitochondrial enzymes whose activities are decreased in AD (Eckert et al., 2011). Studies in AD brains implicate have higher levels of mtDNA and nuclear DNA oxidative alteration (Tucker and Cotman 2021). At the genetic level, mtDNA gene products that act in the context of nuclear-encoded proteins also have polymorphism variations, particularly mitochondrial genes. According to the "mitochondrial cascade hypothesis," AD histopathology and neurodegeneration are most prominently associated with mitochondria. Amyloidosis, tau phosphorylation, and cell cycle re-entry are thought to be caused by mitochondrial malfunction (D'Alessandro et al., 2025). Age-related changes in mitochondria are influenced by the hypothesis, which also considers aging phenomena and assumes baseline mitochondrial function and durability. When mitochondrial change reaches a threshold and bioenergetics homeostasis can no longer be maintained, AD histopathology and symptoms may ensue. 
Parkinson's illness 
The most prevalent neurodegenerative movement condition is Parkinson's disease (PD). Bradykinesia, postural instability, resting tremor, and stiffness are clinical features of Parkinson's disease. A selective loss of dopaminergic neurons in the substantia nigra pars compacta is the cause of the main symptoms and indicators (Kouli et al., 2018). Lewy bodies, which are intracytoplasmic inclusions primarily made of fibrillary α-synuclein protein, are another characteristic of surviving nigral neurons (Calabresi, et al., 2023). Clinically, PD is divided into Mendelian and non-Mendelian types, as well as early and late-onset variations. The pathophysiology of Parkinson's disease has long been linked to mitochondrial dysfunction. Intracellular transport of the MPTP metabolite (1-methyl-4-phenylpyridinium, MPP+) is carried out by the dopamine transporter (DAT). Complex I is inhibited by accumulation in dopaminergic neurons (Kung et al., 2021). This can further result in increased oxidative stress and free radical formation, decreased ATP production, increased intracellular calcium concentration, excitotoxicity, cellular damage from nitric oxide, and eventually dopaminergic neuron death (Surmeier et al., 2012),. There are also a number of nuclear gene mutations linked to both autosomal dominant and recessive types of Mendelian Parkinson's disease (Table-1). Such genes include leucine-rich repeat kinase 2 (LRRK2), DJ1, α-synuclein, Parkin, phosphate and tensin homologue-induced kinase 1 (PINK1), and HtrA serine peptidase 2 (HTRA2). Numerous nuclear genes also suggest that mitochondria play a part in the pathophysiology of Parkinson's disease. The genetic discovery that animals overexpressing α-synuclein have decreased mitochondrial function, increased oxidative stress, and a lower threshold for nigral degeneration when exposed to complex I inhibitors is supported by knockout studies (Risiglione et al., 2021). Mouse parkin mutations or deficiency causes higher oxidative stress and mitochondrial damage in animal models, while Drosophila produce sporadic. In Drosophila, PINK deficiency causes dopaminergic neurons to degenerate and enhances mitochondrial sensitivity to rotenone (Trancikova et al., 2012). PD-related mutations prevent the protective effect of PINK1, a mitochondria-localized kinase, against cell death (Gonçalves et al., 2021). Seven of the known protein components that make up Complex I, a major multimeric enzyme, are encoded by genes on mtDNA. Abnormalities can result in sporadic illness since mtDNA plays a significant role in complex I's structure and function (Mimaki et al., 2012). PD cybrid cell lines also exhibit changes in mitochondrial respiration and pathways impacted by aerobic metabolism. The transcriptional co-activator PGC1-α, which regulates mitochondrial biogenesis, has lower levels in PD cybrids, and mitochondria have a greater proton leak and a lower respiratory reserve capacity (Arduíno et al., 2011). 
Amyotrophic Lateral sclerosis
The neurodegenerative condition known as ALS mainly impairs physical strength, and degeneration of both upper and lower motor neurons is one of its characteristics (Ryan G.  et al., 2025(Stat Pearls)). The incidence of ALS rises with age, and Mendelian inheritance is less likely to be the due to older onset age. The most prevalent mutations in familial cases are the chromosome 21 copper-zinc superoxide dismutase (SOD1) gene. About 20% of familial cases and 2% of all cases are caused by SOD1 mutations (Farrimond et al., 2022). Mutations in TDP-43 and FUS/TLW, two RNA processing proteins, have been identified recently (Jade Pham et al., 2020). In both neuronal and non-neural tissues, mitochondrial changes have been reported in models of familial ALS and sporadic ALS (Swerdlow et al., 2000). Numerous morphological alterations have been documented, including large mitochondria and spiny or stubby mitochondria (Rodríguez et al., 2012). Aberrant mitochondria build up in the axon hillock and the axon's first segment (Sasaki and Iwata 1996). Several researchers have used ALS patient biopsies and animal models to observe changes in mitochondrial electron transport chain activity (Smith et al., 2019). A significant decrease in complex I activity and non-significant trends toward decreased complex III and IV activities were observed in ALS cybrids generated on a neuroblastoma nuclear background (Wilkins et al., 2014). Another study found that citrate synthase, a common indicator of mitochondrial mass, was less active in patient spinal cord tissue. Although ROS itself may affect mitochondrial function, cell ROS levels may raise when mitochondrial respiration is compromised (Zorov, et al., 2014). Elevated levels of blood ROS and lactate production indicate that oxidative stress and mitochondrial function are closely related in ALS (Oliveira, et al., 2020). Patients with sporadic ALS have lower levels of mtDNA in their skeletal muscle (Stoccoro et al., 2000). ALS risk also seems to be influenced by mitochondrial DNA haplogroups (Brockmann et al., 2023). According to research using animal models, mutant SOD1 aggregates and builds up in the outer mitochondrial membrane, affecting the import of mitochondrial proteins and causing disruptions in mitochondrial function Vacuolation and extensive mitochondrial fragmentation are another abnormal morphologic feature observed in models (Tafuri et al., 2015). 
Huntington’s disease 
Clinically, HD is a degenerative movement illness that manifests as dementia, mental disorders, and choreiform motions. Although symptoms typically appear in middle age, they can appear in youth or early adulthood. GABAergic medium spiny striatal neurons are disproportionately affected by neuron loss and dysfunction, as seen by clinical alterations (Nicholas, 2025 (Gene Reviews)). A CAG triplet repeat expansion (>35 CAGs) in the first exon of the Huntingtin (HTT) gene on chromosome 4 is the cause of HD, which is exclusively an autosomal dominant condition (Genecards accessed May 2025). Following findings of severe weight loss and inadequate brain FDG uptake on imaging tests, deficiencies relating to energy metabolism are described (Han, et al., 2021). Additionally, HD participants' cortex and basal ganglia showed elevated lactate, according to proton nuclear magnetic resonance spectroscopy (Mader et al., 2001). The brains of HD subjects have markedly lower levels of Complex II, III, and IV activity (Goetzman et al., 2023). Cell biology research implicate the mortality of neuron populations impacted by HD may be specifically related to the complex II deficiency (Benchoua et al., 2006). Mice expressing a 72-glutamine-long expansion show direct association between polyglutamine-expanded HTT and mitochondria. Lower calcium exposures caused the brain's mitochondria to depolarize and have lower mitochondrial membrane potentials. Furthermore, normal mitochondria exhibited calcium handling deficiencies similar to those observed in HD transgenic and human HD subject tissues when incubated with a fusion protein containing an excessively long polyglutamine repeat (Reddy et al., 2024). By changing transcription events relevant to the mitochondria, HTT may have an indirect effect on mitochondrial function. HTT seems to interact with a number of transcription factors, including as p53, CREB-binding protein, Sp1, and PGC1-α (Damiano et al., 2010). The tumor suppressor protein p53 controls genes related to oxidative stress and mitochondrial activity. PGC-1α is a transcription coactivator that controls metabolic pathways and mitochondrial biogenesis that are important for cell bioenergetics. The phenotype of PGC-1α knock-out mice is similar to that of HD (Wang et al., 2014). 
Future implications
The collective evidences from cellular, biochemical and imaging studies combined with animal and human studies implicate mitochondria and mitochondria nuclear interactions in neurodegenerative diseases. Mitochondria have emerged as a possible target for treatment for human diseases. Currently, in cancer both mtDNA and mitochondrial stress signaling pathways are major targets (Girolimetti et al., 2020; Keerthiga et al., 2021). Further, mitochondria-targeted drugs for neurodegenerative diseases have been developed, and several are under trial and demonstrate promising leads (Xu et al., 2022). Several recent developments in the area of gene expression such as the allotropic expression (expression of a gene encoded in the mitochondria from nucleus-transfected structures), and mitochondrial transplantation (raising the population of healthy mitochondria), or even mtDNA editing enzymes have been used to address mtDNA mutations (Li et al., 2025). Thus uncovering several critical proteins and pathways in neurodegeneration implicate the importance of this area of research.


Conclusion
Through direct contact sites and signaling routes, mitochondria function as the cell's signaling hubs, connecting with other organelles. Energy production, metabolism, cell proliferation, and other processes are all impacted by the interaction between the mitochondria and the nucleus, which is essential for cell survival. Numerous tether proteins, transport proteins, and signaling pathways enable retrograde signaling, which is the signaling from the mitochondria to the nucleus, as was covered in the review. It is reasonable to assume that disruption of retrograde signaling would disproportionately affect the same tissues, as mitochondrial dysfunction significantly impacts tissues and cells with high energy demands. A startlingly high number of proteins that, in their mutant forms, induce neurodegeneration are now recognized to interact with or impact mitochondrial function. The results could in part explain the inheritance and pathology of these diseases. The high mtDNA mutations in several proteins could explain the maternal inheritance of few diseases and the observed incidences and the pathology. Hence, it is important the study of the mitochondria and mitochondria and nuclear nexus continue for many reasons since they enable gleaning insights into the basic cell biology and cellular physiology and in human pathology. 
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Table-1: List of Genes, Functions and Disorders associated with Neurodegenerative Diseases
	Sl.no
	Genes associated with Neurodegenerative diseases/function
	Function
	Disorder

	1
	SNCA (PARK1
	Encodes a-synuclein, the primary component in Lewy bodies.
	






Parkinson Disease

	
	PARK2 
	E3 ubiquitin ligase, protein degradation
	

	
	PINK1 (PARK6) 
	Serine/threonine kinase, stress-induced mitochondrial response
	

	
	DJ-1 (PARK7) 
	Antioxidant and oxidative stress sensor
	

	
	ATP13A2 (PARK9) 
	Lysosomal transmembrane ATPase protein, necessary for lysosomal function
	

	
	PLA2G6 (PARK14) 
	Encodes iPLA2-VI, cell membrane homeostasis
	

	
	FBXO7 (PARK15) 
	F-box-containing protein, protection of neurons and apoptosis inhibitor
	

	
	EIF4G1 (PARK18) 
	Eukaryotic translation initiation factor 4-gamma 1, translation initiation
	

	
	DNAJC6 
	Encodes auxilin, synaptic vesicle recycling
	

	
	COQ2 Ubiquinone, 
	mitochondrial electron transport chain
	

	
	SYNJ1 
	Encodes synaptojanin 1, synaptic vesicle recycling
	

	2
	APP 
	Transmembrane protein, amyloid plaques in AD
	
Alzheimer’s Disease

	
	PSEN1 
	Component of gamma-secretase, cleaves APP
	

	
	PSEN2 
	Component of gamma-secretase, cleaves APP
	

	
	APOE 
	Glycoprotein, cholesterol distribution
	

	3
	Huntingtin 
	Aggregation leads to neurodegeneration
	Huntington’s disease



Table-2a. Proteins involved in Nuclear-mitochondrial responses
	Sl.no
	Nuclear signal/mediation
	Mitochondrial response
	References

	2.
	PARP1
	Decreased metabolism and mitogenesis, increased oxidative stress
	Fang et al., 2016

	4.
	CREB/ Mitochondrial PKA
	Expression of ETC components
	Kotiadis et al., 2013; Wang et al., 2018; Ryu et al., 2005

	5.
	SOD2
	ROS degradation
	He et al., 2017

	6.
	MEF2D/ Hsp70
	Complex I function
	Soledad et al., 2019; She et al., 2011

	8.
	TERT/Src kinase, Ran GTPase
	mtDNA protection
	Ahmed et al., 2008

	10.
	P53/ Tid1
	Apoptosis, necrosis
	Vaseva et al., 2012; Ahn et al., 2009; Marchenko et al., 2007


Table-2b. Proteins involved in Mitochondrial-nuclear responses 
	Sl.no
	Mitochondrial signal/mediation
	Nuclear response
	References

	4. 
	AMP/ATP
	Mitogenesis, mitophagy
	Kahn et al., 2005; Herzig et al., 2018; Miyamoto et al., 2015; Bergeron et al., 2001; Egan et al., 2011; Kim et al., 2011; Toyama et al., 2016

	6.
	Acetyl CoA /acetyltransferases
	Histone acetylation, cell
growth, and proliferation
	Martinez-Reyes et al., 2020; Shi et al., 2015

	7.
	α-ketoglutarate/ 2-OGDDs
	Hypoxic response, chromatin
modifications
	Martinez-Reyes et al., 2020

	8. 
	Succinate/ HIF-1α
	Histone and DNA
methylation
	Martinez-Reyes et al., 2020

	9.
	Fumarate/ HIF-1α
	Histone modifications
	Martinez-Reyes et al., 2020; Arts et al., 2016

	10.
	FAD/FADH
	demethylation
	Xie et al., 2020; Shi et al., 2004



Table-3: Yeast and mammalian proteins constituting the core machineries of mitochondrial dynamics and their interaction partners (Reference- Brittni R. Walker  and Carlos T. Moraes- 2022)
	Yeast protein* 
	Mammalian protein*
	Function 

	Core components of the fusion machinery

	Fzo1 
	MFN1 and MFN2‡
	Outer membrane fusion 

	Mgm1
	OPA1
	Inner membrane fusion

	Ugo1 
	Unknown
	Outer membrane fusion and linking of Fzo1 and Mgm1

	Core components of the fission machinery

	Dnm1 
	DRP1 (DLP1)
	Outer membrane division 

	Fis1 
	FIS1
	Outer membrane receptor for recruitment of Dnm1 or DRP1

	Mdv1 and Caf4
	Unknown
	Adaptor for Dnm1 binding to Fis1 and nucleator for Dnm1 oligomerization

	Unknown
	MFF
	Putative alternative DRP1 recruitment factor 

	Accessory components of fusion and fission

	Pcp1 (Rbd1 and
Mdm37)
	PARL
	Processing of Mgm1 or OPA1 

	Unknown 
	Intermembrane space and matrix 
	AAA proteases Processing of OPA1 

	Unknown 
	OMA1
	Processing of OPA1 

	Num1
	Unknown
	Cell cortex anchor with Dnm1 

	Regulatory components of fusion and fission

	Mdm30 
	Unknown
	Ubiquitin ligase for Fzo1 

	Unknown 
	MAPL
	SUMO ligase for DRP1 

	Unknown 
	CDK1–cyclin B
	Cell cycle-dependent phosphorylation of DRP1 

	Unknown 
	PKA
	cAMP-dependent phosphorylation of DRP1 

	Unknown 
	CaMKIα
	Calcium-dependent phosphorylation of DRP1 
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Figure-1. A pictorial representation of Neurodegeneration due to several
interacting pathways(reference- E Lezi and Russell H. Swerdlow Adv Exp Med Biol.
2012 ; 942: 269-286. doi:10.1007/978-94-007-2869-1_12)
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Figure- 2 A- diagram depicting architecture of Miro-TRAK-DISC scaffold complex. Miro/TRAK
complexes link mitochondria to kinesin and dynein-dynactin motors.

B -Diagram depicting possible roles of Miro in the nervous system.
References- Bor Luen Tang.Cells 2016.Konrad E. Zinsmaier. SMALL GTPASES 2021.




