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In this review, the relationship between bioenergetics, mitochondrial dysfunction, and inflammation will be and how they contribute to neurodegeneration, specifically in Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) will be reviewed. Long-term changes in mitochondrial function, autophagy dysfunction, and immune activation are commonalities shared across these age-related disorders. Genetic risk factors for these diseases support an autophagy-immune connection in the underlying pathophysiology. Critical areas of deeper evaluation in these bioenergetic processes may lead to potential therapeutics with efficacy across multiple neurodegenerative diseases.
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Disease background and pathology development


Alzheimer’s disease

Of the dementias, AD is the most common disorder affecting the elderly to date. In fact, a comprehensive study looking at the global, regional, and national burden of diseases and injuries for adults 70 years and older, reported that AD was consistently in the top five causes of death in 51 countries (GBD 2019 Ageing Collaborators, 2022). AD currently affects approximately 50 million people worldwide (Alzheimer’s Disease International, 2018) and is expected to increase to at least 150 million by 2050; incurring nearly $1.1 trillion in medical care costs to the United States economy alone (2020 Alzheimer’s Association Report, 2020).

Alzheimer’s disease is a progressive neurodegenerative disorder that can manifest in a continuous decline in cognitive function, which gradually destroys a person’s memory and ability to learn, reason, communicate, and carry out daily activities (Rubio-Perez and Morillas-Ruiz, 2012). Researchers agree that there are two major neuropathologic hallmarks that underscore the disease’s progression: the development of neurofibrillary tangles due to hyperphosphorylation of tau, and neuritic plaques due to aggregation of improperly cleaved amyloid beta (Aβ). In concert, this hinders cell sustaining connectivity and nutritional transport and resulting in neurodegeneration and cell death (Iqbal et al., 2010; Cao et al., 2012).

APOE4 is a significant risk factor for the development of AD and is a driving factor of cognitive decline in healthy perimenopausal women with a poor metabolic profile. Numerous studies show that APOE4 is also a risk factor for other diseases, including cerebral amyloid angiopathy, dementia with Lewy bodies, tauopathy, cerebrovascular disease, multiple sclerosis, and vascular dementia, as well as being related to poor outcome following head injury. This may be in part due to the increased inflammatory responses upon exposure to APOE4. Evidence for the contribution of APOE4 to the pathogenesis of AD stems from familial studies. To date, prospective studies on healthy aging and longevity have established the APOE ɛ4 allele as a risk factor for poorer episodic memory in older adults (van Duijn et al., 1994; Seripa et al., 2011; Wilson et al., 2011). Members carrying at least one copy of the ɛ4 allele had lower scores in both immediate and delayed recall compared to non-ɛ4 allele carriers (Du et al., 2021).

Despite the identification of these disease markers, there is no fully efficacious treatment for AD aimed at neuroprotection and recovery (Pais et al., 2020). Current therapies prioritize symptom management and while some have been proven to slow disease progression (Marucci et al., 2021), none yet convincingly alters disease pathology. This is due to AD’s branched and varied pathology that in turn has spawned branched and varied hypotheses to attempt to understand etiologies. However, given their far-reaching systemic effects and their association with aging, there is a growing consensus that a sustained inflammatory environment and altered oxidative metabolism underpin AD pathology (Rubio-Perez and Morillas-Ruiz, 2012; Swerdlow, 2012).



Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis, commonly known as Lou Gehrig’s Disease, is a devastating, fatal neurodegenerative disease characterized by a progressive loss of both the upper motor neuron (UMN)s and lower motor neurons (LMN; Rowland and Shneider, 2001). This loss of both upper and lower motor neurons makes ALS unique from the other motor neuron diseases, which typically affects one or the other. ALS is classified as an orphan disease, affecting around 1/100,000 people (Zarei et al., 2015). First diagnosed in 1869 (Magnussen and Glass, 2017; Ma and Li, 2019), ALS was believed to only affect motor neurons, but sentiment has shifted toward a multisystem neurodegenerative disorder, also affecting behavior and cognition (van Es et al., 2017). To date, there are only two FDA-approved treatments—Riluzole, Edaravone, and Relyvrio (the latter with provisional approval), which provide a limited therapeutic benefit (Mayo Clinic, 2022).

ALS has been challenging to research and treat due to the heterogeneity of the disease. About 90% of all cases are sporadic (sALS), having no obvious genetic component. The remaining 10% are familial (fALS), having an inherited genetic component (Chen et al., 2013; Kirby et al., 2016). There are over 50 genes associated with the development of ALS, with the 4 main genes associated being C9orf72, SOD1, TARDBP, and FUS (Mejzini et al., 2019). Mutations in TDP-43 and FUS are associated with increased risk of developing ALS. M TDP-43 mutations and aggregates have also been found in patients with frontotemporal dementia and AD (Nag et al., 2018; Sahoo et al., 2018). A study evaluating genetic risks shared between ALS and AD found two additional possible causal variants in GAK and TSPOAP1-AS1 genes (van Rheenen et al., 2021). While the exact mechanism of disease onset and progression remains elusive, it is believed that motor neuron death results from a combination of mitochondrial dysfunction, glutamate excitotoxicity, oxidative stress, neuroinflammation, and the formation of protein aggregates (Bonafede and Mariotti, 2017).



Multiple sclerosis

Multiple sclerosis (MS) is a debilitating disease that arises from demyelination of axons due to chronic inflammatory processes in the central nervous system (CNS). Most recent estimates indicate that the global prevalence of MS is 35.9 per 100,000 with a higher incidence in the Americas, 117.5 per 100,000 (Walton et al., 2020). Currently, it is believed that T cells lead the demyelination events, although antibodies and vulnerability of myelin, oligodendrocytes, and axons are also involved in the disease process. This diversity contributes to the heterogeneous phenotypes of patients diagnosed with MS. Demyelination and axonal loss contributed to the formation of white-matter lesions that are the hallmark of MS. Eventually, these plaques become chronic with limited demyelination with preservation of axons and the formation of an astrocytic scar. The composition of the typical periventricular white-matter lesions is heterogeneous and may point to the various pathophysiological processes that lead to the formation of these lesions. The lesions appear to originate from within small venules in this area of the brain. Fresh lesions or plaques are highly inflammatory and show an abundance of monocytes, activated microglia, T lymphocytes from different phenotypes, and B cells (Metz et al., 2014). Demyelination, various degrees of axonal damage, and, at later stages, glial scarring are all hallmarks of MS plaques. The symptoms associated with the development of MS is, in part, dependent upon the site of the lesions. There are 4 forms of MS, clinically isolated syndrome [one clinical event (CIS)], relapsing remitting (RRMS; 85% of patients are initially diagnosed), primary progressive (PPMS), and secondary progressive (SPMS, National Multiple Sclerosis Society, 2022). Initiating events for the development of MS lesions include immune activation/inflammation and mitochondria dysfunction.

Evidence for the contribution of genetic factors to the pathogenesis of MS stems from family and twin studies (Doolittle et al., 1990; McFarland, 1992; Sadovnick et al., 1993; Ebers and Sadovnick, 1994). As with other autoimmune diseases, immune genes and immune response genes are among the top genetic polymorphisms that contribute to increase MS risk (Muñoz-Culla et al., 2013). To date, population studies have demonstrated an association, in Caucasian MS patients, with the class II major histocompatibility complex (MHC) alleles DRB1*1501, DRB5*0101, and DQB1*0602 (Vartdal et al., 1989; Oksenberg and Steinman, 1990; Ebers et al., 1996). These alleles are all contained in the DR2 haplotype, the one that has been most consistently associated with the disease. Further, HLADRB1*1501 has been associated with markers of disease severity (Isobe et al., 2016). HLA-DRB1*1501 was also identified as genetic risk factor for the development of late-onset AD (Steele et al., 2017; Kunkle et al., 2019). T-cell activation, proliferation, and inflammatory cytokine production in response to exposure to Aβ is increased with aging and is increased further in patients with AD (Togo et al., 2002; Monsonego et al., 2003). Additionally, 30% of patients whose T cells proliferate in response to Aβ were found to have the HLA-DRB1*1501 allele which utilized Aβ29–42 as an epitope. More recently, it has been shown that B cells, hematopoietic cells that make antibodies, also present antigens, and express neurodegeneration-associated proteins (Nataf et al., 2019). Further, B cells expressing HLA-DRB1*1501 allele bind to peptides derived from microtubule-associated protein tau, and presenilin. While this function may contribute to tolerance to these proteins at a young age, increased inflammation and T-cell activation with age may lead to an immunogenic response to these proteins.




Immune activation and neuroinflammation

While it is not yet known if inflammation is a primary driver in neurodegenerative diseases or if neuroinflammation is triggered by a central or systemic process, it is clear that inflammation has a crucial role in the pathogenic mechanisms of many neurodegenerative diseases, including AD, ALS, and MS (Amor et al., 2014). Microglia, the resident CNS immune cells, survey the microenvironment and respond to disease or injury. Once activated, microglia have the dual role of becoming pro-inflammatory (M1) or anti-inflammatory (M2; Guo et al., 2022). In neurodegeneration, the balance between microglia’s activation becomes shifted toward their classically activated, pro-inflammatory phenotype, producing pro-inflammatory chemokines/cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6, IL-1β, IL-12 (Colonna and Butovsky, 2017). Further, while T cells have long been recognized as a major player in MS, recent evidence suggested that T cells participate in the etiology of AD and ALS. T cells are the central players in the adaptive immune system, responsible for clonal expansion, differentiation, production of cytokines, and cytolytic processes. There are a number of T-cell subsets with distinct functions and roles. For the sake of discussion here, we will focus on two classes of T cells involved in neurodegenerative signals, CD4+ cells that oversee the generative of adaptive cellular immune responses and can regulate pro-inflammatory and anti-inflammatory responses and CD8+ cells which are effectors that kill antigen-bearing cells.


Inflammatory cascade in AD development

Chronic inflammation has long been implicated in the age of onset and degree of progression of AD. Endothelial cells, a component of the blood–brain barrier, are integral as they are exposed to attack from peripheral and central inflammation leading to chronic neuroinflammation (Ludewig et al., 2019). The role of endothelial cells in establishing and sustaining this pro-inflammatory environment is an area of active inquiry (Sun et al., 2020). This may occur, in part, through polymorphonuclear and mononuclear cell adherence, diapedesis, and activation of bystander cells. Clinical evidence supporting this observation is that CD11b integrin (involved in cell adhesion and diapedesis) was upregulated in neutrophils of patients with AD and this increase was positively correlated with disease severity (Scali et al., 2002). Endothelial dysfunctions due to inflammation have been correlated to Aβ-mediated cytotoxicity, deficits in Aβ clearance, the weakening of BBB repair mechanisms, aberrant immune cell recruitment, and a direct vascular contribution to the pro-inflammatory state in vulnerable brain regions (Stanimirovic and Satoh, 2006; Pober and Sessa, 2007; Govindpani et al., 2019).

Microvascular dysfunction due to chronic inflammation leads to increased BBB permeability and infiltration of neurotoxic molecules and inflammatory factors like interleukins (ILs), interferons, MMPs, and TNFα which contribute to demyelination, axonal loss, oligodendrocyte degeneration, and cell death (Cipollini et al., 2019).

Following mononuclear cell infiltration, microglial activation and astrocytic changes occur, ultimately resulting in neuronal death. Microglial cell dysregulation as a key pathological feature of AD, by showing marked activation occurring in preclinical perfusion deficits, and resulting in metabolic dysfunction and a sustained feedback loop involving neuronal death in the affected brain areas (Dzamba et al., 2016). The resulting increase of microglial-induced cyto- and chemo-kines have been associated with astrocytic changes such as the expression of chemokine monocyte chemoattractant protein (MCP-1/CCL2), whose main function is further recruitment of leukocytes at sites of inflammation and reduction in the BBB integrity (Stamatovic et al., 2005). Cytokines released by activated microglia can modify tight junction assembly, further enhancing BBB permeability (Luissint et al., 2012) and allowing for mononuclear cell extravasation and diapedesis (Abbott et al., 2010). As part of this mononuclear cell invasion into the brain parenchyma, T cells, part of the adaptive immune response, can enter the CNS. T cells are an integral component to the immune response and monitor the CNS for infection or injury, but if left unchecked can exacerbate inflammatory damage. An association between increased T-cell infiltration in the brain and substantial amyloid deposition has been seen (McManus et al., 2014). These findings are in line with other studies that have found an increase in CD8+ T cells in the hippocampus of AD patients (Togo et al., 2002) with enhanced inflammatory activity and increased expression of cytotoxic genes (Tu and Rao, 2016). Chronic activation of the adaptive immune response could be the final player in creating sustained inflammatory feedback in AD (Whittington et al., 2017).

Given this, confirmation of cell type participation in this overarching inflammatory cascade by exploring cell signaling changes by each could prospectively contribute to the identification of a key cell type/s for therapeutic intervention.



Inflammatory cascade in ALS development

Even with the heterogeneity in ALS pathology, neuroinflammation is a hallmark that is conserved regardless of the clinical classification. The idea of ALS being associated with an autoimmune feature was first introduced in 1986, when Appel et al. found that 19% of ALS patients had either past or present thyroid disease documented within their medical history (Appel et al., 1986). The role that the immune system plays in contributing to ALS pathology has since been investigated, suggesting alterations in microglia and astrocyte that are typically seen in ALS are mediated by genes that are associated with both cellular metabolism and immune activation, including the adaptive immune response (Rodrigues Lima-Junior et al., 2021). Although the exact relationship between immune activation and ALS pathology is unknown, evidence is mounting toward disease progression being linked to the immune function.

Within ALS, microglia undergo a phenotypic change; as the disease progresses, microglial activation and proliferation can be seen early on in the disease course (Moisse and Strong, 2006). These changes can be broadly seen in regions with only mild motor neuron loss, within the motor cortex, motor nuclei of the brainstem, the corticospinal tract, and the ventral horns of the spinal cord (Henkel et al., 2009). Microglia express higher levels of their M2 markers, which are neuroprotective toward motor neurons, at early stages of the disease (Liao et al., 2012). However, there is a shift toward their neurotoxic, pro-inflammatory M1 phenotype during disease progression which may contribute to neuronal death (Zhao et al., 2010; Tang and Le, 2016). It is likely this shift is responsible for exacerbating pathology, accelerating neuronal death and disease progression. Motor neuron death can be a direct result from microglial activation via their production of pro-inflammatory cytokines, by microglia-mediated protein oxidative pathology (Krieger et al., 1992; Almer et al., 2001; Shibata et al., 2001), by TNF-α-mediated apoptotic mechanisms, and by NO-induced apoptotic pathways (He et al., 2002; Raoul et al., 2002). In addition to an increased number of microglia, TNF-α is also increased before the appearance of motor deficits in SOD1 mutant mice and rats (Moisse and Strong, 2006). These preclinical findings are also supported clinically, using imaging. Using (11C)(R)-PK11195 positron emission tomography, microglial activation was shown to be increased with disease severity, suggesting microglial activation is an early feature, not only at disease end stage (Turner et al., 2004). While the inflammatory products released by activated microglia can directly cause motor neuron injury/death, the mechanism(s) leading to the induction of the microglial response remains unknown.

In addition to the changes seen within the innate immune system, changes within the adaptive immunity have also been linked to ALS pathology. Several studies have reported T-cell infiltration within the brain and spinal cords of ALS patients and murine models, with morphological and functional abnormalities within the T-cell subsets (Troost et al., 1990; Engelhardt et al., 1993; Mantovani et al., 2009). During the symptomatic stage, SOD1G93A mice have an increase in both CD4+ and CD8+ T cells that infiltrate the CNS, particularly within the spinal cords (Beers et al., 2008; Chiu et al., 2008). Investigators demonstrated an increased number of CD44+/CD62L– T cells within the CNS, with the majority of the infiltrating CD8+ T cells being effector memory T cells as well as an increase in the number of CD25+ CD8+ T cells as pathology progresses (Coque et al., 2019). These processes likely lead to accelerate symptomatic progression rather than initiate the disease as suggested by studies of SOD1 mice depleted of CD8 cells.

The accessory role of the innate and adaptive immune system is also confirmed clinically. A longitudinal analysis of ALS patients showed an increased number of neutrophils and monocytes negatively correlated with the ALSFRS-R score, but not with the rate of disease progression. Further, increased levels of NK and memory TH2 T cells were correlated with a lower risk of death; however, increased CD4+/CD45R+ effector memory and CD8+ T cells were correlated with a higher risk of death (Cui et al., 2022). It is proposed that circulating immune cells enter the CNS through a disrupted blood–brain barrier (BBB). Once inside the CNS, these peripheral immune cells affect disease progression by secreting pro-inflammatory cytokines and by influencing other cells (Butovsky et al., 2012; Murdock et al., 2015; Zamudio et al., 2020). The data highlight the importance of the immune systemin ALS pathology and disease progression.



Inflammatory cascade in MS development

Multiple sclerosis is an autoimmune disease, and in both experimental autoimmune encephalitis (EAE) and MS inflammatory demyelination is believed to be mediated by activated CD4+ T cells of a pro-inflammatory (Th1 and Th17) phenotypes that secrete interferon gamma, IL-6, and IL-17 and have the capacity to cross the BBB (Wekerle et al., 1986; Hickey et al., 1991; Flugel et al., 2001; Høglund and Maghazachi, 2014). Th17 cells may be involved in breaking down the integrity of the BBB through secretion of IL-17 and IL-22 (Tzartos et al., 2008). Further, CD8+ T cells that are observed in fresh MS plaques contribute to autoimmune encephalomyelitis. However, while MS is considered primarily a T-cell-mediated autoimmune disease, the underlying pathophysiology of MS is much more complex. T-cell reactivation after initiation of the immune response in the periphery is amplified through recognition of self-antigens presented by resident antigen-presenting cells and in response to cytokines secreted by these cells. Antigen presentation in the CNS requires the induction of MHC/HLA class II molecules (upregulated upon glial activation) as well as the upregulation of adhesion and co-stimulatory molecules on microglia. Inflammatory T cells from the periphery that have translocated into the perivascular space recruit additional T cells as well as B cells, NK cells, dendritic cells, and microglia to the site of immune activation (Zajicek et al., 1992).

These cells secrete cytokines that in turn contribute to tissue damage. B cells, plasma cells, and antibodies also are commonly found in active CNS lesions in patients with MS and in the blood of patients with chronic inflammatory demyelinating polyradiculoneuropathy. B cells and their related plasma cells isolated from CNS lesions as well as from the cerebrospinal fluid (CSF) show signs of clonal expansion and hypermutation and may contribute to the development of oligoclonal antibodies, a diagnostic hallmark, produced within the CSF of MS patients. Within the CNS, antibody deposition is associated with complement activation and demyelination.

There are four immunopatterns observed in CNS early active lesions of MS patients (Lucchinetti et al., 2000; Popescu et al., 2013; Metz et al., 2014). The early active lesions were defined by oligodendrocyte destruction and myelin protein loss, evidence of complement activation, and patterns of demyelination. Patterns I and II involve T-cell-mediated autoimmunity without (Pattern I; 15% of biopsies) and with (Pattern II; 58% of biopsies) B-cell involvement. Patterns III (26% of biopsies) and IV (1% of biopsies) show primarily oligodendrocyte loss and may indicate a viral or toxin-based mechanism. From analysis of the CSF of MS patients, oligoclonal bands are predominantly found in patients with Pattern I lesions whereas CSL/serum ratio (a measure of BBB integrity) was increased in patients with Pattern II and III lesions (Jarius et al., 2017). Interestingly, although there was heterogeneity in the lesion type among MS patients, the immunopattern of active plaques stayed consistently homogenous within a patient. In chronic MS, white-matter lesions show a more homogenous pattern with regard to underlying pathophysiological events, but remain heterogeneous with regard to degree of inflammation, demyelination, and axonal loss (Breij et al., 2008; Dziedzic et al., 2010; Frischer et al., 2015; Luchetti et al., 2018).

Because of this understanding of the pathophysiology underlying the development of CNS lesions in MS, several therapies focused on immune modulation have been developed as effective therapies for this debilitating disease.




Bioenergetic changes in each disease and changes during disease progression

Bioenergetics and mitochondrial function are essential for generating and maintaining proper energy levels through the production and utilization of ATP. In addition to their role in producing ATP, mitochondria also play an important role in phospholipid biogenesis, calcium homeostasis, and apoptosis (Smith et al., 2019). Under normal conditions, glucose is the primary fuel for the brain, which uses about 16% of the total oxygen consumed for aerobic oxidation of glucose to carbon dioxide and water (Costantini et al., 2008).


Bioenergetic changes in AD pathology

In AD, cognitive decline correlates with decreased cerebral glucose metabolism, and found that hypometabolism was a better indicator of cognitive dysfunction than structural changes, such as hippocampal atrophy (Sigurdsson et al., 2017). This is, in part, due to the dependence of the central nervous system on adequate energy to maintain the demands of neuronal function. This puts the brain at risk for declines in cognitive function if the supply of glucose or oxygen or both is interrupted. In line with other studies and the dominating hypothesis of the pathological development of AD, this decreased blood flow—impaired glucose metabolism as well as impaired cell waste removal—can result in insoluble Aβ fragments and neurofibrillary tangles (NFTs) and contribute to another prominent feature that has been recognized to play a factor in aging and in the progression of multiple neurodegenerative diseases including AD: oxidative stress.

Increased production of ROS is associated with age- and disease-dependent loss of mitochondrial function, altered metal homeostasis, and reduced antioxidant defenses, which directly affect synaptic activity and neurotransmission in neurons, leading to cognitive dysfunction (Tönnies and Trushina, 2017). This is primarily via the accumulation and marked concentration increases of reactive oxygen species (ROS)—further producing neuronal damage, cognitive decline, vascular dysfunction and, of course, a sustained deposition of cerebral Aβ (Faraci, 2006). This has been observed in APP over-expressing transgenic mice, in which antioxidant therapy or over-expression of free radical scavenger superoxide dismutase in these models reverses Aβ-mediated cerebrovascular dysfunction (Park et al., 2004).

This increased production of ROS has been observed to be linked to mitochondrial dysfunction. Specifically, disruption in glucose metabolism associated with early mitochondrial dysfunction was detected in multiple animal models and AD patients not only may be a direct determinant of oxidative stress and synaptic dysfunction, but that they contribute to early disease mechanisms before any evidence of Aβ or tau pathology (Trushina et al., 2012). Ultimately, this means AD produces several bioenergetic changes which alters cerebral blood flow regulation, reduces the brain’s redox buffering capacity, and depletes vascular metabolic reserves (Flannery and Trushina, 2019).

Such bioenergetic changes include changes in glucose transport and mitochondrial hypometabolism. The glucose transporter, GLUT1, mediates glucose transport at the BBB into the brain and has been well established to undergo significant reductions in AD (Winkler et al., 2015). Further, in a model of vascular dementia, GLUT1 was reduced in both the hippocampus and the cortex preceding Aβ deposition and persisting well after (Carnevale et al., 2012). Alternatively, insulin is known to play several roles within the CNS including regulation of neuronal survival, feeding behavior, cognition, and most importantly regulation of tissue metabolism by controlling cellular glucose uptake—accessing CNS regions by crossing the BBB via insulin receptor (InsR)-mediated transport, and has been shown to be altered in post-mortem brain tissue from AD patients (Griffith et al., 2018). Meanwhile, due to an increase in studies providing evidence of a causal role of brain hypometabolism and mitochondrial bioenergetic deficits (Yao et al., 2011), a subsequent increase in studies is seeking to explain how mitochondrial complex I (NADH:ubiquinone oxidoreductase—the first and the largest complex of the electron transport chain (ETC)) and complex IV (cytochrome c oxidase – the last enzyme in the respiratory ETC) offered the most profound reduction in levels of Aβ, phosphor-tau, and cognitive decline in three animal models of familial AD (Moreira et al., 2010; Zhang et al., 2015).

Linking OS induction—primarily due to mitochondrial dysfunction—could possibly serve as a springboard for studies examining the subsequent intra- and inter-cellular cascades that are activated and their role in the progression of AD pathology. We hope that this review will add to the body of evidence aimed at solidifying vascular oxidative stress and its induction of elevated Aβ as an emerging key pathogenic factor in AD (Simpson et al., 2010).



Bioenergetic changes in ALS pathology

Within ALS, mitochondrial dysfunction has been observed within various cell types and tissues that are implicated with contributing to disease pathology. Mitochondrial abnormalities have been seen within motor neurons, microglia, and astrocytes in both in vivo and in vitro models (Obrador et al., 2021). These changes result in mitochondrial having decreased ATP production, loss of calcium homeostasis, increased pro-apoptotic signaling, and have impaired axonal transport (Smith et al., 2019). In addition, the four most prevalent genes associated with ALS (SOD1, C9orf72, FUS, and TDP43) all have been linked to mitochondrial function, highlighting the importance of proper mitochondrial function in ALS (Abel et al., 2012; Mejzini et al., 2019).

Bioenergetic alterations are one of the first observed early changes seen in the pathophysiology. In presymptomatic SOD1G93A mice, motor neurons demonstrate lower respiration, with a reduction in both total cellular and the mitochondrial steady-state ATP levels (Szelechowski et al., 2018). Clinically speaking, patients with sporadic ALS also have reductions in cellular respiration (Borthwick et al., 1999; Wiedemann et al., 2002), implying that bioenergetic changes are a potential driving force in ALS pathology as a whole, not just in those with mutations in genes associated with mitochondrial function. In both sporadic and familial ALS motor neurons, hypo-oxidation and hyper-glycolysis can be seen. Hyper-glycolysis within the motor neurons of ALS patients is likely a result of a compensatory mechanism designed to overcome the reduced ATP being generated through oxidative phosphorylation (Hor et al., 2021). Additionally, bioenergetic analysis of mitochondrial respiration from iMNs from both sporadic and familial ALS patients reliably had lower basal oxygen consumption rates (OCR) compared to controls, consistent with lower mitochondrial ATP production through oxidative phosphorylation. This group also showed ATP production through glycolysis was found to be lower in every ALS cell line (Singh et al., 2021).

In addition to the direct link mitochondrial dysfunction plays in neurotoxicity, improper mitochondrial function can lead to many indirect consequences resulting in cellular toxicity. These can lead to downstream effects like excitotoxicity through glutamate neurotransmitter release (Reyes and Parpura, 2008), improper axonal transport (Mandal and Drerup, 2019), and the accumulation of ROS leading to increased oxidative stress (Barber and Shaw, 2010). Although the mechanisms leading to ALS remain elusive, mitochondrial dysfunction, glucose hypometabolism, impaired metabolic support from glia, and aberrant energy signaling all create energy imbalances seen in both ALS patients and model systems Nelson and Trotti (2022). Despite the heterogeneity seen in ALS patients, the direct and indirect effects of impaired mitochondrial function remain conserved, strongly implying mitochondrial dysfunction to be a driving force in ALS pathology.



Bioenergetic changes in MS pathology

In EAE, mitochondrial function and energy production is reduced and this reduction precedes the onset of neurological dysfunction (Sadeghian et al., 2016). The loss of optimal mitochondrial function and the resulting energy deficit leads to impairment of impulse transmission, axonal transport, and neuronal ion trafficking (Adiele and Adiele, 2019; Correale et al., 2019). Activation of the inflammatory system, including microglia and macrophages, further exacerbates mitochondrial dysfunction as disease progresses (Kalman and Leist, 2003; Witte et al., 2014).

Ultrastructural analysis of spinal cord lesions in MS shows depletion of mitochondrial content and increased axonal swelling (Mao and Reddy, 2010). Demyelinated axons are more susceptible to reduction in bioenergetics than myelinated axons supporting the hypothesis that mitochondrial dysfunction contributes to MS progression (Mahad et al., 2008; Fischer et al., 2012). Additionally, bioenergetic insufficiency has remarkable impacts on oligodendrocyte precursor cells, the cells that support remyelination in the CNS are sensitive bioenergetics deficits. The inability of OPC proliferate and differentiation secondary to mitochondrial dysfunction leads to loss of neurological function (Kuhlmann et al., 2008; Ziabreva et al., 2010; Kremer et al., 2011). In Pattern III lesions, which have the hallmark of loss of oligodendrocytes, there is a reduction in mitochondrial density and the level of Complex IV of the electron transport chain (Mahad et al., 2008). Mitochondrial loss and reduced mitochondrial gene expression is observed in neurons of MS tissues (Dutta et al., 2006). In neurons, mitochondrial deficits are associated with reduced activity of complexes I, III, and IV of the electron transport chain and axonal degeneration. Mitochondrial dysfunction and the resulting bioenergetics crisis is a key driver of neurodegeneration in MS (Lassmann and van Horssen, 2011).

Oxidative stress (OS), an outcome of mitochondrial dysfunction, is an important pathophysiological process in the development of MS (Lu et al., 2000; Aboul-Enein and Lassmann, 2005; Glass et al., 2010; Campbell et al., 2011; Fischer et al., 2012). The CNS is particularly susceptible to OS due to the high metabolic rate and the high level of polyunsaturated fatty acids in the membranes of CNS cells (Patergnani et al., 2017; Barcelos et al., 2019). In a study of MS patients, increased levels of markers of OS (thiobarbituric acid reacting substances and oxidized proteins) were seen in the plasma and saliva (Karlík et al., 2015). Oxidative damage to mitochondria precedes the infiltration of inflammatory cells into the CNS in EAE (Qi et al., 2006). Reactive oxygen species (ROS) play key role in many processes underlying MS pathogenesis (van Horssen et al., 2008, 2011; Lassmann and van Horssen, 2016). Activated microglia and macrophages, a major component of MS lesions, generate high amounts of ROS by myeloperoxidase, xanthine oxidase, and NADPH oxidases activities (Gray et al., 2008a,b). ROS interact with nitric oxide to generate the highly reactive peroxynitrite in MS resulting in the peroxidation of macromolecules in oligodendrocytes, astrocytes, macrophages, and damage axons (Cross et al., 1998; Liu et al., 2001; Qin et al., 2007; Haider et al., 2011). As described above for AD, OS contributes to the disruption of the BBB and enhances leukocyte migration and function into the CNS. Extensive oxidative damage is seen in active demyelinating lesions, particularly in reactive, hypertrophic astrocytes, and macrophages that have phagocytosed myelin. Among the neuroglial cells, oligodendrocytes, the cell that generated the myelin sheath, are more susceptible to oxidative damage than astrocytes. In part, this is due to the high metabolic demand for the production of myelin proteins, particularly during periods of active myelination and remyelination (McTigue and Tripathi, 2008).




Targeted approach

As previously stated, while there is some overlap, AD, ALS and MS have disease-specific genes associated with an increase in prevalence. These differences provide an unparalleled challenge for developing blanket therapeutics that have a universal benefit to all NDD patients. However, focusing on the downstream mechanisms could be the future of drug development to treat all neurodegenerative diseases. Autophagy, a cellular process that is impaired and contributes to chronic immune activation and reduced mitochondrial bioenergetics, is one cellular mechanism that is implicated in all three, making it a viable target for drug development (Figure 1).
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FIGURE 1
 AD, MS, and ALS exhibit increased inflammation and bioenergetic changes, ultimately leading to neurodegeneration and furthering disease progression. The cross talk between inflammation and bioenergic dysfunction is dynamic and influences one another, promoting dysregulation. Figure created with BioRender.com
.


Autophagy is a vital metabolic process responsible for a wide array cellular processes and maintaining homeostasis. The cross talk between the immune system and autophagy is crucial for cell survival and maintaining the microenvironment. Autophagy plays an important role in both the adaptive and innate immune systems, contributing in pathogen removal, cytokine production, and lymphocyte survival (Misrielal et al., 2020). Ultimately, autophagy dysregulation can have consequences that ultimately lead to neuroinflammation and neurodegeneration. The relationship between autophagy and inflammation is complex, being able to both promote and downregulate each other through different mechanisms (Levine et al., 2011; Deretic et al., 2013; Liang and Le, 2015). Therefore, it is unsurprising autophagy has been pathologically linked to multiple neuroinflammatory diseases, such as AD, ALS, and MS (Muller et al., 2017; Yin et al., 2018).

Autophagy has been shown to influence the immune system through the NF-kB signaling pathway and by enhancement of APCs (Chemali et al., 2011). The NF-kB transcription factors regulate a variety of genes responsible for cell proliferation, cell survival, inflammation, and immune responses (Hayden and Ghosh, 2011). The cross talk between NF-kB and autophagy can be observed in immune cells with varying responses depending on the tissue-specific macrophages involved (Zhong et al., 2016). These cell-specific responses indicate a dual pathogenic or therapeutic role autophagy plays, depending on the external signals. In addition to NF-kB signaling, autophagy allows for APCs to properly digest pathogens and enhance MHC-I and MHC-II presentation (Chemali et al., 2011). Impaired autophagy therefore can lead to immune dysfunction and reduced clearance of cytotoxic agents.

The catalytic protein, mTOR, is a primary regulator for cellular metabolism, having a critical role in regulating autophagy. mTOR works through two main complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). These protein kinase complexes bind to accessory proteins to regulate cellular metabolism and promote cell growth (Kim and Guan, 2015). mTORC1 inhibits autophagy and lysosome biogenesis, impairing the ability to breakdown and remove damaged organelles and macromolecules which further adds to cellular stress. In AD, ALS, and MS, mTOR activity is increased, leading to inflammation and neuronal damage (Oddo, 2012; Li et al., 2020; Granatiero et al., 2021). Due to this phenomenon, researchers have begun to look at a pharmacological agent that attenuates mTOR activity, such as Rapamycin, to enhance autophagy. In ALS, Rapamycin administration improved symptoms in a Drosophila model of ALS-TDP, reducing both neuronal loss and TDP43 inclusions. Rapamycin was also shown to increase Treg levels, a characteristic associated with a slower progression of ALS (Mandrioli et al., 2018). mTOR is also implicated in cognitive decline during normal aging, and Rapamycin administration has been able to preserve brain function and mitigate cognitive decline in AD by increasing autophagy and reducing amyloid-beta and tau pathogenic proteins (Kaeberlein and Galvan, 2019; Mueed et al., 2019). Rapamycin administration is also beneficial in MS, by reducing relapsing–remitting EAE, likely by the immunosuppressive effect in the inflammatory-mediated demyelination, indicating a potential role in MS (Liang and Le, 2015).



Conclusion

As can be deduced, the use of appropriate models is paramount in recapitulating the drivers in pathology discussed. Making the “right” choice is arguably the most important factor in gauging success of research endeavors (Sprott, 1999). A good model must not only mimic pathology, but also the complex temporal relationships that occur in neuroendocrine and immune systems and the organism (Swearengen, 2018). This allows relevant, translatable scientific data from which to draw meaningful therapeutic perspectives. The most commonly used model for AD are transgenic mice that overexpress human gene associated with familial AD, including APP, PSEN1, and APOE4 (Drummond and Wisniewski, 2017; Jankowsky and Zheng, 2017). Those for ALS include SOD1 and TDP43 mutant mice (Philips and Rothstein, 2015). And for MS, involving the EAE, TMEV infection model, and toxin-induced demyelination (Procaccini et al., 2015). Unfortunately, success rates of drugs in clinical trials of these diseases after testing in animal models have all been disappointing (Petrov et al., 2017; Hart et al., 2021). Understanding the shared pathology of these diseases may require using a shared approach to animal model selection: genetic models with high-risk factors. Genes and the environment play an intertwined role in disease onset and progression (Lovely et al., 2017). Therefore, animal models should incorporate high-risk environmental effects in studies. High-risk factors in AD include hypertension and diabetes, for ALS include smoking and hypermetabolism disorders, and for MS include smoking and obesity (Silva et al., 2019; Tsai et al., 2019; Taan et al., 2021). By combining genetic and risk factor into an animal model, conclusions drawn may provide greater transability in clinical trial than generated with a genetic model alone.

As this review highlights, neurodegenerative disorders have common underlying mechanisms which manifest in unique disease pathology depending upon risk factors, predominance of the mechanism in the disease progression, and area of the central nervous system affected. Future work should be geared toward filling the gaps in understanding the level of impact and influence these factors play in pathology development., which could lead to the development of better tools to measure disease progression. However, these commonalities, evaluated at differing levels in each disease, can at least allow a starting point for potential therapeutic interventions that can intersect through modification of these shared underlying processes. Understanding the shared aspects will allow for universal treatments that can encompass all neurodegenerative diseases.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by T32-AG061897, U01-AG063768, and P01-AG026572.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 2020 Alzheimer's Association Report (2020). 2020 Alzheimer's disease facts and figures. Alzheimers Dement. 16, 391–460. doi: 10.1002/alz.12068

 Abbott, N. J., Patabendige, A. A. K., Dolman, D. E. M., Yusof, S. R., and Begley, D. J. (2010). Structure and function of the blood–brain barrier. Neurobiol. Dis. 37, 13–25. doi: 10.1016/j.nbd.2009.07.030

 Abel, O., Powell, J. F., Andersen, P. M., and Al-Chalabi, A. (2012). ALSoD: a user-friendly online bioinformatics tool for amyotrophic lateral sclerosis genetics. Hum. Mutat. 33, 1345–1351. doi: 10.1002/humu.22157 

 Aboul-Enein, F., and Lassmann, H. (2005). Mitochondrial damage and histotoxic hypoxia: a pathway of tissue injury in inflammatory brain disease? Acta Neuropathol. Commun. 109, 49–55. doi: 10.1007/s00401-004-0954-8 

 Adiele, R. C., and Adiele, C. A. (2019). Metabolic defects in multiple sclerosis. Mitochondrion 44, 7–14. doi: 10.1016/j.mito.2017.12.005

 Almer, G., Guégan, C., Teismann, P., Naini, A., Rosoklija, G., Hays, A. P., et al. (2001). Increased expression of the pro-inflammatory enzyme cyclooxygenase-2 in amyotrophic lateral sclerosis. Ann. Neurol. 49, 176–185. doi: 10.1002/1531-8249(20010201)49:2<176::AID-ANA37>3.0.CO;2-X 

 Alzheimer's Disease International, Christina Patterson. (2018). The State of the Art of Dementia Research: New frontiers. World Alzheimer Report 2018. Available at: https://www.alzint.org/u/WorldAlzheimerReport2018.pdf Accessed July 09, 2022.

 Amor, S., Peferoen, L. A., Vogel, D. Y., Breur, M., van der Valk, P., Baker, D., et al. (2014). Inflammation in neurodegenerative diseases—an update. Immunology 142, 151–166. doi: 10.1111/imm.12233 

 Appel, S. H., Stockton Appel, V., Stewart, S. S., and Kerman, R. H. (1986). Amyotrophic lateral sclerosis: associated clinical disorders and immunological evaluations. Arch. Neurol. 43, 234–238. doi: 10.1001/archneur.1986.00520030026007

 Barber, S. C., and Shaw, P. J. (2010). Oxidative stress in ALS: key role in motor neuron injury and therapeutic target free radic. Biol. Med. 48, 629–641. doi: 10.1016/j.freeradbiomed.2009.11.018

 Barcelos, I. P., Troxell, R. M., and Graves, J. S. (2019). Mitochondrial dysfunction and multiple sclerosis. Biology (Basel) 8:37. doi: 10.3390/biology8020037 

 Beers, D. R., Henkel, J. S., Zhao, W., Wang, J., and Appel, S. H. (2008). CD4+ T cells support glial neuroprotection, slow disease progression, and modify glial morphology in an animal model of inherited ALS. Proc. Natl. Acad. Sci. U. S. A. 105, 15558–15563. doi: 10.1073/pnas.0807419105 

 Bonafede, R., and Mariotti, R. (2017). ALS pathogenesis and therapeutic approaches: the role of Mesenchymal stem cells and extracellular vesicles. Front. Cell. Neurosci. 11:80. doi: 10.3389/fncel.2017.00080 

 Borthwick, G. M., Johnson, M. A., Ince, P. G., Shaw, P. J., and Turnbull, D. M. (1999). Mitochondrial enzyme activity in amyotrophic lateral sclerosis: implications for the role of mitochondria in neuronal cell death. Ann. Neurol. 46, 787–790. doi: 10.1002/1531-8249(199911)46:5<787::AID-ANA17>3.0.CO;2-8 

 Breij, E. C., Brink, B. P., Veerhuis, R., van den Berg, C., Vloet, R., Yan, R., et al. (2008). Homogeneity of active demyelinating lesions in established multiple sclerosis. Ann. Neurol. 63, 16–25. doi: 10.1002/ana.21311 

 Butovsky, O., Siddiqui, S., Gabriely, G., Lanser, A. J., Dake, B., Murugaiyan, G., et al. (2012). Modulating inflammatory monocytes with a unique microRNA gene signature ameliorates murine ALS. J. Clin. Invest. 122, 3063–3087. doi: 10.1172/JCI62636 

 Campbell, G. R., Ziabreva, I., Reeve, A. K., Krishnan, K. J., Reynolds, R., Howell, O., et al. (2011). Mitochondrial DNA deletions and neurodegeneration in multiple sclerosis. Ann. Neurol. 69, 481–492. doi: 10.1002/ana.22109 

 Cao, L., Schrank, B., Rodriguez, S., Benz, E. G., Moulia, T. W., Rickenbacher, G. T., et al. (2012). AΒ alters the connectivity of olfactory neurons in the absence of amyloid plaques in vivo. Nature. Communications 3:1009(2012). doi: 10.1038/ncomms2013 

 Carnevale, D., Mascio, G., Ajmone-Cat, M. A., D'Andrea, I., Cifelli, G., Madonna, M., et al. (2012). Role of neuroinflammation in hypertension-induced brain amyloid pathology. Neurobiol. Aging 33, 205.e19–205.e29. doi: 10.1016/j.neurobiolaging.2010.08.013 

 Chemali, M., Radtke, K., Desjardins, M., and English, L. (2011). Alternative pathways for MHC class I presentation: a new function for autophagy. Cell. Mol. Life Sci. 68, 1533–1541. doi: 10.1007/s00018-011-0660-3 

 Chen, S., Savana, P., Zhang, X., and Le, W. (2013). Genetics of amyotrophic lateral sclerosis: an update. Mol. Neurodegener. 8:28. doi: 10.1186/1750-1326-8-28 

 Chiu, I. M., Chen, A., Zheng, Y., Kosaras, B., Tsiftsoglou, S. A., Vartanian, T. K., et al. (2008). T lymphocytes potentiate endogenous neuroprotective inflammation in a mouse model of ALS. Proc. Natl. Acad. Sci. U. S. A. 105, 17913–17918. doi: 10.1073/pnas.0804610105 

 Cipollini, V., Troili, F., and Giubilei, F. (2019). Emerging biomarkers in vascular cognitive impairment and dementia: from pathophysiological pathways to clinical application. Int. J. Mol. Sci. 20:2812. doi: 10.3390/ijms20112812 

 Colonna, M., and Butovsky, O. (2017). Microglia function in the central nervous system during health and Neurodegeneration. Annu. Rev. Immunol. 35, 441–468. doi: 10.1146/annurev-immunol-051116-052358 

 Coque, E., Salsac, C., Espinosa-Carrasco, G., Varga, B., Degauque, N., Cadoux, M., et al. (2019). Cytotoxic CD8(+) T lymphocytes expressing ALS-causing SOD1 mutant selectively trigger death of spinal motoneurons. Proc. Natl. Acad. Sci. U. S. A. 116, 2312–2317. doi: 10.1073/pnas.1815961116 

 Correale, J., Marrodan, M., and Ysrraelit, M. C. (2019). Mechanisms of Neurodegeneration and axonal dysfunction in progressive multiple sclerosis. Biomedicine 7:14. doi: 10.3390/biomedicines7010014

 Costantini, L. C., Barr, L. J., Vogel, J. L., and Henderson, S. T. (2008). Hypometabolism as a therapeutic target in alzheimer's disease. BMC Neurosci. 9:S16. doi: 10.1186/1471-2202-9-s2-s16 

 Cross, A. H., Manning, P. T., Keeling, R. M., Schmidt, R. E., and Misko, T. P. (1998). Peroxynitrite formation within the central nervous system in active multiple sclerosis. J. Neuroimmunol. 88, 45–56. doi: 10.1016/s0165-5728(98)00078-2 

 Cui, C., Ingre, C., Yin, L., Li, X., Andersson, J., Seitz, C., et al. (2022). Correlation between leukocyte phenotypes and prognosis of amyotrophic lateral sclerosis. eLife 11:e74065. doi: 10.7554/eLife.74065 

 Deretic, V., Saitoh, T., and Akira, S. (2013). Autophagy in infection, inflammation and immunity. Nat. Rev. Immunol. 13, 722–737. doi: 10.1038/nri3532 

 Doolittle, T. H., Myers, R. H., Lehrich, J. R., Birnbaum, G., Sheremata, W., Franklin, G. M., et al. (1990). Multiple sclerosis sibling pairs: clustered onset and familial predisposition. Neurology 40, 1546–1552. doi: 10.1212/WNL.40.10.1546 

 Drummond, E., and Wisniewski, T. (2017). Alzheimer's disease: experimental models and reality. Acta Neuropathol. 133, 155–175. doi: 10.1007/s00401-016-1662-x 

 Du, M., Andersen, S. L., Schupf, N., Feitosa, M. F., Barker, M. S., Perls, T. T., et al. (2021). Association between APOE alleles and change of neuropsychological tests in the long life family study. J. Alzheimers Dis. 79, 117–125. doi: 10.3233/jad-201113 

 Dutta, R., McDonough, J., Yin, X., Peterson, J., Chang, A., Torres, T., et al. (2006). Mitochondrial dysfunction as a cause of axonal degeneration in multiple sclerosis patients. Ann. Neurol. 59, 478–489. doi: 10.1002/ana.20736 

 Dzamba, D., Harantova, L., Butenko, O., and Anderova, M. (2016). Glial cells–the key elements of alzheimers disease. Curr. Alzheimer Res. 13, 894–911. doi: 10.2174/1567205013666160129095924

 Dziedzic, T., Metz, I., Dallenga, T., König, F. B., Müller, S., Stadelmann, C., et al. (2010). Wallerian degeneration: a major component of early axonal pathology in multiple sclerosis. Brain Pathol. 20, 976–985. doi: 10.1111/j.1750-3639.2010.00401.x 

 Ebers, G. C., Kukay, K., Bulman, D. E., Sadovnick, A. D., Rice, G., Anderson, C., et al. (1996). A full genome search in multiple sclerosis. Nat. Genet. 13, 472–476. doi: 10.1038/ng0896-472 

 Ebers, G. C., and Sadovnick, A. D. (1994). The role of genetic factors in multiple sclerosis susceptibility. J. Neuroimmunol. 54, 1–17. doi: 10.1016/0165-5728(94)90225-9

 Engelhardt, J. I., Tajti, J., and Appel, S. H. (1993). Appel lymphocytic infiltrates in the spinal cord in amyotrophic lateral sclerosis. Arch. Neurol. 50, 30–36. doi: 10.1001/archneur.1993.00540010026013 

 Faraci, F. M. (2006). Reactive oxygen species: influence on cerebral vascular tone. J. Appl. Physiol. 100, 739–743. doi: 10.1152/japplphysiol.01044.2005 

 Fischer, M. T., Sharma, R., Lim, J. L., Haider, L., Frischer, J. M., Drexhage, J., et al. (2012). NADPH oxidase expression in active multiple sclerosis lesions in relation to oxidative tissue damage and mitochondrial injury. Brain 135, 886–899. doi: 10.1093/brain/aws012 

 Flannery, P. J., and Trushina, E. (2019). Mitochondrial dynamics and transport in alzheimer's disease. Mol. Cell. Neurosci. 98, 109–120. doi: 10.1016/j.mcn.2019.06.009 

 Flugel, A., Berkowicz, T., Ritter, T., et al. (2001). Migratory activity and functional changes of green fluorescent effector cells before and during experimental autoimmune encephalomyelitis. Immunity 14, 547–560. doi: 10.1016/S1074-7613(01)00143-1 

 Frischer, J. M., Weigand, S. D., Guo, Y., Kale, N., Parisi, J. E., Pirko, I., et al. (2015). Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque. Ann. Neurol. 78, 710–721. doi: 10.1002/ana.24497 

 GBD 2019 Ageing Collaborators (2022). Global, regional, and national burden of diseases and injuries for adults 70 years and older: systematic analysis for the global burden of disease 2019 study. BMJ 376:e068208. doi: 10.1136/bmj-2021-068208 

 Glass, C. K., Saijo, K., Winner, B., Marchetto, M. C., and Gage, F. H. (2010). Mechanisms underlying inflammation in neurodegeneration. Cells 140, 918–934. doi: 10.1016/j.cell.2010.02.016 

 Govindpani, K., McNamara, L. G., Smith, N. R., Vinnakota, C., Waldvogel, H. J., Faull, R. L. M., et al. (2019). Vascular dysfunction in alzheimer’s disease: a prelude to the pathological process or a consequence of it? J. Clin. Med. 8:651. doi: 10.3390/jcm8050651 

 Granatiero, V., Sayles, N. M., Savino, A. M., Konrad, C., Kharas, M. G., Kawamata, H., et al. (2021). Modulation of the IGF1R-MTOR pathway attenuates motor neuron toxicity of human ALS SOD1G93A astrocytes. Autophagy 17, 4029–4042. doi: 10.1080/15548627.2021.1899682 

 Gray, E., Thomas, T. L., Betmouni, S., Scolding, N., and Love, S. (2008a). Elevated myeloperoxidase activity in white matter in multiple sclerosis. Neurosci. Lett. 444, 195–198. doi: 10.1016/j.neulet.2008.08.035 

 Gray, E., Thomas, T. L., Betmouni, S., Scolding, N., and Love, S. (2008b). Elevated activity and microglial expression of myeloperoxidase in demyelinated cerebral cortex in multiple sclerosis. Brain Pathol. 18, 86–95. doi: 10.1111/j.1750-3639.2007.00110.x 

 Griffith, C. M., Eid, T., Rose, G. M., and Patrylo, P. R. (2018). Evidence for altered insulin receptor signaling in alzheimer's disease. Neuropharmacology 136, 202–215. doi: 10.1016/j.neuropharm.2018.01.008 

 Guo, S., Wang, H., and Yin, Y. (2022). Microglia polarization from M1 to M2 in neurodegenerative diseases. Front. Aging Neurosci. 14:815347. doi: 10.3389/fnagi.2022.815347 

 Haider, L., Fischer, M. T., Frischer, J. M., Bauer, J., Höftberger, R., Botond, G., et al. (2011). Oxidative damage in multiple sclerosis lesions. Brain 134, 1914–1924. doi: 10.1093/brain/awr128 

 Hart, B. A., Luchicchi, A., Schenk, G. J., Killestein, J., and Geurts, J. J. G. (2021). Multiple sclerosis and drug discovery: a work of translation. EBio Med. 68:103392. doi: 10.1016/j.ebiom.2021.103392

 Hayden, M. S., and Ghosh, S. (2011). NF-kappaB in immunobiology. Cell Res. 21, 223–244. doi: 10.1038/cr.2011.13 

 He, B. P., Wen, W., and Strong, M. J. (2002). Activated microglia (BV-2) facilitation of TNF–mediated motor neuron death in vitro. J. Neuroimmunol. 128, 31–38. doi: 10.1016/S0165-5728(02)00141-8 

 Henkel, J. S., Beers, D. R., Zhao, W., and Appel, S. H. (2009). Microglia in ALS: the good, the bad, and the resting. J. Neuroimmune Pharmacol. 4, 389–398. doi: 10.1007/s11481-009-9171-5 

 Hickey, W., Hsu, B. L., and Kimura, H. (1991). T-lymphocyte entry into the central nervous system. J. Neurosci. Res. 28, 254–260. doi: 10.1002/jnr.490280213

 Høglund, R. A., and Maghazachi, A. A. (2014). Multiple sclerosis and the role of immune cells. World J. Exp. Med. 4, 27–37. doi: 10.5493/wjem.v4.i3.27 

 Hor, J. H., Santosa, M. M., Lim, V. J. W., Ho, B. X., Taylor, A., Khong, Z. J., et al. (2021). ALS motor neurons exhibit hallmark metabolic defects that are rescued by SIRT3 activation. Cell Death Differ. 28, 1379–1397. doi: 10.1038/s41418-020-00664-0 

 Iqbal, K., Liu, F., Gong, C.-X., and Grundke-Iqbal, I. (2010). Tau in alzheimer disease and related tauopathies. Curr. Alzheimer Res. 7, 656–664. doi: 10.2174/156720510793611592 

 Isobe, N., Keshavan, A., Gourraud, P., et al. (2016). Association of HLA genetic risk burden with disease phenotypes in multiple sclerosis. JAMA Neurol. 73, 795–802. doi: 10.1001/jamaneurol.2016.0980 

 Jankowsky, J. L., and Zheng, H. (2017). Practical considerations for choosing a mouse model of Alzheimer’s disease. Mol. Neurodegener. 12:89. doi: 10.1186/s13024-017-0231-7 

 Jarius, S., König, F., Metz, I., et al. (2017). Pattern II and pattern III MS are entities distinct from pattern I MS: evidence from cerebrospinal fluid analysis. J. Neuroinflammation 14:171. doi: 10.1186/s12974-017-0929-z 

 Kaeberlein, M., and Galvan, V. (2019). Rapamycin and Alzheimer's disease: Time for a clinical trial? Sci. Transl. Med. 11:eaar4289. doi: 10.1126/scitranslmed.aar4289 

 Kalman, B., and Leist, T. P. (2003). A mitochondrial component of neurodegeneration in multiple sclerosis. NeuroMolecular Med. 3, 147–158. doi: 10.1385/NMM:3:3:147 

 Karlík, M., Valkovič, P., Hančinová, V., Krížová, L., Tóthová, Ľ., and Celec, P. (2015). Markers of oxidative stress in plasma and saliva in patients with multiple sclerosis. Clin. Biochem. 48, 24–28. doi: 10.1016/j.clinbiochem.2014.09.023 

 Kim, Y. C., and Guan, K. L. (2015). mTOR: a pharmacologic target for autophagy regulation. J. Clin. Invest. 125, 25–32. doi: 10.1172/JCI73939 

 Kirby, J., Al Sultan, A., Waller, R., and Heath, P. (2016). The genetics of amyotrophic lateral sclerosis: current insights. Degener. Neurol. Neuromusc. Dis. 6, 49–64. doi: 10.2147/DNND.S84956 

 Kremer, D., Aktas, O., Hartung, H. P., and Küry, P. (2011). The complex world of oligodendroglial differentiation inhibitors. Ann. Neurol. 69, 602–618. doi: 10.1002/ana.22415 

 Krieger, C., Perry, T. L., and Ziltener, H. J. (1992). Amyotrophic lateral sclerosis: interleukin-6 levels in cerebrospinal fluid. Can. J. Neurol. Sci. 19, 357–359. doi: 10.1017/S0317167100041998 

 Kuhlmann, T., Miron, V., Cuo, Q., Wegner, C., Antel, J., and Bruck, W. (2008). Differentiation block of oligodendroglial progenitor cells as a cause for remyelination failure in chronic multiple sclerosis. Brain 131, 1749–1758. doi: 10.1093/brain/awn096 

 Kunkle, B. W., Grenier-Boley, B., Sims, R., Bis, J. C., Damotte, V., Naj, A. C., et al. (2019). Genetic meta-analysis of diagnosed Alzheimer's disease identifies new risk loci and implicates Abeta, tau, immunity and lipid processing. Nat. Genet. 51, 414–430. doi: 10.1038/s41588-019-0358-2 

 Lassmann, H., and van Horssen, J. (2011). The molecular basis of neurodegeneration in multiple sclerosis. FEBS Lett. 585, 3715–3723. doi: 10.1016/j.febslet.2011.08.004

 Lassmann, H., and van Horssen, J. (2016). Oxidative stress and its impact on neurons and glia in multiple sclerosis lesions. Biochim. Biophys. Acta 1862, 506–510. doi: 10.1016/j.bbadis.2015.09.018 

 Levine, B., Mizushima, N., and Virgin, H. W. (2011). Autophagy in immunity and inflammation. Nature 469, 323–335. doi: 10.1038/nature09782 

 Li, X.-l., Zhang, B., Liu, W., Sun, M.-j., Zhang, Y.-l., Liu, H., et al. (2020). Rapamycin alleviates the symptoms of multiple sclerosis in experimental autoimmune encephalomyelitis (EAE) through mediating the TAM-TLRs-SOCS pathway. Front. Neurol. 11:590884. doi: 10.3389/fneur.2020.590884 

 Liang, P., and Le, W. (2015). Role of autophagy in the pathogenesis of multiple sclerosis. Neurosci. Bull. 31, 435–444. doi: 10.1007/s12264-015-1545-5 

 Liao, B., Zhao, W., Beers, D. R., Henkel, J. S., and Appel, S. H. (2012). Transformation from a neuroprotective to a neurotoxic microglial phenotype in a mouse model of ALS. Exp. Neurol. 237, 147–152. doi: 10.1016/j.expneurol.2012.06.011 

 Liu, J. S., Zhao, M. L., Brosnan, C. F., and Lee, S. C. (2001). Expression of inducible nitric oxide synthase and nitrotyrosine in multiple sclerosis lesions. Am. J. Pathol. 158, 2057–2066. doi: 10.1016/S0002-9440(10)64677-9 

 Lovely, C., Rampersad, M., Fernandes, Y., and Eberhart, J. (2017). Gene-environment interactions in development and disease. Wiley Interdiscip. Rev. Dev. Biol. 6:247. doi: 10.1002/wdev.247 

 Lu, F., Selak, M., O’Connor, J., Croul, S., Lorenzana, C., Butunoi, C., et al. (2000). Oxidative damage to mitochondrial DNA and activity of mitochondrial enzymes in chronic active lesions of multiple sclerosis. J. Neurol. Sci. 177, 95–103. doi: 10.1016/S0022-510X(00)00343-9 

 Lucchinetti, C., Brück, W., Parisi, J., Scheithauer, B., Rodriguez, M., and Lassmann, H. (2000). Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis of demyelination. Ann. Neurol. 47, 707–717. doi: 10.1002/1531-8249(200006)47:6<707::aid-ana3>3.0.co;2-q 

 Luchetti, S., Fransen, N. L., van Eden, C. G., Ramaglia, V., Mason, M., and Huitinga, I. (2018). Progressive multiple sclerosis patients show substantial lesion activity that correlates with clinical disease severity and sex: a retrospective autopsy cohort analysis. Acta Neuropathol. 135, 511–528. doi: 10.1007/s00401-018-1818-y 

 Ludewig, P., Winneberger, J., and Magnus, T. (2019). The cerebral endothelial cell as a key regulator of inflammatory processes in sterile inflammation. J. Neuroimmunol. 326, 38–44. doi: 10.1016/j.jneuroim.2018.10.012 

 Luissint, A.-C., Artus, C., Glacial, F., Ganeshamoorthy, K., and Couraud, P.-O. (2012). Tight junctions at the blood brain barrier: physiological architecture and disease-associated dysregulation. Fluids Barriers CNS 9:23. doi: 10.1186/2045-8118-9-23 

 Ma, Y. L., and Li, Z. P. (2019). Jean-Martin Charcot, discovery and nomenclature of amyotrophic lateral sclerosis. Zhonghua Yi Shi Za Zhi 49, 14–18. Chinese. doi: 10.3760/cma.j.issn.0255-7053.2019.01.003 

 Magnussen, M. J., and Glass, J. D. (2017). “Chapter 2-natural history of amyotrophic lateral sclerosis” in Molecular and Cellular Therapies for Motor Neuron Diseases. eds. N. Boulis, D. O’Connor, and A. Donsante (Cambridge, MA: Academic Press)

 Mahad, D., Lassmann, H., and Turnbull, D. (2008). Review: mitochondria and disease progression in multiple sclerosis. Neuropathol. Appl. Neurobiol. 34, 577–589. doi: 10.1111/j.1365-2990.2008.00987.x 

 Mahad, D., Ziabreva, I., Lassmann, H., and Turnbull, D. (2008). Mitochondrial defects in acute multiple sclerosis lesions. Brain 131, 1722–1735. doi: 10.1093/brain/awn105 

 Mandal, A., and Drerup, C. M. (2019). Axonal transport and mitochondrial function in neurons. Front. Cell. Neurosci. 13:373. doi: 10.3389/fncel.2019.00373 

 Mandrioli, J., D'Amico, R., Zucchi, E., Gessani, A., Fini, N., Fasano, A., et al. (2018). RAP-ALS investigators group. Rapamycin treatment for amyotrophic lateral sclerosis: protocol for a phase II randomized, double-blind, placebo-controlled, multicenter, clinical trial (RAP-ALS trial). Medicine (Baltimore) 97:e11119. doi: 10.1097/MD.0000000000011119 

 Mantovani, S., Garbelli, S., Pasini, A., Alimonti, D., Perotti, C., Melazzini, M., et al. (2009). Immune system alterations in sporadic amyotrophic lateral sclerosis patients suggest an ongoing neuroinflammatory process. J Neuroimmunol [Internet] 210, 73–79. doi: 10.1016/j.jneuroim.2009.02.012 

 Mao, P., and Reddy, P. H. (2010). Is multiple sclerosis a mitochondrial disease? Biochim. Biophys. Acta 1802, 66–79. doi: 10.1016/j.bbadis.2009.07.002 

 Marucci, G., Buccioni, M., Ben, D. D., Lambertucci, C., Volpini, R., and Amenta, F. (2021). Efficacy of acetylcholinesterase inhibitors in alzheimer’s disease. Neuropharmacology 190:108352. doi: 10.1016/j.neuropharm.2020.108352

 Mayo Clinic (2022). Amyotrophic lateral sclerosis (ALS). Available at https://www.mayoclinic.org/diseases-conditions/amyotrophic-lateral-sclerosis/diagnosis-treatment/drc-20354027 ()

 McFarland, H. F. (1992). Twin studies and multiple sclerosis. Ann. Neurol. 32, 722–723. doi: 10.1002/ana.410320603

 McManus, R. M., Higgins, S. C., Mills, K. H. G., and Lynch, M. A. (2014). Respiratory infection promotes T cell infiltration and amyloid-β deposition in APP/PS1 mice. Neurobiol. Aging 35, 109–121. doi: 10.1016/j.neurobiolaging.2013.07.025 

 McTigue, D. M., and Tripathi, R. B. (2008). The life, death, and replacement of oligodendrocytes in the adult CNS. J. Neurochem. 107, 1–19. doi: 10.1111/j.1471-4159.2008.05570.x 

 Mejzini, R., Flynn, L. L., Pitout, I. L., Fletcher, S., Wilton, S. D., and Akkari, P. A. (2019). ALS genetics, mechanisms, and therapeutics: where are we now? Front. Neurosci. 13:1310. doi: 10.3389/fnins.2019.01310 

 Metz, I., Weigand, S. D., Popescu, B. F. G., Frischer, J. M., Parisi, J. E., Guo, Y., et al. (2014). Pathologic heterogeneity persists in early active multiple sclerosis lesions. Ann. Neurol. 75, 728–738. doi: 10.1002/ana.24163 

 Misrielal, C., Mauthe, M., Reggiori, F., and Eggen, B. J. L. (2020). Autophagy in multiple sclerosis: two sides of the same coin. Front. Cell. Neurosci. 14:603710. doi: 10.3389/fncel.2020.603710 

 Moisse, K., and Strong, M. J. (2006). Strong innate immunity in amyotrophic lateral sclerosis. Biochim. Biophys. Acta 1762, 1083–1093. doi: 10.1016/j.bbadis.2006.03.001 

 Monsonego, A., Zota, V., Karni, A., Krieger, J. I., Bar-Or, A., Bitan, G., et al. (2003). Increased T cell reactivity to amyloid beta protein in older humans and patients with Alzheimer disease. J. Clin. Invest. 112, 415–422. doi: 10.1172/JCI200318104 

 Moreira, P. I., Carvalho, C., Zhu, X., Smith, M. A., and Perry, G. (2010). Mitochondrial dysfunction is a trigger of alzheimer's disease pathophysiology. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1802, 2–10. doi: 10.1016/j.bbadis.2009.10.006 

 Mueed, Z., Tandon, P., Maurya, S. K., Deval, R., Kamal, M. A., and Poddar, N. K. (2019). Tau and mTOR: the hotspots for multifarious diseases in Alzheimer's development. Front. Neurosci. 12:1017. doi: 10.3389/fnins.2018.01017 

 Muller, S., Brun, S., René, F., de Sèze, J., Loeffler, J. P., and Jeltsch-David, H. (2017). Autophagy in neuroinflammatory diseases. Autoimmun. Rev. 16, 856–874. doi: 10.1016/j.autrev.2017.05.015

 Muñoz-Culla, M., Irizar, H., and Otaegui, D. (2013). The genetics of multiple sclerosis: review of current and emerging candidates. Appl. Clin. Genet. 6, 63–73. doi: 10.2147/TACG.S29107

 Murdock, B. J., Bender, D. E., Segal, B. M., and Feldman, E. L. (2015). The dual roles of immunity in ALS: injury overrides protection. Neurobiol. Dis. 77, 1–12. doi: 10.1016/j.nbd.2015.02.017 

 Nag, S., Yu, L., Boyle, P. A., Leurgans, S. E., Bennett, D. A., and Schneider, J. A. (2018). TDP-43 pathology in anterior temporal pole cortex in aging and Alzheimer’s disease. Acta Neuropathol. Commun. 6:33. doi: 10.1186/s40478-018-0531-3 

 Nataf, S., Guillen, M., and Pays, L. (2019). Common Neurodegeneration-associated proteins are physiologically expressed by human B lymphocytes and are interconnected via the inflammation/autophagy-related proteins TRAF6 and SQSTM1. Front. Immunol. 10:2704. doi: 10.3389/fimmu.2019.02704 

 National Multiple Sclerosis Society (2022). Types of MS. Available at https://www.nationalmssociety.org/What-is-MS/Types-of-MS. Accessed July 11, 2022.

 Nelson, A. T., and Trotti, D. (2022). Altered bioenergetics and metabolic homeostasis in amyotrophic lateral sclerosis. Neurotherapeutics 19, 1102–1118. doi: 10.1007/s13311-022-01262-3 

 Obrador, E., Salvador-Palmer, R., López-Blanch, R., Jihad-Jebbar, A., Vallés, S. L., and Estrela, J. M. (2021). The link between oxidative stress, redox status, bioenergetics and mitochondria in the pathophysiology of ALS. Int. J. Mol. Sci. 22:6352. doi: 10.3390/ijms22126352

 Oddo, S. (2012). The role of mTOR signaling in Alzheimer disease. Front. Biosci. (Schol. Ed.) S4, 941–952. doi: 10.2741/s310 

 Oksenberg, J. R., and Steinman, L. (1990). The role of the MHC and T-cell receptor in susceptibility to multiple sclerosis. Curr. Opin. Immunol. 2, 619–621. doi: 10.1016/0952-7915(90)90021-8 

 Pais, M., Martinez, L., Ribeiro, O., Loureiro, J., Fernandez, R., Valiengo, L., et al. (2020). Early diagnosis and treatment of alzheimer’s disease: new definitions and challenges. Braz. J. Psychiatry 42, 431–441. doi: 10.1590/1516-4446-2019-0735 

 Park, L., Anrather, J., Forster, C., Kazama, K., Carlson, G. A., and Iadecola, C. (2004). AΒ-induced vascular oxidative stress and attenuation of functional hyperemia in mouse somatosensory cortex. J. Cereb. Blood Flow Metab. 24, 334–342. doi: 10.1097/01.wcb.0000105800.49957.1e 

 Patergnani, S., Fossati, V., Bonora, M., Giorgi, C., Marchi, S., Missiroli, S., et al. (2017). Mitochondria in multiple sclerosis: molecular mechanisms of pathogenesis. Int. Rev. Cell Mol. Biol. 328, 49–103. doi: 10.1016/bs.ircmb.2016.08.003

 Petrov, D., Mansfield, C., Moussy, A., and Hermine, O. (2017). ALS clinical trials review: 20 years of failure. Are we any closer to registering a new treatment? Front Aging Neurosci. 9:68. doi: 10.3389/fnagi.2017.00068 

 Philips, T., and Rothstein, J. D. (2015). Rodent models of amyotrophic lateral sclerosis. Curr. Protoc. Pharmacol. 69, 5.67.1–5.67.21. doi: 10.1002/0471141755.ph0567s69 

 Pober, J. S., and Sessa, W. C. (2007). Evolving functions of endothelial cells in inflammation. Nat. Rev. Immunol. 7, 803–815. doi: 10.1038/nri2171 

 Popescu, B. F., Pirko, I., and Lucchinetti, C. F. (2013). Pathology of multiple sclerosis: where do we stand? Continuum (Minneap. Minn.) 19, 901–921. doi: 10.1212/01.CON.0000433291.23091.65 

 Procaccini, C., De Rosa, V., Pucino, V., Formisano, L., and Matarese, G. (2015). Animal models of multiple sclerosis. Eur. J. Pharmacol. 759, 182–191. doi: 10.1016/j.ejphar.2015.03.042 

 Qi, X., Lewin, A. S., Sun, L., Hauswirth, W. W., and Guy, J. (2006). Mitochondrial protein nitration primes neurodegeneration in experimental autoimmune encephalomyelitis. J. Biol. Chem. 281, 31950–31962. doi: 10.1074/jbc.M603717200 

 Qin, J., Goswami, R., Balabanov, R., and Dawson, G. (2007). Oxidized phosphatidylcholine is a marker for neuroinflammation in multiple sclerosis brain. J. Neurosci. Res. 85, 977–984. doi: 10.1002/jnr.21206 

 Raoul, C., Estevez, A. G., Nishimune, H., Cleveland, D. W., de Lapeyriere, O., Henderson, C. E., et al. (2002). Motoneuron death triggered by a specific pathway downstream of Fas. potentiation by ALS-linked SOD1 mutations. Neuron 35, 1067–1083. doi: 10.1016/s0896-6273(02)00905-4

 Reyes, R. C., and Parpura, V. (2008). Mitochondria modulate Ca2+−dependent glutamate release from rat cortical astrocytes. J. Neurosci. 28, 9682–9691. doi: 10.1523/JNEUROSCI.3484-08.2008 

 Rodrigues Lima-Junior, J., Sulzer, D., Lindestam Arlehamn, C. S., and Sette, A. (2021). The role of immune-mediated alterations and disorders in ALS disease. Hum. Immunol. 82, 155–161. doi: 10.1016/j.humimm.2021.01.017 

 Rowland, L. P., and Shneider, N. A. (2001). Amyotrophic lateral sclerosis. N. Engl. J. Med. 344, 1688–1700. doi: 10.1056/NEJM200105313442207

 Rubio-Perez, J. M., and Morillas-Ruiz, J. M. (2012). A review: inflammatory process in alzheimer's disease, role of cytokines. Sci. World J. 2012, 1–15. doi: 10.1100/2012/756357 

 Sadeghian, M., Mastrolia, V., Rezaei Haddad, A., Mosley, A., Mullali, G., Schiza, D., et al. (2016). Mitochondrial dysfunction is an important cause of neurological deficits in an inflammatory model of multiple sclerosis. Sci. Rep. 6:33249. doi: 10.1038/srep33249 

 Sadovnick, A. D., Armstrong, H., Rice, G. P., Bulman, D., Hashimoto, L., Paty, D. W., et al. (1993). A population-based study of multiple sclerosis in twins: update. Ann. Neurol. 33, 281–285.

 Sahoo, A., Bejanin, A., Murray, M. E., Tosakulwong, N., Weigand, S. D., Serie, A. M., et al. (2018). TDP-43 and Alzheimer’s disease pathologic subtype in non-amnestic Alzheimer’s disease dementia. J. Alzheimers Dis. 64, 1227–1233. doi: 10.3233/JAD-180169 

 Scali, C., Prosperi, C., Bracco, L., Piccini, C., Baronti, R., Ginestroni, A., et al. (2002). Neutrophils CD11B and fibroblasts PGE2 are elevated in alzheimer’s disease. Neurobiol. Aging 23, 523–530. doi: 10.1016/s0197-4580(01)00346-3 

 Seripa, D., D'Onofrio, G., Panza, F., Cascavilla, L., Masullo, C., and Pilotto, A. (2011). The genetics of the human Apoe polymorphism. Rejuvenation Res. 14, 491–500. doi: 10.1089/rej.2011.1169

 Shibata, N., Nagai, R., Uchida, K., Horiuchi, S., Yamada, S., Hirano, A., et al. (2001). Morphological evidence for lipid peroxidation and protein glycoxidation in spinal cords from sporadic amyotrophic lateral sclerosis patients. Brain Res. 917, 97–104. doi: 10.1016/S0006-8993(01)02926-2 

 Sigurdsson, S., Aspelund, T., Kjartansson, O., Gudmundsson, E. F., Jonsdottir, M. K., Eiriksdottir, G., et al. (2017). Incidence of brain infarcts, cognitive change, and risk of dementia in the general population. Stroke 48, 2353–2360. doi: 10.1161/strokeaha.117.017357 

 Silva, M. V. F., Loures, C. M. G., Alves, L. C. V., de Souza, L. C., Borges, K. B. G., and Carvalho, M. D. G. (2019). Alzheimer's disease: risk factors and potentially protective measures. J. Biomed. Sci. 26:33. doi: 10.1186/s12929-019-0524-y 

 Simpson, J. E., Ince, P. G., Haynes, L. J., Theaker, R., Gelsthorpe, C., Baxter, L., et al. (2010). Population variation in oxidative stress and astrocyte DNA damage in relation to alzheimer-type pathology in the ageing brain. Neuropathol. Appl. Neurobiol. 36, 25–40. doi: 10.1111/j.1365-2990.2009.01030.x 

 Singh, T., Jiao, Y., Ferrando, L. M., Yablonska, S., Li, F., Horoszko, E. C., et al. (2021). Neuronal mitochondrial dysfunction in sporadic amyotrophic lateral sclerosis is developmentally regulated. Sci. Rep. 11:18916. doi: 10.1038/s41598-021-97928-7

 Smith, E. F., Shaw, P. J., and de Vos, K. J. (2019). The role of mitochondria in amyotrophic lateral sclerosis. Neurosci. Lett. 710:132933. doi: 10.1016/j.neulet.2017.06.052

 Smith, E. F., Shaw, P. J., and De Vos, K. J. (2019). The role of mitochondria in amyotrophic lateral sclerosis Neurosci. Lett. 710:132933. doi: 10.1016/j.neulet.2017.06.052 

 Sprott, R. L. (1999). “How to choose an animal model” in Studies of Aging. Springer Lab Manual. eds. H. Sternberg and P. S. Timiras (Berlin, Heidelberg: Springer)

 Stamatovic, S. M., Shakui, P., Keep, R. F., Moore, B. B., Kunkel, S. L., Van Rooijen, N., et al. (2005). Monocyte chemoattractant protein-1 regulation of blood–brain barrier permeability. J. Cereb. Blood Flow Metab. 25, 593–606. doi: 10.1038/sj.jcbfm.9600055 

 Stanimirovic, D., and Satoh, K. (2006). Inflammatory mediators of cerebral endothelium: a role in ischemic brain inflammation. Brain Pathol. 10, 113–126. doi: 10.1111/j.1750-3639.2000.tb00248.x 

 Steele, N. Z., Carr, J. S., Bonham, L. W., Geier, E. G., Damotte, V., Miller, Z. A., et al. (2017). Fine-mapping of the human leukocyte antigen locus as a risk factor for Alzheimer disease: a case-control study. PLoS Med. 14:e1002272. doi: 10.1371/journal.pmed.1002272 

 Sun, H.-J., Wu, Z.-Y., Nie, X.-W., and Bian, J.-S. (2020). Role of endothelial dysfunction in cardiovascular diseases: the link between inflammation and hydrogen sulfide. Front. Pharmacol. 10:1568. doi: 10.3389/fphar.2019.01568 

 Swearengen, J. R. (2018). Choosing the right animal model for infectious disease research. Animal Model Exp. Med. 1, 100–108. doi: 10.1002/ame2.12020 

 Swerdlow, R. H. (2012). Mitochondria and cell bioenergetics: increasingly recognized components and a possible etiologic cause of alzheimer's disease. Antioxid. Redox Signal. 16, 1434–1455. doi: 10.1089/ars.2011.4149 

 Szelechowski, M., Amoedo, N., Obre, E., Léger, C., Allard, L., Bonneu, M., et al. (2018). Metabolic reprogramming in amyotrophic lateral sclerosis. Sci. Rep. 8:3953. doi: 10.1038/s41598-018-22318-5 

 Taan, M., Al Ahmad, F., Ercksousi, M. K., and Hamza, G. (2021). Risk factors associated with multiple sclerosis: a case-control study in Damascus, Syria. Mult. Scler. Int. 2021, 1–5. doi: 10.1155/2021/8147451

 Tang, Y., and Le, W. (2016). Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol. 53, 1181–1194. doi: 10.1007/s12035-014-9070-5 

 Togo, T., Akiyama, H., Iseki, E., Kondo, H., Ikeda, K., Kato, M., et al. (2002). Occurrence of T cells in the brain of Alzheimer's disease and other neurological diseases. J. Neuroimmunol. 124, 83–92. doi: 10.1016/S0165-5728(01)00496-9 

 Tönnies, E., and Trushina, E. (2017). Oxidative stress, synaptic dysfunction, and alzheimer’s disease. J. Alzheimers Dis. 57, 1105–1121. doi: 10.3233/jad-161088 

 Troost, D., van den Oord, J. J., and De Jong, J. M. B. V. (1990). Immunohistochemical characterization of the inflammatory infiltrate in amyotrophic lateral sclerosis. Neuropathol. Appl. Neurobiol. 16, 401–410. doi: 10.1111/j.1365-2990.1990.tb01276.x 

 Trushina, E., Nemutlu, E., Zhang, S., Christensen, T., Camp, J., Mesa, J., et al. (2012). Defects in mitochondrial dynamics and metabolomic signatures of evolving energetic stress in mouse models of familial alzheimer's disease. PLoS One 7:e32737. doi: 10.1371/journal.pone.0032737 

 Tsai, C.-P., Chenyu, H., and Lee, C. T.-C. (2019). Finding diseases associated with amyotrophic lateral sclerosis: a total population-based case-control study. Amyotroph. Lateral Scler. Frontotemporal Degener. 20, 82–89. doi: 10.1080/21678421.2018.1522354 

 Tu, W., and Rao, S. (2016). Mechanisms underlying T cell immunosenescence: aging and cytomegalovirus infection. Front. Microbiol. 7:2111. doi: 10.3389/fmicb.2016.02111 

 Turner, M. R., Cagnin, A., Turkheimer, F. E., Miller, C. C. J., Shaw, C. E., Brooks, D. J., et al. (2004). Banati evidence of widespread cerebral microglial activation in amyotrophic lateral sclerosis: an [11C](R)-PK11195 positron emission tomography study. Neurobiol. Dis. 15, 601–609. doi: 10.1016/j.nbd.2003.12.012 

 Tzartos, J. S., Friese, M. A., Craner, M. J., Palace, J., Newcombe, J., Esiri, M. M., et al. (2008). Interleukin-17 production in central nervous system-infiltrating T cells and glial cells is associated with active disease in multiple sclerosis. Am. J. Pathol. 172, 146–155. doi: 10.2353/ajpath.2008.070690 

 van Duijn, C. M., de Knijff, P., Cruts, M., Wehnert, A., Havekes, L. M., Hofman, A., et al. (1994). Apolipoprotein E4 allele in a population–based study of early–onset alzheimer's disease. Nat. Genet. 7, 74–78. doi: 10.1038/ng0594-74 

 van Es, M. A., Hardiman, O., Chio, A., Al-Chalabi, A., Pasterkamp, R. J., Veldink, J. H., et al. (2017). Amyotrophic lateral sclerosis. Lancet 390, 2084–2098. doi: 10.1016/S0140-6736(17)31287-4

 van Horssen, J., Schreibelt, G., Drexhage, J., Hazes, T., Dijkstra, C. D., van der Valk, P., et al. (2008). Severe oxidative damage in multiple sclerosis lesions coincides with enhanced antioxidant enzyme expression. Free Radic. Biol. Med. 45, 1729–1737. doi: 10.1016/j.freeradbiomed.2008.09.023 

 van Horssen, J., Witte, M. E., Schreibelt, G., and de Vries, H. E. (2011). Radical changes in multiple sclerosis pathogenesis. Biochim. Biophys. Acta 1812, 141–150. doi: 10.1016/j.bbadis.2010.06.011 

 van Rheenen, W., van der Spek, R. A. A., Bakker, M. K., van Vugt, J. J. F. A., Hop, P. J., Zwamborn, R. A. J., et al. (2021). Common and rare variant association analyses in amyotrophic lateral sclerosis identify 15 risk loci with distinct genetic architectures and neuron-specific biology. Nat. Genet. 53, 1636–1648. doi: 10.1038/s41588-021-00973-1 

 Vartdal, F., Sollid, L. M., Vandvik, B., Markussen, G., and Thorsby, E. (1989). Patients with multiple sclerosis carry DQB1 genes which encode shared polymorphic aminoacid sequences. Hum. Immunol. 25, 103–110. doi: 10.1016/0198-8859(89)90074-8 

 Walton, C., King, R., Rechtman, L., Kaye, W., Leray, E., Marrie, R. A., et al. (2020). Rising prevalence of multiple sclerosis worldwide: insights from the atlas of MS, third edition. Mult. Scler. 26, 1816–1821. doi: 10.1177/1352458520970841 

 Wekerle, H., Linington, C., Lassmann, H., and Meyermann, R. (1986). Cellular immune reactivity within the CNS. Trends Neuro. Sci. 9, 271–277. doi: 10.1016/0166-2236(86)90077-9

 Whittington, R. A., Planel, E., and Terrando, N. (2017). Impaired resolution of inflammation in alzheimer’s disease: a review. Front. Immunol. 8:1464. doi: 10.3389/fimmu.2017.01464 

 Wiedemann, F. R., Manfredi, G., Mawrin, C., Beal, M. F., and Schon, E. A. (2002). Mitochondrial DNA and respiratory chain function in spinal cords of ALS patients. J. Neurochem. 80, 616–625. doi: 10.1046/j.0022-3042.2001.00731.x 

 Wilson, R. S., Barral, S., Lee, J. H., Leurgans, S. E., Foroud, T. M., Sweet, R. A., et al. (2011). Heritability of different forms of memory in the late onset alzheimer's disease family study. J. Alzheimers Dis. 23, 249–255. doi: 10.3233/jad-2010-101515 

 Winkler, E. A., Nishida, Y., Sagare, A. P., Rege, S. V., Bell, R. D., Perlmutter, D., et al. (2015). Glut1 reductions exacerbate alzheimer's disease vasculo-neuronal dysfunction and degeneration. Nat. Neurosci. 18, 521–530. doi: 10.1038/nn.3966 

 Witte, M. E., Mahad, D. J., Lassmann, H., and van Horssen, J. (2014). Mitochondrial dysfunction contributes to neurodegeneration in multiple sclerosis. Trends Mol. Med. 20, 179–187. doi: 10.1016/j.molmed.2013.11.007 

 Yao, J., Rettberg, J. R., Klosinski, L. P., Cadenas, E., and Brinton, R. D. (2011). Shift in brain metabolism in late onset alzheimer’s disease: implications for biomarkers and therapeutic interventions. Mol. Asp. Med. 32, 247–257. doi: 10.1016/j.mam.2011.10.005 

 Yin, H., Wu, H., Chen, Y., Zhang, J., Zheng, M., Chen, G., et al. (2018). The therapeutic and pathogenic role of autophagy in autoimmune diseases. Front. Immunol. 9:1512. doi: 10.3389/fimmu.2018.01512 

 Zajicek, J. P., Wing, M., Scolding, N. J., and Compston, D. A. (1992). Interactions between oligodendrocytes and microglia. A major role for complement and tumour necrosis factor in oligodendrocyte adherence and killing. Brain 115, 1611–1631. doi: 10.1093/brain/115.6.1611-a 

 Zamudio, F., Loon, A. R., Smeltzer, S., Benyamine, K., Navalpur Shanmugam, N. K., Stewart, N. J. F., et al. (2020). TDP-43 mediated blood-brain barrier permeability and leukocyte infiltration promote neurodegeneration in a low-grade systemic inflammation mouse model. J. Neuroinflammation 17:283. doi: 10.1186/s12974-020-01952-9 

 Zarei, S., Carr, K., Reiley, L., Diaz, K., Guerra, O., Altamirano, P. F., et al. (2015). A comprehensive review of amyotrophic lateral sclerosis. Surg. Neurol. Int. 6:171. doi: 10.4103/2152-7806.169561

 Zhang, L., Zhang, S., Maezawa, I., Trushin, S., Minhas, P., Pinto, M., et al. (2015). Modulation of mitochondrial complex I activity averts cognitive decline in multiple animal models of familial alzheimer's disease. EBioMedicine 2, 294–305. doi: 10.1016/j.ebiom.2015.03.009 

 Zhao, W., Beers, D. R., Henkel, J. S., Zhang, W., Urushitani, M., Julien, J. P., et al. (2010). Extracellular mutant SOD1 induces microglial-mediated motoneuron injury. Glia 58, 231–243. doi: 10.1002/glia.20919 

 Zhong, Z., Umemura, A., Sanchez-Lopez, E., Liang, S., Shalapour, S., Wong, J., et al. (2016). NF-kappaB restricts inflammasome activation via elimination of damaged mitochondria. Cells 164, 896–910. doi: 10.1016/j.cell.2015.12.057 

 Ziabreva, I., Campbell, G., Rist, J., Zambonin, J., Rorbach, J., Wydro, M. M., et al. (2010). Injury and differentiation following inhibition of mitochondrial respiratory chain complex IV in rat oligodendrocytes. Glia 58, 1827–1837. doi: 10.1002/glia.21052 

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Analysis of shared underlying mechanism in neurodegenerative disease



		Disease background and pathology development



		Alzheimer’s disease



		Amyotrophic lateral sclerosis



		Multiple sclerosis









		Immune activation and neuroinflammation



		Inflammatory cascade in AD development



		Inflammatory cascade in ALS development



		Inflammatory cascade in MS development









		Bioenergetic changes in each disease and changes during disease progression



		Bioenergetic changes in AD pathology



		Bioenergetic changes in ALS pathology



		Bioenergetic changes in MS pathology









		Targeted approach



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnagi-14-1006089-g001.jpg
Disease
Vascular Injury
Chronic Stress

High Risk Factors:
APEO4, TDP-43, FUS, HLA-
DRBI*1501

Inflammation:
1CD4+/CD8+ T cells
Mononuclear Cell Invasion
Abberant Microglial Activaiton
NO-induced Apoptosis
1 Autophagic Regulation
1 Pro-inflammatory
cytokines:

TNFa, TL-6, 1L-1B, 1L-2

v

¢iD

Bioenergtics:
4 Glucose Metabolism

Mitochondrial hypometabolism

1 Oxidative Stress
L ATP Production
Excitioxicity

Neurodegernation:
BBB Breakdown

Impaired Metabolism
Mitochondrial Dysfuction
Protien Aggregation
Cytoxicity
Impaired Axonal Transport
Neuronal Atrophy





OPS/images/cover.jpg
& frontiers | Frontiers in Aging Neuroscience

Analysis of shared underlying
mechanism in
neurodegenerative disease









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience





