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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder affecting primarily the 

motor system, but also including well documented extra-motor manifestations. It is 

characterized by the loss of upper and lower motor neurons (MNs) in the motor cortex, in 

addition to a progressive muscle waste and weakness starting from the brain stem nuclei 

and the anterior horn of the spinal cord. ALS frequently shows a focal onset that evolves 

with the spreading of the illness to several body regions, where failure of respiratory 

muscles generally limits survival to 2-5 years after disease onset. In up to 50% of cases, 

extra-motor manifestations are observed, including changes in behavior, executive 

dysfunction, and language problems. In 10% of cases ALS is hereditary with an 

autosomal dominant inheritance pattern (familial ALS, fALS). The remaining 90% have no 

ALS family history and are classified as sporadic ALS (sALS). So far, more than 20 genes 

have been associated with ALS, being the hexanucleotide repeat expansion in the 

C9orf72 gene the most common genetic cause. One of the better-established hallmarks of 

ALS is the presence of protein aggregates in the cytosol of MNs. Their main component is 

the ribonucleoprotein TDP-43, which appears to be delocalized, hyperphosphorylated and 

fragmented in the cytoplasm. Various cellular stressors, such as oxidative, proteasomal, 

endoplasmic reticulum (ER), osmotic and mitochondrial stresses could contribute to TDP-

43 deregulation. Nevertheless, TDP-43 dysfunction is only a component a vaster 

physiopathological scenario in which a diffuse imbalance of proteostastis interacts with a 

variety of dysfunctions involving mitochondria and lipid metabolism in a tethering network. 

    This thesis focuses on highlighting the connection among three aspects of ALS cellular 

physiopathology, such as cell stress, mitochondrial impairment, and lipid metabolism. 

Briefly, the results obtained depicted a scenario in which other nuclear proteins (p-ERK, p-

Jun and REST) besides TDP-43 can be delocalized as a consequence of cellular stress 

and interact with mitochondria, as demonstrated by their presence in subcellular fractions 

of a murine model for TDP-43Q331K genotype. Also, TDP-43 mislocalization is related to 

changes in REST regulated genes. Finally, response of different TDP-43 genetic 

backgrounds to metabolic stress is heterogeneous with regard to mitochondrial health 

preservation, while LDs accumulation seems to be a common trait in different cellular 

models upon stress induction. Interestingly, this was not the case for astrocytes, in which 

the stressors we tested seemed to interfere with lipid droplets (LDs) formation. Altogether, 

these results can open up new perspectives for a finest characterization of ALS 

physiopathology, both in relation with cellular stress and specificity of stress-responses on 

the basis of TDP-43 genetic background. 



 

 

RESUMEN 

La esclerosis lateral amiotrófica (ELA) es un trastorno neurodegenerativo relacionado con 

el envejecimiento. Se caracteriza por la pérdida de neuronas motoras superiores o 

inferiores en la corteza motora y desgaste muscular progresivo. La ELA suele mostrar un 

inicio focal propagándose a varias regiones del cuerpo; una falla de los músculos 

respiratorios limita la supervivencia de 2 a 5 años después del inicio de la enfermedad. 

Las manifestaciones extra-motoras incluyen cambios en el comportamiento, disfunción 

ejecutiva y problemas de lenguaje. En el 10% de los casos, la ELA es hereditaria con 

patrón de herencia autosómico dominante (ELA familiar, fALS). El restante 90% se 

clasifica como ELA esporádica (sALS). Las causas de la ELA son heterogéneas y poco 

comprendidas. Una de las características mejor establecidas de la ELA es la presencia 

de agregados proteicos en el citosol de las neuronas motoras. Uno de sus componentes 

es TDP-43, una ribonucleoproteína deslocalizada, hiperfosforilada y fragmentada en el 

citoplasma celular. Otras proteínas, como ERK, JUN y REST, muestran reordenamientos 

similares en otras enfermedades neurodegenerativas.  

Con respecto a TDP-43, no están bien determinadas las causas moleculares de su 

desregulación, pero diferentes estreses celulares, como el oxidativo, proteasómico, de 

retículo endoplásmico (RE), osmótico y mitocondrial, podrían contribuir a ello. Sin 

embargo, la disfunción de TDP-43 solo es un componente de un escenario fisiopatológico 

más amplio en el que un desequilibrio difuso de la proteostasis interactúa con una 

variedad de disfunciones mitocondriales y el metabolismo de lípidos. 

Esta tesis pretende aclarar la conexión entre estrés celular, la disfunción mitocondrial y el 

metabolismo de los lípidos en la ELA. Los resultados muestran como otras proteínas 

nucleares (p-ERK, p-Jun y REST), además de TDP-43, se deslocalizan debido al estrés 

celular e interactúan con las mitocondrias, como demostrado por microscopia confocal y 

su presencia en fracciones subcelulares de un modelo murino para el genotipo TDP-

43Q331K. Además, la deslocalización de TDP-43 se relaciona con cambios en genes 

regulados por REST. Finalmente, las respuestas de diferentes backgrounds genéticos de 

TDP-43 al estrés metabólico son heterogéneas con respecto a la preservación de la salud 

mitocondrial, mientras que la acumulación de gotas lipídicas parece ser un rasgo común 

en diferentes modelos celulares ante varios tipos de estrés. Curiosamente, este no fue el 

caso de los astrocitos, en los que los factores de estrés testados parecen interferir con la 

formación de gotas lipídicas. Estos resultados pueden abrir nuevas perspectivas para una 

mejor caracterización de la fisiopatología de la ELA en relación con el estrés celular y las 

respuestas específicas al estrés basadas en diferentes mutantes de TDP-43. 



 

 

RESUM 

L'esclerosi lateral amiotròfica (ELA) és principalment un trastorn neurodegeneratiu que 

afecta el sistema motor. Es caracteritza per la pèrdua de neurones motores superiors i 

inferiors de l'escorça motora i desgast muscular progressiu. L'ELA mostra sovint un inici 

focal que evoluciona amb la propagació de la malaltia, amb una falla dels músculs 

respiratoris que limita la supervivència de 2 a 5 anys. Sovint, s'observen manifestacions 

extra motores, amb canvis en el comportament,  disfunció executiva i problemes de 

llenguatge. En un 10% de casos, l'ELA és hereditària amb un patró d'herència autosòmic 

dominant (ELA familiar). El 90% restant no mostra antecedents familiars i es classifica 

com a ELA esporàdica. Les causes de l'ELA són heterogènies i parcialment compreses. 

L'ELA es caracteritza per la presència d'agregats de proteïnes al citosol de les neurones 

motores. Un component d'aquests és TDP-43, una ribonucleoproteïna deslocalitzada, 

hiperfosforilada i fragmentada al citoplasma cel·lular. Altres proteïnes, com ara ERK, JUN 

i REST, mostren reordenaments similars en altres malalties neurodegeneratives. En el 

cas de TDP-43, avui dia no s'ha aconseguit un coneixement complet dels mecanismes 

moleculars de la seva desregulació, però diferents factors d'estrès cel·lular, com l'estrès 

oxidatiu, proteasòmic, de reticle endoplàsmic (RE), osmòtic i mitocondrial, hi podrien 

contribuir. La disfunció de TDP-43 és un component d'un escenari fisiopatològic més 

ampli en què un desequilibri difús de la proteòstasi interactua amb disfuncions dels 

mitocondris i del metabolisme de lípids. 

Aquesta tesi analitza la connexió entre l'estrès cel·lular, la disfunció mitocondrial i el 

metabolisme dels lípids en la ELA. Els resultats mostren com altres proteïnes nuclears (p-

ERK, p-Jun i REST), a més de TDP-43, es deslocalitzen a causa de l'estrès cel·lular  

interactuant amb els mitocondris, com demostrat per microscòpia confocal i la seva 

presència en fraccions subcel·lulars d'un model murí del genotip TDP-43Q331K. A més, la 

deslocalització de TDP-43 es relaciona amb canvis en gens regulats per REST. 

Finalment, les respostes de diferents mutants de TDP-43 a l'estrès metabòlic són 

heterogènies pel que fa a la preservació de la salut mitocondrial, mentre que l'acumulació 

de gotes lipídiques sembla un tret comú en diferents models cel·lulars davant de diversos 

tipus d'estrès. Curiosament, aquest no va ser el cas dels astròcits, en què els factors 

d'estrès testats semblen interferir amb la formació de gotes lipídiques. Aquests resultats 

poden obrir contribuir a una caracterització millor de la fisiopatologia de l'ELA en relació 

amb l'estrès cel·lular i les respostes específiques a l'estrès de diferents mutants de TDP-

43. 
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      1. INTRODUCTION 

 

 1.1 ALS: Amyotrophic lateral sclerosis 

      1.1.1. An overview 

      ALS is a fatal motor neuron disorder characterized by the progressive loss of the 

upper and lower motor neurons (LMNs) at the corticospinal or bulbar level. The word 

amyotrophic arises from Greek, with "a" meaning no or negative, “myo” meaning muscle, 

and “trophic” meaning nourishment. Thus, amyotrophic stands for "no muscle nourishment 

". Lateral refers to the column of the spinal cord where some of the affected motor 

neurons are located, and sclerosis outlines the hardening of the lateral white matter 

funiculus in spinal cord as a consequence of motor neuron degeneration and death 

(Wijesekera & Leigh, 2009). ALS was first described in 1824 by Scottish anatomist 

Charles Bell (Rowland, 2001). Studies conducted between 1865 to 1869 by Jean-Martin 

Charcot and his colleague Joffroy related lesions within the lateral column in the spinal 

cord with chronic progressive paralysis and contractures (no atrophy of muscles), while 

lesions of the anterior horn of the spinal cord were associated with paralysis without 

contractures (with atrophy of muscles). These findings contributed to the hypothesis that 

the motor component of the spinal cord consisted of a bipartisan system, and that the 

location of the lesion results in a diversified clinical presentation. The term “amyotrophic 

lateral sclerosis” first appeared in 1874, in a collection of his work titled “Oeuvres 

Completes”. Nevertheless, ALS is still known as Charcot’s disease in many parts of the 

world (D. R. Kumar et al., 2011); the disease became popular in the United States when 

baseball player Lou Gehrig was diagnosed in 1939, being known there as Lou Gehrig’s 

disease.              

  ALS slowly takes away the ability to walk, eat, or breathe from patients. This devastating 

adult-onset neurodegenerative disease leads to the loss of motor neurons, the extended 

nerve cells in the brain, UMNs, and spinal cord, LMNs, which innervate the muscles (Keon 

et al., 2021). These motor neurons (MNs) are essential for the conveying between the 

brain and the muscles and transmit vital instructions for mobility. When these nerve cells 

are defective or impaired, they gradually stop interfacing with the muscles, and the brain 

shows inability to control and initiate voluntary movements such as walking, chewing, or 

talking. This brings to progressive weakness, muscle twitches, and atrophy of voluntary 
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skeletal muscles. The final stages of the disease lead to fatal paralysis and death caused 

by respiratory failure (Keon et al., 2021). 

   The worldwide incidence of ALS fluctuates from 0.6 to 3.8 cases per 100,000 people per 

year, whereas the prevalence is approximately 4.1 to 8.4 per 100,000. In addition, cases 

of ALS are projected to globally increase from 222,801 in 2015 to 376,674 in 2040, with 

an upsurge of 69%. This phenomenon is linked to population aging, especially among 

developing countries (Barbalho et al., 2021). Incidence of ALS appears to be lower in 

Asian countries compared with Europe and North America. Demographic factors could 

explain this trend. ALS is primarily a middle and old-age disease and the density of the 

population at risk differs in countries. Despite that, it is contentious that the prevalence of 

known ALS genes in Asian countries is low. Besides geographic differences, many 

studies examining the change of ALS incidence over the years point up the gradually 

increasing incidence of the disease. Contrastingly, registry centers in Europe can index 

around 60-100 new cases per year due to the rarity of the disease (Barbalho et al., 2021). 

Larger sample sizes are needed to elucidate other aspects of the disease epidemiology, 

such as explaining the aging-related changes or the reasons why the incidence starts to 

decline from the age of 75 years. Likewise, working with many patients from different 

regions could be extremely useful to find out the environmental risk factors correlated with 

ALS and to analyze genetic differences (Aktekin & Uysal, 2020). 

   According to recent studies, the mean age of ALS onset is between 51 and 66 years. 

Europeans usually show a later ALS onset in comparison with Chinese, Cuban or 

Uruguayan patients (Longinetti & Fang, 2019). Chinese ALS patients show a median age 

of ALS onset at 51 years, whereas German patients develop the first symptoms of the 

disease around 10 years later. In addition, the mean age at ALS is 4-9 years younger in 

Cuba and Uruguay compared with Ireland (Longinetti & Fang, 2019; Mehta et al., 2018). 

However, the tardier ALS onset in Europe could be partly attributable to the use of 

population-based studies, which tend to include patients showing a greater spectrum of 

disease features than clinical-based studies. Differences in age at ALS onset can also be 

related to the form of the condition, familial or sporadic. In fact, patients suffering from 

familial ALS show an earlier age of onset when compared with patients with sporadic 

beginning. This could be due to a closer surveillance of the symptoms in patients with 

familiarity for ALS, leading to an earlier diagnosis of the disease but also to a Mendelian 

gene variant (Longinetti & Fang, 2019; Mehta et al., 2018). All in all, these data suggest 

the fact that age and aging are relevant in ALS pathophysiology, similarly to other 

neurodegenerative diseases. 
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       1.1.2. Clinical features 

 

      As shown above, the hallmark of ALS is progressive muscle weakness, along with 

muscle atrophy and rigidity, fasciculations, muscle cramps and slowness of movements. 

Muscle weakness usually appears in a focal pattern and progressively spreads to 

adjacent body regions (Masrori & van Damme, 2020). This manifestation resumes the 

spreading of disease pathology within the motor system, characterized by neuroanatomic 

propagation within the spinal cord segments and the motor cortex. ALS usually presents 

with unilateral distal muscle weakness and atrophy in upper or lower limb muscles (spinal 

ALS) or in bulbar muscles (bulbar ALS). Upper limb onset is most commonly in the 

dominant hand, with thenar muscles showing a greater affection than hypothenar muscles 

(split-hand syndrome). An early involvement of the first interosseous muscle and finger 

extensors is also typical of the upper limb onset. In the lower limb the anterior tibial 

muscle is typically affected earlier than the gastrocnemius muscle, followed by the 

hamstrings and the quadriceps muscles. Dysarthria or dysphagia is the first symptom of 

bulbar ALS onset (Masrori & van Damme, 2020). Dysphonia reduced mouth closure or 

chewing difficulty is less common. In later stages of the disease, axial muscle weakness, 

head drop, and postural problems are commonly observed but they are rarely found to be 

the presenting symptoms. In about one-third of patients, bouts of uncontrolled laughing or 

crying, known as pseudobulbar affect, can be detected. A combination of signs of UMNs 

and LMNs involvement is frequently found in patients with classic ALS. Signs of LMNs 

involvement include muscle weakness, atrophy, fasciculations and reduced muscle tone. 

Signs of UMNs involvement to look for include hyperreflexia, increased muscle tone and 

slowness of tongue movement (Masrori & van Damme, 2020). Those facts support the 

hypothesis that many ALS patients may have both UMNs and LMNs involvement, 

suggesting that the disease spreads amongst different cells. 

    Approximately 50% ALS patients die within 30 months of disease onset, with 

respiratory insufficiency being the main cause of death. Only 10% of patients may survive 

for more than a decade (Ingre et al., 2015). The typical time to diagnosis for ALS is 10-16 

months from symptom onset. Several points of delay in the diagnosis course have been 

identified, including specialist referrals and misdiagnoses mainly due to the heterogeneity 

of symptoms in the onset, often resulting in unnecessary procedures and surgeries 

(Richards et al., 2020). For this reason, biomarkers in ALS have been the subject of 

intense research over the past 20 years. Sensitive and specific biomarkers have the 

potential to speed up early detection of the disease and improve patient outcomes. They 
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are also fundamental for the design of clinical trials and the development of novel 

therapeutics (Verber et al., 2019). 

      1.1.3. Risk factors for ALS 

 

      As mentioned in the previous section, the incidence of ALS is largely uniform across 

the world, but it has shown a significant increase during the last decades (Ingre et al., 

2015).The most relevant risk factors for ALS are age, with the disease being more 

common between the ages of 40 and the mid 60-s, masculine sex, and heredity. 

Approximately 10% of ALS cases show a familiar history of the disease, which can be 

inherited either as an autosomal dominant or recessive trait. This version of the illness is 

known as familial ALS (fALS) (H. X. Deng et al., 2011). Sporadic ALS (sALS) accounts for 

the remaining 90% of cases (Rotunno & Bosco, 2013). Despite the complexity of the 

illness, several risk factors are found to be possibly related with an increasing risk of 

developing ALS and its rate of progression. Investigation on ALS risk factors could also 

open new scenarios to better understand pathological mechanisms and heterogeneity of 

the disease.      

       1.1.3.1. Environmental risk factors 

 

      It has been reported that workers with apparently different exposures could be at risk 

of developing ALS, such as athletes, carpenters, cockpit workers, construction workers, 

electrical workers, farm workers and hairdressers (Ingre et al., 2015). However, an 

exposure to lead for professional reasons for 20 or more years prior to diagnosis was 

associated with ALS (A. S. Andrew et al., 2021). Also, hobbies involving this metal, such 

as casting lead bullets or making stained glass with lead joints shows a strong association 

with ALS with an approximately three‐fold increased risk adjusted for age, gender, family 

history and smoking status (A. S. Andrew et al., 2021). Other metals with a potential link 

to ALS onset are manganese, aluminum, cadmium, cobalt, copper, zinc, vanadium and 

uranium, all of them found at significantly higher concentrations in ALS cerebrospinal fluid 

(CSF) compared to control CSF (Roos et al., 2013). Higher concentrations of these metals 

were also found in ALS CSF than in ALS plasma, indicating mechanisms of accumulation, 

such as inward directed transport. These findings could indicate that metals displaying 

neurotoxic effects are involved in the pathogenesis of ALS (Roos et al., 2013). Moreover, 

a role of military service in ALS has been hypothesized, considering the deep exposure of 

military personnel to a range of harmful factors, such as physical and psychological 
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traumas, chemicals, and transmissible agents (e.g., viruses). However, it is too premature 

to establish a firm causal relationship (Beard & Kamel, 2015). 

   Toxic habits of life such as cigarette smoking have also been associated with a higher 

risk of ALS. The risk increases significantly with the years smoked and the number of 

cigarettes smoked per day, while it decreases in the never smokers (H. Wang et al., 

2011). Smoke can directly cause neuronal impairment from nitric oxide, traces of 

pesticides derived from tobacco cultivation or oxidative stress (H. Wang et al., 2011). 

   Investigators have also focused on several preventive factors for ALS. Among these, a 

higher consumption of fruits and vegetables was related to a decrease in ALS risk. On the 

other hand, the dose-response relationship between the intake of beta-carotene, vitamin 

C and vitamin E was found to be not statistically significant (Okamoto et al., 2009). Other 

aspects of nutrition that have been considered are coffee and tea consumption. However, 

a recent study has denied the hypothesis that coffee or tea consumption is associated 

with the ALS progression rate, contrasting with previous findings about their potential 

protective effect (Cucovici et al., 2021). In the absence of a cure or treatment, affected 

individuals may make use of popular nutritional supplements such as Ω-3 as a form of 

“self-medication”. However, recent findings from independent laboratories indicate that 

such an approach could be harmful (Boumil et al., 2017). On the other hand, it has been 

suggested that a critical balance of Ω-6 and Ω-3 may temporarily preserve motor neuron 

function during the terminal stages of ALS, which could provide a substantial improvement 

in quality of life for affected individuals and their caregivers (Boumil et al., 2017).  

   Also, it is worth mentioning that the relationship between environmental toxins and 

neurological disease has been of interest since residents of Minamata Bay, Japan, were 

sickened by chronic dietary exposure to methyl-mercury-laden fish (Cox et al., 2016). 

Similarly, many Chamorro villagers on the Pacific island of Guam suffer from Alzheimer’s 

disease (AD) and an unusual paralytic illness called Guamanian amyotrophic lateral 

sclerosis/parkinsonism dementia complex (ALS/PDC), and in some villages one-quarter of 

the adults perished from the disease (Cox et al., 2016) Like Alzheimer's, the causal 

factors of Guamanian ALS/PDC are poorly understood. In replicated experiments, it has 

been found that chronic dietary exposure to a cyanobacterial toxin present in the 

traditional Chamorro diet, β-N-methylamino-l-alanine (BMAA), triggers the formation of 

both neurofibrillary tangles (NFTs) and β-amyloid deposits similar in structure and density 

to those found in brain tissues of Chamorros who died with ALS/PDC(Cox et al., 

2016).Vervets (Chlorocebus sabaeus) fed for 140 days with BMAA-dosed fruit developed 
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NFT and sparse β-amyloid deposits in the brain., while co-administration of the dietary 

amino acid l-serine with l-BMAA significantly reduced the density of NFT. These findings 

indicate that while chronic exposure to the environmental toxin BMAA can trigger 

neurodegeneration in vulnerable individuals, increasing the amount of l-serine in the diet 

can reduce the risk (Cox et al., 2016). 

   A 2021 study focused on the effect of pesticides applied to crops in the USA and ALS 

risk, concluding that pesticides with the largest positive statistically significant associations 

in both the discovery and the validation studies and evidence of neurotoxicity in the 

literature were the herbicides 2,4-D and glyphosate, and the insecticides carbaryl and 

chlorpyrifos (A. Andrew et al., 2021). 

  A further field of investigation is the study of the relationship between physical activity 

and ALS. Results are quite divergent, with Visser et al. (Visser et al., 2018)suggesting that 

physical exercise could increase the risk of developing ALS, while Gallo et al. (Gallo et al., 

2016)draw the conclusion that high levels of physical activity could diminish the probability 

of suffering from the illness. Fang et al. (Fang et al., 2016)meanwhile suggest that the risk 

of ALS depends on the intensity of physical exercise, differentiating elite athletes from 

recreational athletes. Comparing these two groups, elite athletes could be exposed to a 

higher risk, while recreational athletes show an opposite trend (Visser et al., 2018) 

   Controversies in the conclusions of these studies show how hard it can be to study the 

factors influencing a rare disease such as ALS at a population level. Actually, it is 

remarkable how these investigations report association and cannot infer causality from the 

data that are presented. In conclusion, we still have no solid evidence that physical activity 

or any other environmental factor has an influence on ALS incidence (Hu & Np, 2020). 

  1.1.3.2. Genetic risk factors 

 

   ALS shows an important but varied genetic background. As previously mentioned, up to 

10% of ALS patients have at least one affected family member and are defined as 

suffering from fALS; most of these cases are inherited in an autosomal dominant manner 

(Kirby et al., 2016). The remaining 90–95% of ALS cases has no relation to family history; 

these individuals show the so-called sALS (S. Chen et al., 2013). 

    In the past years, technological progress has allowed the application of the most 

advanced molecular genetic techniques to search for ALS-related genes in large sample 

sets (Boylan, 2015). These technical improvements in molecular genetics have been 

crucial for a better understanding of the genetic factors of fALS, showing that 40-55% of 
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cases are linked to variants in known ALS-linked genes (Zou et al., 2017). More than 50 

causative genes have been identified for fALS, but pathogenic variants in SOD1, 

C9ORF72, FUS and TARDBP are the most frequently observed, with the remaining being 

less common. Genetic risk factors also contribute to sALS, even if they also can explain a 

small fraction of cases and the identification of genetic risk in sALS is still quite difficult to 

track down (Mejzini et al., 2019). Figure 1 displays the proportion of ALS cases linked to 

variants of the most common ALS-related genes in Europe and Asia. 

   Despite being relatively rare, there is a need for sequencing all ALS patients, no matter 

whether they are fALS or sALS. This is due to the fact that many novel therapeutic assays 

are addressed to gene therapy; therefore, an adequate knowledge of the genetic 

background is required (Heath et al., 2013). 

   Although much effort has been made to elucidate molecular determinants underlying the 

onset and progression of the disorder, the causes of ALS remain largely unknown, thus 

sequencing studies can be of great help. In 2017 a study was published, in which 

researchers deeply sequenced the whole transcriptome from spinal cord ventral horns of 

post-mortem ALS human donors affected by the sporadic form of the disease, which is 

less investigated than the inherited form of the disease (D’Erchia et al., 2017). They 

observed 1160 deregulated genes including 18 miRNAs and show that down regulated 

genes are mainly of neuronal derivation while up regulated genes have glial origin and 

tend to be involved in neuroinflammation or cell death. Remarkably, they found strong 

deregulation of SNAP25 and STX1B at both mRNA and protein levels suggesting 

impaired synaptic function through SNAP25 reduction as a possible cause of calcium 

elevation and glutamate excitotoxicity. They also note aberrant alternative splicing but not 

disrupted RNA editing (D’Erchia et al., 2017). 
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Figure 1. Proportion of ALS cases linked to the most ALS-related genes in Europe and Asia 

Figure 1. Proportion of ALS cases linked to the most ALS-related genes in Europe and Asia. (Adapted from Zou et 

al., 2017). 

       1.1.3.3. ALS and SOD1 mutations 

 

     It has been estimated that heritability in ALS is 40%-53% but only 5%-13% of patients 

show a family    history for the disease. One of the most described causes of hereditary 

ALS (hALS) is a group of mutations in the five encoding exons encoding Superoxide-

Dismutase 1 (CuZn-SOD; SOD1). The human SOD1 is located on chromosome 21q22.1 

and it codes for the monomeric SOD1 protein, which is composed of 154 amino acids 

and has a molecular weight of 16 kDa. This protein is responsible for the conversion of 

superoxide radicals to hydrogen peroxide (H2O2) and its expression is ubiquitous (Müller 

et al., 2021) 

   The relationship between SOD1 and fALS was first identified in 1993 and, since this 

first report, mutations in SOD 1 gene have been found in 8%-23% of patients suffering 

from fALS but also in 1%-4% of individuals with sporadic or simplex ALS (Müller et al., 

2021). Pathogenic potential has been well established only for some of SOD 1 punctual 
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mutations (Andersen, 2006). However, considering their extensive distribution along the 

gene, their effect is not negligible and involves several domains in SOD1 protein (Kirby 

et al., 2005). 

      Thanks to the discovery of SOD1 mutations involvement in ALS pathology, the first 

rodent models to study ALS were generated. Since SOD1 knockout mice appear to be 

healthy, it has been supposed that SOD1 causes disease via a toxic gain of function 

(Philips & Rothstein, 2015). On the other hand, these SOD1 null mice have enhanced 

sensitivity to stress and show muscle denervation at 18 months of age (Philips & 

Rothstein, 2015). This is the reason why a loss of function could also be involved in the 

pathology (Philips & Rothstein, 2015). 

      It has also been shown that human wild-type SOD1 (SOD1(WT)) overexpression 

accelerated disease in mice expressing human SOD1 mutants linked to ALS. However, 

there is a controversy whether the exacerbation mechanism occurs through 

coaggregation of human SOD1(WT) with SOD1 mutants, stabilization by SOD1(WT) of 

toxic soluble SOD1 species, or conversion of SOD1(WT) into toxic species through 

oxidative damage (Audet et al., 2010). To address whether the exacerbation of disease 

requires misfolding, modifications, and/or interaction of SOD1(WT) with pathogenic 

forms of SOD1 species, the effect of human SOD1(WT) overexpression in mice 

expressing the murine mutant Sod1(G86R) has been studied, concluding that 

SOD1(WT) overexpression did not affect the life span of Sod1(G86R) mice. The spinal 

cord extracts of these mice revealed a lack of heterodimerization or aggregation 

between human SOD1(WT) and mouse Sod1(G86R) proteins (Audet et al., 2010). 

Additionally, no evidence of conversion of SOD1(WT) into misfolded or abnormal SOD1 

isoforms based was detected. Thus, it is thought that a direct interaction between wild 

type and mutant forms of SOD1 is required for exacerbation of ALS disease by SOD1 

(WT) protein (Audet et al., 2010). 

      Up to now, more than 10 rodent models overexpressing mutant SOD1 have been 

generated, carrying missense mutant or truncated forms of SOD1 protein (Philips & 

Rothstein, 2015). These animals present some important features of the disease, such 

as early onset astrogliosis and microgliosis, glutamate-mediated excitotoxicity, aberrant 

neurofilament processing and lower metabolic support to motor neurons by glial cells. 

Furthermore, in the SOD1G85R dismutase inactive mutant, researchers clearly detected 

intraneuronal and glial SOD1 inclusions (Philips & Rothstein, 2015). 
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       In a 2014 study, the SOD1(G93A) mouse model for ALS was used to detect, by 

means of conformational-specific anti-SOD1 antibodies, whether misfolded SOD1-

mediated neurotoxicity extended to neuronal types other than MNs (Sábado et al., 2014) 

The researchers reported that large dorsal root ganglion (DRG) proprioceptive neurons 

accumulate misfolded SOD1 and suffer a degenerative process involving the 

inflammatory recruitment of macrophagic cells (Sábado et al., 2014) As large 

proprioceptive DRG neurons project monosynaptically to ventral horn MNs, they 

hypothesized that a prion-like mechanism may be responsible for the transsynaptic 

propagation of SOD1 misfolding from ventral horn MNs to DRG sensory neurons 

(Sábado et al., 2014). 

      In these murine models, various pathogenic mechanisms lead to a selective loss of 

spinal neurons with muscle wasting and atrophy that has paralysis and death as extreme 

consequence. Nevertheless, most of these mouse models don’t show any kind of gross 

cortical motor neuronal degeneration, which is a central hallmark of human disease. This 

relevant difference may underline pathogenic deficiencies of the SOD1 murine model as 

a tool to investigate neuron disease (Philips & Rothstein, 2015). 

     1.1.3.4. ALS and C90RF72 mutations 

 

   It has been demonstrated that 5–50% of ALS patients show symptoms of 

frontotemporal dementia (FTD). FTD manifests as frontal and/ or temporal lobe atrophy 

with changes in personality and behavior as well as language dysfunction (Q. Yang et 

al., 2020a). ALS and FTD show clinical overlapping; moreover, ubiquitin-positive and 

tau-negative TDP-43 inclusion bodies are a hallmark in both diseases (Q. Yang et al., 

2020a). An outstanding discovery connecting ALS and FTD was made in 2011, when 

the non-codifying GGGGCC hexanucleotide repeat of the C9orf72 gene was considered 

as an important genetic cause for ALS/FTD. This mutation has been found in 

approximately 40% of familial ALS patients, 25% of familial FTD patients and 88% of 

familial ALS/FTD patients. Since ALS and FTD share significant clinical, genetic and 

histopathological features, they are seen as extremes of the same disease continuum 

(Q. Yang et al., 2020a).  

    C9ORF72 locus is located on the reverse strand of chromosome 9 (41 kb). It includes 

two non-coding exons (1a and 1b) and 10 coding exons (from 2 to 11) and produces 

three coding variants. Alternative splicing of these three RNA variants produces two 

different isoforms: the 222-amino acid (aa) isoform encoded by V1, and the 481-aa 
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isoform encoded by V2 and V3. This gene shows a peculiar form of translation known as 

no-ATG since it doesn’t require an AUG starting codon (Zu et al., 2011). 

   The C9ORF72 human gene is highly conserved in primates and across different 

species, suggesting that the protein(s) encoded by C9ORF72 play primary biological 

roles (Smeyers et al., 2021). Indeed, the C9ORF72 complex has been implicated in 

many cellular processes, including vesicle trafficking, lysosome homeostasis, mTORC1 

signaling, and autophagy. C9orf72 deficiency in mice results in exaggerated 

inflammatory responses and human patients with C9ORF72 mutations show 

neuroinflammation phenotype. Recent studies indicate that C9ORF72 regulates 

trafficking and lysosomal degradation of inflammatory mediators, including toll-like 

receptors (TLRs) and STING, to affect inflammatory outputs (Pang & Hu, 2021).  

  Neurologically healthy individuals show ≤11 hexanucleotide repeats in the C9ORF72 

gene. Even if a pathological repeat-length threshold has not been defined, most studies 

assume a cut-off of 30 repeats; although, much larger expansions from hundreds to 

thousands of repeats are frequently found in ALS/FTD patients (Balendra & Isaacs, 

2018). 

   The repeat expansions could cause disease through a toxic gain-of- function (GOF) 

mechanism, involving RNA and protein toxicity by an aberrant accumulation of a 

dipeptide repeat protein (DPR). On the other hand, reduced levels of C9ORF72 mRNA 

and protein have been detected in a vast range of patients’ tissues and patient-derived 

cell lines. These findings may suggest that C9ORF72 implication in ALS/FTD pathology 

could also be related to a loss of function mechanism (LOF) by haploinsufficiency (Butti 

et al., 2021). While GOF pathogenic mechanisms are largely studied, LOF counterpart is 

still poor understood. The exact mechanism that leads GGGGCC to cause 

neurodegeneration is still unknown. To date we know that C9ORF72 protein functions in 

a complex with WDR1 and SMCR proteins function as a guanine exchange factor (GEF) 

for Rab8 and Rab9. It can also contribute to the regulation of the autophagic flux, the 

endosomal trafficking and the AMPA receptor levels (Butti et al., 2021). 

   Briefly summarizing, cytoplasmic insoluble aggregates of C9ORF72-derived proteins 

could negatively affect the nuclear importing of TDP-43, suggesting that aberrant 

aggregation and distribution of proteins may be a common factor in ALS pathology 

independently of the primary genetic cause of the disease (Khosravi et al., 2017).   
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      1.1.3.5 ALS and FUS mutations 

 

    As previously stated, approximately 15% of ALS cases are familial, and mutations in 

the fused in sarcoma (FUS) gene contribute to a subset of fALS cases. FUS is a 

multifunctional protein participating in numerous RNA metabolism pathways. 

  Mutations in FUS have been demonstrated to cause aberrant splicing (Svetoni et al., 

2016); however, the molecular mechanism by which cells handle defective mRNA has 

not been explored in ALS.  It is also known that ALS-linked FUS mutations cause a 

liquid–liquid phase separation of FUS protein in vitro, inducing the formation of 

cytoplasmic granules and inclusions. However, it remains elusive what other proteins are 

sequestered into the inclusions and how such a process leads to neuronal dysfunction 

and degeneration (Kamelgarn et al., 2018). 

   Recently, a protocol has been developed to isolate the dynamic mutant FUS-positive 

cytoplasmic granules in order to characterize those (Kamelgarn et al., 2018). Proteomic 

identification of the protein composition and subsequent pathway analysis led 

investigators to hypothesize that mutant FUS can interfere with protein translation. It has 

been demonstrated that the ALS mutations in FUS indeed suppressed protein 

translation in N2a cells expressing mutant FUS and fibroblast cells derived from FUS 

ALS cases. In addition, the nonsense-mediated decay (NMD) pathway, which is closely 

related to protein translation, was altered by mutant FUS (Kamelgarn et al., 2018) NMD 

is a major mRNA surveillance system that is known to degrade defective mRNA and 3-

20% of all mRNAs (Karam et al., 2013). NMD and protein translation are interrelated, as 

NMD utilizes the translocating ribosome as a proofreading mechanism for sensing 

defective mRNAs (Celik et al., 2017). 

   Specifically, NMD-promoting factors UPF1 and UPF3b increased, whereas a negative 

NMD regulator, UPF3a, decreased, leading to the disruption of NMD autoregulation and 

the hyperactivation of NMD. Alterations in NMD factors and elevated activity were also 

observed in the fibroblast cells of FUS ALS cases. These findings lead to the conclusion 

that mutant FUS suppresses protein biosynthesis and disrupts NMD regulation, both of 

which likely contribute to motor neuron death (Kaelan et al., 2018). 

 1.2. ALS physiopathology. TARDBP implication 
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Figure 2.TDP-43 immunohistochemistry in the brain and spinal cord of ALS patients 

ALS physiopathology is complex and partially understood. Cellular dysfunction not only 

affects motor neurons, but also non-neuronal cells of the nervous system (Neumann et al., 

2006). 

    Protein cytoplasmic inclusions or aggregates in degenerating motor neurons and 

surrounding oligodendrocytes are a pathological main feature in ALS (Blokhuis et al., 

2013). Inclusions are not exclusively found in the spinal cord but also in other brain 

regions such as the frontal and temporal cortices, hippocampus, and cerebellum. The 

most common aggregates found in ALS patients are ubiquitinated and they are classified 

as either Lewy body-like hyaline inclusions or skein-like inclusions (Blokhuis et al., 2013). 

Bunina bodies, which are small eosinophilic ubiquitin-negative inclusions and round 

hyaline inclusions without a halo, are another group of inclusions found in ALS patients. 

They consist of amorphous electron-dense material surrounded by tubular and vesicular 

structures. In addition, neurofilamentous inclusions have been found in the axon hillock in 

close contiguity to ubiquitinated inclusions (Blokhuis et al., 2013). These inclusions have 

been found not only in neuronal cells, but also in patients’ spinal glial cells (Arai et al., 

2006). It has been proposed that astrocytes can also incite protein aggregation in motor 

neurons by inhibiting their autophagic capacity and by secreting prion-like protein 

aggregates (Halpern et al., 2019) (Figure 2). 

 

 

   

   

 

 

 

 

 

 

 

Figure 2. TDP-43 immunohistochemistry in the brain and spinal cord of ALS patients (a–j) and control 

subjects (k, l). a and b Skein-like inclusions in the anterior horn cells. Dense compacted area (arrowhead) is 

also evident (b). c Rounded, spicular inclusion in the anterior horn cell. d Dot-like inclusions in the anterior 

horn cell. e Minute thread-like structures scattered in the cytoplasm of the anterior horn cell. f Higher 

magnification view of the area in (e) showing straight or wavy, linear wisps. g Punctate granules in the spinal 

anterior horn. Note that nuclear TDP-43 immunoreactivity is absent. h Circular inclusion in the putamen. i and 

j Coarse or Wne granular cytoplasmic staining in the neostriatal small neurons. k and l Punctate granules in 

the spinal anterior horn (k) and motor cortex (l). Note that nuclear TDP-43 immunoreactivity is preserved (l) 

(bars 10 micrometers) (Adapted from Mori et al., 2008). 
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As previously mentioned, TDP-43 is one of the major components of protein inclusions 

in ALS patients motor neurons and in cortical neurons of FTD. Also, both SOD1 and 

FUS mutations have been related to juvenile-onset malignant ALS, even in absence of 

an apparent family history (Zou et al., 2015). The proteostasis network is particularly 

important in nondividing, long-lived cells, such as neurons, as its failure is implicated 

with the development of neurodegeneration.    

   ALS shares protein aggregation as a pathological mechanism with other 

neurodegenerative diseases like AD, Parkinson’s disease (PD) and frontotemporal lobar 

degeneration (FTLD). These neurological disorders have shared risk factors such as 

aging, oxidative stress, environmental stress, and protein dysfunction, which can alter 

cellular proteostasis (Höhn et al., 2020).  

   The proteostasis network is particularly important in nondividing, long-lived cells, such 

as neurons, as its failure is implicated with the development of neurodegeneration. It 

encloses molecular chaperone proteins, degradation pathways (proteasomal and 

autophagic), and the protein trafficking (McAlary et al., 2020) Chaperones protect 

vulnerable proteins from misfolding and aggregation, potentially through the amyloid 

pathway. Proteins vulnerable to amyloid aggregation can form polymorphic assemblies 

through template-directed growth. Amyloid assemblies are thought to propagate from 

cell-to-cell through exocytosis in vesicles and exosomes, through membrane breakages 

and macropinocytosis (Figure 3) (McAlary et al., 2020). 

   Thus, the integrity of the proteostasis network is essential to cell viability and 

especially in nonproliferative cells, such as neurons, as its failure is associated with 

several neurodegenerative diseases. In addition, protein deposition diseases are also 

strongly associated with perturbations in mitochondrial function, ER, and UPS/autophagy 

degradation pathways (Höhn et al., 2020). However, whether some ALS-associated 

proteins such as TDP-43 or other are associated with mitochondrial demise, it is 

currently unknown. 
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Figure 3.Relationship between proteostasis and prion-like protein propagation 

 

 

        1.2.1 An overview on structure and function of TDP-43 

 

   TDP-43 is a ubiquitous 414 amino acids protein encoded by the TARDBP gene and 

belonging to the heterogeneous nuclear ribonucleoprotein (hnRNP) family. The protein 

structure includes an N-terminal region, a nuclear localization signal (NLS), two RNA 

recognition motifs called RRM1 and RRM2, a nuclear export signal (NES), a C-terminal 

region enclosing a prion-like glutamine/asparagine-rich (Q/N) domain and a glycine-rich 

region (Figure 5) (de Boer et al., 2021). Its localization is mainly nuclear, but it can 

shuttle between the nucleus and the cytoplasm through a process mediated by active 

and passive transport. In the cytoplasm, TDP-43 acts as an important mediator in RNA 

metabolism, modulating RNA splicing, transcriptional repression, micro-RNAs synthesis 

and RNA trafficking between nuclear and cytoplasmic compartments (Lagier-Tourenne 

et al., 2010). TDP-43 has also previously been found in the mitochondrial compartment, 

where it interacts with the mitochondrial genome and participates in the respiratory chain 

pathways (de Boer et al., 2021). 

   The members of hnRNP protein family play an important role in RNA stability, 

trafficking, and splicing regulation as well as RNA processing (Geuens et al., 2016). In 

healthy cells, TDP-43 localization is mainly nuclear and acts in RNA regulation, such as 

transcriptional regulation, alternative splicing, and mRNA stabilization (Geuens et al., 

Figure 3. Relationship between proteostasis and prion-like protein propagation. Green objects 

represent the components of the proteostasis network such as chaperone proteins, degradation pathways 

(proteasomal and autophagic), and the trafficking of proteins. Chaperones prevent protein misfolding through 

the amyloid pathway, in blue. Amyloid assemblies may propagate from cell-to-cell through exocytosis in 

vesicles and exosomes, membrane breakages, or macropinocytosis (Adapted from McAlary et al., 2020). 
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2016). Cleavage, hyperphosphorylation and ubiquitination of TDP-43 can be observed 

under pathological conditions leading to its cytoplasmic accumulation and aggregation. It 

has been also shown that TDP-43 undergoes a breakage to generate 25 and 35 kDa C-

terminal fragments which contributes to toxicity (Igaz et al., 2009). Moreover, 

hyperphosphorylated TDP43, in the serine 403/404 and 409/410 residues (p-TDP-43), 

can also be found in the pathological inclusions (Jo et al., 2020a). The C-terminal 

domain encloses the majority of TDP-43 known mutations (Figure 4). The main effect of 

these mutations consists in the inhibition of TDP-43 with other proteins that belong to the 

hnRNP family, blocking the formation of a complex rich in heterogeneous nuclear RNA 

(hnARN) (Buratti, 2015). 

    One of the first described functions for TDP-43 was the modulation of HIV-1 virus 

through its binding capacity to the HIV-1 LTR, promoting the suppression of HIV-1 

transcription and gene expression (Nehls et al., 2014). In the cytoplasmic compartment, 

TDP-43 plays an important role in Nefl and HDAC6 mRNA stabilization and co-localizes 

with known mRNA transport proteins, such as Staufen 1, FMRP and SMN in dendrites 

and axons. Regarding mRNA translation it can associate with initiation/elongation factors 

and act as a repressor of Rac1, Map, and GluA1 mRNA by recruitment of the FMRP-

CYFIP translational inhibitor complex (Ederle & Dormann, 2017). 

     More recently, high levels of TDP-43 were detected in spermatocytes in the 

preleptotene and pachytene stages of meiosis and it was demonstrated that conditional 

KO (cKO) of the TARDBP gene in male germ cells of mice leads to reduced testis size, 

depletion of germ cells, vacuole formation within the seminiferous epithelium, and 

reduced sperm production (Campbell et al., 2021). 
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Figure 4.Structure of TAR DNA-binding protein 43 (TDP-43) 

 

 

 

 

   An additional TDP-43 function was described in 2008, when it was found that removal of 

TDP-43 in human cells significantly increases cyclin-dependent kinase 6 (Cdk6) protein 

and transcript levels (Y. M. Ayala et al., 2008). The control of Cdk6 expression mediated 

by TDP-43 involves GT repeats in the target gene sequence and Cdk6 up-regulation in 

TDP-43-depleted cells is accompanied by an increase in phosphorylation of two of its 

major targets, the retinoblastoma protein pRb and pRb-related protein pRb2/p130 (Y. M. 

Ayala et al., 2008).  

  TDP-43 silencing also determines changes in the expression levels of several factors 

involved in cell proliferation (Y. M. Ayala et al., 2008). 

Figure 4. (A) Structure of TAR DNA-binding protein 43 (TDP-43). The TDP-43 protein contains 414 amino 

acids and shows an N-terminal region with a nuclear localization signal (NLS), two RNA recognition motifs 

(RRM1 and RRM2), NES and a C-terminal domain with a Q/N and glycine-rich regions. It also includes the 

mitochondrial localization motifs M1, M3 and M5. Pathogenic mutations are frequently located within the C-

terminal region which has prion-like properties. The numbers represent amino acid lengths. (B) The TDP-43 

protein is a critical mediator in RNA metabolism. In the nucleus, TDP-43 is important for transcription and 

splicing mRNA, as well as maintaining RNA stability and transport to the nucleus. In addition, TDP-43 

regulates biogenesis of microRNA and processing of long non-coding RNA. Although predominantly located 

within the nucleus, TDP-43 shuttles between the nucleus and the cytoplasm, where it acts on mRNA stability, 

translation, formation of stress and ribonucleoprotein (RNP) transport granules (Adapted from de Boer et al., 

2021). 
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  TDP-43 has various roles in determining expression levels and splicing variants of 

several different protein-coding genes. Some of these genes codify for RNA-binding 

proteins, including TDP-43. Thus, TDP-43 can exert an autoregulation on its own levels 

through a negative feedback loop (Y. M. Ayala et al., 2011).  

 

Figure 5.A scheme for TDP-43 domain structure (top) and TDP-43 variants frequently found in ALS patients 

 

 

      

 

 

 

  In a recent study it has been demonstrated that de novo paraspeckle assembly in spinal 

neurons and glial cells is a hallmark of both sporadic and familial ALS in close association 

with TDP-43 pathology (Shelkovnikova et al., 2018). Depletion of TDP-43 results in 

accumulation of endogenous dsRNA and activation of type I interferon response which 

also stimulates paraspeckle formation (Shelkovnikova et al., 2018). In addition, TDP-43 

contributes to the synthesis of a subset of precursor miRNAs (pre-miRNAs) by both 

interacting with the nuclear Drosha complex and binding directly to the relevant primary 

miRNAs (pri-miRNAs). In the cytoplasmic compartment, TDP-43 which interacts with the 

Dicer complex enhances the processing of some of these pre-miRNAs via binding to their 

terminal loops.  Furthermore, involvement of TDP-43 in miRNA biogenesis appears to be 

indispensable for neuronal outgrowth (Kawahara & Mieda-Sato, 2012). 

  Related to RNA processing, TDP-43 also plays a role in the determination of cryptic and 

skiptic exons. Cryptic exons can be defined as splicing variants that may introduce 

frameshifts or stop codons, among in the resulting mRNA. In 2015, it was shown that 

TDP-43 is able to repress the splicing of nonconserved cryptic exons, to maintain intron 

integrity. These aberrant mRNA have been demonstrated in motor cortex and middle 

temporal gyrus of ALS and FTLD patients (Ling et al., 2015; Torres et al., 2018). In fact, in 

mouse embryonic stem cells depleted from TDP-43, these cryptic exons were spliced into 

mRNAs, disrupting their translation, and triggering non-sense mediated decay. In addition, 

Figure 5. A scheme for TDP-43 domain structure (top) and TDP-43 variants frequently found in ALS 

patients (bottom). The majority of variants are missense variants located in the glycine-rich region, which 

interacts with other heterogeneous ribonucleoproteins (Adapted from Yousefian-Jazi et al., 2020). 
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induced repression of cryptic exons appeared to prevent cell death in TDP-43-deficient 

cells. The finding that cryptic repression was impaired in ALS and FTD, suggest a 

relationship between this splicing defect and TDP-43 proteinopathy (J. P. Ling et al., 

2015). In 2018, it was shown that TARDBP action on splicing is relevant in ATG4B 

autophagic function. Deregulation of TARDBP expression in human neural tissue and in 

HeLa cells, demonstrated that TARDBP is required for maintaining the expression of 

ATG4B (Torres et al., 2018). 

   Physiologically, TDP-43 shows high-level expression during embryonic development; 

the protein expression decreases during postnatal development. In mice where the TDP-

43 gene (Tardbp) was disrupted using a gene trap that carries a β-galactosidase marker 

gene, heterozygous (Tardbp/−) mice are fertile and healthy, but no viable monozygotic 

null (Tardbp−/−) mice were obtained from the intercrosses of Tardbp/− mice. Tardbp−/− 

embryos die between 3.5 and 8.5 days of development (Sephton et al., 2010). Similarly, 

Tardbp−/− blastocysts grown in cell culture display abnormal expansion of their inner cell 

mass (Sephton et al., 2010). 

  Several studies on TDP-43 and its importance in ALS pathology, have found that TDP-

43 can assemble into stress granules (SGs) in response to oxidative stress and to 

environmental insults. Stress granules are ribonucleoprotein complexes in which protein 

synthesis is temporarily blocked (Colombrita et al., 2009). A specific amino acid interval 

(216-315) in the C-terminal region and the RNA-recognition motif 1 domain are both 

implicated in TDP-43 participation in SGs as their deletion prevented the recruitment of 

TDP-43 into SGs (Colombrita et al., 2009). Thus, TDP-43 is a specific component of 

SGs, but it has been proved that it is not necessary for SG formation, and its gene 

silencing does not impair cell survival during stress (Colombrita et al., 2009). The 

analysis of spinal cord tissue from ALS patients showed that SG markers are not 

enclosed in TDP-43 pathological inclusions (Colombrita et al., 2009). 

    Interestingly, other cellular stresses, in addition to oxidative stress, have been 

described as possible triggers for the formation of TDP-43 enclosing SGs. Indeed, 

osmotic stress (Dewey et al., 2011a), mitochondrial stress (Chalupníková et al., 2008), 

endoplasmic reticulum stress (Goodier et al., 2007) and proteasome inhibition 

(Colombrita et al., 2009) have been all involved in SGs generation. Also, it has been 

hypothesized that SGs genesis could be involved in the origin of the irreversible TDP-43 

aggregation in the cytoplasm (Bentmann et al., 2012).  In general, several cellular 

stresses could determine proteostasis disruption and be associated with ALS aberrant 
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protein aggregates. Whether SGs formation is linked to changes in other pathogenic 

mechanisms, such as mitochondrial dysfunction, it is not well established. 

   Globally, post translational changes, fragmentation and cytoplasmic aggregation of 

TDP-43 are well established hallmarks of ALS and FTD pathology (Ferrari et al., 2011). 

Nonetheless, TDP-43 contribution to neurodegeneration is still very controversial. A 

recent study has aimed to dissect TDP-43 function at physiological levels (Ferrari et al., 

2011). It was found that mutations enclosed in the C-terminal domain of the protein lead 

to a gain of splicing function, in which skipping of constitutive exons determines changes 

in gene expression. On the other hand, TDP-43 LOF mechanisms can also contribute to 

motor neuron loss through an altered modulation of alternative splicing (Fratta et al., 

2018).Thus, these findings are compatible with the hypothesis that gain-of-function and 

loss-of-function mechanisms can both contribute to TDP-43 proteinopathies. In 

particular, TDP-43 cytoplasmic aggregation and nuclear depletion in post-mortem tissue 

supports a strong role of LOF at the late stage of the illness, while gain-of-function 

(GOF) mechanisms seem to be predominant at a early stage (Figure 6) (Fratta et al., 

2018).igure 6. Point mutation withi the low complexity C-terminal domain of TDP-43 induce 

phenotypes resembling 

ALS in mice 

 

 

 

Figure 6. Point mutations within the low complexity C-terminal domain of TDP-43 induce phenotypes 

resembling ALS in mice. At the molecular level, these mutations induce a novel gain of splicing activity 

leading to skipping of certain constitutive exons, called “skiptic exons”. This phenomenon is predominant at 

an early stage of neurodegeneration, while at later stages TDP-43 splicing loss of function is evident. A 

shared consequence of both mechanisms is motor neuron loss (Adapted from Fratta et al., 2018). 
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   With respect to protein aggregates toxicity, contrasting hypotheses have been 

proposed, with several authors suggesting a neuroprotective role for protein aggregation 

in neurodegeneration processes (Saad et al., 2017). Actually, these aggregates can 

frequently be found in motor neurons that survivor motor neurons. In this scenario, real 

responsible for toxicity could be found instead in small oligomeric misfolded proteins 

(Ciechanover & Kwon, 2015). 

        1.2.1.2 ALS and TARDBP mutations 

 

     Protein aggregation is determined by the aberrant folding of a protein that results in 

the formation of oligomers fibrils rich in beta sheet structure via polymerization (Q. Yang 

et al., 2020). Physiologically, proteins undergo folding through chaperones to reach a 

biologically stable conformation and their structure is stabilized by covalent and non-

covalent interaction between the amino acid residues (Q. Yang et al., 2020). In a 

pathological context, structural destabilization determines the exposure of hydrophobic 

amino acids patches in the outer environment. The adhesive nature of these patches 

could result in self-association into oligomers and fibrils found in several 

neurodegenerative diseases (Yang et al., 2020).  

   TDP-43 protein was firstly identified as a main component of ubiquitin-positive protein 

inclusions in ALS patients motor neurons and in FTD patients’ cortical neurons (Arai et 

al., 2006). It is currently known that the vast majority (97% approximately) of both familial 

and sporadic ALS cases are associated to the presence of cytoplasmic TP43-positive 

aggregates (Guo & Shorter, 2017), thus their finding in necropsy samples can be related 

to the disease. 

    It has been proved that the internalization of pre-formed TDP-43 aggregates in the 

human neuroblastoma N2a cells results in their ubiquitination and hyperphosphorylation 

(Cascella et al., 2019). In this system, aggregated TDP-43 appears to be responsible for 

the alteration of calcium homeostasis involving mitochondria and the increase in reactive 

oxygen species that, finally, leads to caspase activation (Cascella et al., 2019). 

Proteasomal inhibition and failure of macroautophagic systems showed that these 

features are both involved in TDP-43 accumulation, and they interact in 

neurodegenerative disorders involving TDP-43 proteostasis (Cascella et al., 2019) 

(Figure 7). 
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   The discovery of TP43 as a main component of cytoplasmic inclusions, led to the 

investigation on TARDBP gene mutations in families with autosomal dominant forms of 

fALS and FTD (Chiò et al., 2011). 

  To date, 63 mutations in TARDBP gene have been identified as reported in ALSoD 

(https://alsod.ac.uk/output/gene.php/TARDBP#variants). Most of them are classified as 

missense mutations located in the glycine-rich C-terminal domain of the protein, which 

mediates protein-protein interactions (Berning & Walker, 2019). 

    Although TDP-43 dominant mutations are not very common, they have been linked to 

ALS. The screening of  genomic DNA extracted from spinal cord specimens of sporadic 

ALS patients for mutations in the TARDBP gene has shown that the C-terminal Q331K  

mutation in the spinal cord tissue of patients  is associated with accumulation of higher 

levels of DNA strand breaks (Cascella et al., 2019).Moreover, the same study has 

detected higher levels of the DNA double-strand break marker γH2AX in the spinal cord 

tissue of patients in comparison with age-matched controls, suggesting a role of the 

Q331K mutation in genome-damage accumulation (Cascella et al., 2019).     

 

 

 

    

 

 

 

 

 

 

 

 

 

Figure 7. TPD43 expression under physiologic and pathologic conditions. In healthy neurons, TDP-43 

is mainly nuclear, and it takes part in gene expression, a regulator of RNA splicing. TDP-43 can undergo a 

trafficking between the nucleus and the cytoplasm, where it can bind and stabilize the RNA. In degenerating 

FTD/ALS neurons, TDP-43 leaves the nucleus and accumulates in the cytoplasm where it appears to be 

ubiquitinated, hyperphosphorylated and cleaved in insoluble inclusions. TDP-43 cytoplasmic inclusions are 

responsible for mitochondrial calcium homeostasis alteration (Adapted from Berning & Walker, 2019). 

 

Figure 7.TPD43 expression under physiologic and pathologic 
conditions 

https://alsod.ac.uk/output/gene.php/TARDBP#variants
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In conditional SH-SY5Y lines ectopically expressing wild-type (WT) or Q331K-mutant 

TDP-43, increased cytosolic sequestration of the poly-ubiquitinated and aggregated form 

of mutant TDP-43 was reported, in correlation with increased genomic DNA strand 

breaks, activation of the DNA damage response factors phospho-ataxia-telangiectasia 

mutated (ATM), phospho-53BP1, γH2AX and neuronal apoptosis. Furthermore, the 

mutant cells showed elevated levels of reactive oxygen species, suggesting the mutation 

could have both dominant negative and loss-of-function effects (Cascella et al., 2019). 

   A knock-in mouse model bearing a Q331K mutation in the endogenous mouse gene 

has been recently described as the most physiological model described to date, showing 

features of both ALS and FTD such as weight gain, lack of classical TDP-43 pathology 

and elevated nuclear TDP-43 (Watkins et al., 2021). TDP-43Q331K mice display cognitive 

dysfunction and a scarcity of parvalbumin interneurons. In this context, TDP-43 

autoregulation is altered resulting in TDP-43 GOF, and altered splicing of MAPT, a 

crucial dementia gene (White et al., 2018). 

   A further TDP-43 mutation (M323K) falls within the protein C‐terminal low complexity 

glycine‐rich domain (LCD) where almost all known ALS‐causing mutations are clustered 

specifically within a 20 amino acid region  that influences TDP‐43 alpha‐helix structure 

which is important for liquid phase separation, aggregation and protein self‐interaction 

(Fratta et al., 2018) In an in vitro turbidity assay it has been found that the M323K 

mutation decreases the propensity for phase separation compared to wild type, similarly 

to the human TDP-43 ALS‐causing mutation Q331K (Fratta et al., 2018). 

   A third TDP-43 mutation of interest in this thesis, F210I, is located in the TDP-43 

recognition motif 2 (RMRM2). Hence these two last two mutations, M323K and F210I, 

are also known as LCDmut and RMRM2mut, respectively (Figure 8). 

   The effects of these TDP‐43 mutations on splicing function in an endogenous 

physiological context have been studied in a CFTR minigene assay in mouse embryonic 

fibroblasts (MEFs). Results show that RRM2mut causes a highly significant shift towards 

exon inclusion, similarly to the well‐documented effect of TDP‐43 knockdown, showing a 

dose‐dependent LOF. Interestingly, the LCDmut has an opposite effect, increasing exon 

exclusion, thus suggesting a GOF (Fratta et al., 2018).  

   Both mutated MEFs lines didn’t show any alteration in TDP-43 protein levels, but 

through an electromobility shift assay it was compared the RNA binding capacity of WT, 
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RRM2mut and LCDmut recombinant TDP-43. RRM2mut showed a reduction in RNA 

binding, which remained unchanged for the LCDmut (Fratta et al., 2018). 

 

Figure 8. Diagram of TDP-43 illustrating the location of RRM2mut and LCDmut 

 

  Regarding the geographical distribution of ALS familial mutations, they show a uniform 

global distribution, with regional variability (Chiò et al., 2011) . A representative case for 

this phenomenon is that of A382T mutation of the TARDBP gene, which accounts for 

nearly one third of ALS cases in the Italian island Sardinia. This increase in A328T 

mutation frequency could be due to the fact that the Sardinian population has been 

genetically isolated, showing the so-called founder effect (Chiò et al., 2011). 

    Some people with ALS caused by TARDBP gene mutations also develop a condition 

called frontotemporal dementia (FTD), which is a progressive brain disorder that affects 

personality, behavior, and language (Borroni et al., 2010). It is unclear why some people 

with TARDBP gene mutations develop FTD and others do not. Individuals who develop 

both conditions are diagnosed as having ALS-FTD (Borroni et al., 2010) 

   Globally, more than 60 mutations in the TARDBP gene have been found to cause 

ALS. Most mutations change single amino acids in the TDP-43 protein. Most of these 

changes affect the region of the protein involved in mRNA processing, likely disrupting 

the production of other proteins(Hergesheimer et al., 2019). Changes to the TDP-43 

protein cause the protein to misfold and form protein aggregates, which have been found 

in nerve motor neurons from people with ALS. It is still unclear whether TDP-43 protein 

aggregates cause the nerve cell death that leads to ALS or if they are a byproduct of a 

dying cell (Hergesheimer et al., 2019). 

  1.2.2. Toxicity mechanisms in ALS pathophysiology 

 

   As discussed above, aberrant intracellular or extracellular protein accumulation in the 

affected brain regions is a typical pathological feature of neurodegenerative diseases and 

it is thought to lead to neurotoxicity, neurodegeneration, and finally clinical manifestation 

Figure 8. Diagram of TDP‐43 illustrating the location of RRM2mut and LCDmut (Adapted from Fratta, et al., 

2018). 
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of the disease (Takalo et al., 2013). The intracellular inclusions detected in the brain of 

patients are often ubiquitin-positive and contain misfolded disease-specific proteins. This 

conformational change results in the exposure of the hydrophobic regions of the protein 

that are normally buried within the protein structure when it is in its natively folded 

conformation. The exposed hydrophobic structures promote oligomerization and 

aggregation of the protein (Takalo et al., 2013). 

    Healthy cells can efficiently utilize their protein quality control (PQC) system to manage 

the misfolded proteins and preserve the protein homeostasis. A series of molecular 

chaperones involved in the cellular PQC systems, such as heat shock proteins (Hsp), 

recognize misfolded proteins, promote their refolding, prevent their aggregation, and help 

to repair the damaged proteins (Hartl et al., 2011). The molecular chaperones may also 

interact with the ubiquitination machinery and target the misfolded proteins to degradation 

by the ubiquitin-proteasome system (UPS) (Ciechanover et al., 2000) or the 

autophagosome-lysosome pathway (ALP) (Kundu & Thompson, 2008). It has been 

suggested that deficiencies in PQC and clearance mechanisms is likely to cause the 

abnormal accumulation of proteins in neurodegenerative diseases (Takalo et al., 2013). In 

addition, the excessive accumulation of misfolded and aggregated proteins could 

determine the overwhelming of the PQC and clearance systems, which leads to further 

protein accumulation (Takalo et al., 2013). Different stress conditions can promote failure 

of the PQC system (Alberti & Hyman, 2021); a brief review of different kinds of cellular 

stresses follows, all of which have been frequently implicated in neurodegeneration. 

   1.2.2.1 Oxidative stress  

 

   Under normal conditions, mitochondria are the main source of reactive oxygen species 

(ROS) that physiologically take part in cellular signaling pathways and oxygen 

homeostasis maintenance (Roy et al., 2017).  

   As indicated in section 1.1.3, ALS pathological mechanisms are still unknown, but 

evidence indicates that ROS production associated with an inefficient antioxidant 

response is a crucial pathological feature in ALS (Cunha-Oliveira et al., 2020). Oxidative 

stress (OS) appears to be implicated in the loss of MNs and in mitochondrial 

dysfunction, all contributing to neurodegeneration in ALS(Cunha-Oliveira et al., 2020).      

   Several pathways involved in ROS-induced cell death have been proposed. ROS can 

directly act on proteins, lipids, and nucleic acids, causing injury and consequent cell 

death. Among these mechanisms, protein oxidation and nitrosylation can impair a variety 
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of enzymatic processes and growth factors leading to cellular dysfunction (Sola et al., 

2007). In our laboratory, we have previously investigated on OS stress markers for ALS, 

focusing on the analysis of features of mitochondrial oxidative metabolism, as well as 

mitochondrial chain complex enzyme activities and protein expression, lipid profile, and 

protein oxidative stress markers, in the Cu, Zn superoxide dismutase with the G93A 

mutation (hSOD1-G93A) transgenic mice and N2A cells overexpressing hSOD1-G93A 

(Cacabelos et al., 2016).  

  Lipid peroxidation has been involved in cell death through effects on cellular 

phospholipids as major cell membrane components through activation of 

sphingomyelinase and release of ceramide species, which act as apoptosis activators 

(Auten et al., 2002). Also, nucleic acid oxidation plays a relevant role in physiologic and 

premature aging as well as DNA strand breaks, determining necrosis and/or maladaptive 

apoptosis (Auten et al., 2002). It is of note that vulnerable neurons in human ALS 

accumulate DNA damage and strongly activate and mobilize response effectors and 

DNA repair genes (B. W. Kim et al., 2020). This DNA damage response (DDR) in ALS 

motor neurons involves recruitment of c-Alb and BRCA1 to the nucleus in vivo, and 

repair of DNA double-strand breaks in human ALS MNs with SOD1 mutations in cell 

culture. The extent of these changes and the cellular ability to repair the subsequent 

damage establish whether the effects are adaptive or maladaptive (B. W. Kim et al., 

2020). 

   Biochemical integrity of the brain cells can seriously be compromised upon excess 

ROS production and lack of proper antioxidant response (Salim, 2017). The brain shows 

a high oxygen consumption rate and a lipid-rich content; thus, it is extremely susceptible 

to oxidative stress. Consequently, oxidative stress-induced damage can negatively 

impact normal Central Nervous System (CNS) functions (Salim, 2017). In line with OS, 

neuroinflammation is a process characterized by the presence of reactive astrocytes and 

microglia, infiltration of peripheral immune cells and high levels of inflammatory 

mediators in nervous tissues. Microglia is the primary form of active immune defense in 

the CNS. When these cells lose their ability in neutralizing a toxic insult, they remain 

active in the recruitment of oligodendrocytes and astrocytes sustaining the inflammatory 

process (Obrador et al., 2020). OS in ALS patients and animal models causes an 

excessive proliferation of astrocytes surrounding the degenerating MNs. In addition, 

these proliferative astrocytes are positive for inflammatory markers such us cyclo-

oxygenase-2 (Vargas & Johnson) and molecules that prevent the regeneration of injured 

axons (Radford et al., 2015). Interestingly, astrocytes derived from spinal cord tissue of 
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both sporadic and familial ALS patients are cytotoxic to cultured motor neurons (Haidet-

Phillips et al., 2011). All in all, these findings support an active role for astrocytes in ALS 

pathogenesis. Indeed, astrocytes are the most abundant glial cell in the central nervous 

system and are involved in multiple processes including metabolic homeostasis, blood 

brain barrier regulation and neuronal crosstalk (J. A. Lee et al., 2021). They act as the 

main storage point of glycogen in the brain, and it is well established that astrocyte 

uptake of glutamate and release of lactate prevents neuronal excitability and supports 

neuronal metabolic function. However, the role of lipid metabolism in astrocytes in 

relation to neuronal support has been until recently, unclear (J. A. Lee et al., 2021). 

Lipids play a fundamental role in astrocyte function, including energy generation, 

membrane fluidity and cell to cell signaling. There is now emerging evidence that 

astrocyte storage of lipids in droplets has a crucial physiological and protective role in 

the central nervous system (J. A. Lee et al., 2021). This pathway links β-oxidation in 

astrocytes to inflammation, signaling, oxidative stress and mitochondrial energy 

generation in neurons. Disruption in lipid metabolism, structure and signaling in 

astrocytes can lead to pathogenic mechanisms associated with a range of neurological 

disorders (J. A. Lee et al., 2021). 

    Regarding oxidants in ALS patients, the expression levels of oxidative stress products 

such as 8-dihydro-2' -deoxyguanosine (8-OHdG) and malone dialdehyde (MDA) as well 

as antioxidant system products SOD-1 and GPX have been reported to be altered in body 

fluids in ALS patients in comparison with healthy individuals; thus, these changes have 

been proposed as a promising biomarker candidate for ALS (Hosaka et al., 2021). Also, it 

has been demonstrated that glutathione (GSH) levels in motor cortex samples from ALS 

patients are significantly lower in comparison with healthy control (Weiduschat et al., 

2014). GSH is the most abundant non-protein thiol, and acts as a crucial antioxidant in 

neurons maintaining the redox homeostasis in the CNS (Aoyama, 2021). Interestingly, 

expression of the A315T mutant TDP-43 in vitro showed decreased GSH level and 

increased ROS productions as well as cell death; however, treatment with GSH 

monoethyl ester was able to prevent cell death and TDP-43 aggregation in motor neurons 

(T. Chen et al., 2018). Thus, restoration of GSH in neuronal cells could be an interesting 

strategy in the development of novel treatments for TDP-43 mediated ALS (Aoyama, 

2021). 

   Several studies support the evidence of a close link between OS and protein 

aggregation processes, which are involved in the development of proteinopathies (Lévy et 

al., 2019). The intrinsic parameters of protein aggregation are still not completely 
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understood, but it is known that certain proteins have a stronger tendency to aggregate 

than others. A representative case is peptide poly(Q) tracts that can easily form high 

molecular weight aggregates in neurodegenerative disease (Lévy et al., 2019). 

Nevertheless, the aggregation of proteins lacking the obvious features which promote this 

phenomenon is more interesting. Thus, the exposure of yeast cells to oxidative stress 

agents such as hydrogen peroxide, arsenite or the amino acid analogue azatine-2-

carboxylic acid, promotes the aggregation of similar proteins independently from the 

different mechanism of action of each of the stressors (Weids et al., 2016). It seems that 

proteins that aggregate under physiological conditions and stress share various features; 

however, stress induction may produce an alteration of the aggregation propensity of 

proteins making it easier. This suggests that the proteins in aggregates are intrinsically 

aggregation-prone, rather than being proteins which are affected in a stress-specific 

manner (Weids et al., 2016). In ALS pathology, OS can lead to the oxidation of TDP-43 

cysteine residues with the subsequent establishment of disulphide bonds; these structural 

alterations trigger TDP-43 loss-of-function and accumulation in insoluble aggregates 

(Cohen et al., 2012) OS is also related to TDP-43 acetylation in correspondence with two 

lysine residues enclosed in the RNA binding domains; similarly to oxidation of cysteine 

residues, lysine acetylation decreases TDP-43 solubility and encourages both aggregation 

and loss-of function (Cohen et al., 2015) 

      TDP-43 susceptibility to OS has been studied in different cell lines, using treatments 

with several oxidant chemicals, such as paraquat or hydrogen peroxide. Indeed, OS 

induced by paraquat leads to the formation of cytosolic aggregates of TDP-43 in SHSY5Y 

cell line and induces cell death. DJ-1, a multifunctional redox-stress protein, showed 

protective capacity against cell death, acting as an inhibitor of TDP-43 aggregation (Lei et 

al., 2018). 

    Curiously, it has been proved that TDP-43 is not just a victim of OS in 

neurodegenerative processes, but it can be its causing agent. A recent study has 

underlined the capacity of aggregated TDP-43 to sequester a series of specific 

microRNAs (miRNAs) and proteins, inducing increased levels of other proteins which can 

functionally act against others (Zuo et al., 2021). Many of those are nuclear-genome-

encoded mitochondrial proteins, thus their impairment causes a general mitochondrial 

imbalance that ultimately increases OS (Zuo et al., 2021) 

   Therefore, it is considered that the role of mitochondria in ROS production is an 

important contributor to ALS pathology. Several mitochondrial dysfunctions have been 
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reported in experimental models both in vitro and in vivo. Mitochondrial abnormalities 

have been found in spinal cords of animal disease models and ALS patients (Delic et al., 

2018). Despite that, molecular mechanisms leading to mitochondrial dysfunction in sALS 

patients are still poorly understood (Delic et al., 2018). The activity of mitochondrial 

electron transport chain complex IV was studied in post-mortem grey and white matter of 

the cervical and lumbar spinal cords from male and female sALS patients and controls 

along with mitochondrial density and distribution in spinal cord motor neurons. Complex IV 

activity was significantly decreased only in gray matter in both cervical and lumbar spinal 

cords from ALS patients (Delic et al., 2018)This finding can depict an important role for 

mitochondrial defects in the spinal cord may as a contribution to ALS pathogenesis and 

should be taken in account in development of therapeutic strategies for this disease (Delic 

et al., 2018). Consistently, the widely studied SOD1 G93A mouse model of ALS also 

showed impaired activities of OXPHOS complexes I + III, II + III, IV(Jiang et al., 2015). The 

role of mitochondrial dysfunction in disease progression is confirmed by the fact that 

reduced respiration and ATP synthesis is previously manifested rather than behavioral 

negative changes, indicating a strong contribution of mitochondrial dysfunction in ALS 

progression(Jiang et al., 2015). 

   Moreover, superoxide dismutase (SOD1) mutants display a proportion of SOD1 

misfolded protein onto the cytoplasmic side of mitochondria in spinal cord cells(Vande 

Velde et al., 2011). By generation of mice in which enhanced green fluorescent protein is 

selectively expressed in mitochondria of MNs, it has been demonstrated that axonal 

mitochondria of MNs are primary in vivo targets for misfolded SOD (Vande Velde et al., 

2011). Mutant SOD1 is responsible for the alteration of axonal mitochondrial morphology 

and distribution. In particular, dismutase active SOD1 causes mitochondrial clustering at 

the proximal side of Schmidt-Letterman incisures within motor axons and dismutase 

inactive SOD1 produces aberrantly elongated axonal mitochondria. These alterations 

begin in a pre-symptomatic phase and increase in severity with disease progression 

(Vande Velde et al., 2011), in line with the findings above mentioned. 

  Finally, a recent investigation has proposed a novel mechanism by which TDP-43 

cytosolic aggregates are able to enter the mitochondria and trigger the release of 

mitochondrial DNA (mtDNA) causing an inflammatory state in ALS. This event starts a 

cascade in which TDP-43 induces mtDNA accumulation and the activation of the 

cGAS/STING pathway, a component of the innate immune activation. The result is the 

establishment of a strong inflammatory response sustained by IFNβ, IL-6 and TNF with 

consequent loss of motor neurons (C. H. Yu et al., 2020a). 
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  The free radical scavenger Edaravone (Radicava ®) is a proven neuroprotective drug for 

ALS patients (Ohta et al., 2020). It is administered via intravenous infusions. Although the 

exact mechanism of action of Edaravone in the treatment of ALS is unknown, its 

therapeutic effect may be due to its known antioxidant properties; in fact, oxidative stress 

is a part of the process that kills neurons in patients with ALS (Cruz, 2018). 

1.2.2.2 Endoplasmic reticulum stress 

 

  The endoplasmic reticulum (ER) is the first subcellular compartment where secreted and 

membrane proteins are synthesized and folded. For this task, a large and efficient network 

of chaperones, foldases, and co-factors are expressed at the ER to promote folding and 

prevent protein misfolding. The ER also acts as a major intracellular calcium store and 

performs a crucial role in the synthesis of lipids (Matus et al., 2013). Several stress 

conditions can alter the function of this organelle and cause abnormal protein folding at 

the ER lumen, determining “ER stress” (Figure 9) (Hetz, 2012). ER stress leads to the 

activation of the unfolded protein response (UPR), an integrated signal transduction 

pathway that restores homeostasis by increasing the protein folding capacity and quality 

control mechanisms of the ER (Walter & Ron, 2011). However, chronic ER stress results 

in apoptosis of irreversibly damaged cells through diverse complementary 

mechanisms(Hetz, 2012). Although the molecular mechanisms underlying ER stress-

induced apoptosis are not completely understood, increasing evidence suggests that ER 

and mitochondria cooperate to signal cell death (Malhotra & Kaufman, 2011). 

Mitochondria and ER form structural and functional networks (mitochondria-associated ER 

membranes [MAMs]), essential to maintain cellular homeostasis and determine cell fate 

under various pathophysiological conditions. Moreover, regulated Ca2+ transfer from the 

ER to the mitochondria is important in maintaining control of prosurvival/prodeath 

pathways (Malhotra & Kaufman, 2011). 

  Three proteins are activators of the UPR signal: inositol requiring enzyme 1α/β (IRE1) 

(Cox et al., 1993), PKR-like ER kinase (PERK) (Harding et al., 1999), and activating 

transcription factor 6α/β (ATF6)(Haze et al, 1999). They include three domains: an ER 

luminal domain (LD), a single pass membrane spanning domain, and a cytosolic domain. 

IRE1 activation leads to promiscuous endoribonuclease activity, which causes mRNA 

decay at the ER membrane, helping to reduce the protein load in a process called 

regulated IRE1 dependent decay (Hollien & Weissman, 2006). PERK kinase activation 

leads to phosphorylation of eukaryotic translation initiation factor-2α (eIF2α), which 

determines ribosome inhibition and transient attenuation of global cell translation (Harding 



 

   36 
 

et al., 1999). This contributes to the reduction of the demands placed on the protein 

folding machinery (Adams et al., 2019). ATF6 is the third member of UPR signaling. It 

mediates a transcriptional response that promotes protein folding and ER-associated 

degradation pathways. However, ATF6 is very different from IRE1 and PERK in primary 

amino acid sequence, domain architecture, and role in the UPR. Following the 

accumulation of misfolded proteins, ATF6 migrates to the Golgi apparatus where it is 

cleaved by site-specific proteases S1P and S2P(Shen et al., 2002). This cleavage 

produces a cytosolic portion which migrates to the nucleus and mediates the activation of 

UPR targeted genes, such as chaperones, leading to alleviation of the initial insult.  

A link between IRE-1 and TDP-43 has been recently described (de Mena et al., 2021).In 

fact, it has been demonstrated that forebrain neurons of rats conditionally expressing 

mutated TDP-43 M337V equally failed to produce evidence of UPR activation despite 

finding significant signs of Golgi fragmentation, a common hallmark of neurodegeneration, 

and ubiquitin aggregation, a sign of an overloaded ubiquitin-proteasome degradation 

system(Tong et al., 2012). Instead, the authors noticed that the levels of X-box binding 

protein 1 (XBP-1), although highly upregulated in reactive microglia, appeared significantly 

reduced in neurons when compared to controls. Notably, XBP-1 is a transcriptional 

activator for many of the UPR target genes. A hypothesis suggests that TDP-43 

overexpression could cause XBP1 deficiency in neurons through an undefined 

mechanism(Tong et al., 2012). If so, the cell could not activate an IRE-1-mediated ER 

stress response to deal with TDP-43 toxicity, thereby contributing to the development of 

pathogenesis(Tong et al., 2012). However, since then, these results have not been 

replicated nor further evidence has been found supporting that theory. 

In contrast, an independent analysis of Neuro2a cells transfected with both WT and 

mutant TDP-43 (Q331K or A315T) exhibited significantly increased levels of the ER 

markers XBP1 and ATF6 when compared to control cells(Walker et al., 2013). Despite 

differences in intensity, these data indicate that both WT and mutant TDP-43 can indeed 

activate the main UPR pathways. Then, it’s interesting to clarify why previous studies 

failed to detect the activation of UPR. This may be due, at least in part, to the different 

TDP-43 mutant species and/or experimental models used in each study. In this regard, 

Walker and colleagues proposed that the use of single-cell analysis, a more specialized 

methodology than the ones previously used, allows for a finer quantification of ER 

markers. In addition, analysis of ER activation at different time points post-transfection 

may also play a relevant role. For instance, analysis of samples between 18 and 24 h 
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post-transfection showed an increase of ATF6, XBP-1, and CHOP, however, induction of 

ER stress was highly variable or absent at later time points (Walker et al., 2013). 

    In a recent study, 44 target genes strongly influenced by XBP-1 and ATF6 were 

characterized and the expression of a subset of genes in the human post-mortem spinal 

cord from ALS cases and in the frontal and temporal cortex from FTLD and AD cases and 

controls was quantified (Montibeller & de Belleroche, 2018). 

   It was found that IRE1α-XBP1 and ATF6 pathways are strongly activated both in ALS 

and AD. In ALS, XBP1 and ATF6 activation was confirmed by a significant increase in the 

expression of both known and novel target genes involved in co-chaperone activity and 

ER-associated degradation (ERAD) such as DNAJB9, SEL1L and OS9 (Montibeller & de 

Belleroche, 2018). In AD cases, targets involved in protein folding were more prominent, 

such as CANX, PDIA3 and PDIA6. These results revealed that overlapping and disease-

specific patterns of IRE1α-XBP1 and ATF6 target genes are both activated in AD and 

ALS, which may be relevant to the development of new therapies (Montibeller & de 

Belleroche, 2018). Other interesting findings which disclose the importance of ER stress in 

ALS pathology are the detection of increased levels of PERK, ATF6 and IRE1 in thoracic 

spinal cord samples of ALS patients (Tabas & Ron, 2011). A publication from our 

laboratory also claimed the involvement of ER stress in ALS pathology. Indeed, the ERK 

1/2 pathway was analyzed in N2A cells treated with thapsigargin (Thp) in order to induce 

ER stress, observing that ER stress can activate ERK 1/2 response and promote the 

cytoplasmic accumulation of TDP-43 (V. Ayala et al., 2011). 
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Figure 9.Overview of the UPR as a consequence of ER stress and accumulation of misfolded proteins in the ER lumen 

 

 

 

 

         

   In summary, disturbance of ER proteostasis is a common feature of ALS. Protein 

disulfide isomerases (PDIs) are ER foldases identified as possible ALS biomarkers, as 

well as neuroprotective factors. Four ALS‐linked mutations recently identified in two major 

PDI genes, PDIA1 and PDIA3/ERp57 have been recently characterized through 

phenotypic screening in zebrafish (Woehlbier et al., 2016) It has been found that the 

expression of these PDI variants induce disruption of MN connectivity. In addition, the 

expression of mutant PDIs impaired dendritic outgrowth in motor neuron (MN) cell culture 

models. Thus, ER proteostasis imbalance may act as a risk factor for ALS, driving initial 

stages of the disease (Woehlbier et al., 2016). Also, ERAD and the UPR are two key 

quality-control machineries in the cell that have been recently linked. ERAD is responsible 

Figure 9. Overview of the UPR as a consequence of ER stress and accumulation of misfolded 

proteins in the ER lumen. The UPR instigates a transcriptional and translational response to ER stress. 

IRE1, PERK, and ATF6 are the main UPR activators. Each one of them gives rise to a separate branch of 

the response, all of which aim to palliate the burden of misfolded protein and to restore ER protein 

homeostasis (Adapted from Adams et al., 2019). 

 



 

   39 
 

for the clearance of misfolded proteins in the ER for cytosolic proteasomal degradation. It 

has long been thought that ERAD is an integral part of UPR because expression of many 

ERAD genes is controlled by UPR; however, recent studies have suggested that ERAD 

has a direct role in controlling the protein turnover and abundance of IRE1, the most 

conserved UPR sensor. Recent advances in our understanding of IRE1 activation have 

led to the conclusion that UPR and ERAD engage in an intimate crosstalk to define folding 

capacity and maintain homeostasis in the ER (J. Hwang & Qi, 2018).     

  1.2.2.3 Osmotic stress 

 

    Osmotic shock or osmotic stress (OsmS) is a sudden change in the solute 

concentration around a cell, which determines a rapid change in the movement of water 

across the cell membrane. In presence of high concentrations of either salts, substrates or 

any solute in the supernatant, water is osmotically drawn out of the cells. Consequently, 

the transport of substrates and cofactors into the cell is arrested, thus causing a state of 

“shock”(Lang et al., 2005). On the other hand, when concentrations of solutes around a 

cell are low, water enters the cell in large amounts, causing it to swell and undergo 

apoptosis (Lang et al., 2005) 

   All organisms respond to osmotic stress with several mechanisms, through sensors and 

signal transduction pathways that can transmit to the cell information about osmolarity in 

its surroundings(Kültz & Burg, 1998). Because the plasma membrane is freely permeable to 

water, cells have evolved evolutionarily highly conserved mechanisms to handle changes 

in the osmolarity of their surrounding medium (Alvarez-Miranda et al., 2015). These 

mechanisms aim to activate survival responses under extreme conditions (Kültz, 2007). 

However, Osms in the cells and tissue may also plays a significant role in many human 

diseases (Ho, 2006). In eukaryotic cells, calcium is a main regulator of Osms; effectively, 

intracellular calcium levels increase in certain cells during hyper-osmotic stress response 

as an attempt to return to their initial volume (Erickson et al., 2001). Of note, calcium 

homeostasis is very relevant not only in mitochondrial function, but also for ER 

homeostasis and ALS pathophysiology (Grosskreutz et al., 2010). 

   Most land-living organisms regularly undergo dehydration. In nature, one common 

strategy to protect against this osmotic stress is to introduce small polar molecules with 

low vapor pressure, commonly called osmolytes. Two examples of naturally occurring 

small polar compounds are urea and trimethylamine N-oxide (TMAO), which are known to 

have counteracting effects on protein stability (Pham et al., 2018). The effects of urea and 

TMAO on lipid self-assembly at varying water contents have been investigated with a 
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special focus on dehydrated conditions (Pham et al., 2018). It has been shown that urea 

and TMAO have clearly different effects in dehydrated conditions due to differences in the 

molecular interactions between the solutes and the lipid headgroups. In fact, TMAO is 

expelled from lipid lamellar systems with low water contents with no effect on the lipid 

phase behavior. Urea, on the other hand, shows a slight affinity for the lipid headgroup 

layer, and it is present in the lipid lamellar system at all water contents. As a result, urea 

may exchange with water in dry conditions and thereby prevent dehydration-induced 

phase transitions (Pham et al., 2018). Osms may also change the expression and 

subcellular localization of some proteins, such as in Juvenile CLN3 (formerly known as 

juvenile neuronal ceroid lipofuscinosis), a fatal childhood neurodegenerative disorder 

caused by mutations in the CLN3 gene. CLN3 encodes a putative lysosomal 

transmembrane protein with unknown function. Cell culture studies using CLN3-

overexpressing vectors and/or anti-CLN3 antibodies have also localized CLN3 in cellular 

structures other than lysosomes (Getty et al., 2013). Osmoregulation of the mouse Cln3 

mRNA level in kidney cells was recently reported. It has been reported that 

hyperosmolarity (800 moms), achieved by either NaCl/urea or sucrose, dramatically 

increased the mRNA and protein levels of CLN3 as determined by quantitative real-time 

PCR and Western blotting in a stably transfected baby hamster kidney (BHK) cell line that 

expresses a moderate level of myco-tagged human CLN3 under the control of the human 

ubiquitin C promoter (Getty et al., 2013).Under isotonic conditions (300 mOsm), human 

CLN3 was found in a punctate vesicular pattern surrounding the nucleus with prominent 

Golgi and lysosomal localizations. CLN3-positive early endosomes, late endosomes, and 

cholesterol/sphingolipid-enriched plasma membrane microdomain caveolae were also 

observed. Increasing the osmolarity of the culture medium to 800 mOsm extended CLN3 

distribution away from the perinuclear region and enhanced the lysosomal localization of 

CLN3. These results reveal that CLN3 has multiple subcellular localizations within the cell, 

which, together with its expression, prominently change following osmotic stress (Getty et 

al., 2013). 

   Regarding the participation of osmotic stress in pathological processes, in 2011 it was 

published a study in which the authors proposed sorbitol as a novel physiological inductor 

of osmotic stress, that can induce TDP-43 migration to stress granules in Hek293T cells 

and primary cultured glia (Dewey et al., 2011b) 

   Moreover, a recent study has focused on the effect of osmotic stress on RNA-binding 

proteins (RBPs), which contribute to the pathogenesis of many neurodegenerative 

disorders (Harley & Patani, 2020). Particularly, in ALS, nuclear-to-cytoplasmic 
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mislocalization and accumulation of RBPs are a well-established pathological hallmark of 

the disease, but the spatiotemporal responses of RBPs to different extrinsic stressors in 

human neurons remain not fully understood (Harley & Patani, 2020). Healthy induced 

pluripotent stem cell (iPSC)-derived motor neurons were used to model how different 

types of cellular stress affect the nucleocytoplasmic localization of key ALS-linked RBPs. 

It has been found that osmotic stress is able to induce nuclear loss of TDP-43, SPFQ, 

FUS, hnRNPA1 and hnRNPK, with characteristic changes in nucleocytoplasmic 

localization in an RBP-dependent manner (Harley & Patani, 2020).  As previously stated, 

in ALS/FTD, the nuclear protein TDP-43 is cleared from the nucleus and accumulates in 

the cytoplasm to form inclusion bodies (Neumann et al., 2006); however, the factors that 

drive TDP-43 mislocalization are not well known. The progressive accumulation of TDP-

43 in stress granules (SGs) in the cytoplasm could contribute to the mislocalization of 

TDP-43 in ALS/FTD (Y.-B. Lee et al., 2021). To test this hypothesis, SG inducers arsenite 

(OS) and sorbitol (Osms) were applied to a neuronal cell line (SH-SY5Y) and TDP-43 

distribution was monitored by immunofluorescence (Y.-B. Lee et al., 2021). 

   In unstressed SH-SY5Y cells, TDP-43 and T-cell restricted intracellular antigen-1 (TIA-

1), a component of SGs shows a predominant nuclear localization; one-hour incubation 

with 500 gm. arsenite did not increase cytoplasmic TDP-43 levels compared with 

unstressed controls (Y.-B. Lee et al., 2021). While TIA-1-positive SGs were detected in 

most arsenite-stimulated cells, these were rarely positive for TDP-43. Conversely, osmotic 

stress induced by sorbitol treatment (600 mM) caused a dramatic shift of TDP-43 and TIA-

1 from nucleus to the cytoplasm. These results support the hypothesis that osmotic stress 

is more effective in translocating TDP-43 to the cytoplasm than OS in this cell system 

(Hock et al., 2018; Y.-B. Lee et al., 2021) 

   Hypertonic stress also leads to cytoplasmic translocation and loss of function of 

neuronal FUS, independently from SGs formation (Hock et al., 2018). The mechanism 

that underlies this change in FUS protein localization involves an aberrant transportin 

(TNPO) -mediated nuclear import (Figure 10). Interestingly, astrocytes display resistance 

to FUS mislocalization under hypertonic stress and don’t show any pathological protein 

accumulation in FTD-FUS brains (Hock et al., 2018). All these data illustrate the 

complexity of response towards different cell stressors, which are not only protein and 

stress type dependent, but also cell dependent. 
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Figure 10.FUS and TNPO miration patterns 

 

 

 

 

 

 

In addition to that, it has been reported that the Golgi apparatus responds to osmotic 

stress. More than two decades ago, it was reported that in mammalian cells, hypertonic 

stress inhibits ER-to-Golgi transport (Docherty & Snider, 1991). Hypotonic stress 

determines tubulation of Golgi membranes, whereas hyperosmotic conditions induce its 

fragmentation and redistribution of the Golgi back to the ER (T. H. Lee & Linstedt, 1999). 

It remains not fully understood how these phenomena are generated; however, 

experimental evidence supports that the osmotic shock is perturbing the function of 

vesicle trafficking machineries, which results in Golgi fragmentation. For instance, hypo-

osmotic shock leads to reduction in the number of export sites on the ER (T. H. Lee & 

Figure 10. FUS and TNPO migration patterns. Under physiological conditions FUS or other transportin 

(TNPO) cargos migrate from the nucleus to the cytosol through passive diffusion and are returned to the 

nucleus with a TNPO-mediate import (upper panel). Under hyperosmotic conditions, neurons and 

astrocytes show a differential response to the stress (lower panel). In neurons, hypertonic stress promotes 

the cytoplasmic relocation of endogenous FUS, which leaves the nucleus, but it is no longer capable to re-

enter this compartment due to an impaired TNPO-mediated import (lower panel, left) On the contrary, 

astrocytes show resistance to stress-induced FUS translocation. (Adapted from Hock et al., 2018). 
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Linstedt, 1999). Consequently, there is less trafficking from the ER to the Golgi, a 

condition described by others to result in alterations of Golgi structure (Cutrona et al., 

2013). Moreover, hypo-osmotic conditions seem to potentiate retrograde transport from 

the Golgi to the ER (T. H. Lee & Linstedt, 1999). 

   Interestingly, fragmentation of the Golgi apparatus is detected in ALS patients MNs and 

in animal/cellular disease models. The Golgi is a highly dynamic organelle that acts as a 

dispatching station for the vesicular transport of secretory/transmembrane proteins. It also 

mediates autophagy and maintains ER and axonal homeostasis. Both the trigger for Golgi 

fragmentation and the functional consequences of a fragmented Golgi apparatus in ALS 

remain unclear. However, recent evidence has highlighted defects in vesicular trafficking 

as a pathogenic mechanism in ALS. Fragmentation of the Golgi was first identified in ALS 

patient motor neurons 30 years ago (Mourelatos et al., 1993). In contrast to control 

patients, the Golgi in ALS patients was reduced and fragmented, appearing as 

disconnected punctate structures, similar to its morphology in cells treated with 

microtubule depolymerization agents (Mourelatos et al., 1996). Since then, other studies 

have confirmed Golgi fragmentation in 10–50% sporadic patients (Gonatas et al., 

2006;van Dis et al., 2014) and up to 70% of familial ALS patient motor neurons, bearing 

SOD1, FUS or optineurin mutations (Fujita et al., 2008; Ito et al., 2011). Interestingly, 

Golgi fragmentation is more prominent in larger human motor neurons, such as those in 

the cerebral cortex (Fujita et al., 1999) and anterior horn (Fujita et al., 2000) , suggesting 

they are specifically vulnerable to disturbances in Golgi function. 

  Golgi fragmentation is also present in spinal anterior horn cells in sporadic ALS patients 

with cytoplasmic mislocalization of WT TDP-43, implying that a link exists between TDP-

43 and Golgi pathologies (Fujita et al., 2008b). Similarly, Golgi fragmentation is present in 

transgenic rats expressing mutant TDP-43M337V (Tong et al., 2012), in mutant SOD1G93A 

transgenic mice and in neuronal cells expressing SOD1G93A, G85R mutants (Mourelatos et 

al., 1996; Stieber et al., 2004). Interestingly, Golgi fragmentation precedes SOD1 inclusion 

formation, neuromuscular denervation, and mitochondrial-mediated apoptosis in low-copy 

number SOD1G93A transgenic mice, implying it is upstream in pathogenesis (van Dis et al., 

2014). Similarly, ALS patients with optineurin mutations (<1% familial cases) demonstrate 

Golgi fragmentation in ~70% of anterior horn cells (Ito et al., 2011). Furthermore, Golgi 

fragmentation is present in cells expressing ALS-linked mutant FUS, optineurin and 

vesicle-associated membrane protein B (VAPB) (Teuling et al., 2007; Farg et al., 2013; 

Sundaramoorthy et al., 2015). However, despite being widely associated with ALS, the 

cellular events triggering Golgi fragmentation and the resulting consequences are not 
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established. Increasing evidence implicates inhibition of vesicular trafficking between the 

ER-Golgi in ALS, which may explain the previous observations of Golgi fragmentation. 

   Osmotic stress also influences lysosome biogenesis. Lysosomes play an important role 

as cellular degradation and signaling centers that coordinate metabolism in response to 

intracellular cues and extracellular signals. Lysosomal capacity is adapted to cellular 

needs by transcription factors, such as TFEB and TFE3, which activate the expression of 

lysosomal and autophagy genes (López-Hernández et al., 2020) Nuclear translocation 

and activation of TFEB are induced by a variety of conditions such as starvation, 

lysosome stress and lysosomal storage disorders. It has been recently described a 

pathway initiated at the plasma membrane that controls lysosome biogenesis via the 

endocytic regulation of intracellular ion homeostasis and serves to control intracellular ion 

homeostasis and thereby Ca2+/calcineurin-mediated activation of TFEB and downstream 

lysosome biogenesis in response to osmotic stress to promote the turnover of toxic 

proteins and cell survival (López-Hernández et al., 2020). 

  The CNS is particularly vulnerable to lysosome dysfunction, causing impairment of 

neuronal and glial function, which ultimately leads to neurodegeneration. For example, 

autophagosomes and lysosomes accumulate in Lewy Bodies, the intraneuronal inclusions 

that are characteristic of PD neuropathology (Mahul-Mellier et al., 2020; Shahmoradian et 

al., 2019). Lysosome dysfunction has been observed in the tissue of FTD and ALS 

patients. Neurons and microglia in the frontal cortex  brain tissue of FTD patients have 

increased lipofuscin deposits, a diagnostic feature of many lysosomal storage disorders 

(LSDs)(Clayton et al., 2015; Ward et al., 2017). Lipofuscin is an auto-fluorescent 

aggregate composed of undegraded lipids, proteins, and metals, which is thought to 

develop from defective lysosome function over time(Moreno-García et al., 2018). These 

protein deposits co-localize with LAMP1 and LAMP2(Clayton et al., 2015), two well-

characterized lysosome markers, suggesting that lipofuscin deposits may be derived from 

lysosomal compartments. Additionally, enlarged endosomes occur in primary fibroblasts 

and frontal cortical neurons of FTD (Urwin et al., 2010). Further, large autophagic vesicles 

containing CTSB activity accumulate in myoblasts from FTD patients (Tresse et al., 2010). 

A lipidomic analysis also found evidence that lysosomal degradation of triacylglycerides 

(TAGs) was impaired in human FTD brain tissue and a mouse model of FTD (Evers et al., 

2017). 

   In ALS, motor neurons in the spinal cord have increased levels of glycosphingolipids 

(GSL), a characteristic feature of Gaucher disease (GD) (Dodge et al., 2015), and 

https://www.sciencedirect.com/science/article/pii/S0969996121001091#bb1725
https://www.sciencedirect.com/topics/medicine-and-dentistry/microglia
https://www.sciencedirect.com/topics/medicine-and-dentistry/frontal-lobe
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipofuscin
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipidomics
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipidomics
https://www.sciencedirect.com/topics/medicine-and-dentistry/gauchers-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/gauchers-disease
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inclusion bodies composed of autophagosomes and autolysosomes (Sasaki, 2011). 

Furthermore, LAMP1 positive vesicles are decreased in iPSC-derived motor neurons from 

ALS patients that carry the C9orf72 mutation, suggesting a reduced number of functional 

lysosomes (Shi et al., 2018). Finally, post-mortem ALS brain tissue has a ~62% reduction 

in the nuclear localization of transcription factor EB (TFEB), a master transcriptional 

regulator of lysosomal genes, suggesting that the regulation of the lysosome-autophagy 

pathway is impaired (H. Wang et al., 2016). Together, these data strongly support the idea 

that lysosomal dysfunction is a critical pathogenic cause of FTD and ALS.       

    1.2.2.4 Proteasomal stress and proteostasis disturbance 

    Proteostasis can be defined as network of interconnected quality control processes 

maintaining the functional proteome (Balch et al., 2008; Hetz et al., 2015). Consequently, 

adaptive mechanisms in the cell induce the expression of chaperones, foldases, and 

protein degradation mechanisms under proteotoxic stress (Hetz et al., 2015). Several 

studies suggest that perturbation in the efficiency of the protein-folding machinery may be 

related with selective vulnerability of MNs in ALS (Ruegsegger & Saxena, 2016). In line 

with this notion, strategies to enhance the clearance of abnormal proteinaceous 

aggregates may be protective against MN degeneration, extending survival in pre-clinical 

models of the disease(Menzies et al., 2002; Vidal et al., 2014). However, the exact 

molecular mechanisms driving the misfolding and aggregation of ALS-linked proteins in 

most common sALS and its impact to MN homeostasis is still not completely understood. 

Recently, several genes associated with proteostasis control as risk factors to develop 

ALS have been identified and many functional studies are showing the benefits of 

targeting proteostasis to alleviate MN degeneration. 

   The degradation of the majority of intracellular proteins involves ubiquitin proteasome 

system (UPS), which label proteins for proteolysis with polyubiquitin chains and a variety 

of ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligases (E3) enzymes 

to assure protein turnover in a tightly regulated spatio-temporal manner (Glickman & 

Ciechanover, 2002). 

  The accumulation of ubiquitin-positive inclusion bodies in sALS and fALS, in addition to 

several disease models, has been related with UPS dysfunction (Bendotti et al., 2012) 

The catalytic activity of the proteasome has been shown to be significantly reduced in 

sALS tissue (Kabashi et al., 2012), while cell culture studies have demonstrated that the 

ALS-linked mutant SOD1 is a substrate of the UPS, and it is selectively recognized by E3 

ubiquitin-ligase like Dorfin (Medinas et al., 2017). Interestingly, mutant SOD1 accumulates 
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as polyubiquitinated high-molecular-weight species, suggesting the proteasome fails to 

handle the burden misfolded mutant SOD1 species (Niwa et al., 2002). Indeed, studies in 

mutant SOD1 transgenic mice indicated that the proteasome activity is already impaired 

as early as 45 days of age, significantly decreasing as the decreasing as the disease 

progresses (Kabashi et al., 2004a) . 

   In addition to the extensive reports in mutant SOD1 models, the discovery of ALS genes 

related to UPS suggest its dysfunction as part of the etiology of the disease (Kabashi et 

al., 2004b). Expression of RAN (Repeat-associated non-ATG translated) peptides of 

C9orf72 repeat expansion has been associated with proteasome impairment (Zhang et 

al., 2014). The ATPase valosin-containing protein (VCP)/p97 is a member of the AAA 

(ATPase associated with diverse cellular activities) family, which employs ATP hydrolysis 

to structurally remodel proteins. VCP/p97 has found to bind to ubiquitylated substrates or 

interact with ubiquitin conjugates through adaptor proteins to assist proteasomal 

degradation (Meyer & Weihl, 2014). Mutations in VCP/p97 have been found to determine 

autosomal dominant ALS (Meyer & Weihl, 2014). An ALS-associated VCP/p97 mutant 

shows disrupted interaction with proteasome impairing substrate presentation for 

proteolysis(Barthelme et al., 2015). Another ALS-linked gene associated with UPS 

encodes for ubiquilin-2, a ubiquitin-like protein involved in delivering cargo to proteasome 

(Ko et al., 2004). Of note, ubiquilin-2 mutations are also implicated in X-linked ALS and 

ALS/dementia(H. X. Deng et al., 2011). Mutations in ubiquilin-2 result in impairment of 

protein degradation associated with the accumulation of ubiquilin-2-positive skein-like 

inclusions (J. Deng et al., 2015). Transgenic mice overexpressing mutant ubiquilin-2 

develop MN disease with muscle denervation and ubiquitylated TDP-43 inclusions 

accumulating in the cytoplasm (Le et al., 2016). Indeed, TDP-43 has been shown to be a 

substrate of the UPS, and the genetic ablation of proteasome components causes TDP-

43 mislocalization and MN pathology (Scotter et al., 2014). Additionally, mutations in 

cyclin F (CCNF), a component of E3-ubiquitin ligase complex, have been observed both in 

sALS and fALS (Williams et al., 2016). Thus, expression of mutant CCNF leads to 

abnormal accumulation of ubiquitylated proteins including TDP-43 (Williams et al., 2016). 

Overall, although a reduced activity of the UPS has been shown to occur in ALS models 

and human tissue, no functional studies have tested the influence of these alterations to 

the progression of the disease.       
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 1.2.2.5 Mitochondrial stress 

 

   Mitochondria are considered as the cellular powerhouses acting in bioenergetics and 

metabolism of amino acids and lipids, since they are the headquarter for fatty acid β-

oxidation, Kreb’s cycle and oxidative phosphorylation (OXPHOS) (Picard et al., 2016). 

Nevertheless, bioenergetics is not the only fundamental role of mitochondria in global cell 

biology. Mitochondria are also responsible for the regulation of calcium stores, lipogenesis 

and the production of steroid hormones (Picard et al., 2016). They can also determine cell 

fate via apoptotic cues. These organelles also play a crucial function in cellular redox 

homeostasis, as leakage of electrons through the electron transport chain generates ROS 

which, under controlled conditions, constitute valuable secondary messengers (Gruber et 

al., 2008) as discussed above. 

   Mitochondria communicate with the cellular environment through multiple molecules 

which nature of these is very broad and includes mitochondrial DNA (mtDNA) fragments, 

mitochondrial lipids (e.g.: cardiolipin), metabolites and small peptides (Hill et al., 2018). 

These communication mechanisms are not only directly related to mitochondrial 

dysfunction but used as information on nutrient fluxes or redox states. Mitochondrial 

derived peptides (MDPs), for example, are signaling peptides encoded by short open 

reading frames in the mitochondrial genome (Okada et al., 2017). They have an important 

role in many cellular pathways, promoting cellular viability and reducing apoptosis (Okada 

et al., 2017). 

   As depicted above, mitochondria are also an important source for ROS. ROS have long 

been known as being damaging and agents to the cell, resulting in OS. However, ROS 

also act as signaling molecules to maintain physiological functions. In this regard, it was 

found that superoxide anions and hydrogen peroxide can activate signaling pathways 

controlled by tyrosine phosphorylation such as NF-κB, PKC, MAPK or JNK (J. Zhang et 

al., 2016). Nevertheless, given that excessive ROS production can be damaging to the 

cell, mitochondrial ROS levels are well regulated by multiple systems to ensure their 

ability to participate in physiological cell signaling preserving cell homeostasis (Valera-

Alberni & Canto, 2018). 

   Excessive ROS production or an ineffective antioxidant response result in OS (Sies & 

Cadenas, 1985) (Figure 11), promoting mitochondrial dysfunction and negatively affecting 

cell viability with damaging of nucleic acids, proteins, and lipids. Thus, ROS accumulation 
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can cause DNA base modification, DNA strand breaks, inter- and intrastrand crosslinks 

and DNA-protein crosslink affecting genomic structure and stability (Jena, 2012). 

   Eukaryotic cells can activate complex antioxidant strategies to protect against an 

uncontrolled increase in free radicals. These strategies include both enzymatic and non-

enzymatic mechanisms. The enzymatic response is primarily mediated by superoxide 

dismutases (SOD), catalases, thioredoxin reductases or glutathione peroxidases 

(Espinosa-Diez et al., 2015). SOD enzymes catalyze the conversion of O2
− to H2O2 and 

O2, acting as the most powerful antioxidant agents in cells (Ighodaro & Akinloye, 2019). 

SOD enzymes exist in various forms which differ in their cellular localization and the metal 

cofactor they use for the catalytic activity (Fridavich, 2003). SOD1 is a soluble Cu/Zn 

enzyme that is mainly localized in the cytosol, but a small percentage (3% approximately) 

also can be found in the intermembrane space of mitochondria (Sturtz et al., 2001). In 

presence of increased levels of H2O2, SOD1 can translocate to the nucleus, where it binds 

to DNA promoters and activates the expression of oxidative resistance and repair 

genes(Tsang et al., 2014). MnSOD is an exclusively mitochondrial and operates as a 

primary defense against mitochondrial OS (Kranti et al., 2013). Many SOD isoforms are 

involved in diseases; this is the case of SOD1, which is mutated in ALS (Sau et al., 2007). 

In fact, neuronal cells which are no longer able to cope with mitochondrial damage and 

oxidative stress appear to undergo degeneration and this has been observed in SOD-1 

linked genetic variants of ALS (Carrì et al., 2015). Whether this is due to loss of 

antioxidant activity is not clear. 

 



 

   49 
 

Figure 11.Mitochondrial dysfunction and OS are closely related and are the basis of the redox dysregulation in ALS 

 

 

 

 

   

 

  In addition to that, several studies have reported alteration of the respiratory complex 

activity in ALS post-mortem brain and spinal cord tissues, patients’ lymphocytes and in the 

SOD1 murine mouse of ALS (Cozzolino & Carrì, 2012; Tan et al., 2014). Mitochondrial 

damage in ALS could occur subsequently to SOD1 aggregation (Ferri et al., 2006) and be 

a consequence of the interaction between misfolded SOD1 and other mitochondrial 

proteins (Carrì et al., 2015; Israelson et al., 2010).  Mitochondrial dysfunction also may be 

a result of the expression of other ALS-related proteins which are directly implicated in the 

function of these organelles (Carrì et al., 2015). For instance, single missense mutations 

in valosin-containing protein (VCP) are found in about 2% of familial ALS cases and can 

be also linked to FTD. VPC, also known as p97, is a highly expressed member of the type 

II AAA+ (ATPase associated with multiple activities) ATPase family (Bartolome et al., 

2013). 

Figure 11. Mitochondrial dysfunction and OS are closely related and are the basis of the redox 

dysregulation in ALS. Increased production of reactive oxygen and nitrogen species (ROS/RNS) , the 

ER stress, transcriptional dysregulation and abnormal RNA processing are all consequences of 

mitochondrial dysfunction and OS contributing to death of motor neurons. These pathological events 

cause other correlated detrimental effects as the formation of misfolded protein leading to insoluble 

cytosolic and mitochondrial aggregates, impaired axonal transport and alteration of the enzymatic activity 

of protein disulfide-isomerase (PDI). Red arrows may be considered as primary causes, gray arrows as 

secondary causes/effects (Adapted from Carrì et al., 2015). 
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   Neuronal mitochondrial abnormalities also have been detected in models of familial ALS 

associated with proteins that are apparently not related with these mitochondria. 

Mitochondrial dysfunction, together with OS and mitophagy activation has been reported 

in motor-neuron-like NSC34 cells, expressing mutant TDP-43 (Duan et al., 2010). 

Furthermore, mice expressing the wild-type form of human TDP-43 develop a pathology 

that resembles ALS with motor neurons showing cytoplasmic TDP-43 inclusions and 

mitochondrial aggregation (Y. F. Xu et al., 2010), that may be consequent to defective 

intracellular trafficking and determine a reduction of mitochondria at nerve terminals of 

neuromuscular junctions (Shan et al., 2010). 

   It is well established the importance of mitochondria for neuronal survival but the 

developmental timing and mechanistic importance of mitochondrial dysfunction in sALS 

neurons is not fully understood.  A recent study employed human iPSCs and generated a 

developmental timeline by differentiating sALS iPSCs to neural progenitors and to motor 

neurons and comparing mitochondrial parameters fALS and control cells at each 

developmental stage (Singh et al., 2021). The authors report that sALS and fALS motor 

neurons have elevated reactive oxygen species levels, depolarized mitochondria, 

impaired oxidative phosphorylation, ATP loss and defective mitochondrial protein import 

compared with control motor neurons. This phenotype develops with differentiation into 

motor neurons, the affected cell type in ALS, and does not occur in the parental 

undifferentiated sALS cells or sALS neural progenitors (Singh et al., 2021). This work 

demonstrates a developmentally regulated unifying mitochondrial phenotype between 

patient derived sALS and fALS motor neurons. The occurrence of a unifying mitochondrial 

phenotype suggests that mitochondrial etiology known to SOD1-fALS may be applicable 

to sALS. Furthermore, in the light of these findings, disease-modifying treatments focused 

on rescue of mitochondrial function may benefit both sALS and fALS patients (Singh et al., 

2021). 

  Accumulating evidence suggests that many amyloidogenic proteins, including motor 

neuron disease (MND)-associated RNA/DNA-binding TDP-43, are strongly linked to 

mitochondrial dysfunction (Kodavati et al., 2020). Animal models and patient studies have 

highlighted changes in mitochondrial structure, plasticity, replication/copy number, 

mitochondrial DNA instability, and altered membrane potential in several subsets of 

MNDs, and these observations are consistent with the evidence of increased 

excitotoxicity, induction of reactive oxygen species, and activation of intrinsic apoptotic 

pathway (Kodavati et al., 2020). Studies in MND rodent models also indicate that 

mitochondrial abnormalities begin prior to the clinical and pathological onset of the 
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disease, suggesting a causal role of mitochondrial dysfunction. It has been recently 

demonstrated the involvement of specific defects in DNA break-ligation mediated by DNA 

ligase 3 (LIG3) in FUS-associated ALS, raised a key question of its potential implication in 

mitochondrial DNA transactions because LIG3 is essential for both mitochondrial DNA 

replication and repair (Kodavati et al., 2020). This question, as well as how wild-type and 

mutant MND-associated factors affect mitochondria, remain to be elucidated. These new 

investigation focuses into the mechanistic role of mitochondrial dysfunction in MNDs are 

critical to identify therapeutic targets to alleviate mitochondrial toxicity and its 

consequences.  

1.3 Beyond TARDBP. Stress response pathways involved in ALS pathology  

1.3.1. MAPK signal pathways 

 

   Most ALS cases exhibit TDP-43 aggregation; this evidence suggests converged patho-

physiological mechanisms. Indeed, the role of SGs in ALS pathogenesis points to the 

importance of cellular stress response pathways in this disease. Cellular stress response 

pathways have been widely implicated in neurodegeneration and aging (Taylor et al., 

2016). In particular, the mitogen-activated protein kinase (MAPK) pathway may be 

involved in ALS etiology and progression (Sahana & Zhang, 2021). 

   MAPKs comprise a family of serine and threonine kinases that integrate extracellular 

and intracellular stimuli into cellular responses regulating differentiation, proliferation, cell 

death, survival and transformation (E. K. Kim & Choi, 2010). They are activated by a large 

number of stimuli, such as mitogens and stress. Extracellular stimuli activate surface 

receptors like G-protein coupled receptors (GPCR), receptor tyrosine kinase (RTK) or 

integrins; subsequently, adaptor proteins are recruited, such as son of sevenless (SOS), 

or small G-proteins such as Ras superfamily GTPases. These receptor complexes recruit 

and activate several downstream effectors, for example the MAPK members (E. K. Kim & 

Choi, 2010). 

   MAPK members can be classified into MAP4K, MAPK3, MAPK2 and MAPK. These 

proteins act in sequence: once activated, MAP4Ks phosphorylate and activate MAP3Ks, 

which subsequently phosphorylate and activate MAP2Ks, and then MAPKs. Activation of 

MAPK members is achieved by dual phosphorylation of threonine and tyrosine residues. 

Activated MAPKs further activate downstream targets, causing transcriptional, 

translational, or post-translational changes in cells (Cuevas et al., 2007). 
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  Several MAPK members and four tiers of kinase activity are involved in signal 

integration, signal amplification, closed regulation, and spatial-temporal regulation (Wei & 

Liu, 2002). The MAPK pathway is evolutionarily conserved across species, suggesting its 

importance in cellular physiology. Three MAPK subgroups have been identified, namely 

extracellular signal-regulated kinases (ERKs), p38, and c-Jun N-terminal kinases (JNKs). 

ERKs are activated by mitogens and play roles in cell proliferation and differentiation, 

whereas JNKs and p38 are activated by internal or external stress and play roles in cell 

survival and death (Wei & Liu, 2002) (Figure 12). Here we will focus on ERK and JNK 

pathways. 

 

 

 

Figure 12.Schematic representation of mitogen-activated protein kinase (MAPK) pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.1.2 ERK 

 

   As discussed above, ERKs are activated mainly by growth factors, which bind to and 

activate cell surface receptors, such as RTKs and GPCR. Activated receptors are able to 

recruit scaffold and effector proteins (e.g., Ras), which further activate the MAP3K Raf. 

Activated Raf phosphorylates MAP2K members include MAP kinase ERK kinase 1 and 2 

Figure 12. Schematic representation of mitogen-activated protein kinase (MAPK) pathway. Figure 

shows the interaction of multiple MAPK members under normal physiological conditions and in ALS 

pathogenesis (Adapted from Sahana & Zhang, 2021). 
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(MEK1/2), which activate ERKs (Figure 11). There are several ERKs, namely ERK 1, 2, 3, 

4, 5, and 7. Activated ERK phosphorylates downstream targets, cytosolic or nuclear. The 

most common ERK targets are MAPK interacting kinase (MNK) 1 and 2, ribosomal S6 

kinase 1–4 (RSK1–4), cAMP response element-binding protein (CREB), transcriptional 

regulator Myc-like (c-Mya), nuclear factor-kappa B (NF-kB), microtubule-associated 

protein (MAP), Tau, and mitogen and stress-activated protein kinase (MSK) 1 and 2. The 

ERK pathway is involved in the activation of pro-survival factors, resulting in cellular 

proliferation, migration, and differentiation (E. K. Kim & Choi, 2010). Abnormal 

phosphorylation or hyperactivation of ERK associates with ALS conditions. Motor neurons 

from transgenic mice and patient tissues show ERK activation.   

   Thus, previous data from our lab show that ER, proteasomal and OS inducers, such as 

epoxomicin, prevent ERK 1/2 localization to the nucleus, leading to the formation of 

cytosolic aggregates (V. Ayala et al., 2011) in N2a cells. These cells also show impaired 

nuclear import, loss of nuclear TDP-43, fragmentation, and subcellular localization of 

TDP-43 (V. Ayala et al., 2011). Conversely, inhibition of ERK 1/2 activity was able to 

cause TDP-43 defects in MNs but not in other cells. Furthermore, the cytosolic TDP-43 

aggregates do not include cytotoxic granule-associated RNA binding protein 1 (TIA1), 

which is a stress granule marker, but co-localizes with abnormally phosphorylated ERK 

1/2 (V. Ayala et al., 2011). These data suggest the possible role of stress-induced ERK 

activation in TDP-43 proteinopathy (Mitra & Hegde, 2019). 

   Of note, astrocytes and other glial cells may also display abnormal ERK activation, 

which induces neurotoxicity. A study claimed that loss of nuclear TDP-43 in microglia 

induces activation of ERK 1/2, which subsequently activates activator protein-1 (AP-1) 

complex inducing the expression of pro-inflammatory molecules such as cyclooxygenase-

2 (COX-2) and prostaglandins E2 (PGE2) (Sahana & Zhang, 2021).  On the other hand, 

this process was not detected in astrocytes, suggesting that microglia cause the initiation 

of a neurotoxic mechanism (Chung et al., 2005). In transgenic G93A mice, the astrocytes 

showed p-ERK accumulation at eight weeks, with p-ERK level increasing as the disease 

progressed. Hippocampal and cerebellum regions also display ERK staining in correlation 

with cognitive and motor impairment, both in ALS and FTLd patients (Ryu et al., 2019). 

This agrees with the role of ERK in memory formation and synaptic plasticity (Silingardi et 

al., 2011). Similarly, in G93A mutant mice, extracellular ATP depletion in astrocytes has 

been related with the activation of ERK 1/2 through purinoceptor 7 (P2X7). ERK activation 

is also dependent on NADPH oxidase 2 (NOX2) activation, which enhances ROS 
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generation in glial cells feeding a vicious cycle in which neurotoxicity appears to be 

mediated by glial cells (Apolloni et al., 2013). 

1.3.1.3 JNK 

 

   JNKs are another group of MAPK members activated in response to stress stimuli. 

JNKs are activated by various types of stress signals, such as cytokines, UV radiation, 

DNA damage, and growth factor deprivation, via multiple receptors such as RTKs, GPCRs 

and TNF receptors (Zhou et al., 2015). Following their activation, these receptors recruit 

several scaffold proteins that activate MAP3K members, including MEK kinase 1, 2, 3, 

and 4 (MEKK1–4), dual leucine zipper kinase (DLK), thousand-and-one amino acid 1 

(TAO1) and apoptosis signal- regulated kinase 1 (ASK1). Activate MAP3Ks phosphorylate 

MAP2K members, such as MEK 4 and 7, which further activate JNKs by phosphorylation 

of their tyrosine and threonine residues (Zhou et al., 2015). Active JNKs can act on both 

cytoplasmic and nuclear substrates. Their cytoplasmic substrates include glucocorticoid 

receptors, such as cytoskeletal proteins, tumor suppressor protein p53, MAP kinase 

activating death domain (MADD), Tau, and STAT, whereas their nuclear substrates 

include ATF2, heat shock factor (HSF)1, STAT3 and c-jun which is the best characterized 

(Plotnikov et al., 2011). Activated c-Jun can homodimerize or heterodimerize with c-Fos, 

forming the AP-1 transcription factor complex (Darling & Cook, 2014). 

   JNK is hyperactivated in several conditions related to ALS, such as in SOD1-ALS, in 

which accumulation of misfolded mutant SOD1 might activate ER stress pathways(Kikuchi 

et al., 2006). As previously mentioned, misfolded proteins in the ER cause the UPR, which 

activates an ER transmembrane protein inositol-requiring enzyme1 (IRE1). Activated IRE1 

binds to Derlin 1 on the surface of ER, recruiting TNF receptor-associated protein 2 

(TRAF2) and ASK1, a MAP3K protein. Activated ASK1 inhibits the ERAD pathway, thus 

activating JNK (Nishitoh et al., 2002). 

  It has been found that homeodomain-interacting protein kinase 2 (HIPK2) is involved in 

ER-stress-mediated activation of IRE1 both in the G93A SOD1 and TDP-43 transgenic 

mouse models of ALS, as well as in sALS and C9orf72-related ALS patient postmortem 

tissues (S. Lee et al., 2016).Consistently with these findings, MAP4K4 activates c-Jun and 

causes apoptosis, while inhibition of MAP4K4 in mice and iPSC-derived MNs promotes 

survival (C. Wu et al., 2019). 

   JNKs activation has been observed through a further mechanism in FUS-ALS 

Drosophila model: loss of function of the protein kinase Hippo, one of the key signaling 
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components in a pathway that controls cell proliferation and apoptosis, rescues FUS-

mediated toxicity, while overexpression of Hippo shows the opposite effect, increasing 

toxicity. Thus, Hippo activates JNKs in FUS-ALS (Gogia et al., 2020) 

  Therefore, the inhibition of the JNK pathway has displayed neuroprotective effects. 

Indeed, URMC-099, an inhibitor to hepatocyte progenitor kinase-like/germinal center 

kinase-like kinase (HGK), is able to rescue cyclopiazonic acid-induced cell death in 

human ALS motor neurons and also prevents microgliosis in mouse microglial cells (Bos 

et al., 2019) HGK is a MAP4K member that is upstream of JNK activation (Bos et al., 

2019). 

  Despite evidence from different studies, other authors showed contrasting results for 

JNK activation in ALS; they suggested a complex role of the MAPK pathways in ALS. 

Actually, multiple MAPK members are involved, showing crosstalk, in the disease 

process. Thus, elucidating the role of MAPKs in pathology leads often to ambiguous 

results. MAPKs involved in stress response, such as p38 and JNK, show overlap in their 

functions and act on shared substrates (Sahana & Zhang, 2021). For instance, c-Jun can 

be activated by ERK, p38 and JNK. Also, several kinases in the MAP2K and MAP3K 

groups can activate p38 and JNK. The activation of a particular MAPK shows specificity, 

depending on the type of cell exposed to the stressor. This is proved in astrocytes and 

microglial cells, which have a different behavior and activate different stress responses 

(Sahana & Zhang, 2021) Also, two independent studies have reported selective activation 

of p38 but not JNK in the spinal MNs of SOD1 mutant mice (Veglianese et al., 2006; 

Holasek et al., 2005). Nevertheless, enriched AP1 was identified in MNs, while in SOD1 

mutant-induced pluripotent stem cell (iPSC)-derived motor neurons, c-Jun levels were 

upregulated up to five-folds, in comparison to the control. These MNs also showed 

increased ERK and JNK activation. Contrastingly, FUS mutant iPSC-derived motor 

neurons showed p38 and ERK activation but not JNK (Bhinge et al., 2017) 

  Despite the differences in Jun and ERK activation, the increased Jun protein and mRNA 

localization into the nucleus in MNs compared to other neurons across various models of 

ALS, underlines the specific vulnerability of MNs to stress-induced neurodegeneration 

(Bhinge et al., 2017) 

  In another neuronal cell model, the localization of TDP-43 in SGs induced by the 

oxidative stressor paraquat was prevented by the inhibition of p38a and ERK, whereas 

inhibition of JNK did not prevent TDP-43 pathology (Meyerowitz et al., 2011) However, 
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under sodium arsenite stress conditions, JNK prevented the formation of SGs and 

localization of C-terminal fragments to SGs in these models (Meyerowitz et al., 2011) 

   In addition to these, few studies show opposing roles of JNK and p38 activation in ALS 

disease pathogenesis. A genetic screen in Drosophila identified that Wallenda (wnd), a fly 

homolog of the MAPK2 member DLK which is upstream to both p38 and JNK, rescued 

TDP-43 induced toxicity. In this TDP-43 fly model, JNK is cytoprotective, whereas p38 is 

cytotoxic. In fact, loss of function of p38 and gain of function of JNK increased lifespan of 

flies (Yoon et al., 2005). These results suggest the balance in p38 and JNK activation is a 

critical factor for the overall cellular response to a stress signal. 

   Interestingly, a JNK-mitochondrial SH3-domain binding protein 5 (SH3BP5/SAB)-ROS 

activation loop has been elucidated, which is required to sustain JNK activity. Importantly, 

the level of SAB expression in the outer membrane of mitochondria is a major determinant 

of the set-point for sustained JNK activation. SAB is a docking protein and substrate for 

JNK, leading to an intramitochondrial signal transduction pathway, which impairs electron 

transport and promotes ROS release to sustain the MAPK cascade (Win et al., 2018) 

   Recent studies have shown that mitochondrial JNK signaling is partly responsible for 

ischemic myocardial dysfunction; however, the underlying mechanism remains unclear. It 

has been reported that activation of mitochondrial JNK, rather than JNK localization on 

mitochondria, induces autophagy and apoptosis and aggravates myocardial 

ischemia/reperfusion injury (J. Xu et al., 2015). Myocardial ischemia/reperfusion induced a 

dominant increase of mitochondrial JNK phosphorylation, while JNK mitochondrial 

localization was reduced. In this study, treatment with Tat-SabKIM1, a retro-inverse peptide 

which blocks JNK interaction with mitochondria, decreased mitochondrial JNK activation 

without affecting JNK mitochondrial localization following reperfusion (Xu et al., 2015). 

Tat-SabKIM1 treatment reduced Bcl2-regulated autophagy, cytochrome c-mediated 

apoptosis and myocardial infarct size. Notably, selective inhibition of mitochondrial JNK 

activation using Tat-SabKIM1 produced a similar infarct size-reducing effect as inhibiting 

universal JNK activation with JNK inhibitor SP600125 (J. Xu et al., 2015). Moreover, 

insulin-treated animals exhibited significantly dampened mitochondrial JNK activation 

accompanied by reduced infarct size and diminished autophagy and apoptosis following 

reperfusion. Taken together, these findings demonstrate that mitochondrial JNK 

activation, rather than JNK mitochondrial localization, induces autophagy and apoptosis 

and exacerbates myocardial ischemia/reperfusion injury (J. Xu et al., 2015) 



 

   57 
 

   In conclusion, hyperphosphorylation or abnormal phosphorylation of MAPK members 

could be linked to several ALS-associated cell defects, such as OS, neuroinflammation, 

ER stress, protein aggregation and axonal transport impairment. Hence, several inhibitors 

to MAPK members have been tested in multiple ALS models, such as MAP4K inhibitor 29, 

SB203580 and semapimod. The first was tested in motor neurons (MNs) from human 

SOD1 and TDP-43 mutant iPSC and was able to increase MNs survival reducing 

thapsigargin/ tunicamycin induced toxicity (Wu et al., 2019). SB203580 and semapimod 

are both inhibitors of p38 which increased survival of the SODG93A mice and decreased 

axon degeneration pathology (Dewil et al., 2007) 

1.3.2 REST 

 

   REST (also known as NRSF) is a gene silencing transcription fact which is widely 

expressed during embryogenesis and acts in end-stage neuronal differentiation (Chong et 

al., 1995; Schoenherr & Anderson, 1995). In pluripotent stem cells and neural progenitors, 

REST actively repress a vast number of coding and noncoding neuron-specific genes 

involved in synaptogenesis, axonal pathfinding, synaptic plasticity and structural 

remodeling (Ballas & Mandel, 2005; Ooi & Wood, 2007). In silico analysis identifies close 

to 2000 putative REST targets in the mammalian genome, including coding and 

noncoding genes (A. W. Bruce et al., 2004). In the final stages of neuronal differentiation, 

loss of REST is crucial for the acquisition of the neuronal phenotype (Ballas & Mandel, 

2005). 

   It was initially thought that REST acted as a master regulator of neuronal genes involved 

in neurogenesis in undifferentiated neurons and stem cells. Recent findings claim that 

REST is expressed in differentiated neurons during the critical period, a time of 

heightened sensitivity to plasticity in brain development, where it plays a role in fine-tuning 

of genes important to synaptic plasticity (Rodenas-Ruano et al., 2012) and in normal 

aging, where it suppresses genes involved in neuronal death, providing neuroprotection 

(Lu et al., 2014). 

   Dysregulation of REST is implicated in several neurodegenerative disorders. REST is 

activated in selectively vulnerable mature hippocampal neurons in response to ischemic 

insults (Calderone et al., 2003; Formisano et al., 2007) and seizures (Garriga-Canut et al., 

2006; McClelland et al., 2011). In Huntington's disease, REST aberrantly accumulates in 

the nuclei of vulnerable striatal neurons (Zuccato et al., 2003). In aging neurons, loss of 

REST is associated with the onset of AD in humans (Lu et al., 2014) (Figure 12). 
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Figure 13.Regulation of REST in ischemia and AD 

  Perturbation of REST expression during embryogenesis causes cellular apoptosis, 

aberrant differentiation, patterning, and lethality (Z. F. Chen et al., 1998). In differentiated 

neurons, REST is quiescent, but can be activated in response to neuronal insults 

(Calderone et al., 2003). Increased expression of REST in response to neuronal insults 

would be expected to repress not only postsynaptic receptors and transporters, but also 

presynaptic vesicle proteins such as synapsin I and the SNARE protein SNAP25 (Thiel et 

al., 2015). Thus, not only neurotransmission in adult neurons, but also stimulus-induced 

exocytosis in PC12 cells and pancreatic β-cells, rely on exceedingly low levels of REST 

expression (Thiel et al., 2015). In contrast, in aging neurons, low levels of REST are 

neuroprotective, and loss of REST is associated with AD (Lu et al., 2014)    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Indeed, autopsy tissue from normal aging human subjects revealed a significant increase 

in REST in the nuclei of neurons of the prefrontal cortex and the hippocampal CA1 and 

Figure 13.  Regulation of REST in ischemia and AD. Left, global ischemia reduces abundance of CK1 

and E3 ligase β-TrCP, resulting in an increase in REST in the hippocampal CA1. REST binds to the RE1 

element within the promoter of target genes such as gria2 and guides the assembly of mSin3A and 

CoREST, HDACs 1 and 2, G9a and MeCP2. The REST-corepressor complex enhances epigenetic 

remodeling of core histone proteins at the promoter of target genes and represses transcription of genes 

involved in synaptic plasticity and neuronal survival. Right, in AD brains OS activates autophagy and 

formation of autophagosomes. REST is enclosed in autophagosomes, together with misfolded proteins, 

such as Aβ and tau, which, in turn, reduces REST abundance in the nucleus. Loss of REST in the nucleus 

causes an increase in expression of genes involved in neuronal death and AD pathology (Adapted from J. 

Y. Hwang & Zukin, 2018).         
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CA3 that was lost in subjects with mild or severe cognitive impairment AD (Lu et al., 

2014). ChIP-seq experiments in SH-SY5Y cells revealed occupancy of REST primarily at 

targets involved in neuronal death such as p38 MAPK, FAS, FADD, TRADD, BAX, BID, 

BBC3 (also known as PUMA), mitochondrial permeability transition pore proteins and 

cytochrome c and AD pathology (γ-secretase, presenilin 2, presenilin enhancer-2, and 

CDK5R1). In fact, aging mice with reduced REST exhibited enhanced vulnerability to 

oxidative stress (Lu et al., 2014). However, REST could also be involved in ALS 

pathology, according to recent findings. 

   For instance, an interesting link was found between Neuroglobin (Ngb), a REST/NRSF-

regulated protein, and ALS progression (van Acker et al., 2019). Ngb is active in ROS 

detoxification and cytochrome c inhibition, which provides a beneficial outcome in 

pathologies such as AD and stroke. Considering that OS and cell death are typical 

hallmarks of late ALS stages, Ngb’s involvement was explored along the disease 

progression. Results show that Ngb transcription was two-fold down-regulated in late-

stage SODG93A mice (van Acker et al., 2019). In addition, accordingly to REST/NRSF 

transcription, Ngb expression is higher in spinal cords than in cortices. In order to look 

further into the link between Ngb and ALS, in the same study a double mutant Ngb-/-

SODG93A mouse model was generated, which shows an earlier onset and severity of 

hind limb deficits (van Acker et al., 2019). Mitochondria derived from the model showed an 

altered mean volume, granularity and Ca2+-induced swelling in comparison with 

NgbWt/WtSODG93A mice. These results indicate Ngb to be involved in and affected by 

the SOD1G93A pathology, which could in part be attributed to its role in destabilizing 

events of mitochondrial swelling and phenotypes (van Acker et al., 2019) 

REST also showed an important role in alpha-synuclein pathology, associated with 

dopaminergic neuronal loss in the substantia nigra (SN) of PD. Working across human 

and mouse models, mechanisms by which the accumulation of soluble α-synuclein 

oligomers leads to neurodegeneration in PD have been investigated (Ryan et al., 2021) 

   Biochemical analysis of the midbrain of synuclein overexpressing male and female 

transgenic mice generated using bacterial artificial chromosomes (BACs) revealed age 

and region-dependent mitochondrial dysfunction and accumulation of damaged proteins 

downstream of the REST. Moreover, vulnerable SN dopaminergic neurons displayed low 

REST levels compared to neighboring protected SN GABAergic neurons, which correlated 

with the accumulation of α-synuclein oligomers and disrupted mitochondrial morphology 

(Ryan et al., 2021). Consistent with a protective role, REST levels were reduced in patient 
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iPSC-derived dopaminergic neurons carrying the SNCA-Triplication mutation, which 

accumulated α-synuclein oligomers and mitochondrial damage, and displayed REST 

target gene dysregulation (Ryan et al., 2021). Furthermore, CRISPR-mediated REST 

knockout induced mitochondrial dysfunction and impaired mitophagy in vitro. Conversely, 

REST overexpression attenuated mitochondrial toxicity and mitochondrial morphology 

disruption through the transcription factor PGC-1. These findings show that increased 

levels of α-synuclein oligomers cause dopaminergic neuronal- specific dysfunction 

through mitochondrial toxicity, which can be attenuated by REST in an early model of PD 

(Ryan et al., 2021) and highlight REST as a mediator of dopaminergic vulnerability in PD.  

Whether REST plays a similar role in ALS pathology or is mislocalized to mitochondria is 

still unknown. 

1.4 Mitochondria and energy metabolism in ALS 

 

   Basic physiological functions in CNS require significant amounts of energy (Ames, 

2000) In fact, the adult human brain represents 2% of the total body weight but it 

consumes 20% of the body’s energy. This energy is mainly used to generate action 

potentials and postsynaptic signaling (Attwell & Laughlin, 2001). Since energy storage in 

the brain is low, neurons require a significant amount of energy and need a constant 

availability of glucose from the blood (McKenna et al., 2012a). Consequently, such a high 

energy requirement is mostly met by oxidation of glucose via mitochondrial OXPHOS). 

Under normal physiological conditions, glucose is the main energy source in the brain. 

However, when glucose availability is low such as during excessive physical activity, 

development, or prolonged starvation, low glucose levels can be supplemented. Because 

entry of neuroactive compounds (e.g., glutamate, aspartate, glycine, D-serine) into the 

brain is highly restricted by the blood-brain barrier (BBB), these compounds must be 

synthesized from glucose within the brain (Mergenthaler et al., 2013) 

   Cellular energy is produced through glycolysis and oxidative metabolism via the 

tricarboxylic acid (TCA) cycle and the electron transport chain in the mitochondrion. 

Glycolysis converts glucose to pyruvate in the cytosol generating adenosine triphosphate 

(ATP) and nicotinamide adenine dinucleotide (NADH). Pyruvate can be then converted 

into lactate by lactate dehydrogenase or into alanine by alanine aminotransferase. 

However, pyruvate largely enters the mitochondria where it is converted to acetyl-CoA by 

pyruvate dehydrogenase (PDH). In astrocytes, pyruvate can be carboxylated by pyruvate 

carboxylase to generate the TCA cycle intermediate oxaloacetate (A. C. H. Yu et al., 

1983). Within the TCA cycle a series of reactions oxidize acetyl-CoA and generate 



 

   61 
 

reducing equivalents, which then transfer electrons to oxygen via the enzyme complexes 

of the electron transport chain, resulting in the final generation of ATP by ATP synthase, 

secondary to the maintenance of mitochondrial potential (Denel, 2012). The TCA cycle is 

important not only in producing reduction equivalents for ATP generation, but it is also 

crucial as a source of intermediates to synthesize lipids, neurotransmitters, and amino 

acids (McKenna et al., 2012). 

   Efficient exchange of energy substrates between the blood and the brain is sustained by 

the expression of distinct transporters, including GLUT1 for glucose, MCTs for 

monocarboxylates (such as lactate, pyruvate and ketone bodies) and FAT for fatty acids, 

at the level of the BBB (Pierre & Pellerin, 2005). As already mentioned, from these various 

molecules, glucose is the prime energetic substrate for the adult human brain. Its 

catabolism through primary (e.g., glycolysis and mitochondrial TCA) cycle) or secondary 

[e.g., pentose phosphate shunt pathway (PPP)] metabolic pathways not only generate 

ATP to fulfill the brain’s energy demands, but also provides critical precursors for the 

synthesis of neurotransmitters, neuromodulators, and cellular components. In addition, 

glucose is important to sustain cellular antioxidant systems (Dienel & Rothman, 2020).  

Nevertheless, under specific circumstances, brain cells can rely upon other substrates 

that are imported from the blood (e.g., ketones bodies during starvation and lactate during 

intense activity) or produced locally (e.g., lactate, glutamine). Out of these alternative 

substrates, lactate was identified as a key player mediating the metabolic interplay 

between astrocytes and neurons. Both these cell types can efficiently metabolize glucose 

and lactate, however, while astrocytes present a more pronounced glycolytic profile, 

neurons preferentially rely on oxidative metabolism via mitochondrial OXPHOS (Bélanger 

et al., 2011a). This notion was central to the formulation of the astrocyte-neuron lactate 

shuttle (ANLS) hypothesis (Pellerin & Magistretti, 1994), which was supported by studies 

suggesting incomplete glucose oxidation and/or increased lactate production following 

neuronal activity (Morita et al., 2019). 

   This model, which was first introduced in the early nineties (Pellerin & Magistretti, 1994) 

postulates that extracellular glutamate increase during intense neuronal activity leads to 

active astrocytic glutamate uptake, which in turn triggers Na+/K+ ATPase activation in 

astrocytes (to maintain Na+/K+ homeostasis) with an associated energy consumption and 

a drop in cellular ATP levels (Magistretti & Chatton, 2004). To counteract this effect, 

astrocytic glucose uptake and glycolysis is elevated, secondarily increasing lactate 

production and excretion, which will then be available as a fuel to neuronal cells (Pellerin 
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et al., 2007). However, this concept is not consensual, and evidence has been raised to 

dispute some of its premises (Dienel & Rothman, 2020). Interestingly, an alternative 

neuron-astrocyte lactate shuttle was also proposed (Dienel & Rothman, 2020). 

  Brain hypoperfusion is accompanied by reduced glucose and oxygen metabolic rates. 

This hypometabolism of glucose characterizes the normal aging process, with glucose 

metabolic rates decreasing by 26% from age 18 to 78 (Marcus et al., 2014), but is further 

accentuated in pathological conditions such as AD and PD (Marcus et al., 2014) In early 

AD, fluorodeoxyglucose-PET showed a characteristic reduction of total glucose 

metabolism in the parietotemporal association cortices, posterior cingulate cortex and the 

precuneus (Marcus et al., 2014). Interestingly, aerobic glycolysis, which corresponds to 

the fraction of glycolysis not coupled to oxidative phosphorylation and which was 

previously associated with biosynthetic and neuroprotective roles, was found to be 

reduced in brain regions with higher levels of Tau deposition (Vlassenko et al., 2018). 

Contrariwise, AD postmortem brain-derived data points to an overall upregulation of 

glycolytic enzymes, which was interpreted as a compensatory mechanism to 

mitochondrial dysfunction and to the reduced levels of glucose transporters that 

accompanies disease progression (Bell et al., 2020). 

  The majority of synapses in the CNS are glutamatergic (Danbolt, 2001; Rothstein et al., 

1994). During neurotransmission, neurons release glutamate, into the synaptic cleft. 

Glutamate is then taken up by astrocytes via glutamate transporters (Martinez-Hernandez 

et al., 1977; Rothstein et al., 1994) and an astrocyte specific glutamine synthetase 

converts glutamate into glutamine (Martinez-Hernandez et al., 1977). Glutamine can be 

transferred to neurons and converted back to glutamate by phosphate activated 

glutaminase to complete the glutamate-glutamine cycle (Laake et al., 1999; Lazar & 

McIntyre, 2019). This cycle protects neurons from excitotoxicity (Tefera et al., 2021). In 

this sense, in sALS, excitotoxicity due to overactivation of glutamate receptors may 

mediate the motor neuron degeneration in the spinal cord (Corona et al., 

2007).Glutamate’s toxicity is apparently due to calcium flooding the cell. Calcium is 

supposed to briefly enter the neuron with each signal and triggers the cell to fire off its 

own signals and adjust its own activities accordingly. But prolonged calcium inside the cell 

evidently can do damage and will even activate programmed cell death (Corona et al., 

2007). Research in the early 1990s determined that ALS patients have raised levels of 

glutamate in the fluid bathing the brain and spinal cord. In fact, 40 percent of sporadic 

cases of ALS are characterized by this elevated glutamate in cerebrospinal fluid (CSF). 

Abundant evidence points to glutamate as a destructive factor in ALS (Cheah et al., 2010) 

http://web.alsa.org/site/PageServer?pagename=ALSA_CellDeath
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    Consequently, one of the few approved drugs for the treatment of ALS is Riluzole, 

which acts by binding voltage-gated sodium channels, thereby preventing the propagation 

of action potentials and eventual axonal release of glutamate. In addition, Riluzole acts on 

astrocytes to increase uptake of glutamate (Lazar & McIntyre, 2019).This mechanism is 

protective against exotoxicity by over-stimulation of the glutamate receptors during 

glutamatergic neurotransmission (van den Bosch et al., 2006). 

   Glutamate is also a substrate for oxidative metabolism. In fact, seventy percent of 

glutamate in astrocytes is metabolized by the TCA cycle, while 30% is converted into 

glutamine (Schousboe et al., 1993) GABA released from the synaptic cleft during 

neurotransmission can be taken up by astrocytes and enter the astrocytic TCA cycle as 

succinate via GABA transaminase and succinate semialdehyde dehydrogenase. 

Succinate can be further metabolized in the TCA cycle to form α-ketoglutarate, glutamate 

and glutamine. Astrocytes release glutamine where it is taken up by neurons to synthesize 

glutamate or GABA. In GABAergic cells, glutamate produced via phosphate activated 

glutaminase is decarboxylated to GABA. This glutamate/GABA-glutamine cycle is 

important for the maintenance of the neurotransmitter pool in the CNS (Bak et al., 2006) 

    It has been widely demonstrated that alterations in any phase of these glucose 

metabolism pathways can cause reduced generation of ATP, with negative effects on 

cellular functions. In presence of ATP sub-optimal levels, other energy generating 

pathways can be activated and lead to an increased production of ROS followed by 

oxidative stress. Moreover, since glucose metabolism is linked with amino acid 

neurotransmitter metabolism, impaired glucose metabolism pathways determine 

glutamate excitotoxicity and neurodegeneration (Tefera et al., 2021) 

    Many authors have reported changes in glucose utilization in certain brain and spinal 

cord regions of ALS patients as well as animal models of the disease. MNs are highly 

energetic cells, and it has been suggested that altered energy metabolism is an event that 

precedes MN loss in ALS. Figure 14 shows a simplified scheme of CNS normal glucose 

metabolism in comparison with commonly observed defects in ALS (Tefera et al., 2021). 

 As previously stated, ALS-associated abnormalities can negatively affect different steps 

of the glucose metabolism; here we will especially focus on oxidative phosphorylation and 

mitochondrial dysfunctions. Mitochondria are the primary site of energy production in the 

cells, but they are also the most important source of ROS and OS. An uncontrolled 

production of ROS may be detrimental for lipids, proteins, nucleic acids and impair 

mitochondrial function (de Aguilar et al., 2005). Several studies have detected functional 

https://www.sciencedirect.com/topics/neuroscience/glutamic-acid
https://www.sciencedirect.com/topics/neuroscience/astrocyte
https://www.sciencedirect.com/topics/neuroscience/astrocyte
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and morphological impairment in mitochondria in the spinal cord and brain of ALS patients 

as well as in mouse models of the disease (Wong et al., 1995; Sasaki & Iwata, 1996; Jung 

et al., 2002). These abnormalities can play a role in reduced energy production and 

increased OS. In addition, OS-associated defects in the electron transport chain, reduced 

oxidative phosphorylation and ATP production have been found (Jung et al., 2002; 

Browne et al., 2006). Specifically, subunits of ATP synthase, the enzyme complex 

responsible for ATP production from ATP at the end of the mitochondrial phosphorylation, 

have lower expression levels in spinal cord (Dangond et al., 2004) and motor cortex of 

ALS patients (Lederer et al., 2007). This could cause a decrease in ATP generation. On 

the other hand, in MNs isolated from SOD1G93A mice, it was observed an increased 

expression of genes involved in the mitochondrial machinery, including ATP synthase 

(Ferraiuolo et al., 2007). These opposite findings may be explained by a compensatory 

activation of energy generating pathways in order to properly respond to increased energy 

demand. Ultimately, mitochondrial dysfunction can determine a depletion of cellular 

energy resulting in MN death (Cozzolino & Carrì, 2012). 

  The exact mechanisms underlying alterations in CNS glucose metabolism in ALS are still 

poorly understood. Nevertheless, protein aggregation and oxidative stress may strongly 

contribute to the observed abnormalities. With respect to protein aggregation, studies 

have found that mutant TDP-43 accumulates in the mitochondria of ALS patients 

determining impairments in complex I activity and causing alterations in cellular (Menzies 

et al., 2002). Also, experiments with Drosophila overexpressing mutant human FUS have 

found mitochondrial fragmentation in this model due to pathological aggregation of FUS 

(J. Deng et al., 2015). Mutant forms of TDP-43 as well as FUS have also been linked to 

impairment of mitochondrial-endoplasmic reticulum interaction with consequent 

disturbance of protein homeostasis and decreased ATP generation (J. Deng et al., 2015). 

As indicated above, SOD1 is another ALS-related protein whose mutant form was found 

accumulated in brain mitochondria causing defects in the electron transport chain, 

particularly involving complex I and IV (Vijayvergiya et al., 2005; Ferri et al., 2006). 

Altogether, these studies reach the conclusion that mitochondrial protein aggregation may 

alter mitochondrial, both functionally and structurally resulting in impaired glucose 

metabolism and synthesis of ATP.  
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Figure 14 A schematic diagram of normal CNS glucose metabolism and frequently observed defects in ALS 

 

 

 

 

     

 

 

 

 

 

 

 

 

Figure 14. A schematic diagram of normal CNS glucose metabolism, and frequently observed 

defects in ALS. Glucose enters via GLUT3 transporter into neurons and via GLUT1 into astrocytes. 

Then, glucose is phosphorylated by hexokinase (HK) to glucose 6-phosphate (G6P). G6P can be 

converted by glucose 6-phosphate dehydrogenase (G6PDH) to 6-phosphogluconolactone to enter the 

PPP pathway, where it is converted to PPP intermediates, such as R5P (ribose 5-phosphate) which later 

can enter the glycolytic pathway via glyceraldehyde 3-phosphate (G3P) or provide nucleotide backbones. 

If G6P continues through glycolysis, it is converted into F6P (fructose 6 phosphate) and fructose 1,6-

bisphosphate (F16BP) by phosphofructokinase (PFK). F16BP is further metabolized to G3P, phosphoenol 

pyruvate (PEP) and pyruvate. Pyruvate can be reduced to lactate by lactate dehydrogenase or enters 

mitochondria via mitochondrial pyruvate carrier (MPC) and gets converted into acetyl CoA by pyruvate 

dehydrogenase (PDH). Acetyl-CoA condenses with oxaloacetate to citrate and enters the TCA cycle. The 

TCA cycle generates various intermediates, from which glutamate is synthesized. In neurotransmission, 

glutamate is released from the presynaptic vesicles into the synapse where it is taken up by glutamate 

transporters in astrocytes and then converted into glutamine (Gln) by glutamine synthetase (GS). In 

GABAergic neurons, Glu is converted into GABA by glutamate decarboxylase (GAD) enzyme. The TCA 

cycle also generates reducing equivalents such as NADH and flavin adenine dinucleotide, which transfer 

electrons to oxygen via the electron transport chain, generating ATP. In ALS, numerous metabolic defects 

at various steps in the glucose metabolism pathway alter glucose metabolism and ATP generation. This 

include impairments in glucose transport  and PPP, glycogen accumulation, reduced entry of pyruvate into 

the TCA cycle which downregulates PDH activity; reduced activities of oxoglutarate dehydrogenase 

(OGDH), mitochondrial dysfunction, reduced mitochondrial ATP production, increased ROS production, 

and impaired neuronal-glial interactions  (Adapted from Tefera et al., 2021). 
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Defective glucose metabolism in the CNS may also arise from an increased OS, an 

imbalance between ROS and antioxidant defenses. OS has widely been involved in the 

onset and progression of ALS. Numerous studies have shown that OS is involved in the 

onset and progression of ALS (Barber et al., 2006) showing that oxidative damage to the 

enzymes involved in the glucose metabolism pathways as well as to mitochondrial DNA 

can impair energy production (Barber et al., 2006). Indeed, several studies have found 

that oxidative modifications of glycolytic, TCA cycle and mitochondrial proteins occur in 

neurodegenerative disorders (di Domenico et al., 2017; Allan Butterfield & Boyd-Kimball, 

2018) disrupting neuronal energy metabolism and worsening OS. 

   Moreover, a 2019 study has aimed to elucidate the mechanisms that control the 

energetic demand under nutrient and ER stress (Balsa et al., 2019). The authors showed 

that ER stress and glucose deprivation stimulate mitochondrial bioenergetics, leading to 

the formation of respiratory supercomplexes (SCs) through protein kinase R-like ER 

kinase (PERK). In fact, the genetic ablation or the pharmacological inhibition of PERK 

blocks nutrient and ER-mediated increase in SC level and reduces oxidative 

phosphorylation-dependent ATP production. SCs are promoted through the PERK-eiF2a-

ATF4 axis, which increases supercomplex assembly factor I (SCAF1 or COX7A2L), along 

with the enhancement of mitochondrial respiration (Balsa et al., 2019) (Figure 15). 

Interestingly, PERK activation is able to rescue bioenergetic defects caused by complex I 

missense mutations derived from mitochondrial disease patients. These findings have 

described an energetic communication between ER and mitochondria, with potential 

implications in cell survival and diseases associated with mitochondrial failures, such as 

ALS. 

      In a 2021 study, induced pluripotent stem cells from healthy controls, familial ALS, and 

sporadic ALS patients were differentiated toward spinal MNs, cortical neurons, and 

cardiomyocytes. Metabolic flux analyses reveal an MN-specific deficiency in mitochondrial 

respiration in ALS, with similar results in familial or sporadic ALS MNs (Hor et al., 2020). 

This impairment of mitochondrial respiration was linked to hyper-acetylation of 

mitochondrial proteins. Particularly, Sirtuin-3 (SIRT3) is a mitochondrial protein acting as a 

deacetylase to preserve mitochondrial function and integrity. Interestingly, SIRT3 

activation via nicotinamide or a small molecule activator was able to reverse the defective 

metabolism in ALS MNs (Hor et al., 2020). 

   In addition, autosomal dominant mutations in coiled-helix-coiled-helix domains 

containing protein 10 (CHCHD10) have recently been reported as a rare genetic cause of 
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ALS. (Purandare et al., 2018; Snowden et al., 2015). CHCHD10 is a soluble 14 kDa 

mitochondrial protein that is upregulated in stress conditions and localizes to the 

mitochondrial intermembrane space forming a complex with its paralogue CHCHD2 

(Straub et al., 2018; Huang et al., 2018).  

 

Figure 15. Activation of a metabolic and energetic response mediated by PERK when glucose is limiting 

 

Figure 15. When glucose becomes limiting for glucosamine synthesis and protein glycosylation, the 

ER activates a metabolic and energetic response mediated by PERK. This process doesn’t produce a 

complete remodeling of the mitochondrial proteome but reorganizes the electron transport chain (ETC) 

complexes and promotes the expansion of mitochondrial cristae. ETC supercomplexes assembly occurs 

through the PERK-eiF2a-ATF4 axis, with consequent increase in O2 consumption and ATP generation 

(Adapted from Balsa et al., 2019). 

   The exact function of CHCHD10 remains unknown. Most predicted pathogenic variants 

are present in the N-terminal half of the protein. Four different studies have reported the 
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mutation c.44C > A (predicting p. R15L) in sALS and fALS (Müller et al., 2014); (Johnson 

et al., 2014; J. Zhang et al., 2015.; Khan et al., 2017). In a 2021 study cellular and 

metabolic remodeling caused by the CHCHD10 variant p.R15L was investigated (Straub 

et al., 2018). Researchers collected metabolomic, transcriptomic and proteomic datasets 

on patient fibroblasts. They cultured patient and rescued cells (expressing wild-type 

CHCHD10) in a medium containing either glucose or galactose as a nutrient source. 

Glucose-free galactose medium causes an energetic stress, as it forces cells to 

exclusively rely on OXPHOS for ATP production (Straub et al., 2018). The data 

demonstrate a global remodeling of mitochondrial and cellular metabolic pathways, and 

the activation of an unfolded protein (UPR) stress response mediated by the IRE1/XBP1 

pathway in the ER, and by ATF4 and ATF5 in mitochondria, in patient cells under 

energetic stress conditions (Straub et al., 2018). The authors proposed that motor 

neurons, the cells that are specifically affected in ALS, are more susceptible to 

mitochondrial dysfunction and may suffer damage much earlier in limited nutrient 

conditions than do fibroblasts (Straub et al., 2018). It is known that aging results in 

decreased neuronal uptake of glucose, therefore rendering motor neurons harboring 

CHCHD10 p.R15L variant more susceptible to cell death in the aging individual (Yin et al., 

2016). Thus, targeting mitochondrial metabolism and the UPR response could be very 

useful for the development of potential treatments in ALS models of CHCHD10. In this 

sense, we should remember the interaction between age and ALS incidence (Huang et 

al., 2018). 

   In 2012, it was also shown that glucose and pyruvate deprivation in cells depending on 

glucose for survival induces abnormal levels of phospho-tyrosine signaling and oxidative 

stress (Spitz et al., 2000; Akin-Burns et al., 2009) resulting in the activation of diverse 

intracellular kinases including ERK and JNK.  This results in a positive feedback 

amplification loop, until ROS accumulate above a toxicity threshold resulting in cell death. 
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Figure 16.Glucose withdrawal initiates a positive feedback loop resulting in supra-physiological phospho-tyrosine 
signaling and ROS-mediated cell death. 

 

Figure 16. Glucose withdrawal initiates a positive feedback loop resulting in supra-physiological 

phospho-tyrosine signaling and ROS-mediated cell death. In cells dependent on glucose for survival, 

glucose and pyruvate deprivation causes OS driven by NOX and mitochondria. This OS provokes a positive 

feedback loop in which NOX and mitochondria generate superoxide anion (O2
−), which dismutes to hydrogen 

peroxide (H2O2) and inhibits PTPs by oxidation (e.g., PTP-1B and PTEN). Without the negative regulation of 

PTPs, TKs including EGFR and Src activate NOX at focal adhesions, further amplifying ROS generation. This 

glucose withdrawal-induced positive feedback loop results in supra-physiological levels of tyrosine 

phosphorylation and ROS-mediated cell death (Adapted from Graham et al., 2012). 

1.5. Lipid droplets: more than energy storage 

 

  Lipid droplets (LDs) are spherical organelles in which intracellular neutral lipid such as 

triacylglycerols (TAGs) and cholesteryl esters (CEs) are stored (Welte, 2015). The core of 

a lipid droplet is formed by hydrophobic molecules such as TAGs and CEs in association 

with retinyl esters (Meyers et al., 2017); the outer surface encloses an amphipathic lipid 

monolayer embedded with LD-associated proteins. Figure 17 illustrates the general 

structure of a lipid droplet. Depending on the cell type, different proteins can be found in 
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the LD core. This unique monolayer is a specific feature of LDs, and it lets the 

differentiation from organelles similar in size, such as lysosomes and endosomes, which 

show a lipid bilayer. Among LD-associated proteins, perilipins have been well described 

for their crucial roles in LD metabolic regulation (Sztalryd & Brasaemle, 2017). The 

exterior protein components of LDs are involved in many unique interactions and explain 

the numerous cellular roles of LDs in energy homeostasis, cellular communication, and 

disease. 

 For instance, LDs serve as lipid reservoirs for cells and a source of substrates for 

membrane formation and energy metabolism (Walther & Farese, 2012a). Adipose tissue 

is the richest in LDs. Here, fatty acids accumulate in times of nutrient excess and are 

mobilized when energy demand increases (Missaglia et al., 2019). But LDs also have an 

important role in physiological processes beyond simple fatty acid storage and supply, 

such as in inflammation and insulin signaling. For instance, LDs in various immune cell 

types contain a large pool of intracellular arachidonic acid (AA), which is a reserve of 

precursors for eicosanoid synthesis (Bozza & Viola, 2010; Saka & Valdivia, 2012; 

Dichlberger et al., 2016). LDs also contain enzymes involved in AA processing, indicating 

that these organelles serve as a supply site for inflammation (Bozza et al., 2011). In 

addition, LDs have been involved in ectopic lipid accumulation (Puri et al., 2007) and 

insulin resistance (Gemmink et al., 2017). It has been found that the overexpression of 

LD-associated proteins such as CIDE-A increases fat accumulation in mice, and human 

expression of LD proteins in adipose tissue shows a positive correlation with clinical 

insulin resistance (Puri et al., 2008). 

    LDs arise from the cytoplasmic leaflet of the ER membrane by budding (Walther et al., 

2017). The acyl-glycerols enclosed in a LD are synthesized via diacylglycerol transferases 

(DGATs), which convert acyl-CoA-bound fatty acids, and DAGs into the TAGs that 

constitute the LD core (Harris et al., 2011). CEs which are also incorporated into the core 

of developing LDs (Zhu et al.,2018). Once dissociated from the ER membrane, LDs may 

continue to grow via LD fusion and further TAG incorporation. Fusion of LDs with the aid 

of members of Cell death-inducing DFF45-like effector (CIDE) family proteins (Gao et al., 

2017) integrate smaller LDs into larger LDs. Re-localization of TAG synthesis enzymes 

like DGAT2 and GPAT4 from the ER to the LD surface allows direct synthesis of TAGs 

from cellular lipid sources (Wilfling et al., n.d.). During periods of stress and starvation, 

cellular debris can be incorporated into LDs, and it is thought that this process aims to 

protect the cells from lipotoxicity (Rambold et al., 2015). LDs harbor a variety of protein 

and lipid signatures, and these specific features can be useful to determine LD localization 
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and utilization. For example, perilipin 2 (PLIN2) shows low influence over lipolysis, so LDs 

that contain PLIN2 may be broken down more easily. On the other hand, PLIN1 and 

PLIN5 actively promote lipolysis when activated. Thus, LDs with varying PLIN proteins 

behave differently depending on the tissues and the environmental conditions (Sztalryd & 

Brasaemle, 2017). 

Figure 17. Electron micrograph and str

Figure 17. Structural components of a lipid droplet 

Figure 17. Left panel| Electron micrograph of a lipid droplet in a cultured hepatoma cell. The membrane 

monolayer surrounding the lipid droplet is visible, as well as the tight associations with mitochondria and ER 

membranes. Right panel| Structural components of a lipid droplet. The diagram shows the polar surface 

lipids of the monolayer (phospholipids and sterols), the nonpolar lipids of the core (sterol esters and 

triacylglycerols), and a number of proteins embedded in the surface of the droplet. These proteins include 

DGAT2, Rab18, perilipin, and CCT. Proteins can interact with the lipid droplet through amphipathic α helices, 

embedding of hydrophobic regions directly in the droplet, and lipid anchors. (Electron micrograph by S. Stone 

and J. Wong; image adapted from Farese & Walther, 2009) 

      In 2017, Kleckler and colleagues proposed a mechanism in which cells prepare for 

starvation synthesizing   lipids as energy-rich storage compounds under conditions of 

ample nutrient supply. These can be stocked within LDs (Klecker et al., 2017). Upon 

nutrient depletion, cells survive by converting these internal energy supplies into FAs, 

which are used for ATP production by β oxidation in mitochondria (Walther & Farese, 

2012) This process occurs along with cellular self-eating, or autophagy with the formation 

of autophagosomes, double-membrane bounded structures that engulf cytoplasmic cargo 

(Figure 18). Subsequently, autophagosomes fuse with the lysosome, where the cargo is 

dismantled into its molecular building blocks, mostly amino acids, and fatty acids (FAs). 

These are either recycled or utilized for energy generation (Kaur & Debnath, 2015).In this 

context, LDs not only fuel mitochondrial energy generation during starvation but also 

protect mitochondria by sequestering excess fatty acids that are released by autophagy 

and might damage organellar membranes (Nguyen et al., 2017). 
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Figure 18.Fatty Acids are forced to make a pit stop in LDs on their way from autophagosomes to 
mitochondria 

Moreover, the potential link between ROS and lipid droplet formation has been 

investigated. Indeed, a study focusing on non-alcoholic fatty liver disease (NAFLD) has 

tested the capacity of OS induced by hydrogen peroxide on hepatocytes to induce LD 

upregulation, observing that ROS up-regulates the expression of PLIN2 in hepatocytes, 

whereas PLIN2 promotes the formation of lipid droplets resulting in lipid accumulation in 

liver tissues (Jin et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Fatty Acids are forced to make a pit stop in LDs on their way from autophagosomes to 

mitochondria. In starved cells, FAs are released during the autophagic degradation of membranous 

organelles. Instead of being directly transported to mitochondria to generate energy by β oxidation, FAs are 

rerouted to the ER, where they are used by diacylglycerol acyltransferase 1 (DGAT1) to synthesize TAGs, 

which are stored in ER-derived LDs. Simultaneously, TAG stores within LDs are used by the lipolytic enzyme 

adipose triglyceride lipase (ATGL) to generate FAs. These are subsequently converted to acylcarnitine (AC) 

by carnitine palmitoyltransferase 1 (CPT1) and transported into mitochondria, where they fuel ATP production 

by β oxidation. Interestingly, LDs and mitochondria are frequently found in close proximity, most likely 

because they form contact sites to facilitate efficient FA transport (Adapted from Klecker et al., 2017). 

   1.5.1. Lipid droplets in the CNS 

 

   Normal neuronal function and synaptic plasticity require lipid homeostasis (Montesinos 

et al., 2020), and processes such as lipid storage, breakdown and metabolism are tightly 

regulated through the dynamic interaction between perilipins and lipases on the LD 

surface (Olzmann & Carvalho, 2019). LD breakdown is generally driven by ATGL, another 

LD outer layer protein (Etschmaier et al., 2011).  Lipophagy is a further LD breakdown 
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process, in which an LD is incorporated in an autophagosome and fuses with a lysosome 

to breakdown LD through lipid acid lipases (Cingolani & Czaja, 2016) Under conditions of 

metabolic stress, lipases cleave triglycerides into FAs, which are then processed in the 

mitochondria to liberate the energy stored in droplets via beta-oxidation into acetyl-CoA, 

TCA cycle and oxidative phosphorylation (Zechner et al.,2012), as introduced above. LDs 

have been shown to provide energy substrates (Cabodevilla et al., 2013); (B. Farmer et 

al., 2019), lipid signaling molecules (Arrese et al., 2014), and membrane infrastructure 

materials (Zehmer et al., 2009) for various cell types. 

    LDs have been found in all brain cell types. A recent study demonstrated that the 

majority LDs in the brain co-localize with ionized calcium binding adaptor molecule 1 

(Iba1), a microglia/macrophage-specific protein. This finding may depict microglia as a 

main source of LDs (Marschallinger et al., 2020). Moreover, the lipid-associated microglia 

showed a unique transcriptomic signature compared to non-LD-laden microglia, 

suggesting that LDs in microglia could act as a cause or result of significant transcriptional 

modulations. Ependymal cells of the cerebral ventricular system have also been shown to 

accumulate LDs (L. K. Hamilton & Fernandes, 2018). Lesions to the CNS can induce LDs 

in neurons and astrocytes (Ioannou et al., 2019), and glial cells have been shown to form 

LDs from phagocytosed myelin fragments (S. C. Lee & Raine, 1989). Additionally, a study 

examining cell types that harbor PLIN positive droplets found that Iba1+, GFAP+, NeuN+ 

(a neuron specific antibody), and S100β+ (a calcium binding protein that is localized in 

astrocytes) cells harbor droplets (Shimabukuro et al., 2016). Together, these studies 

demonstrate that several cell types in the brain can form LDs. 

          LDs may affect cellular physiology and function in the CNS. In fact, the brain is the 

second most lipid-rich organ (J. A. Hamilton et al., 2007), with 20% of the body’s total 

cholesterol (J. Zhang et al., n.d.). Alteration in the lipid composition of CNS cells has been 

shown to affect cell function and normal neural activity (Puchkov and Haucke, 2013; 

Bruce et al., 2017). It is known that neurodegenerative diseases, such as AD and PD, are 

characterized by lipid dysregulation as a metabolic feature. 

    More specifically, when the CNS is in a pathological state (i.e., cancer, 

neurodegenerative diseases, and ageing), its content of LDs increases, mainly in glial 

cells (astrocytes, microglia) and much less in neurons (Bailey et al., 2015; (Dienel, 2012; 

Marschallinger et al., 2020) (Figure 19). These findings support the role of astrocytes in 

variety of homeostatic function in the CNS. Being an abundant subtype of neuroglia, 

astrocytes may operate with neurons as a coupled metabolic unit (Dienel, 2019; Bélanger 
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et al., 2011b), as depicted in section 1.3. In fact, astrocyte processes surround blood 

capillaries and neuronal synapses (Tsacopoulos & Magistretti, 1996), being well 

positioned to transport glucose, free fatty acids (FFAs), and ketone bodies, from the 

systemic circulation to neurons and to store blood‐derived glucose in the form of glycogen 

(Brown and Ransom, 2007). Under glutamatergic or noradrenergic stimulation during 

times of stress, astrocytes metabolize glycogen to glucose and lactate in the aerobic 

glycolysis (Bélanger et al., 2011; Dienel & Cruz, 2016; Pellerin & Magistretti, 1994). 

Lactate is considered to be used by astrocytes as a fuel to provide glucose for neurons 

(Dinuzzo et al., 2010; DiNuzzo et al., 2012) or it is released from astrocytes. When 

released, lactate may exit CNS and enter the systemic circulation (Dienel, 2012), it may 

enter neurons, where it is oxidized (i.e., the astrocyte‐neuron lactate shuttle [ANLS] 

hypothesis; (Bélanger et al., 2011c), or it may act as a signaling molecule by binding to 

lactate receptors (Barros & Deitmer, 2010; Abrantes et al., 2019; Mosienko et al., 2015; 

Tang et al., 2014; Vardjan et al., 2018). 

   Studies utilizing astrocyte‐neuron co‐culture systems derived from Drosophila tissue 

have linked glial lactate transport to neurons via ANLS to increased FFA production in 

neurons (Ioannou et al., 2019; Liu et al., 2017). Neurons are exposed to reactive oxygen 

species (ROS) generated during β‐oxidation of FFAs (K. D. Bruce et al., 2017), thus 

excessive FFAs and ROS can be lipotoxic for neurons. It is believed that FFAs are 

transferred from neurons to astrocytes, where they are stored in LDs as a defense against 

lipotoxicity (Ioannou et al., 2019). LD‐stored FFAs can then be used by astrocytes for 

energy production in β‐oxidation (Ioannou et al., 2019). It is still not completely clear 

whether LDs also supply astrocytes with lipids (FFA and cholesterol) for the synthesis of 

membranes and/or with lipids that act as signaling molecules. Whether the case is, it is 

clear that lipid metabolism of astrocytes could be of interest. 

   In vitro studies of LDs and ex vivo brain imaging have also associated LD formation with 

inflammation, as both a cause and an effect (Bozza & Viola, 2010). Lipopolysaccharide 

(LPS), a common pro-inflammatory stimulus, has been shown to increase the number and 

size of LDs in microglia (Khatchadourian et al., 2012). PLIN2 was shown to colocalize with 

these droplets; thus, PLIN2 may be considered a marker for both LDs and inflammation in 

the brain (Marschallinger et al., 2020). 
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Figure 19. Stressed astrocytes accumulate LDs. LDs in astrocytes are organelles with limited mobility, in 

close proximity to mitochondria and ER to enable a stronger interaction between these organelles and more 

efficient β-oxidation and LD biogenesis, respectively. Noradrenaline, a brain stress–response system 

neuromodulator, metabolic stress (nutrient deprivation, excess of free FAs, and l-lactate), and hypoxic stress 

increase LD accumulation in astrocytes by increasing the number and the size of LDs. Noradrenaline increases 

LD accumulation activating β- and α2-ARs. Accumulation of LDs in stressed astrocytes may be useful as a 

support for energy provision but may also provide neuroprotection against the stress-induced lipotoxicity. AR, 

adrenergic receptor; ER, endoplasmic reticulum; FAs, fatty acids; LD, lipid droplet (Adapted from Smolič et al., 

2021). 

 

Figure 19.Stressed astrocytes accumulate LDs 

 

 

 

 

Another study claimed that palmitate treatment of isolated primary astrocytes increased 

the release of inflammatory markers including TNF-alpha, IL-1 beta, IL-6, and MCP-1 in 

addition to increase Oil Red O (a fat-soluble dye) staining and PLIN1 and PLIN2 

transcription. These data suggest that LD-associated astrocyte inflammation may induce 

microglia to amplify the inflammatory response. Nevertheless, it remains to elucidate 

whether inflammation causes LDs, LDs cause inflammation, or both (Kwon et al., 2017). 

1.5.1.2. Lipid droplets in neurodegeneration and ALS pathology 

 

   As previously mentioned, the appearance of LDs in neurons is not observed under 

physiological conditions but is associated with neural diseases. LD dynamics is still 

unclear as well as the effect of LDs on neuronal functions. In 2020, Yang et al. discovered 

that mutations of two key lipolysis genes atgl-1 and lid-1 lead to LD appearance in 

neurons of Caenorhabditis elegans. This lipid accumulation protects neurons from 

hyperactivation-triggered neurodegeneration, with a mild decrease in touch sensation.  

They also claimed that reduced biosynthesis of polyunsaturated fatty acids (PUFAs) 

causes similar effects and synergizes with decreased lipolysis. Furthermore, they 
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demonstrated that reduced incorporation of PUFAs into phospholipids increases neuronal 

protection. These findings suggest that lipolysis has a crucial role in cell-autonomous 

regulation of neural functions and neurodegeneration (L. Yang et al., 2020), most probably 

by supplying an extra amount of energy. 

    LDs have also been shown to accumulate in tumors, such as astrocytomas (Rémy et 

al., 1997; Zoula et al., 2003), in the brains of patients with AD (Derk et al., 2018; Gómez-

Ramos & Morán, 2007; L. K. Hamilton et al., 2015) as well as in patients with PD, where 

LDs may be the sites of α‐synuclein aggregation (Colebc et al., 2002). Moreover, LDs 

have been linked to MN diseases, including multiple sclerosis (Grajchen et al., 2018; 

Ponath et al., 2017), hereditary spastic paraplegia (Fowler et al., 2019; Papadopoulos et 

al., 2015; Renvoisé et al., 2016) and ALS (Chaves-Filho et al., 2019; Pennetta & Welte, 

2018; Velebit et al., 2020). 

   Several studies interested in lipid metabolism have elucidated the connections between 

LDs and ALS pathology (Pennetta & Welte, 2018). For instance, mutations in the human 

VAMP-associated protein B (hVAPB) can cause ALS, with a disease-causing mechanism 

that is still unclear (Sanhueza et al., 2015). In this study, researchers performed a 

genome-wide screen in Drosophila to identify pathways involved in hVAPB-induced 

neurotoxicity and found that the list of modifiers was rich in proteins involved in LD 

dynamics. One of the reported modifiers was acyl-CoA synthetase long-chain (Acsl). This 

enzyme promotes LD biogenesis and its downregulation results in decreased size and 

number of mature LDs (Kassan et al., 2013). Furthermore, another group showed that 

gain of function mutations in the LD protein seipin promotes motor neuron disease 

symptoms in mice (Yagi et al., 2011; Sanhueza et al., 2015). Together these studies 

suggest that impaired LD biogenesis may be an important pathological aspect of hVAPB-

mediated ALS. 

    A mutation in the gene SPG11 may also contribute to an early onset form of ALS 

affecting lysosome recycling (Branchu et al., 2017a). It is known that an intracellular lipid 

accumulation is followed by lipid clearance from lysosomes into droplets in wild-type (WT) 

mice. However, in Spg11 knockout mice, the rate of lipid clearance is slower, and LDs 

show a significant decrease in size and number (Branchu et al., 2017a). In another study, 

investigators found that loss of C9orf72 led to an increase in LDs, and that starvation-

induced changes in lipid metabolism were mediated by coactivator-associated arginine 

methyltransferase (CARM-1). Since CARM-1 regulates lysosomal function and lipid 
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metabolism, these results suggest that the dysregulation of lipid metabolism, including the 

aberrant accumulation of LDs, could contribute to ALS pathology (Farmer et al., 2020). 

    LDs and peroxidation have been linked to AD; similarly, there also appears to be a 

connection between LDs and cellular stress in ALS. In Drosophila, ROS accumulation 

increased glial LD content, and when glia was unable to produce LDs, neuroblasts 

experienced peroxidative damage (Bailey et al., 2015). Also, a link between LDs, lipid 

peroxidation and ALS has also been proposed by Simpson and colleagues, showing a 

positive correlation between lipid peroxidation markers in ALS patient cerebrospinal fluid 

and disease burden (Simpson et al., 2004). Thus, LD dynamics may contribute to ALS. 

The mechanism that underlies pathological modifications may involve a context in which 

glial cells are unable to protect neurons through normal lipid accumulation and storage 

mechanisms (Pennetta & Welte, 2018). 

   A further link between ALS and disrupted organismal lipid metabolism is suggested by 

emerging data on TDP-43 function. As previously stated, TDP-43-mediated ALS may be 

caused by loss of its normal function, gain of new toxic functions, or possibly a 

combination of both mechanisms (Polymenidou & Cleveland, 2017; Robberecht & Philips, 

2013). In TDP-43-overexpressing mice neurological symptoms, motor deficits, increased 

fat accumulation, and adipocyte hypertrophy have been detected (Stallings et al., 2013). 

On the other hand, TDP-43 depletion postnatally in mice causes weight loss, body fat 

reduction, decreased adipocyte LD content, increased FA consumption, and rapid death 

(Chiang et al., 2010). A mechanistic base for these crucial physiological changes has 

been proposed, involving lipid metabolism. In skeletal muscles, TDP-43 depletion 

determines a blockage in insulin-induced trafficking of the glucose transporter Glut4 to the 

plasma membrane, through the downregulation of TBC1D, a Rab-GTPase activity. As a 

consequence, the impairment of glucose uptake leads to a metabolic switch towards lipids 

consumption for energy production. The augmented fatty acids oxidation in the skeletal 

muscle can possibly explain the increased fat mobilization from the adipose tissue (Chadt 

et al., 2008). TBC1 could directly influence fat storage, considering that the related 

isoform AS160/TBC1D4 is involved in the regulation of both Glut4 translocation and LD 

generation in adipocytes (L. Wu et al., 2014). 

   Interestingly, in a yeast model for ALS, TDP-43 toxicity is worsened by seipin depletion 

(Armakola et al., 2012). Seipin is a homo-oligomeric integral membrane protein in the ER 

with a crucial role in LD biogenesis; it has been linked distal hereditary motor neuropathy 
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type V (dHMN-V) and Silver syndrome, two motor disorders (Welte, 2015).Therefore, LDs 

production seems protective in this context. 

   The hVAPB/ALS8 gene also controls Glut4 trafficking in myoblasts and adipocytes, 

affecting LD size, number, and composition (Al-Anzi et al., 2015; Foster et al., 2000; 

Jansen et al., 2011). It has been found that mutations in genes which are involved in LD 

biogenesis and dynamics modify ALS8 phenotypes in flies (Sanhueza et al., 2015), while 

in C. elegans and mice, VAPB depletion determines LD accumulation in muscles (Han et 

al., 2013). 

   In humans, spatacsin mutations induce slowly progressive juvenile-onset autosomal 

recessive ALS. Spatacsin is a 2443-amino acid protein codified by the SPG11 gene, 

which interacts with proteins involved in membrane-trafficking. Examination of the cellular 

alterations observed in Spg11 knockout mice suggests that the loss of spatacsin leads to 

the accumulation of lipids in lysosomes by perturbing their clearance from these 

organelles (Branchu et al., 2017). Thus, the existence of a potential  link between  

lysosomal dysfunction,  lipid metabolism and neurodegeneration has been demonstrated, 

pinpointing a critical role of spatacsin in lipid turnover (Branchu et al., 2017). 

  A metabolic switch from glucose toward lipids is also emerging in the G93A SOD1 

mouse model of ALS. Indeed, their spinal cord neurons display decreased glucose usage 

(Miyazaki et al., 2012) while a fat-rich diet is able to restore normal body mass, delays 

disease onset and MN degeneration, and extends life expectancy (Schmitt et al., 2014). 

The switch toward lipids usage in SOD1 mice is further suggested by the fact that 

denervation of glycolytic muscle fibers is subsequent to the increased expression of lipid-

handling genes (Palamiuc et al., 2015).Thus, an increase in fatty acids requirements could 

be the reason why hyperlipidemia displays a positive correlation with survival in ALS 

patients in addition to increased circulating levels of ketone bodies (KBs) (Schmitt et al., 

2014). In line with these findings, an investigation carried out in our laboratory, has 

globally shown a sex-specific benefit of dietary docosahexaenoic acid (DHA) 

supplementation in the G93A ALS mouse model, compared with mice fed an isocaloric 

control or a n-3 fatty acids depleted diet (Torres et al., 2020). These changes were 

associated with an increased DHA concentration in the LSC and were compatible with in 

vitro results showing DHA neuroprotective properties. These results suggest the need for 

further study on the interaction of gender-influenced biological parameters and DHA in 

ALS pathogenesis (Torres et al., 2020). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/lysosome
https://www.sciencedirect.com/topics/medicine-and-dentistry/lysosome
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipid-metabolism
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipid-metabolism
https://www.sciencedirect.com/topics/medicine-and-dentistry/neurodegeneration
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   Recapitulating, several emerging findings correlates ALS to systemic impairment of lipid 

metabolism; nevertheless, further investigation is needed to establish whether LD defects 

contribute to ALS pathology or have a more direct causative role. In this regard, Pennetta 

and Welte have proposed that LD dysfunction in various peripheral organs could suppress 

the physiological energy delivery to neurons and muscles (Figure 20A) (Pennetta & Welte, 

2018). Additionally, LDs may have a protective role against oxidative injury in ALS due to 

mitochondrial dysfunction (Figure 20B). This is suggested by the finding of markers of lipid 

peroxidation in the cerebrospinal fluid of ALS patients, indicating that accumulation of 

these toxic molecules could be involved in ALS pathology (Simpson et al., 2004; Smith et 

al., 1998). 

Figure 20.Lipid droplets in peripheral organs and in glia can affect m

neuron diseases 

Figure 20. Lipid droplets in peripheral organs and in glia can affect motor neuron diseases. (A) TAGs 

are enclosed in LDs in adipose tissue, muscle, and liver and can be exchanged between these tissues via the 

bloodstream. In the liver, FAs can be generated from TAGs and converted into KBs. KBs travel through the 

blood to neurons, where they are used as energy substrates. (B) Glial cells convert glucose into lactate that is 

then transferred to neurons as energy substrates. FAs in glial LDs are metabolized into KBs that are also 

transferred to neurons and used as energy substrates. LDs in glia also show a protective role against 

oxidative stress due to ROS. (Adapted from Pennetta & Welter, 2018). 
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HYPOTHESIS 

The correct balance between production and degradation of proteins (proteostasis) is 

pivotal for the health and survival of cells. Proteostasis is maintained thanks to an intricate 

network of protein quality control pathways that aim to prevent protein aggregation and 

maintain proteome health. Collapse of proteostasis has been implicated in the etiology of 

a number of neurodegenerative diseases, including ALS. Strong evidence links 

dysfunctional proteostasis to the etiology of ALS; this is especially true for proteins such 

as TDP-43, which aggregates as a consequence of impaired proteostasis in MNs, this 

feature being a well-recognized hallmark of ALS. Many kinds of cellular stress have been 

related to proteostasis alteration in ALS. In this work we focus on the effects that the 

induction of oxidative, proteasomal, ER and mitochondrial stresses exert on the 

distribution of important proteins, namely p-TDP43, p-ERK, p-JUN and REST, within the 

nuclear, cytoplasmic, and mitochondrial compartments of a cell. 

   Firstly, we hypothesize a direct relationship between cellular stress and protein 

mislocalization/ redistribution, including potential interactions with mitochondria.  

   Secondly, we theorize the association of stress-induced mislocalization of TDP-43 is 

associated with changes in REST-regulated genes and a significant effect of cellular 

stress on mitochondrial dynamics. 

    Moreover, we propose that metabolic challenges can produce a heterogeneous 

response in mitochondrial impairment in cellular lines carrying different TDP-43 mutations. 

    Finally, we postulate that mitochondrial impairment upon cellular stress is related to 

changes in LDs dynamics, both in neuronal and glial cells. Particularly, we speculate a 

protective role for LDs accumulation in these cells upon stress insult.  
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OBJECTIVES 

In order to contrast the above-mentioned hypotheses, we set the following research 

objectives. 

1. To set up a high content screening system, based on immunofluorescence (IF) 

and computerized analysis of confocal microscope images, to evaluate alterations 

in protein mislocalization/redistribution and colocalization with mitochondria, 

following the induction of ALS-related stresses. These analyses were conducted 

in the nonneuronal HMEC-1 cell line. 

 

2. To validate the results derived from the completion of objective 1 in the subcellular 

fractionation brains derived from TDP-43 Q331K mice overexpressing the human 

mutated TDP-43 gene 

 

3. To investigate on the potential link between cell stress-induced mislocalization of 

TDP-43 and changes in REST-regulated genes. 

 

4. To establish a potential relationship between cellular stresses and alterations in 

mitochondrial dynamics, by the mean of computerized analyses of mitochondrial 

and mitochondrial networks abundance in HMEC-1 cells. 

 

5. To characterize mitochondrial impairment in MEFs carrying different ALS-related 

TDP-43 mutations upon the induction of metabolic acute stress based on 

glucose/galactose switch and pyruvate deprivation. 

 

6. To establish the potential link between mitochondrial dysfunction and alteration in 

LDs dynamics in the above mentioned MEFs and in Neuro-2A cell line upon the 

induction of osmotic stress, which we had previously related to TDP-43 

cytoplasmic mislocalization and aggregation.  

 

7. To explore LDs dynamics in a Sprague-Dawley primary astrocyte culture, upon 

the exposure to oleic acid (a potent inducer for LDs accumulation) and oxidative 

or osmotic stresses. 
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2. MATERIALS AND METHODS 

  2.1 Human samples 

   Samples derived from post-mortem tissue were kindly donated by the Tissue Bank of 

Neuropathology Institute of Bellvitge Hospital (Isidro Ferrer Abizanda. MD. PhD, 

Pathological Anatomy Service, University of Barcelona, Bellvitge Campus) accordingly to 

the ethical rules of the institutional Committee for Clinical Investigation, the World Medical 

Association, and the quality assessment criteria of the sample. These samples belonged 

to 4 patients who received a sALS diagnosis based on neurological and neuropathological 

features (Johnsen et al., 2019). Control samples derived from control individuals without 

any clinical evidence of the illness and with a normal neuropathological profile, were 

processed in parallel. Patients or their legal representatives signed an informed consent 

giving permission for samples storage and analysis. For ALS diagnosis, several 

pathological studies were carried out (Ilieva et al., 2007). Brains were rapidly removed, 

frozen in dry ice and stored at -80ºC until use. Table 1 contains a resume of the features 

of patients and controls. 

Table 1. Features of patients and controls Table 1. Features of patients and controls 

Sex Age at death Diagnosis Origin of the 

disease 

M 64 ALS Bulbar 

M 68 ALS Bulbar 

M 59 Control - 

M 62 Control - 

 

2.2 Cell lines and cell culture conditions 

  For this study, different cell lines were employed to carry out the experiments. 

Furthermore, a cortical rat astrocytes primary cell culture was set up for LipidTOXTM  

staining experiments. Details of each one and their maintenance can be found below. 

   2.2.1 HMEC-1 

   HMEC-1 cells are normal human mammary epithelial cells isolated from reduction 

mammoplasty tissue. This cell line (HMEC-1) was purchased from the ATTC® (Cat.#CRL 

3243) and was grown in DMEM high glucose (GibcoTM, Cat.# 41966029) supplemented 

with 10% fetal bovine serum (FBS), heat inactivated and penicillin/streptomycin (P/S) 

(GibcoTM, Cat.#15140122) as antibiotics  to prevent bacterial contamination.  
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   2.2.2 SH-SY5Y 

   Originally derived from a human metastatic bone tumor biopsy, SH-SY5Y (ATCC® CRL-

2266™) cells are a subline of the parental line SK-N-SH (ATCC HTB-11™). SK-N-SH 

were subcloned three times; first to SH-SY, then to SH-SY5, and finally to SH-SY5Y. SH-

SY5Y cells were deposited to the ATCC® in 1970 by June L. Biedler (Kovalevich & 

Langford, 2013). 

The culture medium was DMEM (Gibco, Invitrogen) supplemented with 4.5g/L glucose, 

2mM glutamine, 10% fetal bovine serum heat inactivated and P/S (GibcoTM, 

Cat.#15140122) as antibiotics to prevent bacterial contamination. 

   2.2.3 Neuro-2A 

   Neuro-2A is a mouse neural crest-derived cell line that has been extensively used to 

study neuronal differentiation, axonal growth and signaling pathways. Cells show neuronal 

and amoeboid stem cell morphology  (Tremblay et al., 2010). 

Culture medium: Advanced MEM (GibcoTM Cat.# 12492013) supplemented with 10% 

fetal bovine serum, heat inactivated and P/S (GibcoTM, Cat. #15140122) as antibiotics to 

prevent bacterial contamination. Moreover, PlasmocinTM (InvivoGen, Cat. ant-mpp) was 

used prophylactically at concentration of 5 µg/ml to prevent mycoplasma contamination. 

Cells were maintained in 100mm Petri-dishes and split each 2-3 days in a 1:10 ratio. 

Subsequent incubation was carried out in a 37°C incubator supplemented with 5% CO2. 

   2.2.4 HEK-293 

   HEK-293 cell line and its derivatives are widely used in cellular biology and 

biotechnology. HEK293 cells derived from human embryonic kidney cells grown in tissue 

culture. They are informally known as HEK cells. This particular line was initiated by the 

transformation and culturing of normal HEK cells with sheared adenovirus 5 DNA. The 

transformation resulted in the incorporation of approximately 4.5 kilobases from the viral 

genome into human chromosome 19 of the HEK cells. The line was cultured by scientist 

Alex Van der Eb in the early 1970s at his lab at the University of Leiden, Holland. The 

transformation was executed by Frank Graham, another scientist Van der Eb’s lab. The 

source of the cells was a healthy aborted fetus of unknown parenthood. The name 

HEK293 is thusly named because it was Frank Graham’s 293rd experiment (Toth & Wold, 

2002). 
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The culture medium was DMEM supplemented with 4.5g/L glucose, 2mM glutamine, 10% 

fetal bovine serum heat inactivated and P/S (GibcoTM, Cat.#15140122) as antibiotics to 

prevent bacterial contamination. Cells were maintained in 100mm Petri-dishes and split 

each 2-3 days in a 1:10 ratio. Subsequent incubation was carried out in a 37°C incubator 

supplemented with 5% CO2. 

  2.2.5 Mouse embryonic fibroblasts  

   Wild-type Tardbp mouse embryonic fibroblasts (MEFs) and their knock-in counterpart 

carrying the Tardbp M323K, F210I and Q331K pathogenic variants were kindly provided 

by Abraham Acevedo (Hospital Universitario de Canarias, Fundación Canaria de 

Investigación Sanitaria FUNCANIS). Immortalization of the four cell lines was induced 

using simian virus 40 (SV40). 

Cells were growth in DMEM supplemented with 4.5g/L glucose, 2mM glutamine, 10% fetal 

bovine serum heat inactivated and P/S (GibcoTM, Cat.#15140122) as antibiotics to prevent 

bacterial contamination. Cells were maintained in 100mm Petri-dishes and split each 2-3 

days in a 1:10 ratio. Subsequent incubation was carried out in a 37°C incubator 

supplemented with 5% CO2. 

   2.2.6 hiPS cell-derived motor neurons 

    Human induced pluripotent stem cells (hiPSCs) were obtained from NINDS Human 

Genetics DNA and Cell line Repository at Coriell Institute which bearing FUS mutation 

(C.G1566A [P.R522R], Cat.#ND35663), C9ORF72 expansion ([GGGGCC]n, Cat.#2765), 

and Cat.#ND41865 control cell line. The different media compositions can be found in 

Table 2. Consequently, hiPSCs were grown in standard human embryonic stem (ES) cell 

media supplemented with 6 ng/ml basic fibroblast growth factor on in-activated mouse 

embryonic fibroblasts (Sigma) as feeder cells. Differentiation towards motor neurons was 

carried with a modification of the Du et al. protocol (Du et al., 2015). Briefly, 

undifferentiated hiPSC cultures were digested with Accutase solution (Sigma-Aldrich) for 5 

min, seeded for 40 min in mouse embryonic fibroblasts-conditioned hES media 

supplemented with 10μM Y27632 (Cayman Chemicals) to remove as many fibroblasts as 

possible, and then the cell suspension was transferred to Geltrex® (Thermo Fisher 

Scientific)-coated tissue culture dishes for 24–48 hr until stem colonies were visible. 
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Medium was then changed to neuroepithelial medium for 6 days and then replaced 

sequentially with motor neuron progenitor (MNP) medium the first, second, and sixth days. 

At this point, progenitors were either expanded on MNPs at the second day or further 

differentiated into neurospheres and MNs using MN induction medium and MN maturation 

medium, respectively. Non-tissue culture dishes without coating were used for 

neurosphere formation. Both neuroepithelial and MNPs were split into new Geltrex®- 

coated dishes when 70%-100% confluent and seeded at 50,000–75,000 cells/cm2 using 

Y27632 10μM during the first 24 hr. Media was changed every other day. After 6 days in 

MN induction media, neurospheres were collected in 15 ml centrifuge tubes and spun for 

3.5 min at 0.1g; the supernatant was discarded, and the spheres digested for 5-7 min in 

Accumax solution (Sigma). Cell clusters were disaggregated pipetting until a homegenous 

single cell suspension was obtained. Cells were then washed with DMEM/F12 (Thermo 

Fisher Scientific) and re-suspended for seeding in MN maturation media supplemented 

with Y27632, laminin (2.5 μg per 1 ml of media; Thermo Fisher Scientific) and 0.1 μM 

Compound-E (Stem Cell Technologies).  After plating in poly-L-lysine (Sigma) coated 

dishes, media was replaced every 72 hours. Seeding density was maintained at 50,000–

100,000 cells/cm2. Table 2. Media used for human motor neuron differentiation from iPSC 

Table 2. Media used for human motor neuron differentiation from iPSC. 

Component / Media NEPM MNP 

medium 

1st 

MNP 

media 

2nd 

MN 

induction 

medium 

MN 

maturation 

media 

DM/F12 20 mL 20 mL    

Neurobasal 20 mL 20 mL    

Neurobasal +   40 ml 40 ml 40 ml 

B27+ supplement 800µL 800µL 800µL 800µL 800µL 

Ascorbic acid 0.1 mM  

0.1 mM 

 

0.1 mM 

 

0.1 mM 

 

0.1 mM 

L-Glutamine solution 

(Thermo Scientific, 

Cat.#25030024) 

 

1:200 

 

1:200 

 

1:200 

 

1:200 

 

1:200 

Non-essential amino 

acids solution (Sigma, 

Cat.# M7145) 

 

1:100 

 

1:100 

 

1:100 

  

CHIR 3 μM 1 μM 3 μM 3 μM  
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For all cell lines used in this study, PlasmocinTM (InvivoGen, Cat.# ant-mpp) was used 

prophylactically at concentration of 5 µg/ml g/ml to prevent mycoplasma contamination. 

Cells were maintained in 100mm Petri-dishes and split each 2-3 days in a 1:10 ratio. 

Subsequent incubation was carried out in a 37°C incubator supplemented with 5% CO2. 

2.3 Primary cell culture 

2.3.1 Primary rat cortical astrocyte culture 

   Astrocytes cultures were obtained from brain cortical tissue of 1 day-old Sprague-

Dawley rats. At least 4 pups are used for each culture. Pups were subjected to 

decapitation and subsequent brain extraction.  Brain structures were separated under a 

under a stereomicroscope. In order to retrieve the cortices, the posterior end of the brain 

was grabbed with the fine forceps, a midline incision between the hemispheres was 

performed, a second set of forceps was inserted to the created grove in order to peel 

away the plate-like structure of the cortex from the brain. The meninges were carefully 

dissected from the cortex hemispheres by pulling with the fine forceps. This step avoids 

contamination of the final astrocyte culture by meningeal cells and fibroblasts. Finally, 

each cortex hemisphere was cut into small pieces using sharp blades (approximately 4 to 

8 times).The prepared cortex hemispheres were transferred to a solution made of 35 mL 

of calcium-free Krebs Ringer Buffer (KRB), 120 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 

Component / Media NEPM MNP 

medium 

1st 

MNP 

media 

2nd 

MN 

induction 

medium 

MN 

maturation 

media 

SB43 2 μM 2 μM 2 μM 2 μM  

DMH1 2 μM 2 μM 2 μM 2 μM  

Retinoic acid  0.1 μM 0.1 μM 0.5 μM 0.5 μM 

Purmorphamine      

Valproic acid   0.5 mM   

Compound E     0.1 μM 

CNTF     20 ng/ml 

IGF1     20 ng/ml 

Penicillin/Streptromycin 

(Thermo Scientific 

Cat.#15140122) 

 

1:400 

 

1:400 

 

1:400 

 

1:400 

 

1:400 
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25 mM NaHCO3, 14,3 mM glucose, 0.03% Mg2SO4 and 0,03% bovine serum albumin 

(BSA). Brain tissue was centrifuged at 300g for 1 minute and the resulting supernatant 

was discharged. After this, 10 mL of calcium-free KRB solution containing 0.025% of 

trypsin were added to the cells following incubation at 37 ºC for 10 minutes to allow tissue 

dissociation. In order to inhibit trypsin digestion, 10 mL of calcium free KBR supplemented 

with 0.052% of soybean trypsin inhibitor (GibcoTM, Cat.# 17075029), 0.008% DNase 

(Thermo Fisher, Cat.# 90083) and 0.03% extra of Mg2SO4 were added. Next, the cells 

were centrifuged for 1 minute at 300 g, the supernatant was discharged, and the cells 

were resuspended in 5 mL of KRB buffer. The cells were physically disaggregated using a 

glass pipette and filtered through a 40 µm nylon mesh. The obtained cells were 

centrifuged for 5 minutes at 250 g. Supernatant was removed and cells were resuspended 

in DMEM medium (GibcoTM, Cat.# 41966029) supplemented with 10% Fetal Bovine 

Serum (FBS), 20U mL-1 penicillin and 20 µg mL-1 streptomycin. 

   The cells were resuspended in Trypan Blue solution (0.4% liquid, Cat.# T8154, Sigma-

Aldrich) and counted in a Neubauer chamber. Astrocytes were seeded at 300.000 cells/ 

mL in T150 flasks and incubated at 37ºC with 5% of CO2 in a humified atmosphere. The 

growth medium was changed at 3 hours after seeding in order to diminish oligodendrocyte 

and microglial growth. After this first change, medium was changed every 7 days, until 

confluency. Then, the flasks were agitated on a mechanical shaker at 400 rpm during 3 

hours in order to eliminate superficial microglia. Cells were washed twice with phosphate 

buffered saline (PBS) containing 2.5 mM KCl, 136.87 mM NaCl, 1.47 mM K2HPO and 

40.8 mM NaH4PO4 at a pH 7.4, supplemented with 20 U mL-1 penicillin and 20 µg mL-1 

streptomycin. Then, 3 mL of trypsin/EDTA (Sigma, Cat.# T4049-100ML) were added to 

each flask and incubated for 5 minutes at 37º C. Flasks were shaked manually to improve 

detachment and DMEM medium was added to stop trypsin action. Cells were harvested 

and centrifuged at 250 g for 5 minutes; the supernatant was removed, and cells were 

seeded at a density of 40,000 cells/well in 12-well plates or at a density of 250,000 

cells/well in 6-well plates. Cells were incubated at 37ºC with 5% of CO2 in a humified 

atmosphere. 

2.4   Cell culture treatments 

  2.4.1 Cellular stress-inducing treatments 

   In this study we carried out a series of treatments aiming to clarify the linkage between 

different cellular stresses and protein mislocalization. Tables 3 and 4 enclose a detailed 

description of experimental treatments. 
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Table 3. Cell lines and treatments 

Table 4. Primary rat cortical astrocyte culture treatments 

Table 5. hiPS cell-derived motor neurons treatments 

Table 3. Cell lines and treatments 

Type of stress Reagent Doses 
Time of 

treatment 
Cell line 

Oxidative 

stress 

Hydrogen 

peroxide 

40 µM 30 minutes 
HMEC-1 

200 µM 60 minutes 

Endoplasmic 

reticulum 

stress 

Thapsigargin 5µM 

2 hours 

HMEC-1 
4 hours 

Osmotic stress Sorbitol 

400 mM 3 hours HEK-293 

400 mM 3 hours SHSY5Y 

      400 mM 

0.5 hours 

Neuro2A 

1 hour 

1.5 hours 

2 hours 

2.5 hours  

3 hours 

Proteasome 

inhibition 
 Epoxomicin 

 

2.5µM 

 

4 hours  

HMEC-1 

 
2 hours 

Mitochondrial 

stress 
Rotenone 4µM 

4 hours  
HMEC-1 

2 hours 

 

Table 4. Primary rat cortical astrocyte culture treatments 

Type of stress Reagent  Doses Time of treatment 

 

Oxidative stress 

 

Hydrogen peroxide 

 

 

10 µM 

2 hours 

 

4 hours 

Osmotic stress Sorbitol  400 mM 3 hours 

 

Table 5. hiPS cell-derived motor neurons treatments  

Type of stress Reagent  Doses Time of treatment 

Osmotic stress Sorbitol  400 mM 3 hours 
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2.5 Microscopy 

   2.5.1 Immunofluorescence microscopy 

   In this study, indirect immunofluorescence was performed to assess both the 

localization and endogenous expression levels of proteins of interest. In this technique, a 

secondary fluorophore-coupled antibody, which specifically binds to the primary antibody, 

is used to visualize the structure of interest. 

     2.5.1.2 Confocal fluorescence microscopy  

      For microscopy, 50,000 cells were seeded on glass coverslips. After treatments, cells 

were rinsed 3 times with pre-warmed PBS and fixed with 3.7% formaldehyde in PBS for 

10 minutes at room temperature. Following this, cells were permeabilized with Triton X-

100 (0.1% (v/v) in PBS) for 30 minutes at room temperature.  In the next step, cells were 

blocked in a solution of 5% normal goat serum (NGS) for 1 hour at room temperature. 

After that, cells were incubated overnight at 4º C with the suitable primary antibodies 

dissolved in PBS, in a humid chamber. After this period, cells were rinsed with 1x PBS 

and were incubated with the appropriate secondary antibody along with DAPI (Sigma, 

Cat# D9542) at 1µg/mL, 15 minutes at room temperature, to stain nuclei. Lastly, cells 

were washed submerging the coverslips briefly in PBS, twice and blotting them on filter 

paper to remove the excess buffer. Coverslips were mounted in Fluoromount-G solution 

(0100-01, Southern Biotech, Birmingham, AL, USA) on glass slides and allowed to dry at 

room temperature for 30 minutes before storing them at 4º C in the dark until imaging. 

Confocal microscopy images were acquired with an Olympus FV10i laser scanning 

confocal microscope or an Olympus FV1000 confocal microscopy, 60x magnification. For 

the evaluation of nuclear and cytosolic protein intensity as well as for the quantification of 

protein colocalization with the mitochondria, we employed a dedicated pipeline created on 

the open-source software Cell Profiler 2.1.1 for Windows (Kamentsky et al., 2011). Ten 

fields per condition were analyzed. In table 6 the primary and secondary antibodies used 

in the immunofluorescence experiments are listed. Figure 21 shows some representative 

output images produced by Cell Profiler algorithm. This pipeline can be downloaded from 

Mendely data (Rossi, Chiara (2022), “CellProfiler pipeline for confocal images analysis_1”, 

Mendeley Data, V2, doi: 10.17632/235yr4pkr8.2). 
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Figure 21. Cell profiling workflow using the Cell Profiler software 

 

 

 

Table 6. Primary and secondary antibodies used in immunofluorescence experiments 

Table 6. Primary and secondary antibodies used in immunofluorescence experiments 

Antibody Dilution in PBS Purchased from Catalogue number 

TDP43 1:200 Proteintech 10782-2-APS 

p-TDP43 

(pS409/S410) 

1:200 Cosmo Bio Co. TIP-PTD-M01 

p-JUN 1:100 Cell Signaling 9164 

REST/NSRF 1:100 Abcam ab21635 

p-ERK 1/2 1:100 Cell Signaling 4370 

ATP-5A 1:100 Abcam ab14748 

Figure 21. Cells profiling workflow using the Cell Profiler software. Cells components are identified as 

primary objects starting from DAPI stained nuclei as an input to identify cell body (secondary objects) and 

cytoplasm (tertiary object) by propagation and segmentation. Once cellular components have been 

correctly depicted, the software is able to perform a series of measurements such as immunostaining 

intensity or channels overlapping to estimate protein colocalization. 
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2.6 Analysis of mitochondrial network morphology changes  

   Analysis of mitochondrial network morphology changes was performed using the macro 

MiNa (Mitochondria Network Analysis) for ImageJ (Valente et al., 2017). After cellular 

stress-inducing treatments performed on HMEC-1 cells (see Table 2 for details), 

mitochondrial immunofluorescence staining of the mitochondrial epitope ATP5A and 

confocal microscopy imaging as previously described in section, images were processed 

by the MiNa workflow in order to estimate the number individual mitochondria and 

mitochondrial networks. All the analyses were carried out on 60X confocal images, 

selecting a region of interest (ROI) containing an equal number of cells, for each 

microscopy field. 

2.7 Protein immunodetection 

 2.7.1 Protein extraction from cultured cells 

   Cellular lysates were obtained after treating cells and analyzed by western blot after 

electrophoresis, under denaturalizing conditions. Treatments were carried out in 6-wells 

plate to obtain a suitable protein yield to be detected by western blotting. At the end of the 

treatment period, culture medium was aspired, and the plate was put on ice. Cells were 

washed 3 times with ice-cold PBS to discard medium proteins. Subsequently, 350 µL of 

RIPA lysis buffer supplemented with protease and phosphatase inhibitors (Thermo 

Scientific Cat.#78440) were pipetted in each well and cells were harvested by scraping. 

The resulting lysate was transferred to an eppendorf tube and sonicated for 1 minute to 

disrupt cellular membranes and release the cells contents. Samples were stored at -20º C 

until analysis. 

 2.7.1.2 Protein quantification and preparation for SDS-PAGE 

   Protein quantification was carried out with the Quick StartTM Bradford Protein Assay 

(BIO-RAD, Cat.#500-0006). 

Antibody Dilution in PBS Purchased from Catalogue number 

AGPS 1:100 Santa Cruz SC-374201 

NDUFS3 1:100 Invitrogen 459130 

Alexa Fluor-488 goat 

anti-rabbit IgG 

1:800 Molecular Probes A32742 

Alexa Fluor-546 goat 

anti-mouse IgG 

1:800 Molecular Probes A11030 
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The exact protein concentration of the sample was determined by interpolation from a 

standard curve made by measuring the absorbance of a dilution series of protein 

standards of known concentrations within the linear response range of the Bradford 

protein assay. Bovine serum albumin (BSA) was used as a standard. Sample 

concentration was equalized with MilliQ water followed by the addition of loading buffer 

(Tris-HCl 62.5 mM pH 6.8; SDS 2% (w/v); Glycerol 10% (v/v); 2-β-mercaptoethanol 20% 

(v/v) and blue bromophenol 0.02% (w/v). Samples were stored at -20ºC until analysis.   

   2.7.1.2.3 Western-Blot analysis 

 

      Protein samples, prepared as described above, were run on SurePAGETM Precast 

gels (4–20%, 15 wells GenScript, Piscataway, NJ, USA). Gels were blotted onto PVDF 

membranes by transfer at a constant 100 volts, 1 h at RT. The membranes were then 

blocked by non-fat dry milk solution (5%) in 1x TBS (Tris Buffered Saline) and incubated 

in the desired primary antibody overnight. 

   Membranes were then washed in 1x TBST with Tween 20 (0.05%) three times, 5 min 

each before incubating with the appropriate secondary antibody for 1 h at room 

temperature. Following the secondary antibody incubation, membranes were washed in 

1x   TBST with Tween 20 (0.05%) three times, 5 min each and one final time, 5 min, with 

TBS 1x. Blots were incubated in the Immobilon ECL Ultra Western HRP Substrate (Merck 

Millipore, Burlington, NJ, USA). A Chemidoc MP Imaging System (Biorad, Hercules, 

California, USA) was employed to reveal chemiluminescence.  

   For Jun/ p-c-Jun Westerns, protein samples were run on SurePAGETM Precast gels (4–

20%, 15 wells GenScript, Piscataway, NJ). Cruz Marker™ molecular weight standards 

(sc-2035, Santa Cruz Biotechnologies, Dallas, TX, USA) were loaded in the gels. Gels 

were blotted onto low fluorescence PVDF membranes (Immobilon®-FL PVDF: sc-516541). 

Nonspecific binding was blocked in incubating membranes with UltraCruz® Blocking 

Reagent (sc-516214) for 1 h at room temperature, with shaking.  

In this case, the blocked membranes were incubated with the appropriates Alexa Fluor® 

conjugated primary antibodies (Anti-p-c-Jun Antibody (KM-1) Alexa Fluor® 790 and Anti c-

Jun Antibody (G-4) Alexa Fluor® 680, from Santa Cruz) diluted 1:1000 in UltraCruz® 

Blocking Reagent. Cruz Marker™ MW Tag-Alexa Fluor® 680 (sc-516730) and Cruz 

Marker™ MW Tag-Alexa Fluor® 790 (sc-516731) at 1:1000 were added to obtain 

molecular weight distribution.  
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Table 7. primary and secondary antibodies used in Western Blot 

   Membranes were incubated in this mixture for 2 h at room temperature, in the dark, with 

shaking. Membranes were then washed three times for 5 min each with TBST and once 

for 5 min with TBS. Blots when then placed on the top of blotter paper and dried for 5–10 

min. The western blot was imaged using the infrared (IR) laser-based instrumentation LI-

COR Odyssey (Lincoln, NE, USA). Coomassie Brilliant Blue staining was utilized as a 

control to assess total protein loading. 

Table 7 shows the primary and secondary antibodies used in immunodetection by 

Western Blot analysis. 

Table 7. Primary and secondary antibodies used in Western Blot 

Antibody Dilution in PBS Purchased from Catalogue number 

TDP-43 1:1000 Proteintech 10782-2-APS 

p-TDP-43 1:1000 Cosmo Bio Co. TIP-PTD-M01 

p-ERK 1/2 1:2000 Cell Signaling 4370 

c-JUN Alexa Fluor® 

680 

1:0000 Santa Cruz 

Biotechnology 

KM-1 

p-c-JUN Alexa 

Fluor® 790 

1:0000 Santa Cruz 

Biotechnology 

G-4 

REST/NSRF 1:1000 Abcam ab21635 

Mitofusin-2 1:1000 Sigma M6319 

Porin 1:1000 Abcam ab15895 

Histone H3 1:1000 Sigma SAB4500352 

GAPDH 1:5000 Thermo Fisher 

Scientific 

MA5-15738 

2.8  Reverse transcriptase quantitative PCR (RT-QPCR) 

   RNA was extracted from cells and brain lysates using TRI Reagent (Thermo Fisher 

Scientific, Waltham, MA, USA, AM9738) following the manufacturer’s instructions. RNA 

concentrations were measured using a NanoDrop ND-1000 (Thermo Fisher Scientific). 

One microgram of RNA was used for retrotranscription to cDNA employing TaqMan 

Reverse Transcription Reagent and random hexamers (Thermo Fisher Scientific, 

N8080234). 

   RT-qPCR experiments were performed using a CFX96 instrument (Bio-Rad, Hercules, 

CA, USA) with SYBR Select Master mix for CFX (Thermo Fisher Scientific, #4472937). 
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Each 20 µL reaction mix contained 4-µL cDNA, 10-µL SYBR Select Master Mix, 0.2 nM of 

forward primer and 0.2 nM of reverse primer solutions and 4-µL PCR grade water. RT-

qPCR run protocol was as follows: 50 °C for 2 min and 95 °C for 2 min, with the 95 °C for 

15 s and 60 °C for 1 min steps repeated for 40 cycles, and a melting curve test from 65°C 

to 95 °C at a 0.1 °C/s measuring rate. Primers employed in these experiments, previously 

described (Lu et al., 2014) are listed in Supplemental Table ST1 (Annex I). 

2.9 Acute metabolic switch assay and flow cytometry analysis  

   Flow cytometry analysis was used in acute metabolic switch assay to detect 

mitochondrial toxicity in previously described knock-in MEFs. Briefly, MEFs were seeded 

on 12-well plates with 70,000 cells/wells in DMEM (GibcoTM Cat.# 11960044) 

supplemented with 2mM glutamine, 10% fetal bovine serum heat inactivated, sodium 

pyruvate 1mM and P/S at 20 µg/mL (GibcoTM, Cat.#15140122) as antibiotics  to prevent 

bacterial contamination. Cells were incubated in a 37°C incubator supplemented with 5% 

CO2. After a period of 24 hours to allow cells attachment, MEFs were grown in either 

glucose or galactose-containing media. The galactose medium consisted of DMEM 

without glucose and sodium pyruvate (GibcoTM Cat.#11966025) supplemented with10mM 

galactose, 2mM glutamine, 10% fetal bovine serum and penicillin/streptomycin at 20 µg 

mL-1.  

   After 6 or 12 hours, cells were harvested in 15 mL centrifuge tubes by trypsinization 

after recollecting the supernatant in order to retain floating dead cells. Then, cells were 

centrifuged at 1000 rpm for 4 minutes; the resulting supernatant was discharged while the 

pellet was resuspended in 250µL of PBS supplemented with 2% FBS and 50 nM Acridine 

Orange 10-Nonyl Bromide (NAO) (ThermoFisher Cat.#A1372). NAO is a green, 

fluorescent mitochondrial dye whose staining is not dependent on mitochondrial 

membrane potential, and it’s used in order to measure changes in mitochondrial mass. 

Following resuspension, cells were transferred to flow cytometry tubes and incubated at 

37ºC for 30 minutes. After this period, propidium iodide (Invitrogen, Cat.#P1304MP) was 

added to each cell sample at a concentration of 1.25µg/mL. Propidium Iodide (PI) is a 

standard reagent used for assessing cell viability and exclusion of non-viable cells in flow 

cytometry. PI binds to double stranded DNA but is excluded from cells with intact plasma 

membranes. Samples were incubated on ice, in the dark, for 10 minutes in order to 

achieve NAO/PI double staining. Next, samples were analysed using a FACS-Canto II  

digital flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, USA). Controls for 
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this experiment were set consisting of non-stained cells as negative control, PI dead 

stained cells and OA stained cells as positive controls. 

2.10 Seahorse XFp Real-Time ATP Rate Assay 

Seahorse XFp Real-Time ATP Rate Assays (Seahorse, Agilent Technologies, Santa 

Clara, CA) were performed according to the manufacturer’s protocol on an XFp 

instrument. One day prior to the assay, cells were seeded in Seahorse culture plates at a 

density of 12000 cells/ well in DMEM supplemented with 4.5g/L glucose, 2mM glutamine, 

10% fetal bovine serum heat inactivated and P/S (GibcoTM, Cat. #15140122). For acute 

metabolic switch assay with the previously mentioned mouse embryonic fibroblasts 

(section 2.2.5), the day of assay, control cells normal growth medium (DMEM, 

Cat.#15140122) was replaced by fresh medium while, for experimental cells, normal 

growth medium was replaced by galactose medium as previously described for 6 hours 

(section 2.9).  

   At day of assay, XF assay medium was supplemented with 10 mM glucose, 1mM 

pyruvate, and 2mM glutamine and the pH adjusted to 7.4. XF medium was substituted to 

normal growth medium or treatment medium, in the case of metabolic switch assay, 1 

hour before the Seahorse assay. Cell number per well was used for data normalization. 

After the assay, cells were stained with NucBlue™ Live ReadyProbes™ (ThermoFisher, 

Cat.# R37605) reagent and imaged under an Olympus IX71 inverted fluorescence and 

phase contrast microscope with a 10x air objective (NA 0.30). We then proceeded to cell 

counting and the resultant values were entered in the normalization section of the XF 

Real-Time ATP Rate template in the Seahorse Wave software. 

2.11 Mitochondrial Transmembrane Potential and Complex I levels measurements 

     For Mitochondrial Transmembrane Potential assay, cells were seeded at a density of 

50.000 per well on a 12 well plate. Cells were allowed to attach for 24 hours; after this 

period of time, the acute metabolic stress assay was performed as previously described 

(section 2.9). On the day of imaging, culture medium was removed, and cells were 

incubated with NucBlueTM Live Cell Stain ReadyProbesTM (Invitrogen, Cat.#R37605) 

and Image-IT™ TMRM Reagent (InvitrogenTM Cat.# 15656139) (100 nM) in Hank’s 

Balanced Salt Solution (HBSS), 1X (Cat.#14025-092), for 45 minutes at 37ºC. Images of 

10 fields per well were acquired under an Olympus IX71 inverted fluorescence and phase 

contrast microscope with a 20x air objective (NA 0.45). Images were analysed with a 
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dedicated pipeline created on the open-source software Cell Profiler 4.2.1 for Windows 

(Kamentsky et al., 2011) The pipeline was uploaded on Mendeley data (Rossi, Chiara 

(2022), “CellProfiler pipeline for confocal image analysis_4”, Mendeley Data, V1, doi: 

10.17632/3g6f298wyr.1). Complex I levels in confocal images were estimated following 

the analysis with a dedicated pipeline on CellProfiler, which can be find on Mendeley data 

(Rossi, Chiara (2022), “CellProfiler pipeline for confocal image analysis_3”, Mendeley 

Data, V2, doi: 10.17632/p4g5zwz67r.2). 

2.12 Caspase 3/7 activation assay 

  The examination of caspase 3/7 activation was performed on previously described MEFs 

following metabolic switch assay (section 2.9). Briefly, MEFs were seeded in a 12-wells 

plate format at a density of 70,000 per well in DMEM high glucose medium 

(Cat.#11965084, Invitrogen, Waltham, MA, USA) and metabolic switch assay was 

performed for 6 hours. After this, cells were stained with the CellEventTM Caspase-3/7 

Green ReadyProbes™ Reagent (ThermoFisher Scientific, Cat.# R37111) adding two 

drops of the reagent per mL of culture medium and incubating at 37 ºC for 30 minutes. 

Then, nuclei were counterstained with NucBlue™ Live ReadyProbes™ (ThermoFisher, 

Cat.# R37605) reagent and cells were imaged under an Olympus IX71 inverted 

fluorescence and phase contrast microscope with a 20x air objective (NA 0.45). Caspase-

3/7 activation was estimated by calculating the ratio between green, fluorescent cells 

(apoptotic) and total cells (NucBlueTM stained nuclei). 

2.13 Thin layer chromatography analysis for ACAT assay 

   Acyl-coenzyme A: cholesterol acyltransferase (ACAT) activity was measured as 

previously reported (Lada et al., 2004) in a method based in the conversion of the 

fluorescent 7-nitro-2-1,3-benzoxadiazol-4-yl-cholesterol (NBD-Chol) to its ester. Briefly, 

cells were seeded in a 12-wells plate format at the density of 70,000 per well in DMEM 

high glucose medium (Cat.#11965084, Invitrogen, Waltham, MA, USA,) supplemented 

with 10% fetal bovine serum, heat inactivated (Invitrogen), 2-mM L-Glutamine (Invitrogen) 

and 20-U/mL penicillin and 20-µg/mL streptomycin (Invitrogen). The cells were kept at 37 

°C in humidify atmosphere with 5% of CO2. 

   After 24 hours, cells were rinsed with warm PBS and incubated in serum and phenol red 

free medium (Opti-MEMTM, Invitrogen, Waltham, MA, USA) for two hours before any 

treatment together with the administration of NBD-cholesterol (Molecular Probes, Eugene, 

OR, Cat.#N1148). For metabolic switch assay experiments with MEFs (section 2.2.6), 
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cells were incubated with glucose or galactose medium, as previously described (section). 

A stock solution of NBD-cholesterol (1mg/mL in ethanol) was employed to achieve a final 

concentration of 4µM. At the end of treatment, cells were washed twice with ice cold PBS 

and collected in a chloroform-methanol mixture (1:5 ratio) after shaking for 5 minutes. 

Tubes were then centrifuged 2 minutes, 13000 rpm, at 4º. Supernatants were collected in 

a new tube, while the resulting pellet was used to quantify total protein concentration by 

Bradford assay (Quick Start™ Bradford 1x Dye Reagent, Bio-Rad #5000205) after 

resuspension in RIPA buffer and addition of protease inhibitor (Cat #78429, Thermo 

Fisher Scientific, Waltham, MA USA).  

   Subsequently, 120 µL of 100% chloroform and 240µL of a 0.1% acetic acid solution in 

double distilled water were added to each supernatant, followed by vortexing for 60 

seconds and centrifugation for 2 minutes (13,000 rpm at 4ºC), leading to formation of two 

phases. The lower (i.e. organic) phase was recollected and transferred in a new tube, 

while the upper was discarded. The lower phases were then dried by centrifugal 

evaporation under vacuum (Speedvac) for 30 minutes, resulting in a lipid pellet that was 

resuspended in 50 µL of a 2:1 chloroform/methanol mixture. 

   A 10 µL volume for each lipid samples was applied to a thin-layer chromatography 

(TLC) plate, (Merck Millipore, Kenilworth, NJ 07033 U.S.A. Cat. #Z740227-25EA) kept at 

50ºC on a heat plate. NBD-Chol (Retention factor [RF]: 0.05) and esterified NBD-Chol 

(Retention factor: 0.18) were used as standards to confirm the migration patterns. 

Esterified NBD-Chol standard was obtained by the esterification of NBD Cholesterol. 

Briefly, we evaporated 500 microliters of 1 mM NBD-Chol solution (Molecular Probes, 

Eugene, OR, Cat.#N1148). Then, in a glass tube, we added 4 mg Chol (Sigma-Aldrich, 

Burlington, MA, United States, Cat.# C75209) 50 mg Oleic Anhidride (Sigma-Aldrich, 

Burlington, MA, United States, Cat.#75095) and 11 mg 4-Dimethylaminopyridine (Sigma-

Aldrich, Burlington, MA, United States, Cat.# 107700). We resuspended the NBD Chol 

(Molecular Probes, Eugene, OR Cat.#N1148) in 2 mL of chloroform (CHCl3) and added 

this to the tube with the remaining reactants. We heated at 80ºC for 30 min. For the 

development of the TLC plate, we employed a mobile phase with the following 

composition: petroleum ether: diethyl ether: acetic acid (200:100:1). Separated lipids were 

imaged in the Chemidoc MP Imaging System (Bio-Rad Laboratories, Hercules, California, 

United States) following air-drying of the TLC plate and choosing Alexa Fluor 488 as a 

fluorescent dye in the imaging system. Resulting Chol-NBD and esterified Chol-NBD blots 

were quantified by densitometric analysis using the Image Lab software (version 4.1, Bio-
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Rad).  Chol NBD/ esterified Chol NBD ratios were normalized to total protein content 

determined with the Quick StartTM Bradford Protein Assay (BIO-RAD, Cat.#500-0006). 

2.14 Nuclei extraction from human cortical tissue 

   Cell nuclei were extracted from portions of frontal cortex gently donated by the Bellvitge 

hospital in Barcelona applying a variation of the Blobber and Potter protocol (Blobel & 

Potter, 1966). We started from approximately 0.260 g of frozen tissue, which was left 

thawing at room temperature. Subsequently, thawed tissue was cut in minute pieces with 

a scalpel and transferred to a 2 mL Eppendorf tube, where tissue was homogenized in 

two volumes of 0.25 M sucrose in cold TKM buffer (10 mM KCl, 10 mM Tris-Cl (pH 7.5), 

1mM MgCl2) and commercial protease and phosphatase inhibitors (Thermo Scientific 

Cat.#78440). Tissue was firstly homogenized with a Polytron mechanical homogenizer 

with a plastic pestle using 20-40 strokes. The resulting homogenate was transferred to 

Dounce homogenizer with a crystal pestle applying 20-40 strokes with the tight pestle. 

The resultant homogenate was transferred to an ultracentrifuge tube (Beckman Coulter, 

Cat.#344057), and 1080 µL of 2.3 M sucrose in TKM buffer were added and the tube was 

gently inverted 4-5 times to mix well its content. At that point, a pipette was introduced 

towards the bottom of the ultracentrifuge tube and 540µL of 2.3 M sucrose in TKM buffer 

were carefully added leading to the formation of two well distinguishable sucrose phases 

with the homogenate filling the upper part of the tube. Ultracentrifuge tubes were 

equilibrated in order to not unbalance the centrifuge and were centrifuged at 124,000 g, 

for 30 minutes at 4º C in Optima L-100XP ultracentrifuge (Beckam Coulter) equipped with 

a SW55 Ti rotor. The resultant pellet was resuspended in 50 µL of TKM buffer 

supplemented with phosphatase and protease inhibitors (Thermo Scientific, Cat.#78440). 

Nuclei isolation was tested by fluorescence microscopy, following staining with DAPI at 

1µg/mL. 

  2.14.1 Isolated nuclei microscopy 

   Isolated nuclei were fixed in 4% paraformaldehyde (PFA) (w/v) in PBS, applying a 1:3 

nuclear suspension volume/ PFA volume ratio. This mixture was pipetted on a rounded 

coverslip, 12 mm in diameter, situated on 2 cm2 culture plates. Plates were centrifuged in 

a plate centrifuge, 3 minutes at 1,000 rpm. Coverslips were then transferred on a suitable 

surface coated with parafilm. Nuclei were incubated in a blocking and permeabilization 

solution (Triton X-100 0.1%, Normal goat serum 10%, in PBS), for 30 minutes. Following 

this, coverslips were gently washed in PBS and incubated in 300 µL of Nile Red (Sigma 

Cat.# N-3013) dissolved in PBS at 1µg/mL for 10 minutes at 37º. Incubation with Nile Red 
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was followed by 3 PBS washes; nuclei were mounted on glass slides in Fluoromount-G 

solution and preparations were allowed to dry at room temperature for 30 minutes. 

   Microscopy images were taken on an FV10i laser scanning confocal microscopy, and 

they were analyzed using the ImageJ software for Windows (Schneider et al., 2012). 

2.15 Nile Red staining for lipids 

   Nile Red is a dark purplish-red powder (Sigma, Cat.# N-3013). The stock solution was 

prepared in acetone (1mg/ml) and kept in a tightly sealed, lightproof container at -20ºC. 

Working solution was prepared adding 1 µL of Nile Red Stock Solution to 999 µL PBS, 

resulting in a final concentration of 1µg/mL.  

   Cells or isolated nuclei were stained on 12 mm diameter glass coverslips in 24-well 

plates format. Isolated nuclei or cells were fixed in 4% PFA (w/v) in PBS at room 

temperature for 15 minutes. Nile Red working solution was added in each well (1mL/well) 

and plates were incubated for 10 minutes at 37ºC. Then cells were rinsed in PBS and 

coverslips were mounted on glass slides in Fluoromount-G solution and allowed to dry at 

room temperature for 30 minutes. 

   Microscopy images were acquired with an Olympus FV10i laser scanning confocal 

microscope and an Olympus FV1000 confocal microscopy, 60 x magnifications. For lipid 

droplets count per nucleus, confocal images were analyzed with the Find Maxima macro 

for ImageJ open-source software (Schneider et al., 2012). 

2.16 Incorporation of 22-NBD Cholesterol in living MEFs to stain LDs 

  22-NBD Cholesterol was administered to living MEFs, simultaneously with the induction 

of metabolic switch, as described in section 2.9. Briefly cell cultured were supplied with a 

final concentration of 4µM starting from a stock solution of NBD-cholesterol (1mg/mL in 

ethanol). At the end of treatment, cells were washed twice with ice PBS and rapidly 

imaged under an Olympus IX71 inverted fluorescence and phase contrast microscope 

with a 20X air objective. 

2.17 Primary rat cortical astrocyte treatment with oleic acid 

   Fatty acid-free bovine serum albumin (BSA FAF) (Cat.# 10775835001) and oleic acid 

(Cat.# O1008-25G) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Oleic acid 

was supplemented with BSA FAF, which functioned as a carrier to ensure sufficient 

dissolution (mol/mol <2). A 0.7 M stock solution of oleic acid was prepared in chloroform 
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and stored at -20ºC; before usage, the chloroform was evaporated with gas nitrogen, and 

the resultant powder was dissolved in 1 mL of filtered fatty acid-free BSA 1mM in DMEM 

medium (GibcoTM, Cat.# 41966029). The obtained mixture was added to astrocytes (100 

µL/ well in 12-well plates). 

         2.17.1 LipidTOXTM staining of primary cortical rat astrocytes 

   LipidTOXTM  (Cat.# H34475, Invitrogen) is a neutral lipid stain that has an extremely high 

affinity for neutral lipid droplets and can be detected by fluorescence microscopy or an 

HCS reader. For LipidTOXTM staining, primary cortical rat astrocytes were seeded on 

glass coverslips in 24-well plates at a density of 25,000 cells/ well and treated with oleic 

acid and stress inducers (see Table 2) in OptiMEM. Subsequently, cells were rinsed twice 

with PBS and fixed with 3.7% Formaldehyde in PBS for 10 minutes at room temperature. 

The fixative solution was removed, and the formaldehyde-fixed cells were gently rinsed 

with PBS 2–3 times to remove residual formaldehyde before labeling with the neutral lipid 

staining solution. The labeling solution was prepared by diluting the 1000X LipidTOX™ 

neutral lipid stain 1:1000 in PBS to make a 1X working solution. A volume of 500 µL of the 

obtained working solution was added to each well. Plates were sealed with plate-sealing 

film and incubated at room temperature for 30 minutes. After this time, cells were lightly 

permeabilized with 0.1% saponin in PBS and stained with DAPI at 1µg/mL for 15 minutes 

at room temperature. Coverslips were briefly rinsed in PBS by submersion, mounted in 

Fluoromount-G solution (Cat.# 0100-01, Southern Biotech, Birmingham, AL, USA) on 

glass slides and allowed to dry at room temperature for 30 minutes before storing them at 

4º C in the dark until imaging. 

   Microscopy images were acquired with an Olympus FV10i laser scanning confocal 

microscope and an Olympus, 60x magnification. For the evaluation and subsequent 

quantification of neutral lipids staining, we used a dedicated pipeline created on the open-

source software Cell Profiler 2.1.1 for Windows (Kamentsky et al., 2001). For LipidTOXTM 

intensity per cell, confocal images were analyzed with a dedicated pipeline created on the 

open-source software Cell Profiler 2.1.1 for Windows (Kamentsky et al., 2011). The 

pipeline is available at Mendely data (Rossi, Chiara (2022), “CellProfiler pipeline for 

confocal images analysis_2”, Mendeley Data, V1, doi: 10.17632/vh6bgbnk2n.1). 

2.18 Statistical Analysis 

   All statistics were performed using the GraphPad Prism version 9.1.2 for Windows 

software (GraphPad Software, San Diego, CA, USA). Differences between groups were 

analyzed by the Student’s t-tests, One-way, Two-way, and Three-way ANOVA analyses, 
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with adequate post-hoc analyses, once normality of variables was tested by Kolmogorov-

Smirnov test. Correlations between variables and linear regression analyses were also 

performed by using the same software. The 0.05 level was selected as the point of 

minimal statistical significance in every comparison. 
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3. RESULTS 

3.1. Changes in nuclear/extranuclear ratio of transcriptional factors upon ALS-

related stress conditions 

3.1.1 Effect of oxidative stress on protein delocalization and colocalization with 

mitochondria 

          As already mentioned in the Introduction chapter (section 1.1.3.5), 

hyperphosphorylated TDP43, (p-TDP-43) can be found in pathological inclusions (Jo et 

al., 2020) representing a hallmark of ALS pathology. Nevertheless, cellular stress 

response pathways have been widely implicated in neurodegeneration and aging (Taylor 

et al., 2016). In particular, the mitogen-activated protein kinase (MAPK) pathway is 

notably involved in ALS etiology and progression (Sahana & Zhang, 2021) (section 1.2.1). 

Also, changes in subcellular localization of RE-1 silencing transcription factor (REST) 

have been traditionally linked to AD; however, recent studies have claimed its implication 

in ALS progression (section 1.3.1).  

   In order to characterize the extranuclear location of the transcriptional factors p-TDP43, 

p-ERK, p-Jun and REST, we performed a screening based on confocal microscopy and 

automatized image analyses of an epithelial cell culture treated with hydrogen peroxide, 

thapsigargin, epoxomicin, or rotenone at different concentrations and times to recreate 

oxidative, endoplasmic-reticulum, proteasomal and mitochondrial stresses. 

   Oxidative stress induced by H2O2 in HMEC-1 cell line led to changes in the nuclear and 

non-nuclear distribution of p-TDP-43, while the nuclear intensity of p-TDP-43 was 

decreased in the milder oxidative conditions tested (Figures 22 and 26). 

  In contrast with p-TDP-43, despite an initial cytosolic increase of p-ERK in the same 

conditions, this protein was rapidly cleared (Figures 23 and 26), being mainly non-nuclear.  

  The cytoplasmic staining of REST and p-Jun showed the same tendencies, i.e., after an 

initial decrease, there was a tendency for increasing their values (highly significant in the 

case of REST), as shown in representative confocal images in Figure 24 and 25, 

respectively (see Figure 26 for quantitative results). 

These changes in protein distribution were quantified analyzing the confocal images of 

HMEC-1 cell culture with the free open-source software CellProfilerTM. 
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Figure 22.Oxidative stress induces changes in the levels of p-TDP43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The nonhomogeneous distribution of cytoplasmic locations after oxidative stress (evident 

in p-TDP-43, p-Jun, and REST) suggested their colocalization with an organelle fraction. 

We performed coimmunostaining with several mitochondrial epitopes to test if this non-

nuclear localization involved a mitochondrial residence (Gautam et al., 2019). Complex V 

coimmunostaining with these factors indicated that the degree of colocalization increased 

significantly in all the cases after oxidative stress (Figure 27, 29 and 30) exceeding z’-

values of 0.5 (roughly meaning that at least 50% of both epitopes could coincide at the 

resolution of the confocal microscopy), except for p-ERK (Figure 28). Although the 

colocalization of this protein increased significantly after oxidative stress, and in line with 

Figure 22. Oxidative stress induces changes in the levels of proteins implicated in 

neurodegeneration. Representative confocal microscopy images of HMEC-1 cells immunostained with anti-

phospho-TDP43 antibody showing diverse effects of oxidative stress (H2O2, doses and times indicated) in 

nuclear and non-nuclear (cytosol) immunostaining. Bars are 60 micrometers long. 
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the p-ERK decreased values in the cytoplasm, the z’-values did not reach 0.3 in this case. 

The correlation analyses of nuclear vs. cytoplasmic intensity showed linear relationships 

between these parameters, though their responses to oxidative stress were strongly 

dependent on the factor (Supplemental Figure SF1). 

 

Colocalization of the proteins of interest with the mitochondrial compartment was 

estimated analyzing the confocal images of HMEC-1 cell culture with the free open-source 

software CellProfiler. Figure 31 shows the results of these measurements. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

          

   

Figure 23. Oxidative stress induces changes in the levels of proteins implicated in 

neurodegeneration. Representative confocal microscopy images of HMEC-1 cells immunostained with 

anti-phospho-ERK antibody showing diverse effects of oxidative stress (H2O2, doses and times 

indicated) in nuclear and non-nuclear (cytosol) immunostaining. Bars are 60 micrometers long. 

 Figure 23.Oxidative stress induces changes in the levels of proteins implicated in neurodegeneration 
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Figure 24. Oxidative stress induces changes in the levels of proteins implicated in neurodegeneration.  

Representative confocal microscopy images of HMEC-1 cells immunostained with anti-REST antibody showing 

diverse effects of oxidative stress (H2O2, doses and times indicated) in nuclear and non-nuclear (cytosol) 

immunostaining. Bars are 60 micrometers long. 

 

 

 

 

Figure 24. . Oxidative stress induces changes in the levels of REST 
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Figure 25. Oxidative stress induces changes in the levels of p-Jun 

 

 

               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Oxidative stress induces changes in the levels of proteins implicated in neurodegeneration.  

Representative confocal microscopy images of HMEC-1 cells immunostained with anti-phospho-Jun antibody 

showing diverse effects of oxidative stress (H2O2, doses and times indicated) in nuclear and non-nuclear 

(cytosol) immunostaining. Bars are 60 micrometers long. 

(cytosol) immunostaining. Bars are 60 micrometers long. 
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Figure 26. Quantification of the changes in the levels of proteins implicated in neurodegeneration in their 

nuclear and non-nuclear (cytosol) immunostaining after the induction of oxidative stress by H2O2 (times of 

treatment and doses indicated). Bars indicate the mean with the standard deviation shown by the lines (n = 200–

296 cells for p-TDP-43, n = 191–255 for p-ERK, n = 234–326 for p-Jun, and n = 217–415 for REST, obtained in at 

least 4 independent replicates). * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Sidak’s post-

hoc multiple comparison test after a 2-way ANOVA.  

 

 

 

 

 

 

Figure 27. Oxidative stress induces changes in the colocalization levels of proteins implicated in 

neurodegeneration with mitochondria. Representative confocal microscopy images of HMEC-1 cells immunostained 

with anti-phospho-TDP43 antibody showing diverse effects of oxidative stress (H
2
O

2
, dose and time indicated) on 

colocalization with the mitochondrial epitope Complex V. Bars are 60 micrometers long. 

 

 

Figure 27.Oxidative stress induces changes in the colocalization levels of p-TDP43 with mitochondria 

Figure 26. Quantification of the changes in the levels of proteins implicated in neurodegeneration in their nuclear and 
non-nuclear (cytosol) immunostaining after the induction of oxidative stress 
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Figure 28. Oxidative stress induces changes in the colocalization levels of proteins implicated in 
neurodegeneration with mitochondria. Representative confocal microscopy images of HMEC cells 
immunostained with anti-phospho-ERK antibody showing diverse effects of oxidative stress (H2O2, dose and time 
indicated) on colocalization with the mitochondrial epitope Complex V. Bars are 60 micrometers long. 

 

Figure 28.Oxidative stress induces changes in the colocalization levels of p-ERK with mitochondria 
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Figure 29.Oxidative stress induces changes in the colocalization levels of REST with mitochondria 

 

  

Figure 29. Oxidative stress induces changes in the colocalization levels of proteins implicated in 
neurodegeneration with mitochondria. Representative confocal microscopy images of HMEC cells immunostained 
with anti-phospho-ERK antibody showing diverse effects of oxidative stress (H2O2, dose and time indicated) on 
colocalization with the mitochondrial epitope Complex V. Bars are 60 micrometers long. 
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Figure 30. Oxidative stress induces changes in the colocalization levels of proteins implicated in 
neurodegeneration with mitochondria. Representative confocal microscopy images of HMEC cells 
immunostained with anti-phospho-Jun antibody showing diverse effects of oxidative stress (H2O2, dose and time 
indicated) on colocalization with the mitochondrial epitope Complex V. Bars are 60 micrometers long. 

 

Figure 30. Oxidative stress induces changes of p-Jun colocalization with mitochondria 
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    3.1.2 Effects of ER stress on p-ERK and p-Jun delocalization 

     We also examined if other ALS-related cell stressors, such as ER stress, could induce 

similar delocalizations of the evaluated proteins. We have previously shown that 

proteasomal and ER stress induce a cytosolic mislocalization of TDP-43 (Ayala et al., 

2011). Using similar conditions, we first evaluated if the cells exposed to proteasomal 

stress (epoxomicin) in similar conditions to the ones already reported to mislocalize TDP-

43 also changed p-ERK and p-Jun. The results (Figure 32) indicated that these proteins 

exhibited differential dynamics. Thus, in p-ERK, the nuclear levels were always inferior to 

the cytosolic ones (90% of the total variance explained by the cellular location, p < 0001). 

Further, proteasomal stress induced by epoxomicin decreased the levels of p-ERK 

significantly (either at the nuclei and in the cytosol, 7% of the total variance, p < 0.0001). 

In p-Jun, there was a significant interaction between stress and the subcellular location, 

i.e., the effect on epoxomicin depended on the location. Therefore, epoxomicin treatment 

decreased the cytosolic levels of p-Jun (Figures 32A and 32C) in a close relationship with 

the increased levels in the nuclei (51% of the total variance explained by the interaction of 

stress and the subcellular location). In the case of ER stress (thapsigargin), we observed 

similar results in p-ERK. Thus, the total levels were decreased after the stress, both at the 

nuclear and cytosolic levels (Figure 32A). Similarly, the cytosol vs. nuclear location was 

the factor explaining the most variance (79% of the total variance, p < 0.0001). For p-Jun, 

while its preferential nuclear location was maintained, the ER stress induced by 

thapsigargin induced a significant early increase in the nuclei (similar to proteasome 

stress), but later on, the levels were decreased, in line with the changes in the cytosol 

Figure 31. Degree of colocalization of different proteins implicated in neurodegeneration with the mitochondrial 
epitope Complex V after the induction of oxidative stress by H

2
O

2 
(time of treatment and doses indicated). 

Changes in colocalization were estimated by calculation of the z’ factor, shown in the violin graphs. * Indicates p < 0.05, 
** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Dunnett’s post-hoc multiple comparison test after an ANOVA. 

 

Figure 31. Degree of colocalization of different proteins implicated in neurodegeneration with the mitochondrial epitope 
Complex V after the induction of oxidative stress 
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(Figure 32B). Therefore, cytosol vs. nuclear location explained most of the variance (90% 

of variance, p < 0.0001).  

  We then evaluated the potential colocalization of these proteins with the mitochondrial 

components. The results of the confocal microscopy (Figures 33A, 33B and 33C) 

suggested that the degree of colocalization was affected by cell stressors. In the case of 

proteasome stress, the degree of p-ERK colocalization increased significantly at the 

longer times evaluated (Figures 33A and 33C), while this was not present for p-Jun at 2 

hours. Later, proteasome stress led to a decrease in the degree of colocalization (Figure 

34A). For ER stress, at the shorter term, the z’-values increased for p-ERK, but later on, 

they showed a significant decrease (Figures 33B and 33C). Both at short and longer 

times, in the case of p-Jun, decreased degrees of colocalization were evident (Figures 

33B and 33C). 
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Figure 32. Proteasome and ER stress induces changes in the levels of p-ERK and p-Jun. 

Representative confocal microscopy images of HMEC cells immunostained with antibodies against p-ERK and 

p-Jun showing diverse effects of proteasome inhibition (epoxomicin) in (A) and ER stress (thapsigargin) in (B) 

in nuclear and non-nuclear (cytosol) immunostaining, quantified in (C). Images shown are for 2 and 4 hours of 

incubation. In (c), the bars indicate the mean with the standard deviation shown by lines. N = 195–283 cells for 

p-ERK and N = 285–394 for p-Jun upon proteasomal stress, while N= 519–658 cells for p-ERK and N= 415–

Figure 32. Proteasome and ER stress induces changes in the levels of p-ERK and p-Jun. 
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553 for p-Jun upon ER stress.  *** Indicates p < 0.001 by Sidak’s post-hoc multiple comparison test after a 2-

way ANOVA. The bars in the (A) and (B) micrographs are 60 micrometers long. 
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3.1.3 Effect of mitochondrial stress on protein delocalization and colocalization 

with mitochondria 

      As already mentioned in Introduction (section 1.2.2.5) there is strong evidence linking 

mitochondrial dysfunction and ALS, with mitochondria playing a pivotal role in 

excitotoxicity, oxidative stress, and apoptosis. Nevertheless, the intimate mechanism 

correlating mitochondrial failure with motor neuron degeneration in ALS is still elusive 

(Singh et al., 2021). Here, we tested the effect of mitochondrial stress on protein 

mislocalization to investigate on the eventual changes in subcellular distribution of the 

proteins named before (p-TDP43, p-ERK, REST and p-Jun). To recreate mitochondrial 

stress in cell culture we employed rotenone, a strong inhibitor of the mitochondrial 

complex I.  

   Similarly to the heterogenous response we observed for the other stressors mentioned 

above, in this new set of experiments the results also appear to be influenced by 

Figure 33. Proteasome and ER stress induces changes in the colocalization degree of p-ERK and p-Jun with 

mitochondrial epitopes. Representative confocal microscopy images of HMEC cells immunostained with antibodies 

against p-ERK and mitochondrial epitopes in (A) and against p-Jun and mitochondrial epitopes in (B), showing diverse 

effects of proteasome inhibition (epoxomicin) and ER stress (thapsigargin) in the degree of colocalization estimated by 

calculation of the z’ factor (C). Images shown are for 2 and 4 hours of incubation. In (C) bars indicate mean with 

standard deviation shown by lines (n = 195 to 658 cells for p-ERK and n = 285–553 for p-Jun); *** indicate p < 0.001, 

and **** p < 0.0001 by Bonferroni’s post-hoc multiple comparison test after 2-way ANOVA. Bars in (A) and (B) 

micrographs are 60 micrometers long. 

Figure 33. Proteasome and ER stress induces changes in the colocalization degree of p-ERK and 
p-Jun with mitochondrial epitopes 
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treatment time and the cytosol vs. nuclear location. This phenomenon is evident for p-

TDP43, with rotenone inducing a significant decrease in the cytosolic levels of this 

protein during the first 2 hours of treatment, while the tendency was reversed at 4 hours, 

with a significant increase in the cytosolic compartment (Figures 34A and 35A). 

Concerning the nuclear content of p-TDP43, its levels were significantly decreased at 

both times of treatments, as shown in Figures 34A and 35A. The cytosol vs. nuclear 

location was the factor explaining the most variance. 

  In the case of p-ERK, mitochondrial stress induced a significant decrease in the levels of 

this protein in the cytosolic compartment at the shorter time (2h), while the phenomenon 

is still observable at 4 hours, even if in a non-significant trend. Nuclear content was 

significantly increased both at 2 and 4 hours of treatment (Figures 34B and 35B). 

Variability is mainly explained by the interaction between treatment and cytosol vs. 

nuclear location. 

   REST levels in the cytosol were subjected to a significant increase at 2 hours, while an 

opposite trend was observed at 4 hours. Concerning the nuclear content of this protein, 

we reported a significant increase at both times of treatment (Figures 34C and 35C), 

with the higher percentage of variation being explained by the interaction of the 

treatment and the subcellular location of the protein. 

  Moving to p-Jun, nuclear levels were decreased at both times of treatment, even if the       

phenomenon was not statistically significant at 4 hours. The nuclear content of this 

protein was increased at 2 hours, while an opposite tendency was observed at 4 hours, 

whit a significant decrease (Figures 34D and 35D). Subcellular location accounted for 

the main source of variation. 

 

 

 

 

 

 

 

 

 



 

   123 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34.Mitochondrial stress induces changes in the levels of p-TDP43, p-ERK, 
REST and p-Jun 
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Figure 34. Mitochondrial stress induces changes in the levels of proteins implicated in neurodegeneration. 

Representative confocal microscopy images of HMEC-1 cells immunostained with antibodies against p-TDP-43 (A), 

p-ERK (B), REST(C),p-Jun (D) top to bottom.  Diverse effects of mitochondrial stress (rotenone, dose and time 

indicated) are shown in nuclear and non-nuclear (cytosol) immunostaining. Bars are 60 micrometers long. 
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The induction of mitochondrial stress in HMEC-1 cell culture also determined changes in 

the interaction between the proteins of interest and the mitochondrial epitope Complex V. 

As shown in Figures 36A and 37A, colocalization between p-TDP43 and Complex V 

increased significantly at 4 hours of treatment, while the same tendency was observed at 

the shorter time (2h), being non-significant. 

An opposite trend was observed for p-ERK. Its level of colocalization with mitochondria 

significantly increased at 2 hours of treatment, with the same tendency being reported at 4 

hours being non-significant (Figures 36B and 37B) 

The transcriptional factor that showed the higher increase in its mitochondrial 

colocalization was REST, which levels of interaction with Complex V epitope appear to be 

significantly increased both at 2 and 4 hours of treatment (Figure 36C and 37C). 

Lastly, concerning p-Jun, a significant increase in mitochondrial colocalization only was 

observed at 4 hours of treatment with rotenone. At the shorter time of treatment, we 

observed a similar tendency even if it was not statistically significant (Figure 36D and 

37D).  

Figure 35. Quantification of the changes in the levels of proteins implicated in neurodegeneration in their 

nuclear and non-nuclear (cytosol) immunostaining after the induction of complex I dysfunction by rotenone 

(4µM, 2 and 4 hours). Bars indicate the mean with the standard deviation shown by the lines (n = 387- 405 cells for p-

TDP-43 (A), n = 450–462 for p-ERK (B) , n = 467-469 for REST (C) and n =508-470 for p-Jun (D), obtained in at least 4 

independent replicates). * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Sidak’s post-hoc multiple 

comparison test after a 2-way ANOVA. 

 

Figure 35.Quantification of the changes in the levels of proteins implicated in neurodegeneration in their 
nuclear and non-nuclear (cytosol) immunostaining after the induction of complex I dysfunction by rotenone 
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Figure 36. Complex I dysfunction induces changes in colocalization of ALS-related proteins with 

mitochondrial epitopes. Representative confocal microscopy images of HMEC cells immunostained with 

antibodies against  p-TDP43 (A), p-ERK (B), REST (C) and p-Jun (D) showing diverse effects of mitochondrial 

stress induced by rotenone on p-TDP43 colocalization with the  mitochondrial epitope Complex V. Bars are 60 

micrometers long. 

Figure 36.Complex I dysfunction induces changes in colocalization of ALS-related proteins with 
mitochondrial epitopes 
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3.1.4 Validation of the results in a murine model of ALS-related 

neurodegeneration  

     To validate these results in an independent setup, we evaluated the above described 

mislocalization phenomena in a murine model of ALS-related neurodegeneration.  

       For this purpose, we employed TDP-43Q331K mice overexpressing the human mutated 

TDP-43 gene. The results of the subcellular fraction in the brain agree with the in vitro 

findings. Thus, both TDP-43 and ERK are present in crude mitochondria, a subcellular 

fraction enriched in mitochondria but also containing other membranes (Figure 38 and 

Supplemental Figure SF2, Annex I). Indeed, as expected, human TDP-43 (h-TDP-43) was 

highly enriched in the cytosol, nuclei, and crude mitochondria fraction. Demonstrating that 

TDP-43 location in the crude mitochondria was not an artifact of the overexpression of this 

gene, endogenous murine Tdp-43 (mTdp-43) was also present, as evidenced by Western 

blotting (Figure 28). The analyses of variance demonstrated that the TDP-43 amount was 

significantly affected by transgenesis (22% of the total variation, p < 0.001, after a three-

Figure 37. Quantification of the degree of colocalization between the proteins of interest p-TDP43 (A), p-ERK (B), 

REST (C) and p-Jun (D) and the mitochondrial epitope Complex V estimated by calculation of the z’ factor. In the 

graphs, the bars indicate the mean with the standard deviation shown by lines. ** indicates, p < 0.01*** Indicates p < 

0.001 and **** p < 0.0001 by Sidak’s post-hoc multiple comparison test after a 1-way ANOVA. The bars in confocal 

microscopy images are 60 micrometers long. 

 

Figure 37.Mitochondrial stress induces changes in p-TDP43 , p-ERK , REST  and c-Jun  
colocalization with the mitochondrial epitope Complex V (ATP5A) 
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Figure 38. Cellular subfractionation evidence for the in vivo colocalization of the proteins implicated in 
neurodegeneration with the mitochondrial components 

way ANOVA. In contrast, the subcellular location strongly influenced the p-TDP-43 levels 

(47% of the variation, p < 0.0001), followed by sex (13.6% of the variation, p < 0.0035), 

but not the transgenesis (Figure 38). In general, the values of p-TDP-43 were higher in 

female mice (Figure 38 and Supplemental Figure SF3 for males, Annex I), and in both 

genders, the levels of p-TDP-43 were higher in the crude mitochondria than in cytosol 

(Figure 38). 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. Cellular subfractionation evidence for the in vivo colocalization of the proteins implicated in 

neurodegeneration with the mitochondrial components. As shown by the Western blot analyses of brain lysates after 

subcellular fractionation, in addition to the nuclear-enriched (Ne) and cytosolic-enriched (Ce) compartments’ crude 

mitochondrial fractions (CrMitoch), both non-transgenic and transgenic hTDP-43 mice show the presence of p-TDP-43, p-

ERK, and Jun. The levels were quantified by densitometry in the brains from 90-day-old mice. The Western blots shown 

are for female specimens. Right panels (B) indicate the quantitative analyses. Bars indicate the mean values with lines 

showing the standard deviation. * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Dunnett’s post-hoc 

multiple comparison test after a three-way ANOVA (n = 4 different mice from each genotype and sex). The ANOVA values 

are shown in the text. Concerning ERK, the findings in the spinal cord of that murine model reinforce the in vitro data. 

Thus, in line with the colocalization of p-ERK with complex V, the crude mitochondria showed a relevant concentration of 

p-ERK. However, the nuclear fractions showed a high concentration of p-ERK, while the total ERK levels were significantly 

lower in the nuclei than cytosol (Figure 38A). Densitometry analyses indicated that the total ERK levels were not 

significantly influenced by the sex, transgene expression, or subcellular fraction. However, when evaluating p-ERK, the 

subcellular location influenced, to the greatest extent, its levels (52% of the variation, p < 0.0001), with sex interacting with 

the subcellular location also being a relevant factor (13.8%, p < 0.008). 
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Figure 39. Representative Western blots from brain lysates, indicating that REST is localized within crude mitochondria 

Concerning p-Jun, we detected its presence mainly in nuclear fractions, with almost no 

detection in the crude mitochondrial fraction or cytosol. After densitometry, most of the 

variance was explained by the subcellular location (63% of the variance, p < 0.0001), with 

sex also influencing the values (9.6%, p < 0.006). TDP-43 overexpression only explained 

4% of the total variance in the sex and subcellular location (p < 0.04). Nonetheless, we 

evidenced the presence of Jun in the three fractions examined. Thus, densitometry 

showed that the subcellular location explained more than 16% of the total variance (p < 

0.03, Figure 40) , with no significant influence of the sex or TDP-43 overexpression. 

   Finally, the analyses of the subcellular fractionation of murine brains revealed that the 

crude mitochondrial fractions, in line with the immunostaining measurements, contained a 

non-negligible amount of REST (Figures 39A and 39B). Crude mitochondria were the 

subcellular fraction with a higher concentration of REST. Regarding the influence of 

specific factors, neither sex nor TPD-43 overexpression was a significant factor 

contributing to the variance, in contrast with the subcellular location (39% of the variation, 

p < 0.0043).     

 

  

         

 

 

 

 

 

 

Figure 39. (A) Representative Western blots from brain lysates, indicating that REST is localized 

within crude mitochondria (CrMitoch), in comparison with enriched nuclei (Ne) or cytosolic extract 

(Ce). (B) Levels were quantified by densitometry in brains from 90-day-old mice. Western blots shown are for 

female specimens. Bars indicate the mean values with lines showing the standard deviation. (n = 4 different 

mice from each genotype and sex). 
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Figure 40. Cell stress-induced mislocalization of TDP-43 is associated with changes in REST-regulated genes. (A) 

Shows representative immunofluorescence images of HEK-293 under osmotic stress (Sorbitol, 0.4 M, 4 h), demonstrating 

that both TDP-43 and p-TDP-43 are localized in a non-nuclear location as aggregates after sorbitol incubation (graphs in 

the right panel). (B) Shows the effect of mutated TARDBP overexpression in the mRNA levels of REST-regulated genes in 

brain lysates, quantified by RT-qPCR. Bars indicate mean values with lines showing the standard deviation (n = 3 mice from 

each genotype). (C) Shows a heatmap of the mRNA expression levels of REST-regulated genes in SHSY-5Y cells under 

osmotic stress, with the scale on the right showing the relative overexpression (in red) or downregulation (in green), 

quantified by RT-qPCR. * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Dunnett’s post-hoc multiple 

comparison test after a three-way ANOVA (in (A) for the integrated intensity of p-TDP-43 or TDP-43 in confocal 

immunofluorescence analyses), for the Student’s t-test (in (C) for the number of aggregates; n = 150 different cells 

quantified in each condition or 4 independent RT-qPCR experiments in (B) or in (D)). The bars in (A) are 20 micrometers 

long. 

Figure 40. Cell stress-induced mislocalization of TDP-43 is associated with changes in REST-
regulated genes 

 

3.1.5 Effect of REST target genes on SHSY-5Y under TDP-43 aggregation 

induced by osmotic stress 

       Besides a nonsignificant trend for an increase in REST in transgenic mice, we 

evaluated the potential effect of a mutated TARDBP overexpression in well-established 

REST targets by RT-qPCR. The results showed that one downstream REST, CYCS 

mRNA, was increased almost significantly in the TARDBP transgenic mice (Figure 40B). 
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To further confirm the interaction between TDP-43 and REST, we set up an in vitro model 

of TDP-43 and p-TDP-43 aggregation in HEK-293 cell line. Thus, after sorbitol incubation 

(Figure 40A), both the number of TDP-43 aggregates and global intensity of TDP-43, but 

not p-TDP-43, were increased, with a high amount of TDP-43 in nuclear location. Thus, 

both the subcellular location (18% of the variance, p < 0.0001) and sorbitol incubation 

(11.2% of the variance, p < 0.0165) strongly influenced the TDP-43 immunostaining 

intensity. In this particular model, we explored the effect of REST targets on SHSY-5Y 

cells. The results of the RT-qPCR revealed that TDP-43 aggregation induced by sorbitol 

incubation was associated with significant decreases in the mRNA levels of SCN3B, 

FADD, PUMA, DAXX, SOD1, CAT, GAP43, 1433, MAPK11, MAPK12, and ARC, known 

REST targets. Sorbitol incubation also increased some REST targets such as NRX3 and 

ATP2B2 (Figure 40C). 

To evaluate if TDP-43 aggregation can be related to mitochondrial dysfunction, we 

evaluated if sorbitol incubation in these conditions led to alterations in the cellular ATP 

production. The results (Supplemental Figure SF4) suggest that both mitochondrial and 

glycolysis-linked ATP production is severely affected by sorbitol incubation. 

To establish if the stress mentioned above could be behind the changes in the transgenic 

TDP-43 model, we also studied the effects of the proteasome and ER stress in the levels 

and distribution of REST in the non-neuronal cell line studied. For epoxomicin treatment, 

an early (2-h) increase in the REST intensity in the cytosol was followed by a decrease in 

the nuclear amount (at 4 h, Figure 41A). The degree of colocalization with the 

mitochondrial markers diminished as well (data not shown). Additionally, the results 

showed that ER stress increased the cytosolic and nuclear amounts of REST at longer 

times studied (Figure 41B) and also due to changes in the degree of colocalization with 

the mitochondria (z-values decreased by 20% in the epoxomicin treatment). 
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Figure 41. ER and proteasome stress induces changes in the levels of REST and its colocalization with the 
mitochondrial epitopes 
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 3.2 Effect of ALS-related cellular stresses on mitochondrial dynamics in HMEC-1 

cell line 

   As already mentioned before, mitochondrial dysfunction is a common event in the 

pathogenesis of neurodegenerative diseases such as ALS (Song, 2012). Mitochondrial 

fission is mediated by dynamin-related protein 1 (DRP1) while fusion is linked to mitofusin 

1/2 (MFN1/2) and optic atrophy 1 (OPA1), which are essential for mitochondrial function. 

Mutations in the mitochondrial fission and fusion machinery lead to neurodegeneration. 

Thus, whether defective mitochondrial dynamics participates in ALS requires further 

investigation (Song, 2012). 

  In this work, we aimed to clarify if ALS-related cellular stress can have an impact on 

mitochondrial dynamics. Thus, we employed automatized analysis of the mitochondrial 

channel in confocal images of HMEC-1 cells to investigate on potential changes in 

mitochondrial morphology or networks formation, following the induction of oxidative, 

proteasomal, ER and mitochondrial stress. Figure 36 summarizes the effect of oxidative 

stress on the number of individual mitochondria, the number of mitochondrial networks 

and the network index (defined as the ratio between the individual mitochondria number 

and the number of mitochondrial networks per cell) in HMEC-1 cells, following treatment 

Figure 41. ER and proteasome stress induces changes in the levels of REST and its colocalization with the 

mitochondrial epitopes. Representative confocal microscopy images of HMEC cells immunostained with antibodies 

against REST, and the mitochondrial complex V showing the diverse effects of proteasome stress (A) and ER stress 

(B) (n = 365–559 different cells). Images shown are for 2 and hours of incubation. In (C), the bars indicate the mean 

with the standard deviation shown by lines. *** Indicates p < 0.001 by Sidak’s post-hoc multiple comparison test after 

a 2-way ANOVA. The bars in the (A) and (B) micrographs are 60 micrometers long. 
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with H2O2, fixation and staining of the mitochondrial channel in red (Complex V epitope). 

The effect of oxidative stress on mitochondrial dynamics appears to be negligible upon the 

milder condition tested (Figures 42A, 42B and 42C H2O2 4µM/ 30’). In fact, changes in 

three parameters mentioned above are non-significant. The opposite is true upon the 

harshest oxidative stress induction (Figures 42A, 42B, and 42C, H2O2 200µM/ 60’) with a 

significant increment not only in the number of individual mitochondria per confocal field 

(Figure 42B), but also in the number of mitochondria networks (Figure 42C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. Oxidative stress induces changes in mitochondrial dynamics in HMEC-1 cell line. (A) Representative 
confocal microscopy images of HMEC-1 cells immunostained with anti-ComplexV antibody. Images were processed with 
MiNA macro in ImageJ to study mitochondrial dynamics. (B) Oxidative stress induces changes in the number of 
mitochondria per confocal field in HMEC-1 cell line. (C) Oxidative stress induces changes in the number of mitochondrial 
networks per confocal field in HMEC-1 cell line.  *** indicates p < 0.001, and **** p < 0.0001 by post hoc test after one-way 
ANOVA. Bars in (A) are 60 micrometers long. 

 

Figure 42.Oxidative stress induces changes in mitochondrial 
dynamics in HMEC-1 cell line 
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Concerning proteasomal stress, the number of individual mitochondrial diminished 

significantly both at 2 hours and 4 hours of treatment with epoxomicin ( Figures 43A and 

43B), while reorganization in networks was significantly decreased only at the shorter time 

of treatment; this tendency was preserved at the longer time of treatment even if 

differences between control and treated cells were non-significant (Figures 43A and 43C).  

Figure 43. Proteasomal stress induces changes in mitochondrial dynamics in HMEC-1 cell line. (A) Representative 

confocal microscopy images of HMEC-1 cells immunostained with anti-ComplexV antibody. Images were processed with 

MiNA macro in ImageJ to study mitochondrial dynamics. (B) Proteasomal stress induces changes in the number of 

mitochondria per confocal field in HMEC-1 cell line. (C) Proteasomal stress induces changes in the number of 

mitochondrial networks per confocal field in HMEC-1 cell line. ** Indicates p < 0.01, and *** p < 0.001, by one-way ANOVA. 

Bars in (A) are 60 micrometers long. 

 

Figure 43.Proteasomal stress induces changes in mitochondrial dynamics in HMEC-1 cell 
line 
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ER stress induced by treatment with thapsigargin determined a significant decrease in the 

number of individual mitochondria per image at the shorter time of treatment. 

Nevertheless, the phenomenon was reversed at 4 hours, with a strongly significant 

increase, both in comparison with cells treated for 2 hours and cells exposed to vehicle 

(DMSO) for 4 hours (Figure 44A and 44B). Regarding the number of mitochondrial 

networks, after a strongly significant (p< 0.0001) decrease of this parameter following 

treatment for 2 hours, the tendency was preserved at 4 hours, even if with a p value lower 

Figure 44. ER stress induces changes in mitochondrial dynamics in HMEC-1 cell line. (A) Representative confocal 

microscopy images of HMEC-1 cells immunostained with anti-ComplexV antibody. Images were processed with MiNA 

macro in ImageJ to study mitochondrial dynamics. (B) ER stress induces changes in the number of mitochondria per 

confocal field in HMEC-1 cell line. (C) ER stress induces changes in the number of mitochondrial networks per confocal 

field in HMEC-1 cell line. * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by one-way ANOVA. Results 

derive from 4 independent replicates. Bars in (A) are 60 micrometers long. 

Figure 44. ER stress induces changes in mitochondrial dynamics in HMEC-1 cell line 
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than 0.05. Also, the number of mitochondrial networks is higher (p<0.01) in cells exposed 

to the stressors for 4 hours than in cells treated for 2 hours (Figures 44A and 44C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lastly, we explored the effect of Complex I dysfunction induced by rotenone, on 

mitochondrial dynamics. In this scenario, the number of individual mitochondrial per 

Figure 45. Complex I dysfunction induces changes in mitochondrial dynamics in HMEC-1 cell line. (A) 

Representative confocal microscopy images of HMEC-1 cells immunostained with anti-ComplexV antibody. Images 

were processed with MiNA macro in ImageJ to study mitochondrial dynamics. (B) Mitochondrial stress induces changes 

in the number of mitochondria per confocal field in HMEC-1 cell line. (C) Mitochondrial stress induces changes in the 

number of mitochondrial networks per confocal field in HMEC-1 cell line. * Indicates p < 0.05, ** p < 0.01, and *** p < 

0.001 by one-way ANOVA. Bars in (A) are 60 micrometers long. 

Figure 45.Complex I dysfunction induces changes in mitochondrial dynamics in HMEC-1 cell 
line 
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confocal field was diminished (p <0.05) at 2 hours of treatment, while an opposite trend 

was observed at 4 hours (p < 0.05) (Figures 45A and 45B). Concerning the number of 

mitochondrial networks (Figures 45A and 45C) we didn’t observe any significant changes 

between control and treated cells, suggesting that the treatment affected the number of 

individual mitochondria with no influence on their organization in networks. 

3.3 Tardbp genotype and mitochondrial dysfunction in mutant MEFs 

3.3.1 Effects of Tardbp genotype on cellular respiration and mitochondrial mass 

of mutant MEFs 

       Taking advantage of the availability of immortalized MEFs carrying three different 

Tardpb mutations (Q331K, F201I and M323K, see sections 1.2.2.2 and 2.2.6) and the 

correspondent WT line, we decided to further explore mitochondrial alterations linked to 

ALS pathophysiology. It has already been reported that ectopic transient expression of 

TDP-43-Q331K shows increased cytoplasmic accumulation in SH-SY5Y cells (Guerrero et 

al., 2019). On the contrary in mice carrying F201I and M323K mutations, researchers 

didn’t observe any increase in the aggregative potential of TDP-43 in vivo, being the 

characterization of the pathological motor phenotype still elusive in these models (Rouaux 

et al., 2018). In particular, we focused on the potential link between Tardpb genetic 

background and mitochondrial dysfunction in terms of cellular respiration and 

mitochondrial mass. To unmask mitochondrial dysfunctions in terms of respiration and 

mass, we designed the experimental setting considering two groups of cells for each of 

the four phenotypes. Control cells were grown as described in section 2.2.6, while their 

experimental counterpart was exposed to acute metabolic switch (section 2.9).  

   Cellular respiration was measured in terms of ATP production and divided in the 

glycolytic and mitochondrial components by respirometry (see section 2.10). Figure 46A 

shows the results of our experiments on mutant MEFs in comparison with WT. Comparing 

WT MEFs with the Q331K genotype, we observed a slightly significant increase in ATP 

production by glycolysis in Q331K mutants upon normal growing conditions; the same 

trend was preserved in glucose and pyruvate deprived cells (p<0.01). Moving to 

mitochondrial ATP production, a slight decrease in Q331K cells was observed in the 

control group; the tendency was confirmed for the deprived cells being p<0.001. On the 

other hand, the comparison between WT MEFs and F201I or M323K genotype, didn’t 

produce any significant difference neither in the glycolytic ATP production or in the 

mitochondrial counterpart. 
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Figure 46. Influence of Tardbp genotype on cellular respiration and mitochondrial mass. ATP production rates 

were estimated by respirometry, separating glycolytic from mitochondrial energy production. (A) ATP production 

measurements were performed comparing WT MEFs with Q331K, F210I and M323K Tardbp mutants, cultured in 

presence of glucose and pyruvate as anergy substrate (control condition) or replacing glucose with galactose in absence 

of pyruvate (deprived condition), for 6 hours. Bars indicate the mean with the standard deviation shown by the lines. (B) 

Mitochondrial mass was evaluated in WT and mutant MEFs by flow cytometry after staining with Nonyl Acridine Orange 

(NAO) in three cellular populations, indicated as P4, P3 and P2, based on cell viability following counterstaining with 

Propidium Iodide (PerCP-Cy5-5/ PI). Bars indicate the mean with the standard deviation shown by the lines. (C) 

Representative scatter plots derived from flow cytometry analysis of WT MEFs cultured in presence of glucose as energy 

substrate after double staining with NAO and PI. Starting population P1 (first scatter plot on the left) can be split in sub-

populations based on cellular affinity for PI and NAO. P2 indicated the analyzed MEFs population after aggregates 

exclusion, while P4 and P3 correspond, respectively, to live cells population (high sensitivity for NAO, indicated as FITC 

in the third scatter plot from the left) and apoptotic cells (high sensitivity to PerCP-Cy5-5, third scatter plot from the left). * 

Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by 2way ANOVA. Results derive from 4 independent 

replicates. 

Figure 46.Influence of Tardbp genotype on cellular respiration and mitochondrial mass 
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   Figure 46B summarizes the results obtained from the measurement of mitochondrial 

mass by flow cytometry (see section 2.9) comparing each of the genotype upon normal 

growth conditions with its counterpart following the induction of metabolic stress. Cells 

were classified in three different population, namely P2, P3 and P4. In the P2 population 

(the entire pool of cells analyzed after the exclusion of aggregates, see Figure 46C), we 

didn’t observe significant changes in mitochondrial mass between control and deprived 

cells, except for a slightly significant (p<0.005) increase in F201I line, compared with 

Q331K upon metabolic switch assay. In P3 population (see the legend of Figure 46 and 

Figure 46C for details), a strongly significant decrease in NAO affinity and, consequently, 

in mitochondrial mass was observed in WT cells upon metabolic switch when compared to 

its control (p< 0.001). The same tendency with p <0.01 was maintained for the Q331K 

genotype, being mitochondrial mass lower following metabolic stress than upon standard 

growth conditions. Finally, turning to P4 population (see the legend of Figure 48 and 

Figure 48C for details), a remarkably significant (p< 0.0001) increase in mitochondrial 

mass was observed for Q331K genotype following metabolic stress. 

 

 

 

 

 

 

 

    As described in the legend of Figure 46, WT and mutant MEFs where counterstained 

with IP in order to measure cell viability by flow cytometry. Figure 47 shows the results of 

cell viability measurement, reported as a percentage of WT cell viability upon normal 

growth conditions for mutant lines. Thus, deprived WT show a significant decrease in 

viability in comparison with control WT (p < 0.001), while deprived Q331K genotype 

Figure 47. Influence of Tardbp genotype on cellular viability and Caspase3/Caspase 7 activity in MEFs. 

Cellular viability was estimated by flow cytometry following cellular staining with Propidium Iodine. (A) 

Differences in cell viability of Tardbp mutant MEFs in comparison with WT, upon normal growing conditions 

(availability of glucose and pyruvate, here indicated as control) or following the induction of metabolic stress 

(glucose replacement with galactose/ no pyruvate, deprived condition). Bars indicate the mean with the 

standard deviation shown by the lines. Cell viability of mutant MEFs is expressed as a percentage of WT 

viability (%WT). (B) Caspase3/Caspase 7 activity was estimated by flow cytometry upon the same conditions 

described in (A), following staining with CellEventTM Flow Cytometry assay kit. Bars indicate the mean with the 

standard deviation shown by the lines. ** Indicates p < 0.01 and **** p < 0.0001 following 2way ANOVA. Results 

derive from 4 independent replicates. 
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underwent the greater decrease in viability (p < 0.0001) when compared with its control. 

However, non-significant changes were observed concerning viability for M323K and 

F201I genotypes (Figure 47A). 

   In order to characterize the cellular death, we observed for WT and Q331K MEFs, we 

measured the apoptosis indicator Caspase3/Caspase7 activity by flow cytometry, as 

described in section 2.13. Results show a slightly but not significant increase in the activity 

of these caspases for each of the genotypes following metabolic switch assay (Figure 

47B). 

3.3.2 Effects of Tardbp genotype on mitochondrial membrane potential and 

Complex I levels 

      In post-mortem spinal cord of sporadic ALS patients the activity of all electron 

transport chain (ETC) complexes, complex I, II, III, and IV was found to be reduced 

(Wiedemann et al., 2002) In addition, the activity of complexes I and IV were reported to 

be impaired in skeletal muscle while complex I activity and ATP levels were reduced in 

lymphocytes of sporadic ALS patient (Smith et al., 2019) Also, in skin fibroblasts obtained 

from biopsies of sporadic ALS patients the mitochondrial membrane potential (MMP) was 

increased compared to healthy controls (Ghiasi et al., 2013). Starting from this well-

established finding documented in literature, we measured mitochondrial potential in the 

above mentioned Tardbp mutant MEFs, in order to investigate on changes in parameter, 

which maintenance is pivotal to preserve mitochondrial health (Zorova et al.,2018). 

Membrane potential was quantify as described in section 2.11. Results in Figure 48A and 

48B show non-significant changes in the membrane potential for WT and M323K Tardbp 

genotypes, when comparing control cells with cells exposed to metabolic switch for 6 

hours. Interestingly M323K and F210I genotypes showed a very different behaviour, being 

the membrane potential significantly and strongly decreased in cells cultured in absence 

of pyruvate and having galactose as energy source (p<0.0001 in both cases). 

   Turning to Complex I, images obtained from confocal microscopy of MEFs were 

analyzed following indirect immunofluorescence (section 2.5.1.2). Figure 49A shows 

representative images of MEFs cultured in presence of glucose and pyruvate or in 

absence of pyruvate and with galactose substituting glucose for 12 hours. Quantification 

of the membrane potential (Figure 49B) displays non-significant differences for WT, while 

membrane potential is significantly decreased when comparing control M323K MEFs with 

deprived counterpart (p< 0.01). The remaining genotypes, Q331K and F210I behave 

https://www.sciencedirect.com/topics/neuroscience/electron-transport-chain
https://www.sciencedirect.com/topics/neuroscience/electron-transport-chain
https://www.sciencedirect.com/topics/neuroscience/mitochondrial-membrane-potential
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contrarily, showing a slightly significant increase in the case of deprived Q331K MEFs and 

a strongly significant increase of the potential in the case of deprived F210I MEFs. 
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Figure 47.Tardbp influences mitochondrial function 
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Figure 48.Tardbp influences Complex I subunit content 
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Figure 48. Tardbp influences mitochondrial function. Mitochondrial membrane potential measured 

using the red-fluorescent probe TMRM in MEFs with different Tardbp genetic background cultured 

either with glucose or galactose as a source of energy for 6 hours. (A) Representative fluorescence 

images of living MEFs cultured in standard medium (DMEM supplemented with glucose and pyruvate, left 

panel) or upon metabolic switch conditions (DMEM containing galactose in alternative to glucose and no 

pyruvate, right panel). (B) Graphical representation of TMRM quantification per cell using a dedicated 

pipeline in CellProfiler. Results derive from 3 independents replicates. Bars indicate mean values with lines 

showing the standard deviation. * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Post-

hoc analyses after 2way ANOVA. Bars in (A) are 20 micrometers long. 
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3.4 LDs formation as a response to cellular stress in different ALS-related cell 

models 

   3.4.1 Tardpb genotype influences LDs formation in MEFs upon metabolic switch 

   It is well known that mitochondria and LDs are essential organelles involved in cellular 

lipid metabolism and energy homeostasis (L. Cui & Liu, 2020). In stressed cells, lipid 

droplets guard energy and redox homeostasis and avoid lipotoxicity by sequestering toxic 

lipids into their neutral lipid core. Their mobility and dynamic interactions with mitochondria 

enable an efficient delivery of fatty acids for optimal energy production (Jarc & Petan, 

2019).  

      After exploring the link between metabolic stress and mitochondrial dysfunction in our 

model of mutant Tardbp, we decided to investigate on lipid metabolism, tracing the 

formation of LDs following the induction of metabolic switch; thus, we aimed to establish 

whether Tardbp genetic background could make a difference in the enhancement of LDs 

production as a consequence of cellular stress. Figure 50 displays the results obtained 

by the employment of the green, fluorescent 22-NBD Cholesterol as a marker of 

intracellular LDs in living cells after the exposure of MEFs to metabolic switch for 6 hours 

(see sections 2.9 and 2.16). As reported in Figure 44B, we detected a strongly 

significant increase in the number of LDs per cell when comparing controls with stressed 

MEFs, being this true for all the Tardbp genotypes considered in this study. The main 

sources of variation for this experiment can be ascribed to TDP-43 mutation (accounting 

for the 47.52 % of total variation) and to the energetic status (accounting for the 42.22% 

of total variation). 

3.4.2 Tardpb genotype influences ACAT 1/2 activity in MEFs upon metabolic 

switch 

   The most abundant neutral lipids in LDs are triacylglycerol and cholesterol esters (see 

section 1.5). While in adipocytes, caveolae may contribute to triacylglycerol synthesis (Öst 

et al., 2005), in most cells neutral lipid synthesis is conducted by enzymes permanently or 

transiently located in the ER. LDs accumulate free cholesterol in adipocytes (B R Krause 

& A D Hartman, 1984) and cholesterol esters in most cells, especially in macrophages 

and steroidogenic cells. The synthesis of cholesterol esters is mediated by acyl-

CoA:cholesterol O-acyltransferase (ACAT1 and ACAT2). 

Figure 49. Tardbp influences Complex I subunit content. OxPhos Complex I quantification by confocal images 

analysis of MEFs with different Tardbp genetic backgrounds upon normal growth condition (glucose + pyruvate 

containing medium) or metabolic stress (glucose and pyruvate deprivation) for 12 hours. (A) Representative 

immunofluorescence images of living MEFs cultured in standard medium (DMEM supplemented with glucose and 

pyruvate, left panel) or upon metabolic switch conditions (DMEM containing glucose in alternative to glucose and 

no pyruvate, right panel). (B) Graphical representation of Complex I quantification per cell using a dedicated 

pipeline in CellProfiler. Results derive from 4 independent replicates. * Indicates p < 0.05, ** p < 0.01, *** p < 

0.001, and **** p < 0.0001 by post hoc analyses after a 2way ANOVA. Bars in (A) are 60 micrometers long. 
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In cells lacking LDs, these enzymes are distributed homogenously along the ER. When 

LD formation is promoted with fatty acids, enzyme segregation occurs, with some 

remaining in the ER and others dynamically accumulating on the LDs (Pol et al., 2014). 

Figure 49. Tardpb influences LDs formation in MEFs 

 

 

 

 

 

 

 

 

 

 

 

Figure 50. Tardbp influences LDs formation in MEFs. (A) Representative fluorescence images of living 

MEFs cultured in standard medium (DMEM supplemented with glucose and pyruvate, left panel) or upon 

metabolic switch conditions (DMEM containing galactose in alternative to glucose and no pyruvate, right 

panel). White arrows indicate LDs. Cells were imaged following the addition to 22-NDD Cholesterol to the 

growth medium. (B) Graphical representation of LDs counting per cell following the analysis of fluorescence 

images with the ImageJ Find maxima function. Results derive from 3 independents replicates. **** indicates p 

< 0.0001 by Post-hoc analyses after 2way ANOVA. Bars in (A) are 60 micrometers long. 

In our model, ACAT 1/2 activity was measured by TLC as described in section 2.14.           

   Figure 51 contains the results of these analyses, with a representative image of a TLC 

plate in Figure 51A, showing the incorporation of 22-NBD Cholesterol in control and 

glucose/pyruvate deprived MEFs. As shown in Figure 51B, ACAT activity (expressed as 

the ratio between 22-NBD Cholesterol and its esterified form, adjusted by protein content), 

was significantly increased in deprived WT and Q331K MEFs, in comparison with their 

controls. This trend is preserved for M323K and F201I, but in these cases the increase is 

non-significant. Variability is mostly due to TDP-43, accounting for 25.65% of total 

variation, and energy status (42.58% of total variation). Figure 51C compares the changes 
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Figure 50. Figure 51. Tardbp influences ACAT activity 

in ACAT activity considering only the deprived cells and comparing the three Tardbp 

genotypes with WT cells. Thus, a strongly significant increase is evident for Q331K and 

F210I MEFs, in which ACAT activity was enhanced by 70% and 75%, respectively. 

M323K genotype behaved contrarily, with a decrease in ACAT activity by 9%. 

  

Figure 51. Tardbp influences ACAT activity. (A) Representative image of a TLC plate showing the incorporation of 

22-NBD Cholesterol in MEFs and its esterification following the induction of metabolic stress (glucose and pyruvate 

deprivation), in comparison with control MEFs (glucose and pyruvate availability). The first and the last positions in 

the charging line of the TLC plate corresponds to 22-NBD Cholesterol and 22-NBD esterified Cholesterol, 

respectively, used as standards to confirm the migration patterns of MEFs lipids. (B) ACAT activity was estimated by 

employing the Cholesteryl Ester/Cholesterol ratio after TLC and adjustment by protein amount. n=9 different 

experiments. (C) Comparison of the increase in ACAT activity induced by metabolic stress for deprived MEFs with 

different Tardbp genetic background, in comparison with wild-type. Bars indicate mean values with lines showing the 

standard deviation. ** Indicates p < 0.01, and **** p < 0.0001 by post hoc analyses after 2way ANOVA (in B) or one 

way ANOVA (in C). Results derive from 4 independents replicates. 
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Figure 51. Osmotic stress increases LD in human cells. Nile Red staining of LDs in the N2a cell line treated with the 
osmotic stress inductor sorbitol in a time course experiment 

    3.4.3 Osmotic stress induces LDs synthesis in N2A cell line  

    As already mentioned in section 1.2.2.3, osmotic stress is highly involved in ALS 

pathology. The causes for neuropathological TDP-43 aggregation in ALS are still 

unknown, but it has been suggested that SGs formation is important in this process. Thus, 

in human embryonic kidney HEK293E cells, various SG-forming conditions induced very 

strong TDP-43 ubiquitylation, insolubility, and reduced splicing activity (Hans et al., 2020). 

In this cells, OsmS-induced SG formation and TDP-43 ubiquitylation occurred rapidly and 

coincided with colocalization of TDP-43 and SG markers (Hans et al., 2020). Moreover, 

we found that both TDP-43 and p-TDP-43 are localized in a non-nuclear location as 

aggregates after sorbitol incubation (see Figure 40A). Starting from this interesting 

background in literature, we decided to check LDs accumulation in N2A cell line following 

the incubation with sorbitol at 0.4 M (the same concentration that induces TDP-43 and p-

TDP43 in HEK293 cells) in a time course experiment. In this case, LDs were marked by 

staining with Nile Red, as described in section 2.16.  

 

      

Figure 52. Osmotic stress increases LD in human cells. Nile Red staining of LDs in the N2a cell line treated 

with the osmotic stress inductor sorbitol in a time course experiment. (A) Representative confocal microscopy 

images of N2a cells grown on glass coverslips cells and treated with sorbitol 0.4 M at different times before fixation 

and Nile Red staining (red channel) (B) Number of LDs increases with treatment time. Intracellular Nile Red positive 

structures were automatically counted in ImageJ using the Find maxima function for image analysis. Number of LD in 

control situation is shown by the green band (mean± SD). (C) Representative images resulting from the ImageJ “Find 

maxima” algorithm to quantify number of lipid droplets per confocal field. White dots represent maxima per cell. Bars 

in (A) and (C) are 60 micrometers long. 
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Figure 52. Osmotic stress induces LDs formation in N2A cell line 

As shown in Figure 52 we found that longer exposure to osmotic stress induced by 

incubation with sorbitol caused a progressively higher accumulation of Nile Red staining 

(Figure46A) and LD compatible structure per cell, as determined analyzing confocal 

images with the “Find maxima” algorithm in ImageJ following the selection of a ROI 

containing an equal number of cells for each microscopy field (Figure 52B). The higher 

number of LDs per cell was reached at 2.5 hours of sorbitol exposure with a 164.399% 

increase at 2.5 hours in comparison with 0.5 hours of incubation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 53A displays some representative photos obtained by confocal microscopy after 

the incubation of N2A cells with sorbitol 0.3 M for 3 hours, whit Figure 47C containing a 

higher amplification of control and treated cells. In Figure 53B, LDs counting per cell was 

carried out using ImageJ “Find maxima” function; the number of LDs compatible-

structures was significantly (434%) higher in stressed cells than in control. 

   Similarly to MEFs, in this model we also quantified the grade of activation of ACAT1/2.  

Figure 53. Osmotic stress induces LDs formation in N2A cell line. (A) Representative confocal microscopy images 

of N2A cells stained with the lipophilic staining Nile red showing the formation of LDs after the induction of osmotic stress 

by sorbitol treatment (dose and time indicated). (B) LDs counting per cell showing a significative increase in LDs/cell in 

stressed cells (n=881-801 cells for control cells and treated cells obtained in 4 independent replicates, respectively).(C) 

Representative confocal microscopy of the red channel in (A) at a higher magnification, comparing control and treated 

cells with white arrows indicating LDs. * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by unpaired t-

test. Bars in (A) and (B) are 60 micrometers long. 
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Figure 53. Osmotic stress increases ACAT activity in N2A cell line 

   In Figure 54A, the increase in 22-NBD Cholesterol esterification is evident for stressed 

cells in a representative image of the TLC plate where total lipids extracted from control 

and experimental cells were applied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Quantitative results are reported in Figure 54B, showing a highly significant increase in 

ACAT activity for stressed cells in comparison with unstressed ( 472.105%). 

3.5 LDs in nuclei isolated from frontal cortex tissue 

The impairment of nucleocytosolic transport is a well described process that appears to be 

impaired in ALS. In our group the influence of this defect on nuclear lipidome has been 

recently investigated, finding significant differences between samples derived from ALS 

patients in comparison with healthy controls (Ramírez-Nuñez et al., 2021). In figure 55A, 

representative confocal images of isolated nuclei show Nile Red-positive structure, mainly 

in the perinuclear location, in isolated nuclei extracted from frontal cortex tissue of ALS 

patients and controls. Features of patients and controls can be found in section 2.1, while 

the protocol to carry out nuclei isolation is described in detail in section 2.15. 

 

Figure 54. Osmotic stress increases ACAT activity in N2A cell line. (A) Representative image of the TLC plate 

showing the incorporation of 22-NBD Cholesterol in N2a cells and its esterification following the induction of osmotic 

stress by sorbitol treatment (0.4 M, 3h), in comparison with non-treated cells. The first and the last positions in the 

charging line of the TLC plate corresponds to 22-NBD Cholesterol and 22-NBD esterified Cholesterol, respectively, used 

as standards to confirm the migration patterns of N2a lipids. (B) ACAT activity was estimated by employing the 

Cholesteryl Ester/Cholesterol ratio after TLC and adjustment by protein amount. n=4 different experiments. **** indicates 

p<0.0001 by Student's t unpaired test. 
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Figure 54. Figure 55. Nile Red staining of LDs in isolated nuclei 
extracted from frontal cortex tissue 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The quantitative analysis of confocal images determined a highly significant increase 

(65%) in the number of LDs per nucleus in ALS samples as displayed in Figure 55B. 

 

 

 

 

 

 

Figure 55. Nile Red staining of LDs in isolated nuclei extracted from frontal cortex tissue. (A) Representative 

confocal microscopy images of isolated nuclei derived from portions of frontal cortex of ALS patients in comparison with 

healthy controls . White arrows indicated perinuclear LDs. (B) LDs counting per nucleus showing a significative increase in 

LDs/nucleus in ALS nuclei (n=20-20 isolated nuclei for control and ALS samples obtained in 4 independent replicates, 

respectively). * Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by unpaired t-test. Bars in (A) are 60 

micrometers long. 
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Figure 55. Figure 56. ALS influences AGPS levels in hiPS cell-derived MNs 

 

 

3.6 Lipid metabolism alterations in hiPS-derived motor neurons 

3.6.1 AGPS levels were decreased in ALS-related motor neurons derived from 

hIPS cells 

   As already mentioned above, our group recently focused on differential lipids in the 

nuclear lipidome signature of ALS samples in comparison with matched control, 

concluding that near 40% of potential identities of differential lipids comprised several 

plasmalogen-type lipids (Ramírez-Nuñez et al., 2021). For this reason, we explored the 

potential changes of alkylglycerone phosphate synthase (AGPS), one of the rate-limiting 

peroxisomal enzymes for plasmalogen synthesis (Grimm et al., 2011); AGPS abundance 

was monitored in hIPS cells-derived motor neurons from control cell lines in comparison 

with ALS-related genetic backgrounds expressing FUS mutation and C9ORF72 

expansion. Figure 56A displays representative confocal images of the three neuronal lines 

analyzed following indirect immunofluorescence. As shown in Figure 56B, AGPS 

immunoreactivity was significantly decreased in ALS or frontotemporal dementia-related 

cells when compared with control cell lines. Interestingly, when evaluating the correlation 

between AGPS mean immunoreactivity and nuclear perimeter, this was found only in 

control and C9ORF72 cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. ALS influences AGPS levels in hiPS cell-derived MNs. (A) Representative confocal microscopy 

images of Ctl, FUS, and c9orf72  hiPS cell-derived MNs immunostained with the anti-AGPS antibody (in 

green). (B) Quantification of cellular AGPS levels (n = 281 for Ctl cells, n = 344 for FUS cells, n= 428 for 

C9ORF72 cells, obtained in at least 4 independent replicates). *** Indicates p < 0.001 by post hoc analyses 

after one-way ANOVA. (C) Significant correlation between AGPS mean immunoreactivity and nuclear 

perimeter occurs in control and C9ORF72 cells, but not in FUS mutated cells. 
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Figure 56.  Osmotic stress increases ACAT activity human MNs, depending on ALS status 

   3.6.2 ACAT activity increases following osmotic stress in human motor neurons 

   Considering the significant differences in nuclear lipidome we detected comparing ALS-

derived samples in comparison with controls, and the increased levels of AGPS in human 

MNs carrying FUS mutation or C9ORF72 expansion, we also investigated potential 

alterations in ACAT activity in this model, performing the TLC-based assay described in 

section 2.14. In particular, we focused on OsmS induced by sorbitol, since the changes in 

the lipid profile are well documented in cells exposed to increased osmolarity (Robciuc et 

al., 2012). In Figure 57A we enclosed a representative image of the TCL plate showing 

difference in 22-NBD Cholesterol esterification when comparing CTL MNs with FUS or 

C9ORF72 mutants. Quantitatively (Figure 57B), OsmS increased ACAT activity in control 

cells, while the same tendency was evident for mutants exposed to sorbitol, even if 

differences are non-significant. Although, we observed a significant increase in ACAT 

activity for FUS MNs in comparison with controls in absence of osmotic stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57. Osmotic stress increases ACAT activity human MNs, depending on ALS status. (A) 

Representative image of the TLC plate showing the incorporation of 22-NBD Cholesterol in hIPSc-derived MNs 

and its esterification following the induction of osmotic stress by sorbitol treatment (0.4 M, 3h), in comparison 

with non-treated cells. The first and the last positions in the charging line of the TLC plate corresponds to 22-

NBD Cholesterol and 22-NBD esterified Cholesterol, respectively, used as standards to confirm the migration 

patterns of  lipids. (B) ACAT activity was estimated by  employing the Cholesteryl Ester/Cholesterol ratio after 

TLC and adjustment by protein amount. n=4 different experiments.  *** indicates p<0.001 and ** p<0.01 by post 

hoc analyses after two way ANOVA. 
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3.7 LDs  and cellular stress in astrocytes upon oxidative or osmotic stress  

Astrocytes have been described in literature as important players in synaptic function, 

and, consequently, they have an important role on brain function and animal behavior. 

The Tripartite Synapse concept considers astrocytes as integral elements involved in 

synaptic function (Durkee & Araque, 2019) . In fact, they establish bidirectional 

communication with neurons, whereby they respond to synaptically released 

neurotransmitters and, in turn, release gliotransmitters that influence neuronal and 

synaptic activity Also, astrocyte–neuron signaling is not based on broad, unspecific 

interaction; indeed, it is a synapse-, cell- and circuit-specific phenomenon with a high 

degree of complexity (Durkee & Araque, 2019) . As mentioned in section 1.5.1, 

noradrenaline, a brain stress–response system neuromodulator, metabolic and hypoxic 

stress increase LD accumulation in astrocytes by increasing the number and the size of 

LDs. Noradrenaline increases LD accumulation activating β- and α2-ARs. This 

accumulation of LDs in stressed astrocytes may be useful as a support for energy 

provision but may also provide neuroprotection against the stress-induced lipotoxicity. In 

the context of these recent findings, we explored the potential relationship between 

oxidative and osmotic stress in a primary rat cortical astrocyte culture, obtained as 

described in section 2.3.1. Both control and stressed cells were charged with oleic acid, a 

potent inducer for LD accumulation through its esterification to glycerol by DGAT in 

primary cortical astrocytes (Nakajima et al., 2019) as described in section 2.17. Following 

the incubation with oleic acid, cells were exposed to oxidative or osmotic stress (Figures 

58 and 59), fixed, and stained with LipidTOXTM ( see section 2.17.1) Concerning H2O2 

exposure, at the shorter time of treatment (2hours, see Figure 58B) the introduction of 

oleic acid alone in the culture medium, increased the number of LDs per confocal field in 

comparison with control cells, while the combination of H2O2 and oleic acid showed the 

opposite effect, decreasing the number of LDs; nevertheless, these changes were not 

statistically significant. At 4 hours of treatment, the same trend was confirmed, with oleic 

acid alone enhancing LD accumulation; in combination with H2O2 once again, LD 

accumulation decreases. In this case, the described changes were significant in 

comparison with unstressed astrocytes. Moreover, the was a significant enhancement in 

LD accumulation upon oleic acid administration alone at 4 hours in comparison with the 

shorter treatment. 

The same experimental setting was employed to set the effects of Osms on LD formation 

(Figure 59A and 59B). In presence of oleic acid alone, we observed a significant increase 
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in LD accumulation in comparison with control cells, while combining sorbitol with oleic 

acid, maintained the level of LDs similar to the one reported for the control (Figure 59B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58 Oxidative stress interferes with LD formation in primary astrocytes. LipidToxTM staining of Sprague-

Dawley neonatal rat astrocytes following treatment with oleic acid as an inductor of LDs formation, H2O2 as an oxidative 

stress inductor and a combination of both. (A) Representative confocal images of fixed astrocytes stained after treatment 

with oleic acid and H2O2 for 2 and 4 hours. White arrows indicate intracellular LDs. White arrows indicate intracellular 

LDs. (C) Graphical representation of LDs counting per confocal field with an equal number of cells in Sprague-Dawley rat 

astrocytes after oleic acid treatment and/ or oxidative stress induction. Results derive from 4 independent replicates. * 

Indicates p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by one-way ANOVA in A and B or by 2way ANOVA in 

(C). Bars in  (A) and (B) are 60 micrometers long. 

Figure 57.  Oxidative stress interferes with LD formation in primary astrocytes 
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Figure 59. Osmotic stress interferes with LD in primary astrocytes. LipidToxTM staining of Sprague-Dawley neonatal rat 

astrocytes following treatment with oleic acid as an inductor of LDs formation, sorbitol as an osmotic stress inductor and a 

combination of both. (A) Representative confocal images of fixed astrocytes stained after oleic acid and sorbitol treatment  

for 3 hours. White arrows indicated intracellular LDs. (B) Graphical representation of LDs counting per confocal field in 

Sprague-Dawley rat astrocytes after oleic acid treatment and/ or osmotic stress induction. Results derive from 4 independent 

replicates. * Indicates p < 0.05, and *** p < 0.001 by post hoc analyses after one-way ANOVA in (B) or by  2way ANOVA in 

(C). Bars in  (A) are 60 micrometers long. 

Figure 58.  Osmotic stress interferes with LD in primary astrocytes. 
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4. DISCUSSION 

    4.1 ALS-related cellular stress and protein mislocalization  

This work shows that several proteins implicated in ALS (TDP-43, ERK, Jun) and other 

neurodegenerative processes, such as AD (Jun, REST), show a sensitivity to cell stress. 

Several neurodegenerative diseases exhibit protein aggregates where these proteins may 

be present(Spires-Jones et al., 2017) . As already stated, both sporadic and familial ALS 

patients share the presence of protein aggregates in their motor neurons; in addition, 

misfolded proteins are associated with synapse loss and cellular death (Blokhuis et al., 

2013). It is well established that cellular stress can trigger protein misfolding and 

aggregation by several means. Proteasomal or lysosomal removal of damaged proteins 

may be altered by OS (Pajares et al., 2015). In turn, the accumulation of misfolded 

proteins leads to the formation of oligomers and higher aggregates that can interact with 

metal ions and catalyze RS production, as already described in neurodegenerative 

diseases (NDDs) (Cheignon et al., 2018). Moreover, the formation of protein aggregates 

can impair mitochondrial bioenergetics or alter the removal of dysfunctional mitochondria 

through mitophagy, a selective form of autophagy in which mitochondria are specifically 

degraded (Devi et al., 2006; Grassi et al., 2018), leading to their accumulation, which 

further enhances reactive species (RS) generation and neuronal death. Characteristic 

protein aggregates of NDDs can also disrupt the mitochondria-ER association, leading to 

disrupted Ca2+ homeostasis and lipid metabolism, among others. 

  Here, we evaluated four different major cellular stressors, namely OS, proteasome 

inhibition, ER stress and mitochondrial stress, demonstrating that the effects on cellular 

distribution showed stress and protein specificity.  

In the case of p-TDP-43, the results showed that, following oxidative stress, both nuclear 

and cytoplasmic levels of this protein decreased. Further, its degree of colocalization of 

within the mitochondria after oxidative and mitochondrial stresses also increased. These 

findings are related with the recent description of TDP-43 and p-TDP43 coexisting with 

intensively stained key subunits of mitochondrial oxidative phosphorylation complexes I-V 

in skeletal muscle fibers of patients with inclusion body myositis (IBM) (Huntley et al., 

2019). The same researchers also showed increased levels of TDP-43, truncated TDP-43 

and p-TDP-43, but decreased levels of key subunits of mitochondrial oxidative 

phosphorylation complexes I and III in IBM patients compared to aged matched control 

subjects(Huntley et al., 2019). OS could play a fundamental role in this mislocalization and 

aggregation processes involving the mitochondrial compartment, but it is also known that 
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TDP-43 may be an OS inducer, in turn (Zuo et al., 2021). Aggregated TDP-43 may act in 

the sequestering of a series of nuclear-genome-encoded mitochondrial proteins, causing 

a general mitochondrial imbalance and ultimately increasing OS in a vicious cycle (Zuo et 

al., 2021) In general, several reports have described the occurrence of TDP-43 in 

mitochondrial fractions (Yu et al., 2020) and other membranal fractions(Gautam et al., 

2019). 

  Regarding hyperosmotic stress induced by sorbitol incubation, the results showed that 

the cytosolic levels of TDP-43 as well its aggregation, increased in the HEK-293 cell line. 

Of note, TDP-43 may show differences in behavior with p-TDP-43 in osmotic stress-

inducing experiments. Thus, while TPD-43 is accumulated after sorbitol stress in the 

cytosol, this phenomenon was nonsignificant in p-TDP-43. The in vivo evidence presented 

shows that this is also the case in the brain lysates, where p-TDP-43 and TDP-43 show 

differential responses to the overexpression of mutated TARDBP. Whatever the case, the 

subcellular fractionation data agree with the enrichment of both endogenous murine TDP-

43 and hTDP-43 in mitochondrially enriched fractions.  

  These phenomena may be explained by the previously detected involvement of TDP-43 

in both assembly and maintenance of SGs. Furthermore, TDP-43 also regulates the 

expression of key SG nucleating proteins, such as rasGAP SH3 domain binding protein 1 

(G3BP) and T cell-restricted intracellular antigen-1 (TIA-1) (McDonald et al., 2011). ALS-

linked mutations can influence stress granule dynamics. In fact, under sorbitol-induced 

osmotic stress, the G348C mutant TDP-43 was found to be localized into progressively 

larger stress granules (Dewey et al., 2011). On the contrary, the R361S mutant of TDP-43 

was shown to disrupt the stress granule assembly (McDonald et al., 2011). The role of 

TDP-43 assembling in these stress granules is thought to be protective against cellular 

stress (Colombrita et al., 2009) 

   In our results, both the functional and morphological analyses showed that the 

conditions linked to TDP-43 aggregation (especially in sorbitol incubation) were 

associated with major changes in the mitochondrial ATP production. Thus, TDP-43 

aggregation appears to be linked to mitochondrial dysfunction at least in human 

neuroblastoma SHSY-5Y cell line, which we employed in respirometry experiments to 

evaluate ATP production rate. In our model, sorbitol treatment induces a strongly 

significant decrease in ATP production in comparison with control cells.  

   Nevertheless, it’s worth noting that different cell lines respond differently to the 

combination of osmotic and oxidative stress induced by sorbitol treatment. This is the 
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case of HeLa and HCT116. In these models, sorbitol promoted the phenotypic 

manifestations of early apoptosis followed by complete loss of viability in a time-, dose-, 

and cell type-specific fashion, by eliciting distinct yet partially overlapping molecular 

pathways (Criollo et al., 2007). In HCT116 but not in HeLa cells, sorbitol caused the 

mitochondrial release of the caspase-independent death effector AIF, whereas in both cell 

lines cytochrome c was retained in mitochondria. Despite cytochrome c retention, HeLa 

cells exhibited the progressive activation of caspase-3, presumably due to the prior 

activation of caspase-8. Accordingly, caspase inhibition prevented sorbitol-induced killing 

in HeLa, but only partially in HCT116 cells (Criollo et al., 2007). Both the knock-out of Bax 

in HCT116 cells and the knock-down of Bax in A549 cells by RNA interference reduced 

the AIF release and/or the mitochondrial alterations. While the knock-down of Bcl-

2/BclX(L) sensitized to sorbitol-induced killing, overexpression of a Bcl-2 variant that 

specifically localizes to mitochondria (but not of the wild-type nor of an endoplasmic 

reticulum-targeted form) strongly inhibited sorbitol effects. Thus, hyperosmotic stress kills 

cells by triggering different molecular pathways, which converge at mitochondria where 

pro- and anti-apoptotic members of the Bcl-2 family exert their control (Criollo et al., 

2007). The decreasing in ATP production rate for cells exposed to osmotic stress is in line 

with these findings, suggesting the induction of mitochondrial impairment under osmotic 

stress conditions which simultaneously determine p-TDP43 and TDP-43 aggregation in 

the cytosol. 

   Regarding p-ERK, in response to increased oxidative stress, we noticed a decrease in 

the cytosolic and nuclear locations after a transient increase. Nonetheless, the degree of 

colocalization with mitochondria increased significantly, suggesting the close occurrence 

of p-ERK with mitochondrial epitopes again. In contrast with p-TDP-43, the slopes relating 

to nuclear and extranuclear p-ERK were inversely related to the oxidative stress intensity, 

suggesting the nuclear retention of this factor or rapid cytosolic clearance of it. The same 

phenomenon (decreased both in the cytosol and in nuclei) was present after proteasome 

and ER stress. This later cell stress also decreased the colocalization within the 

mitochondrial epitopes. Interestingly, after the epoxomicin treatment, we observed an 

increase in the degree of mitochondrial colocalization. Under conditions of mitochondrial 

stress, we observed a transient increase in cytosolic levels following a 2 hours exposure 

to rotenone; this effect was then lost at 4h exposure. On the other hand, nuclear intensity 

significantly increased at both treatment times. Regarding colocalization with 

mitochondria, our data show again a transient increase at the shorter treatment time, 

followed by non-significant differences with control cells at 4h. The subcellular 
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fractionation in the TDP-43 model suggested that p-ERK could be significantly enriched 

with mitochondria, independently of the TARDBP overexpression.   

   Interestingly, researchers in our laboratory have investigated the relationship between 

cell stress and pathological changes of TDP-43 showing that it also includes a dysfunction 

in the survival pathway mediated by mitogen-activated protein kinase/ extracellular signal-

regulated kinases (ERK1/2). In summary, these previous findings, have demonstrated that 

cellular stressors are key factors in neurodegeneration associated with TDP-43 and have 

disclosed the identity of ERK1/2 as novel players in the pathogenesis of ALS(Ayala et al., 

2011). Thus, under stress conditions, neurons and other spinal cord cells showed 

cytosolic aggregates containing ERK1/2 (Ayala et al., 2011). Moreover, aggregates of 

abnormal phosphorylated ERK1/2 were also found in the spinal cord ALS, specifically in 

motor neurons with abnormal immunoreactive aggregates of phosphorylated TDP-43 

(Ayala et al., 2011) These aggregates may be related potentially to mitochondrial 

interactions. In this regard, we show that there are no interactions between p-ERK and 

TDP-43 overexpression in the evaluated murine model. 

     Also, it is known that there are mitochondrial substrates for p-ERK kinase activity 

(Tomer et al., 2018). Recent data underlines that ERK signaling specificity requires the 

spatial compartmentalization of ERK activity for signals like EGF to govern diverse 

functional responses via compartmentalized ERK activity (Keyes et al., 2020). Previous 

data showed that p-ERK mitochondrial location could be a consequence of tumoral 

transformation (Rasola et al., 2010) demonstrating that a fraction of active ERK1/2 

associates with succinate dehydrogenase and some mitochondrial chaperones, such as 

TRAP1 (Masgras et al., 2017). We have previously shown that motor neurons in the 

spinal cord from ALS patients exhibit p-ERK aggregates in extranuclear locations (Ayala 

et al., 2011). 

  Concerning the enrichment in p-ERK that we observed in mitochondria, a closely related 

phenomenon was found in substantia nigra neurons from patients with PD. Phospho-ERK 

immunoreactivity was often associated with mitochondrial proteins (MnSOD, 60 kDa and 

110 kDa mitochondrial antigens), and some vesicular-appearing phospho-ERK granules 

appeared to envelop enlarged mitochondria by confocal laser scanning microscopy(Zhu et 

al., 2003). Ultrastructural immuno-gold studies have revealed phosphor-ERK labeling in 

mitochondria. As mitochondrial pathology may play a pivotal role in PD and other related 

neurodegenerative diseases such as ALS, these results suggest, all together, a potential 

link between mitochondrial dysfunction and ERK signaling pathways (Zhu et al., 2003). 
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  Concerning p-Jun, no clear accumulation in the extranuclear location was present after 

oxidative stress, though the mitochondrial colocalization increased. After proteasome 

inhibition and ER stress, the extranuclear levels of this factor were decreased with 

concomitant retention in the nuclei (thought at later stages, the ER stress decreased the 

levels of nuclear p-Jun slightly). In clear contrast with oxidative stress, both ER stress and 

proteasome inhibition decreased the mitochondrial colocalization. Indeed, the subcellular 

fractionation suggested that, while Jun accumulated with crude mitochondria, this was not 

the case with p-Jun. Mitochondrial stress affected p-Jun cytosolic accumulation, which 

significantly diminished at both treatment times, while a significant increment in the 

nuclear location was only observed at 2h exposure. 

   It is already known that JNK is located in the mitochondria (Heslop et al., 2020). Other 

studies demonstrate that the cytosolic location of c-Jun depends on its interaction with 

other transcription factors (Liu et al., 2006). In particular, it has been demonstrated that 

opening of voltage dependent anion channels (VDAC) by the erastin-like compound X1 

and the multikinase inhibitor sorafenib promotes OS and mitochondrial dysfunction in 

hepatocarcinoma cells. Particularly, X1 and sorafenib induce mitochondrial dysfunction by 

increasing ROS formation and activating c-Jun N-terminal kinases (JNKs), leading to 

translocation of activated JNK to mitochondria(Heslop et al., 2020). Of note, the major 

location of p-Jun in brain lysates is the nuclei, but we detected a consistent signal in the 

cytosol and in the crude mitochondrial fractions. Previous in vitro studies showed that c-

Jun interacts with phospholipids (del Boca et al., 2005). Interestingly, other in vivo reports 

indicated that cytoplasmic c-Jun is associated with the mitochondria (Haase et al., 1997). 

Indeed, it is known that c-Jun may interact with mitochondrial DNA motifs, the 

mitochondrial location validated by electron microscopy(Blumberg et al., 2014)Despite 

some doubts for the mitochondrial location of typically nuclear transcription factors, such 

as NF-kB (Albensi, 2019), it may be adequate to validate the reported findings further and 

establish the interaction of c-Jun with mitochondria. Further c-Jun binding sites occur 

within mtDNA genes and are negatively selected (Blumberg et al., 2014).  

   Turning to REST, its accumulation has been previously reported in a cytosolic location 

in neurodegenerative processes. Our results regarding the response to cell stress showed 

that its behavior was similar to p-Jun, showing an initial decrease in the cytosol followed 

by a slight increase in both the nuclei and cytosol. Epoxomicin treatment decreased the 

nuclear levels after the long exposure, while ER stress increased their values in the 

cytosol and nuclei. Indeed, the degree of colocalization increased after oxidative stress. In 

response to mitochondrial stress, this protein showed significant changes both in the 
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cytosolic and nuclear locations. In particular, nuclear REST increased at both treatment 

times, while cytosolic REST increase at 2 hours treatment was followed by a reserved 

trend at 4 hours, with a significant decrease. 

    Previous data reported the relationship between changes in the REST expression and 

protein aggregates (Barrachina et al., 2007). Particularly, several genes under the control 

of this negative regulator are upregulated, suggesting its impairment in human pathology 

(Barrachina et al., 2007). Amongst the controlled genes, the authors indicated increased 

ubiquitin car-boxy-terminal hydrolase L1, a component of the aggregates (Barrachina et 

al., 2007).This protein is involved in the ubiquitin-proteasome pathway of proteostasis, 

suggesting that REST could influence proteostasis. Our data indicate that the reverse is 

also true, i.e., proteasome could control the REST protein levels and their subcellular 

location. 

    The accumulation of REST in a cytosolic location in neurodegenerative processes has 

been previously described (Kawamura et al., 2019). Our data regarding the response to 

cell stress showed that its behavior was similar to p-Jun, showing an initial decrease in the 

cytosol followed by a slight increase in both the nuclei and cytosol. Epoxomicin treatment 

decreased the nuclear levels after the long exposure, while ER stress increased their 

values in the cytosol and nuclei. Indeed, the degree of colocalization increased after 

oxidative stress. Previous data also reported the relationship between changes in the 

REST expression and protein aggregates(Barrachina et al., 2007).Particularly, several 

genes under the control of this negative regulator are upregulated, suggesting its 

impairment in human pathology. Amongst the controlled genes, the authors indicated 

increased ubiquitin carboxy-terminal hydrolase L1, a component of the aggregates 

(Barrachina et al., 2007).This protein is involved in the ubiquitin-proteasome pathway of 

proteostasis, suggesting that REST could influence proteostasis. Our data indicate that 

the reverse is also true, i.e., proteasome could control the REST protein levels and their 

subcellular location. 

   To the best of our knowledge, we have not found previous evidence of REST in the 

mitochondria. Previous evidence in human substantia nigra (Kawamura et al., 2019) 

showed a cytoplasmic staining profile in neurons. Nonetheless, REST was found as 

aggregates closely related to autophagy impairment (Ramesh & Pandey, 2017). Thus, 

defects in the protein quality control system induce REST mRNA expression; its gene 

product mainly appears in aggregates. In brain subcellular fractionation experiments, we 

did not evidence changes in the total levels of REST. Nonetheless, we show that all stress 
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evaluated, including ER, proteasomal, and oxidative stress, changes its cellular 

distribution, increasing the colocalization with mitochondrial epitopes. Indeed, recent data 

showed that CRISPR-mediated REST KO induced mitochondrial dysfunction and 

impaired mitophagy in vitro. Furthermore, REST overexpression impedes mitochondrial 

toxicity and mitochondrial morphology disruption through the transcription factor PGC-1α 

(Ryan et al., 2021). 

4.1.2 Cell stress-induced mislocalization of TDP-43 and changes in REST-

regulated genes 

   Interestingly, the in vivo data showed that the overexpression of mutated TARDBP 

increased the degree of REST enrichment in mitochondrial fractions. The interaction 

between TDP-43 alterations and REST is new, and it is reinforced by the fact that several 

REST-regulated genes appear affected under osmotic stress conditions, where TDP-43 is 

mislocalized. These genes included SCN3B, encoding a voltage-gated sodium channel 

(O’Malley & Isom, 2015) and two genes implicated in apoptosis (PUMA and FADD)(Sharifi 

et al., 2015) with downregulation in both cases. Interestingly, in the human cells 

evaluated, sorbitol decreased the expression of transcripts encoding antioxidant enzymes, 

such as SOD1 and catalase. Furthermore, in these cells, an increased expression of the 

ATP2B2 mRNA was found, encoding a plasma membrane Ca++ pump. Additionally, we 

noticed a decreased ARC mRNA expression in the cells, implicating altered mRNA traffic 

(one of the functions of TDP-43). We also detected an increased NRXN3 expression, 

encoding Neurexin 3-α. This factor encodes a cell adhesion component whose paralogs 

have been recently implicated in synaptic strength, in close collaboration with the factors 

regulating RNA/aggregation toxicity (Arsović et al., 2020). We also detected a tendency 

for decreased p35 mRNA after osmotic stress, not achieving a signification threshold. Of 

note, P35 is a neuron-specific cyclin-dependent kinase 5 activator. When p35 is cleaved 

by calpain into p25, the protein is relocalized from the cell periphery to the nucleus and 

perinuclear region. Patients with AD accumulate the p25 form in their brain neurons (Shah 

et al., 2014). This build-up is linked to an increase in CDK5 kinase activity, leading to 

abnormally phosphorylated microtubule forms. CDK5 kinase overactivation is linked to 

TDP-43 pathological effects in neuronal cells(Rao et al., 2016). We also detected a 

tendency for increased Foxo 1 mRNA. It is known that this key metabolic transcription 

factor promotes neuron death (Yuan et al., 2008). Therefore, decreased values of 

antiapoptotic factors (PUMA and FADD) may be responses to this increased expression. 

     Noteworthy, we used proliferative cell lines (HMEC-1 human mammary epithelial cells, 

human embryonic kidney HEK-293 cells, and SHSY-5Y human neuroblastoma cells). It is 
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known that these cellular types show a different response against oxidative and osmotic 

stress, besides having proliferation, which is not the case of neurons. Therefore, we need 

to show caution in the potential extrapolation of these results. 

    Accounting for the fact that one of their primary functions is working as transcription 

factors (in the case of Jun and REST), interacting with RNA (in the case of TDP-43) or 

transmitting extracellular signals to intracellular targets (in the case of ERK) , their 

localization in the extranuclear placements (particularly in close relationships with 

mitochondrial epitopes) suggests the existence of pathogenic mechanisms operating in 

common. All these proteins require nucleocytosolic transport; therefore, a loss in this 

cellular property’s homeostasis may partially explain their presence in the cytosol. Indeed, 

we have recently reported that the nuclear envelope (where the proteins responsible for 

nucleocytoplasmic shuttling reside) showed altered properties in ALS patients and models 

(Ramírez-Nuñez et al., 2021). 

    Also, it is of note that rotenone, the mitochondrial stress inducer we employed in our 

experiments, show an oxidant effect which has been demonstrated in a PD cellular model, 

by the fact that the addition of antioxidants to rotenone treated cells have been shown to 

decrease some PD symptoms (Chernivec et al., 2018). Thus, the increment of 

colocalization with mitochondria and the significant changes in nuclear and cytosolic 

levels observed after rotenone treatment for all the proteins of interest in this work, could 

be due to the oxidant effect of this proven complex I inhibitor, positioning these findings in 

a more extensive context where, as mentioned above, OS induces mislocalization and 

aggregation (Zhang et al., 2021). 

   As for the limitations of our work, we must remark that this evidence was present in an 

endothelial-like cell phenotype. Therefore, neuronal, or glial cells could exhibit different 

dynamics. Nonetheless, some of the findings in the endothelial cell culture were replicated 

independently in lysates of the brain cortex of a murine model. We shall also indicate that 

the subcellular fractionation was more enriching than a strict purification of the indicated 

compartment. However, we can exclude nuclear contamination of the mitochondrial 

fraction (based on purity markers). 

 

 

 



 

   166 
 

4.3 Effect of cellular stress on mitochondria dynamics  

    Following the induction of cellular stress to investigate on protein mislocalization and 

potential colocalization with the mitochondrial epitope ATP5A, we performed a 

computerized analysis of mitochondrial dynamics in HMEC-1 cell line. Stress induction 

was due to the exposure of cells to the same stressors above mentioned (oxidative, 

proteasomal inhibition, mitochondrial and ER stress). As already mentioned in section 

1.2.2.1 OS appears to be implicated in the loss of MNs and mitochondrial dysfunction, 

contributing to neurodegeneration in ALS (Cunha-Oliveira et al., 2020). 

   In our model, acute exposure to H2O2 leads to significative changes in mitochondrial 

dynamics. Particularly, at the longest treatment time, we observed a significant increment 

in number of individual mitochondria as well as in the number of mitochondrial networks. 

These findings comply with the well-established relationship between oxidative stress and 

mitochondrial impairment in MNDs. It is known that mitochondrial morphology changes 

rapidly in response to external insults and alterations in metabolic status via fission and 

fusion processes that maintain mitochondrial quality and homeostasis. Damaged 

mitochondria are removed by a process known as mitophagy, which involves their 

degradation by a specific autophagosomal pathway (Misrani et al., 2021). Over the last 

few years, remarkable efforts have been made to investigate the impact on the 

pathogenesis of AD of various forms of mitochondrial dysfunction, such as excessive ROS 

production, mitochondrial Ca2+ dyshomeostasis, loss of ATP, defects in mitochondrial 

dynamics and transport, and mitophagy. Recent research suggests that restoration of 

mitochondrial function by physical exercise, an antioxidant diet, or therapeutic approaches 

can delay the onset and slow the progression of AD (Misrani et al., 2021). Abnormal 

mitochondrial dynamics have been also repeatedly reported in ALS and increasing 

evidence suggests altered mitochondrial dynamics as possible pathomechanisms 

underlying mitochondrial dysfunction in ALS (Jiang et al., 2015). Although there is only 

one study showing abnormal mitochondrial outer membrane protrusions within axons of 

anterior root in ALS patients using biopsied tissues (Hirano et al., 1984) abnormal 

mitochondrial morphology has been well documented in ALS experimental models. 

Studies from multiple groups showed that mitochondria became fragmented in cell and 

animal models expressing ALS-associated mutant SOD1 (Song et al., 2013; vande Velde 

et al., 2011). In addition, it has been found that ALS-associated mutant TDP-43 

overexpression also caused mitochondrial fragmentation in motor neurons in vitro and in 

mice (Magrané et al., 2014). Studies in past decades reveal that mitochondria are highly 

dynamic organelles, and mitochondrial morphology results from the delicate balance of 
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fission and fusion process (Bleazard et al., 1999; Chan, 2006). Mitochondrial fission 

involves the division of a single mitochondrion into 2 individual fragmented and 

disconnected mitochondria by the fission proteins, dynamin-related protein 1 (Drp1), 

human fission protein 1 (hFis1), mitochondrial fission factor (Mff) and the mitochondrial 

dynamics proteins of 49 kD (MiD49) and 51 kD (MiD51). Fusion is also modulated by 

several proteins(Hernandez-Resendiz et al., 2020); In fact, it depends on the tethering of 

two adjacent mitochondria via the OMM fusion GTPase proteins, mitofusin 1 (Mfn1) and 

mitofusin 2 (Mfn2), which then mediate fusion of the OMMs in a GTP-dependent manner. 

Subsequently, the inner mitochondrial membrane (IMM) fusion GTPase protein, optic 

atrophy 1 (OPA1), mediates fusion of the IMMs resulting in sharing of mitochondrial matrix 

material, and the formation of a single elongated mitochondrion (Hernandez-Resendiz et 

al., 2020). The mitochondrial fragmentation observed in ALS experimental models 

suggested a tipped balance of mitochondrial fission and fusion towards excessive fission 

due to increased fission, reduced fusion, or both.  

   Thus, our results may be compatible with a prevalence of fission on fusion processes, 

under OS induction. On the other hands, we also observed how mitochondria appear to 

undergo a rapid reorganization to form networks. At the network scale, a large, stable 

mitochondrial reticulum can provide a structural pathway for energy distribution and 

communication across long distances yet also enable rapid spreading of localized 

dysfunction (Glancy et al., 2020). Highly dynamic mitochondrial networks allow for 

frequent content mixing and communication but require constant cellular remodeling to 

accommodate the movement of mitochondria. However, increasing the number of contact 

sites between mitochondria and any given organelle reduces the mitochondrial surface 

area available for contact sites with other organelles as well as for metabolite exchange 

with cytosol (Glancy et al., 2020). The precise mechanisms guiding the coordinated multi-

scale mitochondrial configurations observed in different cell types have yet to be 

elucidated, but it is clear that mitochondrial structure is controlled at every level to 

optimize mitochondrial function in order to meet specific cellular demands(Glancy et al., 

2020). Whether the increasing in network number in our model aims to be protective 

against oxidative insult or, on the contrary, facilitates the spreading of dysfunction, need to 

be clarified. 

   Regarding proteasomal stress induced by epoxomicin, the results show a significant 

decrease in the number of individual mitochondria at both treatment times (2 and 4 hours). 

The number of networks showed the same tendency, decreasing at both treatment times, 
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being the change statistically significant only at 2 hours. Consequently, in this case, fusion 

or mitophagy could prevail on fission.  

    A recent study depicted a similar scenario in which proteasome inhibition triggers 

disintegration of the mitochondrial network and a reduced energy output, associated with 

OS (Sulkshane et al., 2020). The researchers employed HeLa cells devoid of Parkin, the 

primary E3 ligase responsible for mitophagy. Thanks to comparative proteomics, they 

elucidated changes to mitochondria in response to proteasome inhibition and highlighted 

potential roles of the UPS in ensuring unhindered protein import to mitochondria. Indeed, 

a general outcome of proteasome inhibition is accumulation of damaged proteins inducing 

an unfolded protein response and elevation of heat shock proteins (Q. Ding & Keller, 

2001). Thus, in line with this, Sulkshane and collegues found that certain cytosolic 

chaperones and heat shock response proteins were enriched at mitochondria following 

proteasome inhibition (Sulkshane et al., 2020). It is of note that prolonged proteotoxic 

stress activates additional pathways of protein degradation such as autophagy in order to 

overcome reduced proteasome capacity (Park & Cuervo, 2013). Proteasome activity has 

also been proven to play an important role upon mild mitochondrial stress in 

Caenorhabditis elegans (Sladowska et al., 2021). It has been suggested that impairments 

in mitochondrial import machinery can activate a universal stress response that results in 

an increase in the activity of cytosolic degradation machinery, namely the proteasome. To 

date, this phenomenon has been described only in yeast and named unfolded protein 

response activated by protein mistargeting (UPRam) (Wrobel et al., 2015). The UPRam 

was defined as a response to the accumulation of mitochondrial precursor proteins in the 

cytosol, one characteristic feature of which is activation of the proteasome at the level of 

proteasome complex rearrangements. Non-imported mitochondrial precursor proteins can 

also cause clogging of the main gateway to mitochondria, the TOM translocase. In yeast, 

clogging of the translocase activated a transcriptional response that induced the clearance 

and proteasomal degradation of proteins that failed to be imported (Weidberg & Amon, 

2018). 

     Impaired proteasome function also contributes to ALS pathogenesis. Apoptosis is 

promoted by accumulation of abnormal proteins and through depletion of HSPs that have 

direct inhibitory effects on apoptotic pathways in addition to their protein chaperoning 

activity (Michael Y. Sherman Alfred & L. Goldberg, 2001). The proteasome is the major 

pathway for degradation of transcription factors and other short-lived regulatory proteins, 

thus proteasomal inhibition could alter transcription of multiple gene families including 

those that promote cell death (Almond & Cohen, 2002). Another important function of 
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proteasome is degrading misfolded proteins shuttled into the cytoplasmic from the 

endoplasmic reticulum (ER); both ER and Golgi networks are disrupted in ALS and 

experimental models of mutant SOD1, implicating multiple compartments in failure of 

protein quality control (Turner & Atkin, 2006). In ALS, proteasome inhibitors also disrupt 

mitochondrial homeostasis (Ling et al., 2003). Motor neurons in ALS patients and in 

SOD1G93A and SOD1G37R transgenic mice do exhibit mitochondrial abnormalities (Hervias 

et al., 2006) and the relationship between mitochondrial and proteasomal dysfunction in 

ALS deserves investigation. In our model, it should be interesting to further explore the 

mechanisms that produce the observed mitochondrial dynamics alterations under 

proteasomal inhibition and their consequences such as potential changes in the 

mitochondrial proteome. A further effort in elucidated the crosstalk between proteasome 

impairment and mitochondrial dysfunction is worth it considering its potential therapeutic 

implications. Indeed, a currently active line of investigation is exploring the effects of 

phytochemicals, specifically polyphenols (PPs) as modulators of the proteasome activity. 

It has been shown that PPs modify the UPS by means of accumulation of ubiquitinated 

proteins, suppression of neuronal apoptosis, reduction of neurotoxicity, and improvement 

of synaptic plasticity and transmission (Momtaz et al., 2020). 

   Exploring the effect of ER stress induced by thapsigargin on mitochondrial dynamics, we 

found that the number of individual mitochondria was decreased at the shorter treatment 

time (2h), being this change transient, since this trend was reversed at the longer 

treatment time (4h) with a significant increase in the number of individual mitochondria. 

Thus, upon these conditions, the outcome is similar to the one observed for proteasomal 

inhibition, with a prevalence of fusion or mitophagy on fission at 2 hours and a prevalence 

of fission mechanisms at 4 hours. Mitochondrial networks diminished at 2 hours while they 

underwent a slightly, significant increase at 4 hours. Also, when comparing the two 

treatment times, we observed a significant increase of mitochondrial networks at 4 hours 

in comparison with 2 hours.  

To understand how the induction of ER stress can have consequences on mitochondrial 

dynamics, we should keep in mind the close physical and functional relationship exiting 

between these two organelles.  

    The isolation of ER-mitochondria contacts was performed ~45 years ago by density 

gradient differential centrifugation from rat liver (Jain & Shivanna, 1989). Vance 

subsequently coined the term mitochondria associated ER membranes (MAMs) (A E 

Rusiñol et al., 1994). These functional sites participate in lipid metabolism, calcium 
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signaling, mitochondrial fission and fusion, ER stress, apoptosis, and autophagy 

(Gordaliza‐Alaguero et al., 2019). The distance between ER and mitochondria were 

estimated to be around 100 nm but later digital imaging microscopy and electron 

tomography studies proved that they were at a distance of 10 to 25 nm during resting 

conditions, hence, they are referred to as ‘tethering of organelles’ (Giacomello & 

Pellegrini, 2016). However, during environmental stress, the contact sites become tighter 

(~10nm) (Gordaliza‐Alaguero et al., 2019). 

     As already stated, the observed decrease in the number of mitochondria and network 

upon ER stress at 2 hours could be due to mitophagy. The PINK1/PARKIN pathway is the 

most well studied pathway of mitophagy. It has been found that PINK1 and BECN1 re-

localize at MAMs during mitophagy and promote the ER mitochondria tethering (W. X. 

Ding & Yin, 2012). It is not surprising that later it was found few MAM proteins are actively 

involved in the mitophagy process. For example, FUNDC1 is a novel MAM protein 

required for hypoxia-induced mitophagy (Wu et al., 2016). Numerous studies have 

convincingly demonstrated the crucial role of macro-autophagy and mitophagy in the 

commitment and differentiation of stem cells. MAM protein, Atad3a engages in the 

maintenance of human progenitor cells via the PINK/PARKIN arm of mitophagy(G. Jin et 

al., 2018) Deletion of Pink1 in Atad3a-deficient mice rescued mitophagy related defects 

which in turn resulted in the restoration of the progenitor and hematopoietic stem cell 

pools (G. Jin et al., 2018). In the lights of these findings, we may hypothesize that ER 

stress could be “transferred” to mitochondria through the activation of the above 

mentioned mitophagy pathway at MAMs. Summarizing, the links between mitochondria 

and ER are established through specialized ER-mitochondria encounter structures 

(ERMES) comprising both ER and mitochondrial transmembrane proteins that provide a 

tethering force between the two organelles to ensure proximity and communication 

(Franzini-Armstrong, 2007). Mitofusin-2 (Mfn2) is an ERMES component that serves to 

tether mitochondria to the ER. Mfn2 also serves to fuse mitochondria, which together with 

other fusion proteins [e.g., Mfn1, optic atrophy 1 (Opa1)] elongate mitochondria making 

them more filamentous, whereas fission proteins such as dynamin related protein 1 (Drp1) 

and fission 1 protein (Fis1) act to fragment mitochondria. Together these fusion/fission 

proteins act to dynamically remodel mitochondria under a variety of conditions and their 

alternate action could explain the transient changes we observed in our model, depending 

on treatment time.  

   However, an enhanced understanding of the factors that control the communication 

between ER and mitochondria can lead to targeted therapeutic interventions as these 
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molecules, such as IRE1α and PERK are highly involved in the development 

neurodegenerative diseases through different pathways (Kumar & Maity, 2021). 

   Finally, we report that the induction of mitochondrial stress by rotenone exposure did not 

cause any significant change in the number of mitochondrial networks or in the network 

index, while the number of individual mitochondria was slightly but significantly diminished 

at 2 hours; this phenomenon appears to be transient, considering that at 4 hours the 

opposite is true, with a slightly but statistically significant increase in the number of 

individual mitochondria.  

   In relation with these findings, a very comprehensive exploration on the effect of 

rotenone on mitochondrial dynamics has been conducted by Chernicev et al. in 2018. In 

the mentioned work, rotenone was used to induce parkinsonian cellular conditions in 

Dictyostelium discoideum. The authors have reported that rotenone disrupts the actin and 

microtubule cytoskeleton, but mitochondrial morphology remains intact. Furthermore, they 

showed that rotenone stimulates mitochondrial velocity while inhibiting mitochondrial 

fusion, increases reactive oxygen species (ROS) but has no effect on ATP levels 

(Chernivec et al., 2018). Thus, the effect on the mitochondrial dynamics may be indirectly 

due to the negative effect of rotenone on the integrity of the cytoskeleton. In our model, 

the inhibition of fusion could explain the increase in the number of individual mitochondria 

we observed at 4 hours. This negative effect on fusion could be maybe not observable at 

2 hours, where the fusion mechanisms seem to be active. 

   Specifically, the loss of microtubules causes a decrease in mitochondrial velocity, 

fission, and fusion, while loss of actin decreases the percentage of moving mitochondria 

(Woods et al., 2016). Also, rotenone was found to affect dynamics but not equivalently to 

the simple loss of the cytoskeleton. Indeed, immunofluorescence analysis of the 

microtubule cytoskeleton demonstrated that increasing concentrations of rotenone, as 

expected, alters the microtubules, driving them toward less assembled shorter structures 

(Chernivec et al., 2018). Moreover, rotenone unbalances fission and fusion, by 

significantly decreasing fusion, and increasing mitochondrial velocity, with no effect on the 

percentage of moving mitochondria. These effects are likely due to a combination of 

cytoskeletal defects and the increase in ROS. Perhaps the direct effect is on fusion; 

therefore, indirectly velocity is increased in an effort for the mitochondria to find each other 

to maintain the fusion processes (Chernivec et al., 2018). Alternatively, the disruption of 

the mitochondria’s main transport mechanism could decrease the ability of two organelles 

to effectively come in contact with each other thus decreasing fusion. Interestingly, Peng 
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et al., 2017 saw a similar phenotype in PC12 cells with expression studies indicating an 

increase in fission proteins and a decrease in fusion proteins (Peng et al., 2017). It’s worth 

noting that Chervicev and colleagues used rotenone at much more higher concentrations 

(ranging from 150µM to 500µM) than the one we employed in our experiments (4µM). A 

dose-dependent response in mitochondrial dynamics changes was observed while 

examining alteration of microtubules (Chernivec et al., 2018), so it would be interesting to 

test a range of increasing concentrations of rotenone in our model to check mitochondrial 

dynamics more extensively. Indeed, despite many drug-based and gene therapy 

approaches targeting mitochondrial dysfunction in ALS, neither treatments aimed at 

increasing mitochondrial function and survival nor those aimed at reducing oxidative 

stress have yielded significant results in clinical trials, despite promising trials in animal 

models (Goyal & Mozaffar, 2014). For example, several drugs targeting mitochondrial 

function and/or ROS such as Coenzyme Q10, Dexpramipexole, Olesoxime and Creatine 

all showed initial success in animal models but were unsuccessful in human clinical trials 

(Goyal & Mozaffar, 2014). For these reasons, further insights on mitochondrial alterations 

are strongly needed. 

4.4 Acute metabolic switch and mitochondria dysfunctions  

    Using galactose instead of glucose in the culture medium of hepatoma cell lines, such 

as HepG2 cells, has been utilized for a decade to unmask the mitochondrial liability of 

chemical compounds (Kamalian et al., 2019). 

Considering the well-established role mitochondrial dysfunction in neurodegenerative 

processes (Yang et al., 2020)and the results about mitochondrial dynamics and stress 

described above, we induced a metabolic switch in murine immortalized fibroblasts lines 

carrying three different variants of TDP-43, namely TDP-43M323K, TDP-4F210I and TDP-43 

Q331K in comparison with TDP-43WT. Specifically, cells underwent modification in their 

growth conditions, consisting of a glucose-galactose switch and pyruvate deprivation. 

Thus, mitochondrial dysfunction at various levels was evaluated comparing cells growth 

upon glucose/pyruvate availability and their “switched” counterparts.   

     4.4.1 Measurement of viability, cellular respiration, and mitochondrial mass 

      With the aim of an extensive characterization of the potential mitochondrial impairment 

depending on Tardbp genetic background, we firstly estimated MEFs viability after 6 hours 

under metabolic switch induction. Thus, cells were stained with propidium iodide (PI), a 

popular red-fluorescent nuclear and chromosome counterstain. Since propidium iodide is 

https://www.sciencedirect.com/topics/neuroscience/oxidative-stress
https://www.sciencedirect.com/topics/neuroscience/oxidative-stress
https://www.sciencedirect.com/topics/neuroscience/coenzymes
https://www.sciencedirect.com/topics/neuroscience/olesoxime
https://www.sciencedirect.com/topics/neuroscience/creatine
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not permeant to live cells, it is commonly used to detect dead cells in a population 

(Bahmani et al., 2011). PI staining was measured by flow cytometry. The results display 

heterogeneity based on Tardbp genetic background. More specifically, we observed a 

significant decrease in the number of viable cells when comparing WT TDP-43 genotype 

upon glucose availability with its counterpart upon glucose/pyruvate deprivation. The 

same trend, with a greater significance, was observed for the TDP-43 Q331K genotype, with 

an evident decrease in cellular viability under metabolic switch induction in comparison 

with growth in the glucose/pyruvate medium. Contrastingly, no significant differences were 

detected for the TDP-43 F210I and TDP-43 M323K genotypes. TDP-43 mutation, as well as 

energy status and the interaction between these two factors, appeared to determine such 

significant changes in cell viability. Previous findings have shown that replacing glucose 

with galactose in the culture environment cells become more sensitive to mitochondrial 

perturbations caused by mitotoxicants (Orlicka-Płocka et al., 2020). Interestingly, in 2012 

Graham et al. reported that glucose and pyruvate deprivation provokes a systems-level 

positive feedback loop between ROS generation, protein tyrosine phosphatases (PTPs), 

and tyrosine kinase (TK) signaling in cells dependent on glucose for survival. The same 

authors also observed that glucose withdrawal induces supra-physiological levels of 

phospho-tyrosine signaling, in line with previous reports about the induction of oxidative 

stress (Spitz et al., 2000; Aykin-Burns et al., 2009) and the activation of diverse 

intracellular kinases including ERK, JNK, and Lyn (S. R. Lee et al., 1998; Blackburn et al., 

1999) by glucose withdrawal. It is also known that ROS can inhibit PTPs, inducing further 

TK signaling (Y. J. Lee et al., 1998; Mahadev et al., 2001; Meng et al., 2002). Taken 

together, this systems perspective reveals that glucose and pyruvate deprivation activates 

a positive feedback amplification loop, as indicated by supra-physiological levels of 

phospho-tyrosine signaling, until ROS accumulate above a toxicity threshold resulting in 

cell death. We speculate that a similar mechanism could determine loss of cell viability 

both in TDP-43 WT and TDP-43 Q331K genotypes in our model. Nevertheless, further 

experiments are required to contrast this hypothesis, such as checking for upregulation of 

phospho-tyrosine signaling.  

Regarding TDP43M323K and TDP-43 F201I genotypes, the non-significant changes in cell 

viability could suggest a better adaptation for these genotypes to metabolic stress. As 

already mentioned, M323K mutation is located within the low complexity domain (LCD), 

while the F210I mutation was found in the second RNA-binding domain (RRM2) of TDP-

43. The LCD mutation results in a TDP-43 GOF that affects the splicing of a subset of 

genes not previously known to be controlled by TDP-43, whereas the RRM2 mutation 
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behaves as a LOF, strongly reducing the RNA-binding capacity of the protein (de Giorgio 

et al., 2019).  In order to characterize the type of cellular death detected for WT and 

Q331K genotype, we carried out an assay based on the flow cytometric detection of 

activated caspase-3 and caspase-7. The involvement of these two effectors of apoptosis 

was better explained in a work published in 2006; researchers studied the effect of 

caspase 3 and 7 deletion in mice fibroblasts, founding that these cells were highly 

resistant to both mitochondrial and death receptor–mediated apoptosis, displayed 

preservation of mitochondrial membrane potential, and had defective nuclear translocation 

of apoptosis-inducing factor (AIF). In addition, the early apoptotic events of Bax 

translocation and cytochrome c release were also delayed. They concluded that caspases 

3 and 7 are critical mediators of mitochondrial events of apoptosis (Lakhani et al., 2006). 

Nevertheless, in our model we didn’t observe any significant change in the activation of 

caspase 3/7, when comparing control cells with their deprived counterpart. Thus, the 

mortality we observed in deprived cells with WT and Q323K Tardbp mutations seems to 

be not related with the activation of these caspases, being probably due to some form of 

caspase-independent cell death. In fact, an increasing number of studies substantiate the 

existence of caspase-independent forms of programmed cell death. According a recent 

classification based on both morphological and biochemical criteria, three different forms 

of programmed cell death exist in addition to passive necrosis: 1) classical, caspase-

dependent apoptosis associated with membrane blebbing, huge chromatin 

condensation/fragmentation, phosphatidylserine exposure, disruption of the cell into 

apoptotic bodies, activation of executioner caspases and internucleosomal DNA cleavage, 

2) apoptosis-like PCD characterized by less compact chromatin condensation, 

phosphatidylserine exposure, but absence of executioner caspase activation, and 3) 

necrosis-like PCD which occurs in the absence of both chromatin condensation and 

caspase activation. In addition to this tripartite classification, there are more specialized 

forms of PCD not fitting into any of the three above models (Lakhani et al., 2006). Yet 

another type of PCD is represented by autophagy, which is characterized by prominent 

cytoplasmic vacuolization, cells are destroyed by degradation of cellular components via 

an autophagosomic-lysosomal pathway (Lakhani et al., 2006). Indeed, cell death in ALS 

and in general was previously believed to exist as a dichotomy between apoptosis and 

necrosis (Morrice et al., 2017). However, a new form of programmed cell death has been 

recently related to ALS, namely “necroptosis”; this could be a primary mechanism driving 

motor neuron cell death in different forms of ALS (Morrice et al., 2017). It could be 

interesting to characterize the type of cellular death we observed for this two Tardbp 

genotype, considering that several forms of caspase-independent cell death are now well 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/motor-neuron
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described in literature, which is the case of necroptosis. Considering the lack of molecular 

markers for necroptosis, this form of cellular death can be detected using a combination of 

approaches. For cultured cells, extracellular release of HMGB1, loss of cell viability, and 

depletion of ATP can be used as markers of necroptosis, but do not distinguish 

necroptosis from other types of necrotic death. More definitive evidence for necroptosis is 

the requirement of RIP1, RIP3, and/or MLKL (Chen et al., 2016). An additional insight on 

differential response to metabolic stress in mutant MEFs, comes from the respirometry 

experiments and the flow cytometric evaluation of the mitochondrial mass we conducted 

in this model. Results from respirometry experiments show significant higher glycolytic 

ATP production rate for Q331K MEFs in comparison with WT, both upon normal and 

deprived growth conditions. On the other hand, the mitochondrial contribution to ATP 

synthesis was decreased in Q33K genotype in comparison with WT, both upon normal 

and deprived growth conditions. For the remaining Tardbp genotypes no significant 

changes in the glycolytic or mitochondrial ATP rate were detected in comparison with WT. 

This findings are in contrast with the substitution of galactose for glucose in cell culture 

media as a way to enhance mitochondrial metabolism in a variety of cell lines (Elkalaf et 

al., 2013). Nevertheless, in our model, not only glucose was substituted with galactose as 

energetic substrate, but cells were exposed to pyruvate deprivation at the same time. As 

already depicted In section 1.5, Graham et al. showed in 2012 that glucose and pyruvate 

withdrawal in cells dependent on glucose for survival activates a positive feedback 

amplification loop, as indicated by supra-physiological levels of phospho-tyrosine 

signaling, until ROS accumulate above a toxicity threshold resulting in mitochondrial 

dysfunction and finally in cell death (Graham et al., 2012). A similar mechanism could 

explain the lack of significant enhancement of mitochondrial ATP production upon 

metabolic switch both in WT and Q331K genotypes. Concerning the maintenance of the 

same glycolytic ATP production rate both comparing control and deprived WT MEFs or 

control and deprived Q331K MEFs, the phenomenon could be related to the findings 

published by Reitzer et al. in 1979 for cultured HeLa cells. Indeed, these researchers 

suggested that glutamine provides energy by aerobic oxidation from citric acid cycle 

metabolism, provides more than half of the cell energy when high concentrations of 

glucose are present in the culture medium, and greater than 98% when fructose or 

galactose is the carbohydrate (Reitzer et al., 1979). 

Mitochondrial mass was measured following the protocol described in section 2.9. Flow 

cytometry allowed the split cellular populations in sub-populations based on the affinity for 

IP and NAO, differentiating living cells (P4 population) from “apoptotic” (P3 population) 
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cells. Thus, when comparing control MEFs with their deprived counterpart in the P3, we 

observed a significant decrease of mitochondrial mass (NAO affinity) for WT, Q331K and 

M323K genotypes, while the same tendency was reported for F201I MEFs, with no 

statistical significance. For cells belonging to P4 population, affinity for NAO was 

significantly increased only in the case of Q331K genotype, being changes for the 

remaining genotype non-significant. Mitochondrial depletion in P3 population is again in 

line with Graham et al. studies about pyruvate and glucose withdrawal in cells using 

glucose as their main source of energy, and it is also in accordance with respirometry 

results, i.e. with the incapacity of deprived MEFs (independently from the genotype) to 

enhance their mitochondrial ATP production rate. Among cells that can survive to 

metabolic switch (P4 population), Q331K genotype seems to acquire resistance to 

mitochondrial dysfunction, increasing mitochondrial mass in response to stress induction.  

Interestingly, in mesenchymal stromal/stem cells (MSC), a similar phenomenon was 

observed in presence of augmented superoxide production and decreased mitochondrial 

membrane potential due to senescence. Authors related these changes in morphology to 

slightly levels increase in mitochondrial fusion proteins, MFN1and Dynamin-related OPA1 

(Stab et al., 2016). In our model, increased mitochondrial mass could represent, for 

Q331K-cells, an attempt to survive in presence of high levels of ROS due to metabolic 

switch that doesn’t result in a significantly increased mitochondrial metabolism. It would be 

interesting to evaluate the levels of fusion-related proteins to characterize mitochondrial 

dynamics in our models. 

   4.4.2 Alterations of the mitochondrial membrane potential 

   The mitochondrial membrane potential (ΔΨm), which is an essential component in the 

process of energy storage during oxidative phosphorylation (Zorova et al., 2018). Indeed, 

together with the proton gradient (ΔpH), ΔΨm forms the transmembrane potential of 

hydrogen ions which is harnessed to make ATP (Zorova et al., 2018). Thus, with the aim 

to investigate the potential changes of this parameter, we quantified ΔΨm in MEFs lines, 

as described in section 2.11. Secondly, we performed an immunofluorescence-based 

analysis to quantify respiratory Complex I level, the largest and most complicated enzyme 

of the electron transport chain (Brandt, 2006). 

   Interestingly, determination of the ΔΨm in our model, upon the two differential growth 

conditions mentioned above, showed that alterations in this pivotal indicator for 

mitochondrial function vary with genetic background. In fact, upon galactose/no pyruvate 

exposure, the WT and the TDP-43F210I genotypes didn’t show a significant alteration in 

their ΔΨm; on the other hand, both TDP-43 Q331K and TDP-43 F210I genotypes manifest a 
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significant reduction of the ΔΨm. In particular, TDP-43Q311K suffers a weaker (approx. 

30%) decrease in ΔΨm than TDP-43F210I (approx. 40%). This finding is in line with the 

results of the investigation mentioned above with decreased ΔΨm being detected as a 

consequence of ROS production in senescence (Brandt, 2006). 

   It is to note that the three TDP-43A mutations we considered are located in different 

regions of the TDP-43 protein. More specifically, F210I is located in the RRM2 region, 

while Q331K and M323K occur in the glycine-rich LDC, at the C-terminal. Thus, their 

effect on TDP-43 is different; in a well‐established splicing assay and RNA‐seq it has 

been shown that the F210I mutation leads to a dose‐dependent TDP‐43 LOF, whereas 

the M323K mutation leads to a GOF (Fratta et al., 2018). 

   The LOF effect for F201I mutant was expected, because the mutation reduces TDP‐43 

RNA binding capacity; thus, this mouse model provides a novel tool to study chronic LOF 

in vivo and notably, in contrast to homozygous TDP‐43 null mice, which do not survive 

beyond embryonic day 6 (Kraemer et al., 2010; Sephton et al., 2010). 

   Conversely, the splicing GOF effect produced by M323K mutant was unexpected and, 

although GOF effects had been previously described in transgenic models where TDP‐43 

is overexpressed, the physiological setting of the mutations in these mice shows for the 

first time that C‐terminal TDP‐43 mutations result in a splicing GOF (Fratta et al., 2018). 

   In the case of TDP-43Q331K, this mutant as been related with abnormal nucleic acid 

binding that results in an increased aggregation rate of the protein (Lim et al., 2016). 

Indeed, a recent study unraveled the role of nuclear TDP-43 in facilitating the nuclear 

translocation of the XRCC4-DNA ligase 4 complex for the repair of DNA double-strand 

breaks (DSBs) via NHEJ and the effect of the Q331K mutation in disrupting this process, 

causing defective DSB repair, which may play a critical role in neurodegeneration. 

   Regarding our results on ΔΨm, an interesting link can be made with the findings of a 

recent study focusing on the prevention of mitochondrial impairment by inhibition of 

protein phosphatase 1 (PP1) in ALS (Choi et al., 2020). Since mitochondrial 

bioenergetics is expected to influence axonal growth, the authors of this study tested 

whether a blockade of PP1 or Dynamin-related protein 1 (Drp1) activity rescued the 

impairment of mitochondrial function induced by the overexpression of SOD1 G93A or 

TDP-43 Q331K, which rapidly reduced complex I activity and ΔΨm (Choi et al., 2020). Their 

results showed that suppression of the PP1-Drp1 cascade effectively prevented ALS-

related symptoms, including mitochondrial fragmentation, axonal degeneration, and cell 
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death, in primary neuronal culture models, iPSC-derived human MNs, and zebrafish 

models in vivo (Choi et al., 2020). 

   It would be of interest to test if the same is true for TDP-43 Q331K and TDP-43 F210I upon 

metabolic switch induction. In this sense we should be aware of the fact that, as 

previously shown by others in different cell lines or primary fibroblasts (Marroquin et al., 

2007; Rossignol et al., 2004) replacing glucose with galactose in the medium forces the 

cells to become more oxidative in order to maintain ATP levels. Moreover, adding 

pyruvate deprivation to glucose-galatose switch can increase ROS (Graham et al., 

2012).Thus, the effect on ΔΨm may be enclosed in a vaster landscape in which 

metabolic switch may activate a series of pathways resulting in cell death. 

    To the best of our knowledge, we are not aware of reports about the link between 

TDP43F201I mutant and reduced ΔΨm; however, mitochondrial impairment, including the 

presence of smaller mitochondria with swollen and degenerated cristae, were observed 

in cell and animal models of overexpressed TDP-43 A315T (Wang et al., 2019) and, to a 

lesser extent in models with WT TDP-43 overexpression. These degenerative changes 

were accompanied by reduced ΔΨm, increased ROS, reduced mitochondrial ATP and 

activation of the UPR (Wang et al., 2019). 

    In the light of our results on ΔΨm upon metabolic challenge, we may conclude that 

different Tardpb genotype affect in a specific way cell resistance to mitochondrial insult, 

with TDP-43 M323K and WT TDP-43 showing a better management of it in terms of ΔΨm 

preservation. These findings may be starting points to further investigate on the 

differential outcomes of TDP-43 mutations in ALS physiopathology and more 

personalized therapeutic approaches. 

   4.4.3 Metabolic switch and respiratory Complex I 

   To further investigate on the relationship between metabolic switch and mitochondrial 

impairment unmasking, we performed an immunofluorescence to quantify respiratory 

complex I, the largest and most complicated enzyme of the electron transport chain 

(Heidari et al., 2009; Wiedemann et al., 1998) 

    A series of studies have been performed on the presence of mitochondrial defects in 

lymphocytes and skeletal muscle of ALS patients and other neurological disease like 

Friedreich’s ataxia and PD (Heidari et al., 2009; Wiedemann et al., 2002). Furthermore, 

defect of complex I either alone or in combination with other complexes is shown in the 
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patients with neurological disease including AD (Kish et al., 1992), PD (Schapira et al., 

1990) multiple sclerosis (Hargreaves et al., 2018)and Friedreich’s ataxia (Heidari et al., 

2009). 

   Our results, similarly to the determination of ΔΨm alteration discussed above, show 

heterogeneity depending on the genetic Tardpb background. Thus, while WT TDP-43 

doesn’t show a significant alteration in the immunodetection of complex I upon metabolic 

switch, TDP-43 Q331K, TDP-43 M323K and TDP43F210I genotypes showed significant 

changes, even though at different extent. Particularly, TDP-43 M323K displays significant 

decrease in complex I immunostaining upon glucose switch and pyruvate deprivation; 

contrastingly, TDP43F210I and TDP-43 Q331K exhibit an increase in complex I abundance, 

which appears to be strongly significant for TDP43F210I and slight but still significant for 

TDP43Q331K.  

  As already mentioned, recent studies postulate that the cellular ROS levels and reactive 

oxygen species-related damage have important influence on mitochondrial morphology. 

Since OS may lead to protein damage and alterations in membrane integrity might also 

affect complex I function (Ghiasi et al., 2013). In addition, it has been reported a statistical 

correlation between complex I activity and patients’ disease progression time, although 

this correlation is not quite linear, probably due to differences between age of patients 

(Beal, 2005; Ghiasi et al., 2013). 

   Also, galactose is extensively used for modeling aging-related pathophysiological 

processes in rodents (Sadigh-Eteghad et al., 2017). OS has been proposed as the main 

driver mediating galactose-induced senescence, although exact pathophysiological 

mechanisms mediating detrimental effects are yet to be elucidated (Azman & Zakaria, 

2019). Proposed mechanisms by which galactose may induce redox dyshomeostasis 

include: (i) increased leakage of electrons from the mitochondrial electron transport chain 

(Yanar et al., 2011), (ii) wasting reducing equivalents (nicotinamide adenine dinucleotide 

phosphate; NADPH) that are required for biosynthetic and redox reactions in the process 

of metabolism of galactose to galactitol catalyzed by aldehyde reductase osmotic stress 

induced by accumulation of galactitol (iv) generation of advanced glycation end products 

(AGE) (Azman & Zakaria, 2019) and (v) accumulation of H2O2, a byproduct of galactose 

oxidation catalyzed by galactose oxidase (GO) (Cui et al., 2004). 

  Thus, concerning our results, we may postulate that respiratory complex I in the WT 

TDP-43 genotype is the less sensitive to the potential detrimental effects of galactose 
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administration and pyruvate deprivation; in the TDP-43 M323K it would be intriguing to 

measure complex I activity in a specific assay (e.g., using ferricyanide as an artificial 

electron acceptor) to establish whether the observed lowering in complex I abundance 

correlates with a lower activity.  

   It is more challenging trying to elucidate the mechanisms that lead to the incremented 

Complex I we observed in TDP-43 F201I and TDP-43 Q331K genotypes. A recent study has 

claimed that, consequently to the exposure of N2A cells to proteasomal inhibition, 

respiratory complexes (RCs) tend to an increased supraorganization with increased 

pelletable aggregation of RC subunits inside mitochondria (Rawat et al., 2021). More 

specifically, Complex II (CII) and complex V (CV) subunits are increasingly incorporated 

into oligomers, while Complex I (CI), complex III (CIII) and complex IV (CIV) subunits are 

engaged in supercomplex formation (Rawat et al., 2021). Notably, in the same study the 

abundance of RC subunits slightly increased after 8 h treatment with MG132, a potent, 

reversible, and cell-permeable proteasome inhibitor (Rawat et al., 2021). Based on our 

data, we cannot postulate a relationship between increased levels of complex I and RCs 

reorganization, but we think that further investigation on the cellular stress derived from 

metabolic switch could clarify if TDP-43 F201I and TDP-43 Q331K genotypes are prone to RCs 

reorganization to handle stress. 

  Once again, heterogeneity of results offers an opportunity for a better understanding of 

the effect of different mutations in TDP-43 on ALS physiopathology and the development 

of better focused therapeutic targets.   

4.4.4 LDs replenishment and metabolic switch    

   LDs are cytosolic fat storage organelles present in most eukaryotic cells which far from 

being inert fat reservoirs, are emerging as major regulators of cellular metabolism. They 

act as hubs that coordinate the pathways of lipid uptake, distribution, storage, and use in 

the cell (see section 1.5). Recent studies have revealed that they are also essential 

components of the cellular stress response in which LDs maintain energy and redox 

homeostasis protecting against lipotoxicity by sequestering toxic lipids into their neutral 

lipid core. Their mobility and dynamic interactions with mitochondria enable an efficient 

delivery of fatty acids for optimal energy production (Jarc & Petan, 2019). In this project, 

we explored LDs formation as a consequence of metabolic insult in the previously 

described MEFs lines. Cells were incubated with 22-NBD Cholesterol together with the 

induction of metabolic stress in order to mark LDs accordingly to the protocol in section 



 

   181 
 

2.16. All Tardbp genotype showed a remarkably significant increase in the number of LDs 

per cell. The response is heterogeneously depending on the considered genetic 

background, with the highest increase being reported for Q331K genotype upon metabolic 

stress. These results were corroborated by a specular increase in ACAT1/2 activity, which 

was strongly enhanced in deprived WT and Q331K genotypes in comparison with control 

counterparts. The same trend was reported for M323K and F201I MEFs, without reaching 

significance. The pivotal role of LDs in protecting mitochondria against stressful insults is 

well documented (Klecker et al., 2017).  

   Also, LDs formation has been related with OS. Thus, enhancement in LDs synthesis 

following metabolic stress, appears to be compatible with the detrimental effects of 

metabolic switch on mitochondrial, as previously described. Indeed, Q331K genotype 

experimented the higher increase in mitochondrial mass following glucose/galactose 

switch and pyruvate deprivation; this is in line with the induction of LDs, which could act in 

close contact with mitochondria apportioning energy-generating substrates to cellular 

defense. Similar adaptative mechanisms have been described in vivo. Membrane 

phospholipids are also a source of LDs, as claimed by a study on the formation of LDs, in 

mice exposed to hyperoxia, hypoxia, myocardial ischemia, and sepsis. All these stressors 

enhanced the formation of LDs, as assessed by transmission electron microscopy, with 

severe mitochondrial swelling. Moreover, the disruption of mitochondria by depleting 

mitochondrial DNA significantly augmented the formation of LDs, causing transcriptional 

activation of fatty acid biosynthesis and metabolic reprogramming to glycolysis (S. J. Lee 

et al., 2013). It would be interesting to establish whether the link between mitochondrial 

dysfunction and LDs formation can be confirmed also in our model. 

4.5 LDs and osmotic stress in N2A cell line 

   LDs dynamics have been well studied in Saccharomyces cerevisiae, where they are 

modulated by the growth phase; In this organism the role of the TORC1 pathway on LD 

metabolism has been studied, since in mammals LD synthesis is inhibited by rapamycin, a 

known inhibitor of the mTORC1 pathway (Madeira et al., 2015). Interestingly, rapamycin 

treatment resulted in a fast LD replenishment and growth inhibition in this model. In 

addition, the discovery that osmotic stress (1 M sorbitol) also induced LD synthesis but not 

growth inhibition suggested that the induction of LDs in yeast is not a secondary response 

to reduced growth (Madeira et al., 2015). OsmS induced by sorbitol, is one of the 

stressors related with TDP-43 and p-TDP43 translocation out of the nucleus, as shown in 

Figure 40A. For this reason, we quantified LD formation in N2A cell line, following the 
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induction of osmotic stress by incubation with sorbitol at the same time and concentration 

producing TDP-43/p-TDP43 aggregation in the cytosol of HEK-293 cells. In a time, course 

experiment, we found that LDs marked with the lipophilic staining Nile Red (accordingly to 

the protocol in section 2.15), increase their number per cell with treatment time. At 3 

hours, LD replenishment in treated cells was significantly higher in comparison with 

unstressed cells. Thus, in this particular cell model, osmotic stress induces changes in 

neutral lipid homeostasis. These results are corroborated by the increase in ACAT1/2 

experimented by stressed cells, in which the esterification of 22-NBD Cholesterol is 

notably enhanced.  

   In line with these findings, an interesting study conducted on the budding yeast 

Saccharomyces cerevisiae claimed that mitochondrial function is generally required for 

proper salt and osmotic stress adaptation considering that mutants with defects in many 

different mitochondrial components show hypersensitivity to increased NaCl and KCl 

concentrations (Pastor et al., 2009). In this sense, the rapid increment of LD formation in 

our model could support the already mentioned protective role of LDs against stressful 

insults. The negative effect of sorbitol on mitochondrial integrity has been documented; in 

2008, Marfè et al. published a paper in which osmotic stress was depicted as an 

apoptosis-inductor in cancer cells. In particular they focused on the intracellular signaling 

pathways of sorbitol-induced apoptosis in human K562 cells using morphological analysis 

and DNA fragmentation technique. They conclude that sorbitol-induced apoptosis in K562 

cells was accompanied by the up-regulation of Bax, and down-regulation of p-Bcl-2, 

respectively pro-apoptotic and anti-apoptotic effectors.  

   Moreover, the sorbitol treatment resulted in a significant reduction of mitochondria 

membrane potential and increase in the release of mitochondrial cytochrome c (Marfè et 

al., 2008). It would be of interest establish the mitochondrial effects of Osms on our model 

to clarify if LDs increase could act as a mechanism to rescue damaged mitochondria via 

energy supplementation to avoid death. Moreover, since sorbitol can drive TDP-43 

redistribution to the cytoplasm in different cell models such as SHSY-5Y (Y. B. Lee et al., 

2021), establishing the role of LDs upon OsmS could be a starting point to improve the 

knowledge of the molecular pathways linking mitochondrial health, cellular stress, and 

changes in lipid dynamics in ALS. 
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4.6 LDs in isolated nuclei are influenced by ALS status 

   LDs normally emerge from, and associate with, the ER interacting with other 

cytoplasmic organelles to deliver the stored lipids. Recently, LDs were found to reside 

also at the inner side of the nuclear envelope and inside the nucleus both in yeast and 

mammalian cells. This unexpected finding raises fundamental questions about the nature 

of the inner nuclear membrane, its connection with the ER and the pathways of LD 

formation (Barbosa & Siniossoglou, 2020). 

   Accordingly with this report, we observed Nile Red-positive structure, compatible with 

LDs in isolated nuclei proceeding from frontal cortex of ALS patients and controls 

following the procedure described in section 2.14. In ALS samples, the number of LDs per 

nucleus were significantly higher in comparison with control. This finding is in line with a 

description of nuclear lipidome dysfunction in ALS we published last year (Ramírez-Nuñez 

et al., 2021).  

   In addition to that, in recent years several nuclear envelope remodeling events that 

contribute to both normal nuclear homeostasis and disease have been described. These 

include nuclear envelope rupture and repair, nuclear pore complex biogenesis, and viral 

nuclear egress pathways (King & Lusk, 2016). It is likely that extensive nuclear envelope 

shape changes in these cases are coordinated with local modification of phospholipid 

composition. In such a scenario, nuclear LDs could provide a pool of lipids located at the 

inner nuclear membrane for these remodeling events (Barbosa & Siniossoglou, 2020). 

4.7 AGPS levels and ACAT1/2 activity in hiPS-derived motor neurons 

   Alkylglycerone phosphate synthase (AGPS) is an enzyme found in structures called 

peroxisomes. Within peroxisomes, AGPS is responsible for a critical step in the production 

of lipid molecules called plasmalogens, which are component of the cellular membrane. 

They are also abundant in myelin. However, little is known about the functions of 

plasmalogens. Researchers suspect that these molecules may help protect cells from OS 

(Almsherqi, 2021). Plasmalogens may also play important roles in interactions between 

lipids and proteins, the transmission of chemical signals in cells, and the fusion of cell 

membranes (Almsherqi, 2021). We quantified AGPS levels in hiPS cell-derived MNs from 

cell lines expressing FUS mutation, and C9orf72 expansion finding a reduction in these 

ALS-related neuronal lines in comparison with control MNs. It is known that nuclear size, 

correlated with AGPS in our experiments, may be controlled by factors such as 
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nucleocytoplasmic transport, lipid biogenesis, and RNA processing (Cantwell & Dey, 

2021), which also contribute ALS pathogenesis. Indeed, the high abundance of ether-

lipids in nuclear envelope (Dean & Lodhi, 2018) suggests the existence of a correlation 

between nuclear envelope size and mechanisms for the synthesis of these specific lipids. 

In addition, a recent publication conferred a key role of lipid enzymes such as 

phospholipase A2 in transmitting nuclear envelope stretch to membrane remodeling 

activities (Venturini et al., 2020). Our results show a correlation between AGPS mean 

intensity and nuclei perimeter for control and C9orf72 cell lines, which was not observed 

for FUS mutant. This discrepancy may indicate that FUS mutation could interfere with the 

mechanisms connecting nuclear size with lipid metabolism. 

   In order to investigate on changes in neutral lipid metabolism in these MNs, we also 

measured their capacity of activating ACAT1/2 in response to OsmS as a potentially 

protective mechanism against a stressful insult. Interestingly, ACAT1/2 activity was 

significantly increased when comparing unstressed control MNs with stressed control 

MNs, while no significant increase for FUS or C9orf72 MNs. Nevertheless, the enzymatic 

activity was significantly increased in stressed FUS MNs when compared with unstressed 

controls, suggesting that genetic background could have a role in determining the intensity 

of this response. We didn’t check for LD formation in this model, so we cannot directly 

relate the increase in neutral lipid synthesis with LD replenishment. Further insights on 

lipid metabolism alterations in hiPS-derived MNs are needed to better understand the 

relationship between ALS genetics and alterations of the lipid metabolism as a key factor 

in ALS pathology. 

4.8 LDs in primary astrocytes upon oxidative and osmotic stress 

   As mentioned in section 1.5.1, LDs can accumulate in the NCS, when the brain is in a 

pathological condition. Glial cells are especially involved in this phenomenon, much more 

than neurons. Nevertheless, we know very little about the mechanisms underlying LDs 

accumulation in astrocytes. A recent study focused to the imaging of fluorescently labeled 

LDs by microscopy in isolated and brain tissue rat astrocytes and in glia‐like cells in 

Drosophila brain to determine the (sub)cellular localization, mobility, and content of LDs 

under various stress conditions found in brain pathologies. In this model, LDs displayed a 

limited mobility close to mitochondria and ER. Interestingly the inhibition of DGAT1 and 

DGAT2 enzymes, both involved in LD metabolism, caused an evident reduction in the 

number of cells, indicating that LD turnover is a pivotal factor for cell survival in stressed 

astrocytes (Smolič et al., 2021). 
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   In our experiment, a primary culture of rat astrocyte was treated with oleic acid as 

described in section 2.17, in order to enhance LD synthesis. Cells were contemporarily 

treated with H2O2 or sorbitol recreating OS and OsmS. Following the treatments, 

astrocytes where stained with LipidTOXTM (see section 2.17.1). In both cases, oleic acid 

alone enhanced LDs accumulation, while when it was administered in cell culture in 

combination with both sorbitol or H2O2, the number of LDs per cell tend to decrease. Thus, 

OS and OsmS could interfere with the enhancement of LDs formation promoted by 

exogen oleic acid. Clearly, these results need to be supported by more evidence; it would 

be appropriate to test LD accumulation upon a vaster range of concentration and 

treatment times for oxidative and osmotic stressors, among others. Also, it is of note that a 

much better insight on LD turnover ins astrocytes, could be obtained in an astrocyte-

neuron co-culture system. In fact, as mentioned in section 1.5.1, several studies support 

the idea of a close communication between neurons and astrocytes in which excessive 

FFA produced in stressed neurons seems to be transferred to astrocytes where they are 

stored in LDs protecting against lipotoxicity (Ioannou et al., 2019). 
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5. CONCLUSIONS 

1. The induction of different ALS-related cellular stresses is related with significant 

alteration in the nuclear/cytosolic ratio of the proteins of interest in this work (p-TDP43, p-

ERK, p-Jun and REST) as well as with their colocalization with mitochondria. These 

changes are highly variable depending on the protein, the nature of stress and the 

treatment time. 

2. Crude mitochondrial fractions (CrMitoch) derived from brain lysates after subcellular 

fractionation, show the presence of p-TDP-43, p-ERK, p-Jun and REST. 

3. Changes in REST-regulated genes have been found to be associated with cell stress 

induction of TDP-43 mislocalization. The effect of TARDBP Q331K overexpression on the 

mRNA levels of REST-regulated genes in murine brain lysates is not significant.  

4. Stress induction plays a significant impact on mitochondrial morphology and dynamics 

in HMEC-1 cells. The responses were highly dependent on the nature of stress and 

treatment time, with fast and transient modifications in the number of individual 

mitochondria or networks (e.g., in the case of OS, with opposite tendencies with the 

treatment lasting 2 or 4 hours). 

5. Tardbp genotype influence survival, mitochondrial mass, respiratory capacity, Complex 

I abundance and ΔΨm following the induction of metabolic stress in MEFs carrying three 

TDP-43 variants (M323K, Q331K and F201I) in comparison with WT. Characterization of 

cell death in Q331K and Q331K genotypes were found to be caspases-independent. 

6. Changes in LD metabolism occur in different cell lines upon different stressors: LDs 

accumulation increase with time in N2A cells upon OsmS and for all Tardbp-mutant MEFs 

following metabolic switch assay. A significant increase in ACAT1/2 activity has been 

found in line with LD replenishment both in N2A cells and in WT or Q331K MEFs. 

7. AGPS levels were diminished in FUS and C9orf72 hiPS-derived MNs in comparison 

with WT. AGPS mean intensity correlated with nuclei perimeter for WT and C9orf72 cell 

lines, but for FUS MNs. This discrepancy may indicate that FUS mutation could interfere 

with the mechanisms connecting nuclear size with lipid metabolism. 

8. ACAT1/2 activity significantly increased in WT hiPS-derived MNs upon OsmS in 

comparison with their unstressed counterpart. For C9orf72 and FUS MNs this tendency 

was confirmed but without reaching significance. Thus, changes ACAT1/2 activity in this 

context appear to be heterogeneously depending on genetic background. 
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9. Isolated nuclei from frozen nervous tissue (proceeding from ALS patients and healthy 

controls) show Nile Red-positive structures compatible with LDs. LDs counting per 

nucleus was significantly higher in ALS nuclei representing an aspect of pathological 

alteration of nuclear lipidome in ALS pathology. 

10. OS and OsmS interfere with LD formation in astrocytes. These results are in contrast 

with LD accumulation documented in several cellular models upon stress but may also be 

explained with the importance of the interaction between neurons and astrocytes for the 

latter to act as energy rich reservoirs and contrast stress in the CNS. 
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Gene Accession No. Application Sequence (5’       3’) 

BID NM_197967 RT-PCR (F) agtgggagggctacgatgag 

(R) gatgctacggtccatgctgt 

PUMA NM_014417 RT-PCR (F) cccgtgaagagcaaatgag 

(R) accccctgatgaaggtgag 

BAX NM_138761 RT-PCR (F) tctgacggcaacttcaactg 

(R) cgtcccaaagtaggagagga 

FADD NM_003824 RT-PCR (F) ctggggaagaagacctgtg 

(R) gcacacgctctgtcaggtt 

DAXX NM_001350 RT-PCR (F) aagcctccttggattctggt 

(R) atcatcctcctgaccctcct 

FAS NM_000043 RT-PCR (F) agttggggaagctctttcactt 

(R) cagtcttcctcaattccaatcc 

PSEN2 NM_000447 RT-PCR (F) cctcggggacttcatcttc 

(R) tgaacacagcaagcagcag 

PESENEN NM_172341 RT-PCR (F) tgaacctggagcgagtgtc 

(R) taggctgggacaaggaagg 

P35 NM_003885 RT-PCR (F) caaaccaggagcattttgtgt 

(R) attcctgtggcttgttctgtg 

P39 NM_003936 RT-PCR (F) ccttcattacgcctgcaaa 

(R) tctcgttgcccatgtagga 

KCNQ2 NM_172106 RT-PCR (F) gcgcaacgccttctacc 

(R) gacagcacgaggcagga 

KV2.1 NM_004975 RT-PCR (F) ggaaggcgaggagttcg 

(R) gggcaatggtggagagg 

KCNJ6 NM_002240 RT-PCR (F) ctctcggtgctgatgtgaaa 

(R) tgaaacggagcaagactgaa 

CAT NM_001752 RT-PCR (F) atccagaagaaagcggtcaa 

(R) cagatttgccttctcccttg 

FOXO1 NM_002015 RT-PCR (F) tggggcaacctgtcctac 

(R) ggcacgctcttgaccatc 

SOD1 NM_000454 RT-PCR (F) ggcaaaggtggaaatgaaga 

(R) gggcctcagactacatccaa 

1433ζ NM_145690 RT-PCR (F) agcccgtaggtcatcttgg 

(R) tgaagcattggggatcaag 

ARC NM_015193 RT-PCR (F) cgcctggagaagaatcagag 

(R) gggaaccttgagacctgttg 

BCL2 NM_000633 RT-PCR (F) ggaggattgtggccttcttt 

(R) gccgtacagttccacaaagg 

CASP2 NM_032982 RT-PCR (F) ttgccgaagatgagactgc 

Supplemental table ST1. List of the sequences of the primers used to explore the effects of REST target genes 

in SHSY-5Y cells, as reported in Figure 33. 
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Gene Accession No. Application Sequence (5’       3’) 

(R) gcgttcaccttaaccagca 

ANT1 NM_001151 RT-PCR (F) gggctctaccagggtttca 

(R) cgtcacactctgggcaatc 

PDCD7 NM_005707 RT-PCR (F) gcaggaggtggaggagaag 

(R) tggaggacagacccctttc 

MAPK11 NM_002751 RT-PCR (F) taccggcaggagctgaac 

(R) ttcttcaccgccaccttc 

MAPK12 NM_002969 RT-PCR (F) ccaccttcaccttccacct 

(R) gcgtctgctctgatggatg 

GAP43 NM_001130064  RT-PCR (F) gggaggcttgaggaaaaatc 

(R) gcagcttggacatcatcctt 

EGR1 NM_001964  RT-PCR (F) gttaccccagccaaaccac 

(R) tgggttggtcatgctcact 

NRXN3 NM_004796  RT-PCR (F) gggaacaacacagacgacct 

(R) ctcggctcacattcaacaaa 

GRIA4 NM_000829  RT-PCR (F) gcagcgccttacatatctcc 

(R) ccaaccattttgtcctgctt 

MEF2C NM_001193350  RT-PCR (F) ggggactatggggagaaaaa 

(R) gcttgttggtgctgttgaag 

SANP25 NM_003081 RT-PCR (F) tcatccgcagggtaacaaa 

(R) ttggcctcatcaattctgg 

SST NM_001048 RT-PCR (F) gaccccagactccgtcagt 

(R) gctcaagcctcatttcatcc 

ATP2B2 NM_001683 RT-PCR (F) ggctcacacagaaggaggag 

(R) ggatggaggttcgagattca 

GAD1 NM_000817 RT-PCR (F) ttgcaccagtgtttgtcctc 

(R) aggaccagtttaggcacagc 

GAD2 NM_000818 RT-PCR (F) gacctgctccagtctccaaa 

(R) agggcgcacagtttgtttc 

CYCS NM_018947 RT-PCR (F) tgaaaagggaggcaagca 

(R) ccccagatgatgcctttg 

mCYCS NM_007808 RT-PCR (F) ccaaatctccacggtctgtt 

(R) gtctgccctttctcccttct 

mMAPK11 NM_011161 RT-PCR (F) ccagaaggtggctgtaaagaag 

(R) gcctgacacttgacgatgttatt 

mCASP3 NM_00981 RT-PCR (F) tgtcatctcgctctggtacg 

(R) aaatgaccccttcatcacca 

mβ-actin NM_007393 RT-PCR (F) tgggacgacatggagaaga 

(R) tggggtgttgaaggtctca 

mCIDEA NM_007702 RT-PCR (F) agggacaacacgcatttca 

(R)cattgagacagccgaggaa 
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Gene Accession No. Application Sequence (5’       3’) 

CALB1 NM_004929 RT-PCR (F) gaactctggaggaacgctga 

(R) aggctgtgatgagggatgac 

SCN3B NM_018400  RT-PCR (F) attgtttcccctggcttctc 

(R) gcctccacctcctctctctt 

GABRB3 NM_021912 RT-PCR (F) gcttcttggcttctctggtg 

(R) aacgagatgccattcactcc 

JIP1 NM_005456 RT-PCR (F) caccacgctcaacctctttc 

(R) gtgtctgctcccctgtcttc 

 

 

 

 

 

 

  

Supplemental Figure SF1. Oxidative stress induces changes between the nucleocytosolic relationships of 

proteins implicated in neurodegeneration. In all cases, total immunoreactivities found in nuclear and cytosolic 

compartments are related linearly significantly (in all cases p<0.001), though the slope is significantly affected by 

oxidative stress (shown p values for comparison of slopes).  Shown are the linear relationships between nuclear and 

cytosolic content, with 95% confidence intervals indicated with discontinuous lines (n=200 to 296 cells for p-TDP-43; 

n=191-255 for p-ERK; n=234-326 for p-Jun and n=217-415 for REST, obtained in at least 4 independent replicates). 

Inset of graphs show the equations of the linear relationships, separated by colors. 
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Supplemental Figure SF2. Enrichment of protein markers in subcellullar fractionation. As shown by 

western-blot analyses of brain lysates after subcellular fractionation, in addition to nuclear enriched (Ne)  and 

cytosolic enriched (Ce)  compartments, crude mitochondrial fractions (CrMitoch) both non transgenic and 

transgenic hTDP-43 mice show the relative enrichment of Mitofusin-2 and porin in crude mitochondria, with 

almost the absence of histone H3 in non-nuclear fractions, and the high abundance of GAPDH in cytosolic 

extracts. Actin was distributed equally among the three fractions. 
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Supplemental Figure SF3. Cellular subfractionation evidence for in vivo colocalization of proteins implicated in 

neurodegeneration with mitochondrial components. As shown by western-blot analyses of brain lysates after 

subcellular fractionation, in addition to nuclear enriched (Ne) and cytosolic enriched (Ce) compartments, crude 

mitochondrial fractions (CrMitoch) both non transgenic and transgenic hTDP-43 mice show the presence of p-

TDP-43, p-ERK and Jun. Levels were quantified by densitometry in brains from 90 days old mice. Western-blot 

shown are for male specimens.  
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Supplemental figure SF4. TDP-43 aggregation is linked to mitochondrial dysfunction. Sorbitol incubation 

in SHSY-5Y stress induces changes in oxygen consumption and extracellular acidification rates, 

measured by using Seahorse respirometry. Data shown is for 6 independent cell plates for each condition. 

*** indicates p<0.001, ** p<0.01 and * p<0.05 by Uncorrected Fisher's LSD post-hoc test after one-way 

ANOVA 
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