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silenciamiento tanto simple shFOXO, como doble shRNA/shFOXO produce 

igualmente un aumento en la expresión de FUS. Sin embargo, no se ven 

diferencias de expresión de FUS entre el silenciamiento doble shFUS/shFOXO 

con respecto al silenciamiento simple shFUS.  

Figura 5.15. Análisis de la expresión de FoxO 1 en las líneas  con silenciamiento tanto simple como  doble 

shRNA, shRNA/shFOXO, shTDP43, shTDP43/shFOXO, shFUS, shFUS/shFOXO mediante Image J. Análisis de 40 

célulass por grupo (n=3). FoxO1 (blanco/verde), DAPI (rojo). Prueba t-Student, (n=3) *p<0,05. **p<0,01. 

***p<0,001. Escala 38 µm. 
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Con respecto a la capacidad de diferenciación, el tratamiento con shFOXO, 

que es específico para los genes FOXO 1, 3 y 4, aumenta el índice de fusión 

en las líneas shTDP43 y shFUS de forma significativa. En la línea shTDP43 el 

cambio es el más dramático: de un índice de fusión nulo, se pasa a una fusión 

del 21% gracias a la inhibición génica de FoxO. Este hecho indica que el 

silenciamiento de los genes FOXO restaura la capacidad de diferenciación 

que se pierde al silenciar TARDBP y, por tanto, sugiere que ambos genes, 

TARDBP y FOXO, en la regulación de la diferenciación muscular, están 

mecanísticamente relacionados. Por otra parte, teniendo en cuenta que el 

silenciamiento de FUS produce un defecto en diferenciación, que el 

silenciamiento de TARDBP disminuye la expresión de la proteína FUS, y que el 

silenciamiento de FOXO en shTDP43 aumenta la expresión de FUS, se puede 

hipotetizar que existe una relación directa entre TDP-43 y FUS a través de 

FoxO. Asimismo, el silenciamiento de FOXO en shFUS aumenta 

Figura 5.16. Análisis mediante Western blot de las proteínas silenciadas y la relación existente 

entre TDP-43, FUS y FoxO, (n=2). 
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significativamente el índice de fusión de mioblastos desde un 18% hasta un 

28%, con lo que, de forma independiente a TDP-43, la inactivación de FOXO 

en shFUS duplica la capacidad de diferenciación en dicha línea (figura 5.17 

y 5.18). El silenciamiento de FOXO en la línea control shRNA no aumenta 

significativamente el índice de fusión. 

 

 

 

 

 

 

 

 

 

shRNA shTDP43 shFUS 

shRNA/shFOXO shFUS/shFOXO shTDP43/shFOXO 

Figura 5.18. Inmunofluorescencia  del marcador de miotubos MyHC (verde) y DAPI (azul) en las líneas 

silenciadas de TARDBP y FUS con respecto al control de silenciamiento. Escala 20 µm.  

** 

* 

Figura 5.17. Aumento del índice de fusión con el silenciamiento de FOXO en 

mioblastos con silenciamiento de TDP43 y FUS. Prueba t-Student *p<0,05. 

**p<0,01. ***p<0,001, (n=4). 
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En las imagénes de microscopía óptica se observa la coexistencia de 

mioblastos, miocitos y miotubos de la línea silenciada doblemente para 

TARDBP y FOXO (figura 5.19; flechas rojas). Sin embargo, en el silenciamiento 

simple de TARDBP, únicamente se observan mioblastos en (flechas azules). 

Estas diferencias fenotípicas no se explican por los niveles de TDP-43, puesto 

que la expresión de TDP-43 es similar en las líneas shTDP43 y shTDP43/shFOXO 

(alrededor de un 75% de reducción de TDP-43; figura 5.16). Por otro lado, en 

el silenciamiento simple de FOXO, los miotubos son más gruesos en 

comparación con el control shRNA (flechas blancas) (figura 5.19). 
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Figura 5.19. Diferenciación celular vista por microscopía óptica de simples y dobles silenciamientos. 

Las mioblastos defectivos en FoxO1 y FoxO3  son más gruesos (flechas blancas). Presencia de dos 

estadías de diferenciación simultáneamente en shTDP43 (flechas rojas). Mioblastos sin alineación 

(flechas azules). Escala 19 µm. 
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1. El tejido muscular tiene como predominante el metabolismo 

glucolítico y puede ser un buen modelo para estudiar los 

cambios metabólicos en la ELA 

 

2. El silenciamiento de los genes mendelianos de la ELA induce 

una profunda perturbación metabólica-energética muscular 

que afecta preferentemente a la glucolisis 

 

3. La pérdida de función de TDP-43 en el músculo está 

relacionado con las vías de señalización pro-atrofia 

independiente de la denervación  

 

4. Los genes mendelianos relacionados con la ELA están 

implicados en el proceso de diferenciación muscular  

 

5. Los factores de transcripción FoxO están relacionados con el 

papel de TDP-43 en el músculo y pueden tener relación con la 

ELA 

 

6. La inhibición de FoxO1 y FoxO3 puede ser una potencial 

diana terapéutica para el tratamiento de la ELA 

 

7. Proyecciones de futuro  
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1. EL TEJIDO MUSCULAR TIENE COMO PREDOMINANTE EL 

METABOLISMO GLUCOLÍTICO Y PUEDE SER UN BUEN MODELO 

PARA ESTUDIAR LOS CAMBIOS METABÓLICOS EN LA ELA 

 

En este trabajo hemos podido demostrar la importancia de la activación 

metabólica, tanto la vía glucolítica como la oxidativa, a lo largo del proceso 

de diferenciación muscular y, de manera más específica, el aumento del 

potencial metabólico glucolítico en el momento de fusión celular. En 2008, 

Fulco y colaboradores, ya demostraron que la correcta funcionalidad de la 

glucolisis era esencial para permitir la diferenciación celular siendo la vía 

precursora de intermediarios metabólicos para el proceso de síntesis 

proteica necesaria para dicha diferenciación (Fulco et al., 2008). 

La glucolisis es el proceso catabólico de la glucosa catalizado por múltiples 

enzimas que actúan secuencialmente y que está regulada por la 

disponibilidad de glucosa, por los niveles hormonales de insulina, adrenalina 

y glucagón (Boiteux and Hess, 1981; Melkonian and Schury, 2019), y por la 

actividad de sus enzimas mediante modificaciones covalentes y 

regulaciones alostéricas. En el alosterismo, una molécula se une de forma no 

covalente  a la enzima e induce un cambio de conformación espacial de 

la misma, de tal manera que expone u oculta su sitio de unión al sustrato  

regulando así el proceso de catálisis (Monod, Wyman and Changeux, 1965).  

En esta investigación, hemos confirmado la idea de que en la ELA podría 

haber un problema en el metabolismo de la glucosa ya que los pacientes 

estudiados presentan evidencias clínicas muy sugestivas de una alteración 

en la glucolisis. También, hemos utilizado como modelo de estudio los 

efectos del silenciamiento de una serie de genes (TARDBP, FUS y SOD1) 

implicados en formas mendelianas de la esclerosis lateral amiotrófica (ELA) 

en el tejido muscular tanto a nivel de los procesos metabólicos como en sus 

efectos sobre el proceso de diferenciación. Esto se ha hecho tanto en líneas 

de mioblastos humanos  como en un modelo en Drosophila con un 

silenciamiento parcial de estos genes en tejido muscular  (datos del grupo, 

no publicados). Además, se han estudiado ambos fenómenos, metabolismo 
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energético y diferenciación miogénica, en dos muestras de tejido muscular 

de pacientes, uno con una forma familiar de ELA y otro con una forma 

esporádica. En todos los casos y, mediante diferentes técnicas, se han 

estudiado los mecanismos moleculares por los que la pérdida de función de 

los genes TARDBP, FUS y SOD1 generan cambios en el tejido muscular, 

presumiendo que estos cambios podrían estar presentes en el músculo de 

pacientes con ELA y que podrían ser, en algunos casos, muy precoces y 

previos a la afectación de la motoneurona (MN). 

Como limitación del modelo hay que recordar que a diferencia de lo que 

ocurre con las mutaciones en humanos (donde puede verse una gama 

diferente de efectos de las mutaciones con ganancia o pérdida de función) 

(Lee, Lee and Trojanowski, 2011b; Jucker and Walker, 2013, 2018; Koppers et 

al., 2015b; Walker and Jucker, 2015; Cascella, Capitini, Fani, Christopher M 

Dobson, et al., 2016), el proceso de silenciamiento analiza el impacto de la 

pérdida de función completa (o casi completa, asumiendo que el 

silenciamiento no es del todo completo). Esta pérdida de función de estos 

genes reproduce un evento patogénico temprano de la ELA (Mancuso and 

Navarro, 2015), correspondiente a un proceso de vaciado nuclear de estas 

proteínas que ocurre en concomitancia con la formación de gránulos de 

estrés y eventualmente los agregados tóxicos. Realmente, tanto la 

formación de agregados tóxicos como la pérdida de función de TDP-43, FUS 

y SOD1, constituyen dos elementos interconectados en un ciclo secuencial 

en el tiempo que se retroalimenta, pero en el que es difícil determinar cuál 

de ellos es el evento inicial en el tiempo y cuál la consecuencia patológica.  

 

2. EL SILENCIAMIENTO DE LOS GENES MENDELIANOS DE LA ELA 

INDUCE UNA PROFUNDA PERTURBACIÓN METABÓLICA ENERGÉTICA 

MUSCULAR QUE AFECTA PREFERENTEMENTE A LA GLUCOLISIS 

 

En el modelo de silenciamiento hemos podido demostrar que los efectos del 

mismo, cuando se silencian TARDBP o FUS, son similares a los de una 
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inhibición farmacológica con 2-desoxi-D-glucosa (2-dg), y que este efecto 

genera una disfunción de los sistemas aerobio y anaerobio que son los 

encargados de mantener los niveles de NAD+ en el citoplasma de la célula.   

Hemos confirmado igualmente en los dos pacientes, el caso familiar y el 

esporádico, que los mioblastos obtenidos mediante biopsia de tibial anterior 

y deltoides, respectivamente, presentan defectos en la glucolisis así como 

en la capacidad mitocondrial de obtener energía. Esta afectación, que 

viene a confirmar los datos obtenidos en los experimentos de silenciamiento, 

podría explicar la pérdida de la capacidad de diferenciación (ver más 

adelante), y que ambas  vías metabólicas podrían ser secundarias a la 

pérdida de función de TDP-43 o de FUS. 

 

2.1. Alteraciones del metabolismo oxidativo 

En el modelo celular de silenciamiento, los mioblastos defectivos en TDP-43, 

FUS o SOD1 presentan un metabolismo anaerobio y aerobio defectuoso, con 

niveles de ATP, tanto los obtenidos por la vía glucolítica como de la 

oxidativa, reducidos. El silenciamiento de TARDBP es el que produce la 

alteración metabólica más notoria entre los tres genes estudiados. Esta 

depleción genera mitocondrias menos eficaces, las cuales presentan una 

menor eficacia en el acoplamiento electroquímico de la mitocondria. El 

desorbitado consumo máximo de O2 en estas mitocondrias junto con los 

niveles de ATP obtenidos por unidad de O2, indican que estas mitocondrias 

no son eficaces y que el gran consumo de O2 se debe a que el gradiente 

electroquímico se disipa por otra vía diferente de la ATPsintasa. Este 

acoplamiento ineficaz podría ser la causa del gran número de mitocondrias, 

aunque de pequeño tamaño, observado mediante microscopia 

electrónica en los mioblastos defectivos para TDP-43, cuyo silenciamiento 

genera un aumento en la expresión del PGC1-α (Peroxisome proliferator-

activated receptor gamma coactivator 1-alpha), regulador de la biosíntesis 

de mitocondrias (Puigserver, 2005). Este hecho podría sugerir la existencia de 

una desregulación en proteínas mitocondriales responsables de este 
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desacople como posteriormente demostramos ya que el silenciamiento de 

TARDBP induce un aumento en la expresión genética de una proteína 

desacoplante que impide la entrada de protones por la ATPsintasa, la UCP3 

(uncoupled protein 3) (Erlanson-Albertsson, 2003). Por otro lado, en ratones 

SOD1(G83R) en músculo no denervado, se han encontrado niveles de UCP3 

elevados, por lo que podemos pensar que esta sobreexpresión de UCP3 en 

musculo esquelético podría formar parte constitutiva de la fisiopatología de 

la ELA (Dupuis et al., 2003).  

 

2.2. Alteraciones en la glucolisis anaerobia 

No obstante, a pesar de la notoriedad de los cambios mitocondriales, las 

consecuencias del silenciamiento génico, concordantes con los hallazgos 

en las biopsias musculares de los pacientes, señalan una afectación 

preferente de la vía glucolítica. Este defecto glucolítico se puede explicar 

con la reducción de la expresión de los enzimas integrantes de los sistemas 

de comunicación metabólica entre la mitocondria y el citosol, las 

lanzaderas, encargadas de regenerar el NAD+ citosólico. En los mioblastos 

defectivos en TDP-43 hemos encontrado niveles muy disminuidos del enzima 

citosólica glicerol 3-fosfato deshidrogenasa 1 (GPD1), que transforma la 

DHAP en glicerol 3-fosfato regenerando rápidamente el NAD+ citosólico y 

que es crucial para la glucolisis en la reacción catalizada por la 

gliceraldehído 3-fosfato deshidrogena (MacDonald and Marshall, 2000). Este 

hecho explicaría por sí mismo la deficiencia glucolítica de estos mioblastos. 

No obstante, otros cambios de expresión en enzimas implicados en la 

regeneración del coenzima van en la misma dirección; así, la disminución 

de UCP2, enzima que transporta malato y oxalacetato de la mitocondria al 

citosol, reduce el abastecimiento de esqueletos tetracarbonados en el 

citoplasma necesarios para la regeneración de NAD+ que se produce a 

través de la reaccion catalizada por MDH1 (malato deshidrogenasa 1), que 

junto con la enzima GOT1 (glutamatooxalacetato transaminasa 1) 

constituyen los enzimas de la lanzadera de malato-aspartato que a su vez, 
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también se encuentran disminuidas en estos mioblastos. El perfil 

metabolómico de estos mioblastos medido por cromatografía líquida de 

alta resolución (HPLC) y resonancia magnética nuclear (RMN), con niveles 

reducidos de los subproductos de las reacciones que catabolizan dichos 

enzimas, apoya este hecho. De igual manera, el transportador responsable 

de suministrar el α-cetoglutarato necesario para la reacción catalizada por 

GOT1, esto es, el transportador OGC1, está también notablemente reducido 

en los mioblastos defectivos en TDP-43, lo cual genera una nueva dificultad 

añadida para la regeneración del NAD+ citosólico.  

Tomadas en conjunto todas estas evidencias experimentales apuntarían a 

que un descenso del NAD+ citosólico podría ser el responsable principal de 

la deficiencia glucolítica observada en los mioblastos tras el silenciamiento 

de TARDBP. 

Una manera de vincular el defecto de función de TDP-43 con la alteración 

de la glucolisis podría derivar de la conocida función de esta proteína en el 

procesamiento, estabilización, transporte y traducción de los mRNAs. De la 

misma manera que los miogránulos necesarios para la regeneración 

muscular (diferentes de los gránulos de estrés), observados por Vogler y 

colaboradores, contienen TDP-43 y mRNAs de proteínas sarcoméricas para 

su traducción (Vogler et al., 2018), se podría especular que dichos 

miogránulos también podrían contener los mRNAs de enzimas metabólicas, 

que desaparecerían tras el silenciamiento de TARDBP comprometiendo, así, 

el metabolismo glucolítico. 

En el caso de los mioblastos defectivos en FUS, la glucolisis también está 

afectada aunque la cantidad de enzimas alteradas que participan en la 

regeneración del NAD+ es menor que tras el silenciamiento de TARDBP, 

pudiendo ser  compensatorio a la falta de FUS. Al igual que TDP-43, según los 

resultados, FUS regula la expresión de los enzimas GOT1 y MDH1, con lo que 

su defecto comprometería igualmente la regeneración de NAD+.  

Por otra parte, a pesar de que los niveles de lactato deshidrogenasa no 

están afectados, y por tanto la fermentación láctica no se encuentra 

aparentemente alterada en el silenciamiento de FUS, según los datos de 
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nuestro estudio, la entrada masiva de piruvato a la mitocondria  debida a la 

sobreexpresión del transportador MPC1 podría generar una pérdida de 

sustrato para dicha enzima y, por tanto, afectar el flujo basal de la 

fermentación láctica, la cual es otra fuente importante de regeneración de 

NAD+ citosólico. 

A diferencia del mecanismo propuesto para explicar las consecuencias del 

silenciamiento de TARDBP y FUS, la vinculación de la depleción de SOD1 con 

la alteración de la glucolisis es más complicada de explicar. El hallazgo del 

efecto metabólico que la deficiencia de SOD1 produce en músculo no 

parece casual, en el sentido de que ya ha sido reportado que la pérdida de 

función de esta proteína genera problemas en el metabolismo de la glucosa 

en otros tejidos como el hígado (Wang, Jiang and Lei, 2012a). Dada la 

función de la proteína SOD1 en el aclaramiento del estrés oxidativo, los 

efectos de su depleción en la regulación del metabolismo energético 

podrían vincularse con un incremento de la oxidación de las proteínas y los 

ARNm codificantes de enzimas metabólicas, lo que impediría su correcta 

traducción a proteínas. Es sabido que los modelos animales knock out para 

SOD1 no reproducen los fenotipos motores con la misma intensidad que los 

modelos por sobre-expresión de SOD1 mutante, y de ahí que la patología 

asociada a SOD1 es comúnmente atribuible más a la toxicidad de los 

agregados citosólicos de SOD1 que a la pérdida de función de la enzima 

(Reaume et al., 1996). Sin embargo, el silenciamiento de SOD1 produce 

denervación de la unión neuromuscular y axonopatía distal en ratones 

adultos (Flood et al., 1999; Shefner et al., 1999), hecho que invita a postular 

que la pérdida de función de SOD1, además de su agregación, podrían 

participar de forma conjunta en la denervación de la neurona motora. A 

esta conjetura le apoyan una serie de trabajos que demuestran pérdida de 

actividad dismutasa en la mayoría de las mutaciones de SOD1 asociadas a 

ELA (Saccon et al., 2013), así como  las concentraciones elevadas de 

productos derivados del estrés oxidativo que se han encontrado tanto en el 

líquido cefalorraquídeo (LCR), como en el suero como en los tejidos en 

pacientes de las formas esporádica y familiar (Pedersen et al., 1998; 
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Bogdanov et al., 2000; Simpson et al., 2004; Mitsumoto et al., 2008). A pesar 

de ello, nuestro trabajo no aporta datos para sostener un mecanismo 

concreto, por lo que para comprender mejor el papel de SOD1 en el 

metabolismo energético, sería necesario profundizar en el análisis de los 

enzimas clave para este proceso y establecer si la regulación de su 

expresión, es atribuible, y en qué proporción en cada caso, a las proteínas 

TDP-43, FUS y SOD1.  

Tomados los datos en conjunto, se podría hipotetizar que el aumento de 

estrés oxidativo, causante de la formación de gránulos de estrés (Riancho et 

al., 2014), provocaría una detención reversible de la maquinaria de 

traducción de los mRNAs codificantes de las enzimas metabólicas. Dado 

que el silenciamiento de TARDBP provoca una disminución de la propia 

proteína y de FUS, cuya posición funcional se encontraría aguas abajo de 

una misma vía metabólica, ambas estarían relacionadas con el proceso. 

Otro hallazgo fundamental de nuestro trabajo, que viene a corroborar 

nuestra hipótesis, es el papel central de UCP2 en este proceso ya que su 

silenciamiento reproduce los hallazgos del silenciamiento de TARDBP y FUS, 

tanto por los niveles de ROS aumentados (dato no mostrado), como por los 

defectos metabólicos, con una reducción significativa del factor modulador 

de la diferenciación muscular, MyoD, lo que convierte a UCP2 en otra 

potencial diana para el tratamiento de la ELA. 

 En efecto, la función de UCP2 puede modularse bien farmacológicamente 

(Zhong et al., 2018) o bien mediante compuestos lipídicos de cadena media 

(Lou et al., 2014; Jez, Garlid and Jabu, 2018), por lo que una acción dietética 

usando compuestos lipídicos ricos en ácidos grasos saturados de cadena 

media tendría todo el sentido.  

 

2.3. El papel de NAD+ y sus posibilidades como diana terapéutica 

Como se viene especulando, la resultante de todos estos procesos 

metabólicos en mioblastos con silenciamiento de genes ELA podría ser la 

reducción de la disponibilidad del NAD+ citosólico. De hecho, el NAD+ es un 
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elemento fundamental para el metabolismo anaerobio, y en general para 

la homeostasis energética de la célula; y se ha relacionado su deficiencia 

con los procesos de envejecimiento y neurodegeneración a través del 

metabolismo de las sirtuínas (Imai and Yoshino, 2013; Gariani et al., 2016; 

Goody and Henry, 2018). Aunque no están del todo claros los mecanismos 

por los que la disminución de NAD+ actúa en este contexto, parece que en 

la ELA podría ser por la pérdida de su capacidad neuroprotectora (Belenky, 

Bogan and Brenner, 2007; Fang et al., 2016; Chini, Tarragó and Chini, 2017; 

Katsyuba and Auwerx, 2017). 

El NAD+ es un activador alostérico del enzima gliceraldehído 3-fosfato 

deshidrogenasa (G3PDH). También es un co-sustrato de las reacciones de 

acetilación y ADP-ribosilación (Goody and Henry, 2018). NAD+ tiene también 

un papel en la diferenciación muscular a través de las sirtuínas, que es 

controvertido (Goody and Henry, 2018). Según algunos autores, la sirtuína 1 

(SIRT1) inhibe la diferenciación de mioblastos a miotubos en condiciones de 

deprivación de glucosa (Fulco et al., 2008). Por otro lado, diferentes autores 

sostienen que es la sirtuína 3 (SIRT3) la que presentaba un punto de máxima 

expresión en el momento máximo de confluencia con el inicio de la fusión, 

lo que sugiere que sería SIRT3 quien regulara los pasos iniciales de la 

diferenciación celular, más concretamente en el momento de fusión. La 

implicación de la SIRT3 en este proceso se validó en ese mismo trabajo, al 

comprobar que el silenciamiento genético de SIRT3 en células murinas, 

provocaba la anulación de la diferenciación celular con una marcada 

reducción en el índice de fusión de mioblastos, así como de la expresión de 

MyoD y miogenina (Myog) entre otras (Khalek et al., 2014).  

Por otro lado, restaurar los niveles de NAD+ es algo factible a través de 

precursores del mismo como la nicotinamida ribosido (NR) (Schöndorf et al., 

2018; Yoshino, Baur and Imai, 2018). Los estudios preliminares con NR 

muestran que la administración oral de este precursor es segura y que su 

absorción es completa y lineal (Airhart et al., 2017; Martens et al., 2018; 

Elhassan et al., 2019), alcanzándose valores significativos del compuesto 

tanto en suero como en plasma así como del NAD+ en el tejido muscular 
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(Elhassan et al., 2019). En el caso de la ELA, se ha publicado recientemente 

un estudio piloto que recoge una mejoría clínica o estabilización en algunos 

pacientes con ELA tratados con una combinación de NR junto con un 

antioxidante como el pterostilbeno, y un suplemento dietético con aceite 

de coco rico en ácidos grasos saturados de cadena media (de la Rubia et 

al., 2019). Curiosamente estos ácidos grasos tienen la capacidad de inducir 

una sobreexpresión de UCP2 (Lou et al., 2014).  

Desde un punto de vista clínico, la implicación magna de la vía glucolítica 

en la ELA, que por otro lado hemos confirmado en los enfermos, podría ser 

una de las razones de la resiliencia de la musculatura oculomotora (MOE) a 

verse afectada en la ELA. Estas fibras musculares tienen una preferencia por 

el metabolismo oxidativo, lo que explicaría su escasa afectación en la ELA 

comparativamente con las miopatías mitocondriales donde están 

preferentemente afectados (Porter et al., 2001). De hecho, en los músculos 

oculomotores extrínsecos, se expresa predominantemente la isoforma de la 

lactato deshidrogenasa que transforma el lactato en piruvato, la LDH-B 

(Andrade and McMullen, 2006), que es la isoforma propia de las estirpes 

celulares oxidativas, como las neuronas y el corazón, que utilizan el lactato 

como fuente de energía y no tanto la glucosa a través de la glucolisis 

(Doherty and Cleveland, 2013; Urbańska and Orzechowski, 2019).  

 

2.4. Limitaciones derivadas del modelo. Vías futuras de estudio 

A pesar de las evidencias experimentales que soportan la hipótesis de que 

los genes mendelianos de la ELA tienen un papel determinante sobre la 

glucolisis muscular, ello no  demuestra que estos cambios sean los eventos 

primarios en la génesis de la enfermedad en humanos o que de existir, estos 

cambios sean previos e inductores de la muerte neuronal. Para poder 

demostrar lo primero no es factible hacerlo directamente en los pacientes 

con ELA esporádica ya que cuando manifiestan los síntomas es cuando son 

diagnosticados, cuando la muerte de las motoneuronas es ya patente y 

avanzada, pero quizás podría demostrarse en biopsias seriadas en 
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pacientes portadores pre-sintomáticos de familias con mutaciones ELA 

identificadas en esos genes. Alternativamente, para demostrar lo segundo, 

sería necesario comprobar los efectos de la inhibición de estos genes en un 

modelo completo de músculo con inervación (organoide), y ver si los 

cambios en la glucolisis muscular inducen de manera retrógrada cambios 

en la neurona con aparición de depósitos de TDP-43 neuronales. Además, si 

tenemos en cuenta que esta explicación patogénica puede no ser 

aplicable para todos los casos de ELA, sería de interés averiguar si existen 

cambios similares en el metabolismo energético de la glía que pudiesen, 

mediante un mecanismo alternativo similar, explicar la muerte de las 

motoneuronas alimentadas por esa glía. 

 

3. LA PÉRDIDA DE FUNCIÓN DE TDP-43 EN EL MÚSCULO ESTÁ 

RELACIONADO CON LAS VÍAS DE SEÑALIZACIÓN PRO-ATROFIA 

INDEPENDIENTE DE LA DENERVACIÓN 

 

En el caso del paciente con una ELA familiar observamos una disminución 

de TDP-43 nuclear en los mioblastos, que se correspondería con la pérdida 

de función, mientras que, en el caso de la ELA esporádica, apreciamos una 

sobreexpresión de TDP-43, pero con una localización anormal perinuclear. 

En este caso, la presencia de agregados citoplasmáticos, positivos para TDP-

43 y14-3-3, una chaperona presente en los agregados citoplasmáticos de 

las MN en la ELA, en células que presentan simultáneamente una 

localización perinuclear de TDP-43 (Umahara et al., 2016), fortalece la idea 

de la existencia de una afectación muscular intrínseca, causada por la 

proteinopatía TDP-43 de forma independiente a la denervación de la MN. 

Otros estudios recientes han confirmado la presencia de agregados 

citoplasmáticos de TDP-43 en la musculatura axial e incluso en células 

miocárdicas de pacientes con ELA  (Cykowski et al., 2018; Mori et al., 2019). 

En relación a la localización perinuclear de TDP-43, se ha observado la 

misma localización, en forma de un halo rodeando al núcleo, en la miositis 
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por cuerpos de inclusión previo a la acumulación de TDP-43 en vesículas 

sarcoméricas similares a las identificadas también en los mioblastos del 

paciente con ELA esporádica (Salajegheh et al., 2009). 

Así como la presencia de estos agregados refuerza la posibilidad de que el 

músculo juegue un papel importante en la enfermedad, la localización 

cercana de estos agregados en forma de vesículas de secreción cerca de 

la membrana plasmática genera expectativas sobre un presunto modelo de 

propagación de la proteinopatía de forma anterógrada desde el músculo 

a la MN, tal y como describen los posibles modelos priónicos de 

propagación en la ELA (McKinley et al., 1991; Liu-Yesucevitz et al., 2010; 

Münch, O’Brien and Bertolotti, 2011; Jucker and Walker, 2013; Kim et al., 2013; 

Ayers et al., 2016; McAlary et al., 2019; Prasad et al., 2019).  

 

4. LOS GENES MENDELIANOS RELACIONADOS CON LA ELA ESTÁN 

IMPLICADOS EN EL PROCESO DE DIFERENCIACIÓN MUSCULAR 

 

Otra conclusión de nuestro trabajo es que aportamos un mecanismo por el 

que se podrían los explicar los problemas en la diferenciación muscular que 

presentan los pacientes con ELA. Diversas investigaciones previas han 

afirmado la existencia de anormalidades en las células musculares en 

pacientes con ELA, con la subsiguiente afectación del proceso de 

diferenciación de mioblastos a miotubos (Pradat et al., 2011; Scaramozza et 

al., 2014), pero se desconocía que el mecanismo subyacente al proceso de 

diferenciación podía ser una alteración metabólica de la glucolisis.  

 

4.1. Dinámica de TDP-43 y FUS en los procesos de diferenciación 

En nuestro trabajo hemos detectado pequeños gránulos citoplasmáticos de 

TDP-43 por inmufluorescencia durante la fusión y la diferenciación de los 

mioblastos, pero al ser un modelo diferente, en el que se genera un daño 

muscular y se estudia la regeneración muscular, no ha sido posible 
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reproducir los resultados reportados por Vogler y colaboradores por 

fraccionamiento y Western blot. Esta discordancia también podría deberse 

a una menor sensibilidad del anticuerpo utilizado para el Western blot y/o a 

que la cantidad de TDP-43 que se transloca al citoplasma en nuestro 

modelo, es indetectable por esta técnica (Vogler et al., 2018). 

Por el contrario, se ha observado una salida masiva de FUS del núcleo 

durante la fusión y diferenciación de los mioblastos tanto por técnicas de 

inmunofluorescencia como por experimentos de fraccionamiento celular y 

Western blot. Con estos resultados se hipotetiza que FUS podría participar de 

igual forma en los procesos de diferenciación muscular, aspecto que 

debería estudiarse de manera específica en el futuro. Por ejemplo, sería 

interesante determinar si FUS y TDP-43 co-localizan en esas estructuras. En 

condiciones fisiológicas o tras daño muscular inducido, tal y como se ha 

señalado, el proceso de diferenciación celular conlleva una salida de TDP-

43 y FUS del núcleo al citoplasma, donde podrían formar parte de los 

miogránulos, con FUS como un nuevo elemento relevante e integrante de 

éstos.  

Aunque la participación de TDP-43, FUS y SOD1 en la regulación de la 

diferenciación muscular ha quedado reflejada en este trabajo, su impacto 

y el mecanismo por el cual influyen en este proceso, son diferentes. La 

diferenciación anormal de los mioblastos deficientes en SOD1 podría 

deberse al aumento del estrés oxidativo que presentan estos mioblastos. El 

cambio metabólico que se va produciendo a lo largo de la diferenciación, 

desde un predominio inicial de lo glucolítico hacia lo oxidativo en las etapas 

finales, conlleva a un aumento en la expresión de SOD1 como se ha 

demostrado en la línea celular wild type. SOD1 parece actuar por otra vía 

ya que su silenciamiento no genera variaciones de MyoD, aunque si 

presenta una alteración en la diferenciación produciendo miotubos 

aberrantes. Ello podría explicarse de manera alternativa por la pérdida de 

función de SOD1 con un aumento secundario de estrés oxidativo que podría 

generar defectos en la fusión (Sugihara et al., 2018). De hecho, en el modelo 

de ratón SOD1(G93A) (en estadíos sintomáticos y denervación patente), se ha 
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visto, sin tener en cuenta el aumento de la proliferación de las células satélite 

con la denervación, que la proliferación de éstas era menor y que algunos 

factores miogénicos estaban reducidos (Manzano et al., 2013).  En cambio, 

la pérdida absoluta y relativa de la capacidad de diferenciación tanto de 

los mioblastos defectivos en TDP-43 como en FUS, además del cambio de 

localización celular de estas proteínas durante el proceso, sugiere una 

participación directa de ambas ribonucleoproteínas en la diferenciación 

muscular. El hecho de que MyoD, una de las proteínas reguladoras de la 

diferenciación muscular disminuya al silenciar TDP-43 y FUS, (y no tras silenciar 

SOD1) sugiere que el defecto de estas proteínas comprometería las fases 

iniciales del proceso. Existen varios trabajos que confirman que la depleción 

genética de TDP-43 podría conducir a una detención del crecimiento 

celular que podríamos extrapolar a una alteración en la la diferenciación a 

miotubos y formación de miofibras,  in vitro, así como el fallo en la 

regeneración muscular tras daño muscular (Chiang et al., 2010; Murphy et 

al., 2011). Con todo, en el caso de FUS, las evidencias de su implicación en 

la diferenciación celular muscular son, a pesar de tener unas funciones 

similares a TDP-43, más escasas (Ansseau et al., 2016; Homma et al., 2016).  

Además de las evidencias obtenidas en los experimentos de localización y 

expresión subcelular, la relación de TDP-43, FUS y SOD1 con la diferenciación 

muscular puede justificarse por el impacto de su deficiencia en el 

metabolismo energético celular. Las células musculares, tanto en 

proliferación como en diferenciación, necesitan tener energía para sintetizar 

rápidamente biomasa en forma de nucleótidos, proteínas y lípidos, y con 

ello sostener el crecimiento y división celular (Ryall, 2013). Para este 

cometido, la glucolisis, aunque es relativamente ineficiente, proporciona 

una serie de ventajas importantes para las células, incluidas la capacidad 

de generar rápidamente ATP en respuesta a cambios agudos de demanda 

energética (Pfeiffer, Schuster and Bonhoeffer, 2001), e intermediarios 

glucolíticos necesarios para la biosíntesis de nuevas biomoléculas: lípidos, 

aminoácidos y nucleótidos, siendo estos últimos a través de la vía de las 

pentosas fosfato (Li et al., 2016). Es por esta función biosintética 
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precisamente por la cual la glucolisis es la vía metabólica preferente de las 

células tumorales para mantener su fenotipo proliferativo (Warburg, Wind 

and Negelein, 1927). 

 

4.2. Relaciones entre metabolismo energético y miogénesis 

En este trabajo se ha demostrado también la relación directa que existe 

entre el correcto funcionamiento de la vía glucolítica y el proceso de fusión 

y diferenciación de mioblastos. Utilizando la deprivación de glucosa con el 

tratamiento de 2-dg, se ha comprobado que la inhibición de la glucolisis 

bloquea la formación de miotubos a partir de mioblastos wild type. Este 

bloqueo puede estar producido por el descenso en la expresión de MyoD 

que, como se ha podido comprobar, la misma inhibición de la glucolisis 

produce. 

Esta afirmación se ha corroborado en este estudio realizado en condiciones 

fisiológicas, el cual revela en el momento de la fusión celular la 

sobreexpresión del enzima regulador de la glucolisis por excelencia, PFKFB3 

(PFK2), y la posterior reducción de éste una vez producida la fusión. 

Curiosamente, los silenciamientos de los 3 genes, TARDBP, FUS y SOD1, 

inducen un descenso en la expresión de dicho enzima, lo cual podría ser 

desde un punto de vista funcional uno de los principales motivos por los que 

estos mioblastos defectivos para TDP-43, SOD1 y FUS pierden la capacidad 

de diferenciación por un déficit energético. Otra asociación interesante a 

destacar es la regulación de dicha enzima por acción de UCP2, la cual 

según Sreedar y cols. activa a la PFK2 vía AKT (Sreedhar et al., 2017). La 

pérdida de función de     TDP-43 genera estos tres eventos que actúan 

sinérgicamente en el descenso del metabolismo anaerobio; disminución de 

la expresión de PFK2, por un lado, de UCP2 por otro,  y en consecuencia, 

disminución en la activación de PFK2 vía AKT. Sin embargo, la depleción de 

TDP-43 o FUS genera un aumento en la expresión del otro enzima regulador 

de la glucolisis, la PFK1 (PFKM). Esta sobreexpresión que se ve tanto a nivel 

de mRNA como de proteína, podría ser un mecanismo de compensación 
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de la célula para intentan solventar el defecto glucolítico de algún modo. 

Avalando esta hipótesis, existen estudios en los que se demuestra la 

existencia de niveles elevados de PFKM tanto en tejido medular de 

pacientes con proteinopatía TDP-43 como en motoneuronas derivadas de 

IPSCs (induced pluripotent stem cells) creadas a partir de fibroblastos de 

estos pacientes (Manzo et al., 2019). Asimismo, en el mismo trabajo y en el 

modelo de Drosophila de proteinopatía TDP-43 condicional para 

motoneurona, la sobreexpresión de PFKM rescataba el fenotipo motor 

(Manzo et al., 2019). Otros efectos del silenciamiento de TARDBP o FUS  en la 

expresión proteica en los mioblastos sería el aumento de expresión de las 

enzimas reguladoras de la vía glucolítica piruvato quinasa y hexoquinasa 2, 

respectivamente.  

A pesar de que no existen demasiados argumentos para explicar la 

depleción de SOD1 como causa de esta alteración metabólica,  no por ello 

deja de ser un efecto interesante o previsto. En los mioblastos defectivos en 

SOD1 hay una reducción tanto de transcritos de PFK1 como de su expresión 

proteica. Este dato podría explicar la deficiencia glucolítica observada en 

estos mioblastos por un mecanismo parcialmente diferente al de los otros 

dos genes. Para avalar este mecanismo diferencial de SOD1 hay evidencias 

experimentales que han demostrado un cambio de metabolismo de 

glucolitico a oxidativo en ratones mutantes para SOD1 (Browne et al., 2006; 

Miyazaki et al., 2012). Palamiuc y colaboradores ya advirtieron una 

disminución en la actividad enzimática y en la expresión del mRNA de PFK1 

en músculo de ratones SOD1 (G86R) en estadios presintomáticos y 

avanzados de la enfermedad (Palamiuc et al., 2015). En contra de esta 

visión, en otro estudio reciente realizado con ratones SOD1 (G93A) se vio que 

la expresión de mRNA de las enzimas PFK1, PFK2 y PK aumentaba 

(Dobrowolny et al., 2018). Por lo tanto, la controversia sobre el mecanismo 

por el que el defecto de SOD1 influye en la glucolisis permanece abierta. 
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5. LOS FACTORES DE TRANSCRIPCIÓN FOXO ESTAN RELACIONADOS 

CON EL PAPEL DE TDP-43 EN EL MÚSCULO Y PUEDEN TENER 

RELACIÓN CON LA ELA 

 

5.1. Papel funcional de FoxO en el metabolismo 

Algunos factores de transcripción que se translocan al núcleo en 

condiciones de estrés celular para regular la expresión de proteínas pro-

atróficas, forman parte de uno de los mecanismos de reprogramación 

génica más importantes que dictan los procesos de diferenciación celular. 

Unos de los factores de transcripción estudiados en el presente trabajo 

como presuntos partícipes de los mecanismos reguladores de la 

diferenciación miogénica en respuesta al  silenciamiento de TDP-43 y FUS 

son los miembros de la familia FoxO. En mamíferos, la familia de los los 

factores de transcripción FoxO (forkhead box protein O), está constituida por 

FoxO1 (FKHR), FoxO3 (FKHRL1), FoxO4 (AFX) y FoxO6, que, aunque se 

expresan ampliamente en el organismo, presentan expresión tejido 

dependiente. FoxO6 es el de menor homología con el resto y más específico 

de cerebro, mientras que FoxO1 está ampliamente expresado en músculo, 

hígado y páncreas (Hedrick et al., 2012). Estos factores de transcripción 

están relacionados con la atrofia muscular y juegan un papel importante en 

diversas funciones fisiológicas celulares que incluyen la proliferación, la 

supervivencia, el ciclo celular y el metabolismo (Gross, van den Heuvel and 

Birnbaum, 2008; Milan et al., 2015). Por otra parte, los factores FoxO también 

son necesarios en las diferentes etapas del desarrollo embrionario; ratones 

deficientes en FoxO1 mueren en su etapa embrionaria debido al desarrollo 

incompleto del sistema vascular (Hosaka et al., 2004). Otra función atribuida 

a los factores FoxO, más concretamente a FoxO3, es el correcto desarrollo y 

mantenimiento del sistema reproductor (Castrillon et al., 2003). Sin embargo, 

existen evidencias que atribuyen aspectos perjudiciales de la sobre-

activación desregulada de estos factores. Por ejemplo, el aumento de 

expresión de FoxO1 causado por la reducción en la actividad de SIRT1 
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induce el desarrollo de disfunciones en las células del endotelio vascular  en 

presencia de valores de glucosa altos en sangre (Arunachalam et al., 2014). 

Según nuestras investigaciones, tanto en los mioblastos deficientes en TDP-

43 como en los deficientes en FUS, FOXO1 se encuentra sobreexpresado en 

el núcleo, lo que cual invita a especular que la puesta en marcha de los 

fenómenos atróficos, entre ellos, la degradación de proteínas a través del 

sistema ubiquitin-proteasoma, podría deberse a la desregulación de estos 

factores, provocando eventualmente la anulación del proceso de 

diferenciación celular.   

Los factores de transcripción FoxO son activados por los factores tipo TGF-β 

y son inhibidos por la señalización de la insulina, SGK (serum and 

glucocorticoid-induced kinase) y de factores de crecimiento, de ahí su 

implicación en dichas funciones celulares dependientes de éstos 

(McFarlane et al., 2006). Cuando se activa la vía de PI3K-AKT, los factores 

FoxO se fosforilan en residuos conservados y se localizan fuera del núcleo 

evitando así su actividad transcripcional. En ausencia de insulina, en 

periodos de alta necesidad de energía o en presencia de estrés oxidativo, 

los factores FoxO se translocan al núcleo activando la expresión de genes 

metabólicos y relacionados con el mantenimiento de la proteostasis y 

disminución del estrés oxidativo. Además de las fosforilaciones por AKT y SGK, 

los factores FoxO pueden ser modificados postraduccionalmente por 

diversos estímulos externos, siendo fosforilados en otros residuos diferentes 

por las quinasas AMPK, JNK, MST,ERK, p38, o MAPK (Essers et al., 2004; Lehtinen 

et al., 2006; Greer et al., 2007; Calnan and Brunet, 2008). Asimismo, también 

son regulados por metilación, acetilación, ubiquitinación y desacetilación a 

través de las sirtuínas (Yamagata et al., 2008; Wang et al., 2013).  

En el hígado, FoxO1 media la expresión de genes involucrados en el 

metabolismo de la glucosa y de los lípidos. En condiciones de ayuno, donde 

FoxO1 está localizado en el núcleo, activa la expresión de enzimas 

gluconeogénicas (Altomonte et al., 2003; Matsumoto et al., 2007). Por otra 

parte, en estados de resistencia a insulina, se necesitan niveles más altos de 

insulina para compensar el defecto de la señalización (Asada et al., 2007). 
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Esto se consigue promoviendo una hiperplasia de las células beta del 

páncreas que es inhibida por la actividad de FoxO1, con lo que se estaría 

evitando así la adaptación secretora de la insulina (Nakae et al., 2002; Hribal 

et al., 2003). 

El músculo absorbe el 80-90% de la glucosa por acción de la insulina (de 

Lange et al., 2007). El mantenimiento de esta vía es fundamental para el 

mantenimiento de la homeostasis de la glucosa en el organismo.  

En el músculo esquelético, FoxO1 junto a FoxO3 son los que más se expresan 

y ambos activan la expresión de las proteínas pro-atróficas Atrogina-1 y  

Murf-1, que promueven la pérdida de masa muscular a través de la 

degradación de proteínas, entre ellas MyoD (con lo cual detienen también 

el proceso de diferenciación). Además, FoxO1 está considerado como un 

represor de la diferenciación de mioblastos a miotubos (McCarthy and Esser, 

2010; Löw, 2011; Schakman et al., 2013; Schiaffino, Kenneth A Dyar, et al., 

2013; Sanchez, Candau and Bernardi, 2014) Asimismo, la activación de 

FoxO1 aumenta tanto la expresión de miostatina, que a su vez inhibe la 

expresión de MyoD en el núcleo (Langley et al., 2002). Por lo tanto, la 

activación de FoxO1 bloquea, a través de MyoD por diferentes vías 

sinérgicas, el programa miogénico y la diferenciación de mioblastos a 

miotubos (Accili and Arden, 2004; Xu et al., 2017). Aunque el mecanismo 

molecular íntimo sigue siendo desconocido, FoxO1 podría jugar un papel 

activador en la fusión de los mioblastos (Xu et al., 2017). Sin embargo, se ha 

visto que la ganancia de función de FoxO1 en mioblastos múridos 

inmortalizados C2C12, produce una pérdida de la capacidad de 

diferenciación a miotubos, mientras que la inhibición constitutiva de su 

actividad transcripcional, mediante la supresión del dominio de 

transactivación del gen, aumenta la expresión de marcadores de 

diferenciación, tales como la miogenina y la miosina (MyHC). En este estudio 

se demostró que la regulación de la diferenciación miogénica mediada por 

FoxO1 se da a través de la vía PI3K-AKT (Hribal et al., 2003). 

Los resultados del presente trabajo demuestran que existe una relación 

directa entre la activación de estos factores de transcripción y los 
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silenciamientos de TARDBP y FUS tanto en mioblastos humanos control 

inmortalizados como en los mioblastos primarios de los dos pacientes 

estudiados. En primer lugar, habiendo una translocación nuclear de FoxO1 

en los mioblastos defectivos en TDP-43 y FUS, que está ausente en los 

mioblastos control, shRNA, y en los mioblastos shSOD1, la activación de 

FoxO1 en el núcleo conduce a la sobreexpresión de las proteínas ligasas 

fundamentales del sistema ubiquitin-proteasoma, Atrogina-1 y Murf-1, y 

conduce a presentar niveles bajos de MyoD.  

En un estudio realizado en ratones mutantes SOD1 (G93A) se observó un 

aumento de la translocación de FoxO1 mediada por un incremento de ROS 

en células endoteliales de la barrera hemato-medular que producía una 

disminución en las proteínas de las uniones estrechas de dicha barrera 

(Meister et al., 2015), lo que sugería una desorganización de la barrera 

promovida por FoxO1. Sin embargo, de acuerdo a nuestros resultados, en 

nuestro modelo de silenciamiento de SOD1, a pesar de que los niveles de 

estrés oxidativo están aumentados, pueden existir otro tipo de efectos 

desconocidos que pudieren estar contrarrestando la translocación de Foxo1 

al núcleo. Sin duda, sería interesante estudiar, estos mecanismos 

compensatorios puesto que podrían dar explicación a la falta de 

alteraciones en la diferenciación en este modelo celular (Calnan and 

Brunet, 2008; Gross, van den Heuvel and Birnbaum, 2008; Meister et al., 2015). 

De acuerdo a nuestros resultados, matizaríamos esa afirmación en el sentido 

de que para la activación de FoxO1 en el núcleo es posible que sea 

necesaria la presencia de varios otros tipos de estrés celular, además del 

oxidativo.   

FoxO3, por otro lado, se localiza en el núcleo de los mioblastos control y su 

presencia va disminuyendo a medida que avanza la diferenciación 

muscular. Este hecho indicaría que la actividad de FoxO3 nuclear podría ser 

inhibitoria de este proceso. Esta idea se ve reforzada con los resultados 

obtenidos con el microarray de expresión donde FoxO1, y sobre todo FoxO3, 

son de los primeros en la lista de los factores de transcripción que predicen 

los cambios transcripcionales tras el silenciamiento de TARDBP. Esto se 
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refuerza por el hecho de que en dicho estudio transcripcional, dos de las 

vías más influyentes en la regulación de los factores FoxO, como son PI3K-

AKT y TGF-β, presentan los cambios más consistentes tras el silenciamiento 

de TARDBP. La translocalización nuclear de FoxO1 contemplada tanto en los 

mioblastos con pérdida de función de TDP-43 y FUS como en los mioblastos 

de pacientes con ELA fortalecen la idea de la sobreactivación de FoxO1 

como no solo un posible evento celular característico de la patología de la 

ELA sino también un factor condicionante de la vulnerabilidad selectiva de 

la  neurona motora. En este sentido, se ha estudiado recientemente que una 

de las vías más activas en las unidades oculomotoras es la de PI3K-AKT (Allodi 

et al., 2019), por lo que de estos hallazgos se intuye que los mecanismos que 

garanticen la regulación fina de la activación FoxO pueden jugar un papel 

en la resiliencia a la patología de la ELA. 

Esta posible relación de los factores de transcripción de la familia FoxO con 

la ELA y especialmente con TDP-43 no es totalmente inédita. Así, en un 

estudio de expresión con microarray, se encontró un patrón de expresión 

genética diferente entre pacientes y controles. Estas diferencias se 

acentuaban en funciones celulares relacionadas con la integridad del 

sarcómero y el metabolismo oxidativo, siendo uno de los genes que más se 

sobreexpresaba en los pacientes era FoxO1 (Bernardini et al., 2013). Además, 

algunos trabajos previos han demostrado que TDP-43 puede regular la 

actividad transcripcional de los factores FoxO. Cuando la célula se 

encuentra en un estado de reposo sin ningún tipo de estrés celular, TDP-43 

se encuentra localizado predominantemente  en el núcleo y ejerce un 

control negativo en los factores FoxO  inhibiendo su actividad transcripcional 

(Zhang et al., 2014) (figura13).  

Sin embargo, en situaciones de estrés celular TDP-43 se transloca al 

citoplasma para formar parte de los gránulos de estrés, compuestos por 

otras proteínas y transcritos de RNA (Taylor, Brown and Cleveland, 2016), de 

tal manera que se paraliza el proceso de síntesis de proteínas como se ha 

comentado anteriormente. En estos gránulos de estrés se encuentra una 
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proteína tipo scaffold que aparece también en los agregados citoplásmicos 

de TDP-43 en la ELA, la proteína 14-3-3 (Umahara et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Akt fosforila a los factores FoxO e induce su unión con la proteína 14-3-3 para 

prevenir su translocación al núcleo e impedir la transcripción de genes que 

promueven la apoptosis (Arimoto-Ishidaet al., 2004; S. Wang et al., 2013). 

Tanto TDP-43 como los factores FoxO compiten por esta proteína cuando 

TDP-43 migra al citosol en respuesta a un estrés celular, y es entonces cuando 

FoxO puede ser liberado de 14-3-3 y consecuentemente traslocar al núcleo 

para activar su actividad transcripcional. Esta regulación transcripcional 

promueve la actividad del sistema ubiquitin-proteasoma y la autofagia para 

resolver el estrés celular. Por esta razón, los factores FoxO son necesarios 

como una respuesta fisiológica celular para mantener la homeostasis 

celular. De hecho, se ha demostrado el papel de estos factores tanto en el 

Figura 13. Diagrama esquemático de la regulación de la 

actividad de  FoxO por TDP-43. Modificada de Zhang et al., 

2014. 
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envejecimiento y el cáncer, promoviendo la longevidad y como gen 

supresor, respectivamente (Dansen and Burgering, 2008). En una situación 

aguda de pérdida de función nuclear de TDP-43 por su salida al citoplasma, 

disminuyen los niveles de proteínas mal plegadas debida a la activación de 

FoxO. En este sentido  TDP-43 actúa como un interruptor de respuesta 

fisiológica al estrés que subyace a la etiología y la patología de las 

enfermedades degenerativas relacionadas con TDP-43.  

Esta secuencia patogénica se podría hipotetizar diciendo que es probable 

que en las proteínopatías tipo TDP-43, como la ELA y la demencia 

frontotemporal (DFT), exista un tipo de estrés celular que inicialmente es 

agudo y que se intenta resolver mediante la translocación de TDP-43 al 

citoplasma, con el objeto de formar los gránulos de estrés y así paralizar de 

forma reversible la traducción de proteínas. Simultáneamente, la célula 

utilizaría la translocación de FoxO al núcleo para activar los sistemas de 

degradación de proteínas, UPS (Ubiquitin proteosome system) y la autofagia, 

para resolver dicho estrés. El mantenimiento crónico de este estrés sin 

resolverse en el tiempo, como puede ocurrir en situaciones en las que se 

pierde la capacidad funcional celular, por ejemplo, en el envejecimiento, la 

pérdida de función de TDP-43 nuclear debida a su salida de este 

compartimento, podría ser perjudicial a largo plazo (Zhang et al., 2014). 

Además, la persistencia de los gránulos de estrés podría conducir a la 

formación de agregados insolubles similares a las fibras amiloides con 

propiedades de propagación de tipo prionoide (Pan et al., 1993; Jucker and 

Walker, 2013; Walker and Jucker, 2015). Ello implicaría la sobreactivación de 

los factores FoxO, que promueven la senescencia e incluso la muerte celular. 

En esta situación, la célula activa una cascada de eventos moleculares que 

destinan a la célula a su final inevitable (Eijkelenboom and Burgering, 2013). 

Como limitaciones de esta explicación fisiopatológica de la enfermedad, 

hay que recordar que el silenciamiento de TARDBP y FUS es un modelo 

experimental reduccionista que no tiene en cuenta los efectos mediados 

por la agregación citosólica de dichas proteínas, por lo que no se puede 

afirmar, por el momento, que estos mecanismos estén conservados de 
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forma total en pacientes con ELA. Este modelo más bien reflejaría lo 

acontecido en la célula durante un estrés celular mantenido en el tiempo. 

Sorprendentemente, como ha quedado demostrado en esta investigación, 

el hecho de silenciar TARDBP y FUS genera un estrés celular en sí mismo, 

probablemente debido a esa pérdida de función procesadora y 

estabilizadora de RNA, que conlleva precisamente a la movilización de los 

factores FoxO. Por lo tanto, los eventos patogénicos que se producen 

debido a una sobreactivación de los factores FoxO estarían reforzados por 

la propia pérdida de función de los genes TARDBP y FUS al salir 

persistentemente del núcleo y agregarse. Esta situación generaría unas 

condiciones muy desfavorables para la viabilidad celular y establecería un 

ciclo de eventos patogénicos que compondrían un círculo vicioso de 

degeneración. De hecho, esto podría explicar la rápida progresión de la 

enfermedad, como si al cruzar un hipotético umbral se desencadenase una 

cascada de eventos que, acumulados, acelerarían un proceso de 

degeneración celular. 

Un hecho de trascendencia, aunque necesite de una confirmación 

posterior con nuevos casos, es que en el paciente con la forma familiar, 

aquellos mioblastos que expresan una mayor localización de FoxO1 en el 

núcleo son precisamente aquellos que localizan menos TDP-43 nuclear. 

Aunque no se ha podido observar la posible translocación de TDP-43 al 

citoplasma, la relación entre la disminución de TDP-43 nuclear con la 

concomitante pérdida de función y los factores FoxO queda manifestada y 

sería muy importante confirmar este hecho en pacientes adicionales.  

 

5.2. FoxO y miogénesis 

Con respecto a otros efectos de la activación de estos factores de 

transcripción, FoxO1 también participa en la especificación del tipo de fibras 

musculares. Kitamura y colaboradores demostraron que la ablación 

condicional de FoxO1 bajo el control del promotor de miogenina en ratones, 

cambia la distribución del tipo de fibra, aumentando las fibras que 
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contienen MyoD, predominante en fibras rápidas (Kitamura et al., 2007), y 

disminuye la formación de fibras musculares que contienen miogenina, que 

es el factor miogénico predominante en fibras lentas (Hughes et al., 1993). 

Este cambio de tipo de fibra, que es un cambio del tipo de metabolismo 

predominante, podría explicarse por el efecto inhibidor de FoxO1 en la 

expresión de MyoD. Este cambio de tipo de fibra se puede explicar también 

en base al factor de transcripción PGC1-α (peroxisome proliferator-

activated receptor-γ), que es un co-activador directo de FoxO1 además de 

activar a PPAR-γ en el músculo, que es requerido para el metabolismo 

oxidativo, la biogénesis mitocondrial y la formación de fibras de contracción 

lenta (Puigserver et al., 2003). De hecho, el silenciamiento de TDP-43 en 

mioblastos produce una sobreexpresión de este co-activador, que junto con 

el cambio metabólico de glucolítico a oxidativo que induce este 

silenciamiento, fortalece la relación conceptual entre FoxO1 y TDP-43. 

Igualmente, la insulina y Akt inactivan FoxO1 y con ello inhiben la actividad 

promotora de PGC1-α (Daitoku et al., 2003). En los mioblastos deficientes en 

TDP-43, la vía PI3K-AKT es defectuosa, FoxO1 se encuentra en el núcleo y hay 

una sobreexpresión de PGC1-α, hechos que refuerzan la relación FoxO1-

TDP43-PGC1-α. Por otro lado, en las fibras lentas oxidativas PGC1-α está 

altamente expresado, precisamente debido a los requerimientos 

energéticos oxidativos que caracterizan este tipo de fibra. En ratones 

transgénicos en los que se activó la expresión de PGC1-α bajo control del 

promotor de creatina quinasa, se observó un cambio de tipo de fibra, por el 

que los músculos normalmente ricos en fibras de tipo 2 se volvieron más rojos 

por el aumento de mioglobina y de las enzimas mitocondriales (Lin et al., 

2002). Esta misma situación podría estar ocurriendo en pacientes con ELA 

tras el aumento de PGC1-α observado en fibroblastos de pacientes con la 

expansión en C9orf72 (Onesto et al., 2016).  
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5.3. FoxO y atrofia muscular en la ELA 

La atrofia muscular en la ELA se debe fundamentelmente a la denervación 

de la neurona motora. Sin embargo, los resultados generados en este 

trabajo abren la puerta a conjeturar sobre la existencia de mecanismos  pro-

atrofia intrínsecos en el músculo de ELA originados por un desajuste de la 

homeostasis de la energía. Debido a que la atrofia muscular por la 

denervación esta mediada por los factores FoxO, la sobreactivación de 

éstos como signo patognomónico de la enfermedad y la posibilidad de que 

fuera únicamente causada por la denervación retrógrada en la ELA, podría 

quedar en entredicho. Hay un único estudio que reporta una sobreexpresión 

de FoxO1 en el musculo de pacientes con ELA (Bernardini et al., 2013), pero 

no se reporta el grado de denervación de ese músculo impidiendo concluir 

si la sobreexpresión observada de FoxO1 se debía precisamente a la 

denervación o si se trataba de un evento primario. Por eso, siendo ésta una 

limitación en el estudio muscular, resultados positivos de FoxO1 nuclear en 

biopsias de músculo denervado podrían conllevar a una interpretación 

confusa. Cuando hay denervación, se activa la expresión de Atrogina-1 y 

Murf-1, activándose la degradación de proteínas. De hecho, se han 

encontrado niveles reducidos de la proteína quinasa B, PKB (regulador de la 

vía de señalización de la insulina), y elevados de Atrogina-1 en músculo de 

pacientes con ELA (Léger et al., 2006). Finalmente, la sobreexpresión de 

FoxO1 en el músculo esquelético inhibe la síntesis de proteínas mediada por 

mTOR (Southgate et al., 2007). De igual manera, se ha visto que ratones 

knock-out para estas ligasas (MurF-1 y Atrogina-1) protegen de la atrofia 

producida por la denervación (Bodine et al., 2001). Todo ello sugiere que el 

músculo denervado podría mantener su estructura si se inhiben los factores 

que activan Atrogina-1 y Murf-1; ello proporcionaría múltiples posibilidades 

terapéuticas en diversas condiciones neurológicas con denervación central 

o periférica. Por lo tanto, el tratamiento de los procesos pro-atróficos, que en 

gran medida son mediados por la activación patológica de factores tales 

como Atrogina-1 y Murf-1, en el músculo de ELA podría aliviar el desgaste 
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muscular asociado a esta enfermedad neurodegenerativa, y en última 

instancia, podría incluso fortalecer la función neuromuscular ayudando a 

frenar el proceso degenerativo. De los hallazgos obtenidos en el presente 

trabajo y los datos bibliográficos, la inhibición de los factores FoxO es una 

posibilidad terapéutica razonable para frenar dichos eventos atróficos y 

mejorar la funcionaliad neuromuscular.  

 

6. LA INHIBICIÓN DE FOXO1 Y FOXO3 PUEDE SER UNA POTENCIAL 

DIANA TERAPÉUTICA PARA EL TRATAMIENTO DE LA ELA 

 

6.1.  FoxO y su papel en la neurodegeneración 

Muchas enfermedades neurodegenerativas tienen en común la presencia 

de agregados tóxicos, como la enfermedad de Alzheimer, la enfermedad 

de Huntington, el Parkinson y la ELA (Jucker and Walker, 2013). En este 

contexto, los sistemas de degradación tanto de proteínas mal plegadas 

como de orgánulos deteriorados, la autofagia y el sistema ubiquitin-

proteasoma, juegan un papel fundamental en el reciclamiento fisiológico 

de esos componentes celulares (Wells et al., 2019). Los factores FoxO ejercen 

un peso fundamental en la activación de estos sistemas de degradación 

(Salih and Brunet, 2008). Por eso, la respuesta fisiológica mediada por FoxO 

ante un estrés celular metabólico, proteostático y oxidativo es necesaria 

para el mantenimiento de la viabilidad celular. De hecho, en condiciones 

de estrés oxidativo, los factores FoxO inducen la autofagia y la degradación 

de acúmulos tóxicos promoviendo la supervivencia celular (Eijkelenboom 

and Burgering, 2013; Maiese, 2015; Brown and Webb, 2018).  

 

6.2. FoxO y cambios metabólico-energéticos en el músculo de 

pacientes con ELA 

En este trabajo hemos demostrado que los factores FoxO son dinámicos 

durante el proceso de diferenciación en condiciones fisiológicas y cómo 
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esta actividad está relacionada con los cambios metabólicos que suceden 

a lo largo del proceso de diferenciación. Precisamente en el momento en el 

que los mioblastos comienzan a alinearse para su fusión, la localización de 

FoxO1 es citoplásmica y los niveles de FoxO3 nucleares disminuyen. En ese 

mismo punto, el metabolismo energético se intensifica priorizando, en el 

momento de aparición de los primeras miotubos, el potencial metabólico 

anaeróbico sobre el oxidativo. Esto significa que la localización 

citoplasmática de FoxO1 y la disminución nuclear de FoxO3, podrían estar 

ligadas al aumento del metabolismo energético para que la fusión pueda 

llevarse a cabo y proceder con la consiguiente diferenciación celular. De 

igual forma, la localización citoplasmática de los factores FoxO 

proporcionaría a la célula las proteínas necesarias para la diferenciación 

que se encuentran reguladas por estos factores como  MyoD (corroborado 

en los resultados con el aumento de MyoD durante la fusión celular).  

El aumento de la capacidad de diferenciación celular  con la inhibición de 

los factores FoxO ha quedado demostrado en este estudio tanto en los 

mioblastos primarios de pacientes con ELA como en los mioblastos 

defectivos de TDP-43 y FUS por separado, en los cuales los niveles de FoxO1 

nucleares y la activación transcripcional de FoxO1 y FoxO3 están 

significativamente incrementados de manera basal. Teniendo en cuenta 

que el silenciamiento de TARDBP conlleva a una disminución de la expresión 

de la proteína FUS, al tratar estas células con el inhibidor de FoxO, parte de 

esa expresión defectiva se recupera. Es decir, la disminución en la expresión 

de FUS en situaciones de pérdida de función de TDP-43 podría estar 

mediada por la activación de FoxO. Por lo tanto, FoxO podría ser también 

un intermediario en la interacción TDP-43-FUS y su inhibición, por tanto, 

podría contribuir, de manera significativa, a reducir la toxicidad 

dependiente de TDP-43. Además, la inhibición de FoxO rescata en gran 

medida el fenotipo metabólico defectuoso en dichas estirpes celulares. 

Muchos de los enzimas que participan en la regeneración del NAD+ y que 

estaban disminuidos en los mioblastos con silenciamiento de TARDBP y FUS 

aumentan su expresión con el tratamiento inhibitorio de FoxO. Por ejemplo, 
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en los mioblastos defectivos para TDP-43 con disminución de la enzima 

citosólica GPD1, propia del metabolismo de las fibras rápidas tipo 2b, 

aumenta considerablemente con el tratamiento inhibidor de FoxO. También 

ocurre con las enzimas de la lanzadera de malato-aspartato como la MDH1, 

GOT1 y los transportadores Aralar1/AGC1 y OGC1 que aumentan su 

expresión en diferentes grados en todos los silenciamientos. Asimismo, el 

perfil metabolómico medido por RMN corrobora la reducción de los niveles 

de Asp con el inhibidor de FoxO debido a su consumo activado por las 

enzimas citosólicas de la lanzadera de malato-aspartato. Con todo ello, se 

podría concluir que la inhibición de los factores FoxO estimula el 

metabolismo energético para salir del estado de senescencia que 

caracteriza a la activación de dichos factores. El efecto más notorio de este 

tratamiento es la recuperación del enzima UCP2 y la GPD1, de la lanzadera 

de glicerol, en los mioblastos silenciados para TARDBP y FUS que presentaban 

una reducción moderada de estas enzimas. Este aumento de expresión de 

UCP2, dada su acción como antioxidante y regulador metabólico (Jez, 

Garlid and Jabu, 2018), podría ir acompañado de una reducción de los 

radicales libres cuyos niveles en los mioblastos silenciados son elevados.  De 

igual forma, el enzima regulador por excelencia de la vía glucolítica, PFKFB3 

(PFK2), también aumenta, incluso en los mioblastos silenciados para SOD1 

que también mejora su fenotipo metabólico aunque con limitaciones.  

 

6.3. La inhibición de FoxO como estrategia terapéutica en la ELA 

De manera más concreta, de acuerdo a los resultados de nuestro trabajo, 

la sobreactivación de FoxO en músculo no denervado y previo a la 

neurodegeneración podría establecer la base sobre la que se podría 

constituir una diana de tratamiento para la ELA. Los mioblastos son células 

que no se encuentran bajo la influencia directa de esta denervación y son, 

como revelan los datos, los que precisamente muestran la activación y 

translocación de los factores FoxO al núcleo. En este trabajo se han 

estudiado por un lado los mecanismos moleculares por los que, en 
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mioblastos inmortalizados bajo ninguna influencia neuronal, la pérdida de 

función de TDP-43, SOD1 y FUS conduce a una disfunción muscular. Además, 

se ha probado dicha disfuncionalidad en los mioblastos primarios de 

pacientes procedentes de músculo no denervado. Aun así, el cultivo de 

mioblastos por sí mismo no depende de la viabilidad de la motoneurona, 

pues se trata de una célula independiente a ésta y aunque el mioblasto 

reciba en condiciones fisiológicas influencia trófica neuronal, el cultivo in 

vitro tanto de los mioblastos control, de los pacientes con ELA esporádica y 

familiar, y de los mioblastos silenciados se ha realizado en las mismas 

condiciones sin dichos factores tróficos. Por ello podemos presumir que las 

diferencias observadas son por el efecto del propio silenciamiento en un 

caso y de la patología en sí misma en el caso de los mioblastos de los 

pacientes. Finalmente, podemos concluir que la activación observada de 

FoxO1 en las células procedentes de pacientes es presumiblemente 

independiente de la denervación o de cualquier proceso inflamatorio al 

que pudieran estar expuestas en los pacientes.  

Diversos estudios han demostrado que la inhibición o el silenciamiento 

génico de FoxO1 o FoxO3 producen numerosos efectos  beneficiosos para 

el sistema nervioso: 1) protegen de la muerte de la microglía por el estrés 

oxidativo (Shang et al., 2009a) y por la exposición de β-amiloide (Shang et 

al., 2009b); 2) su inhibición promueve los efectos protectores mediados por 

los receptores glutamatérgicos metabotrópicos (Chong, Li and Maiese, 

2006); 3) disminuyen a través del estradiol el daño isquémico que produce 

la activación de FoxO (Won, Ji and Koh, 2006); 4) la acción trófica de 

neurotrofinas conlleva la inhibición de estos factores FoxO (Zheng, Kar and 

Quirion, 2002; Zhu et al., 2004; Anitha et al., 2006); y 5) el aumento de la 

supervivencia de neuronas producido por el precursor de NAD+, se produce 

a través de la estabilización de la fosforilación inhibitoria de FoxO3 (Chong, 

Lin and Maiese, 2004). A todas estas evidencias beneficiosas de la inhibición 

de los factores FoxO se añaden, además, las evidencias de la inducción de 

la apoptosis en neuronas (Lehtinen et al., 2006; Hou et al., 2011; Zhong Chong 

et al., 2011; Qi et al., 2013; W. Wang et al., 2013) y la atrofia muscular por 
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parte de estos factores  (Salih and Brunet, 2008; Schiaffino, Kenneth A. Dyar, 

et al., 2013; Milan et al., 2015; Mcloughlin et al., 2019), para constituir una 

razón importante por la que la inhibición de FoxO en un momento específico 

de la patología, cuando los efectos de la sobreactivación de FoxO 

desencadena muerte neuronal y atrofia muscular, podría funcionar como 

estrategia terapéutica para la ELA.  

Para confirmar que los efectos son por la inactivación parcial de los factores 

FoxO y no por un efecto inespecífico, se han silenciado los factores FoxO 

simultáneamente, es decir, los factores FoxO1 y FoxO3 en los mioblastos que 

presentan valores elevados de actividad transcripcional y de expresión 

nuclear de dichos factores. Por lo tanto, son los mioblastos defectivos para 

TDP-43 y FUS los que han sido mayoritariamente silenciados para FOXO. El 

silenciamiento no ha sido completo con lo que se beneficia la respuesta 

fisiológica mínima que dichos factores proporcionan para el mantenimiento 

de la proteostasis celular, en términos de activación del UPS (sistema 

ubiquitin-proteasoma). 

Tanto los efectos de la depleción de TDP-43 como la depleción de FUS en la 

diferenciación celular como el metabolismo energético se corrigen en gran 

medida con el silenciamiento de FoxO.  

Este resultado ratifica a FoxO como mecanismo principal generador de la 

toxicidad derivada de la pérdida de función de estos genes asociados con 

la ELA.  

Sobre esta base podemos deducir que la alteración metabólica de los 

mioblastos humanos secundaria al silenciamiento de TARDBP y FUS, y en 

mioblastos primarios de pacientes con ELA, podría tener su origen en la  

sobreactivación de los factores FoxO, y que esta sobreactivación de FoxO 

derivada del estrés celular que ocasiona la pérdida de función de TDP-43 y 

FUS, podría ser un hecho diferencial y central en los mioblastos de pacientes.  

Por lo tanto, la activación crónica perjudicial de los factores FoxO podría 

considerarse como uno de los mecanismos de patogenicidad en la ELA, que 

conlleva a la célula muscular a disminuir su capacidad para obtener energía 

en detrimento de su propia supervivencia. Existen evidencias previas que 
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avalan la participación de los factores FoxO en la regulación del 

metabolismo energético. Por ejemplo, la sobreexpresión de FoxO1 en el 

músculo esquelético en ratones, conduce a una pérdida de masa corporal, 

pérdida de masa muscular, disminución del tamaño de fibras de tipo I y II, y 

a un incorrecto control glucémico tras la administración de glucosa por vía 

oral e insulina por vía intraperitoneal (Kamei et al., 2004). La sobreexpresión 

de FoxO1 en células múridas C2C12, incrementa la expresión de la 

lipoproteína lipasa (LPL) cuyo pape funcional es hidrolizar en el músculo los 

triglicéridos plasmáticos  en ácidos grasos, destinados a la β-oxidación 

(Kamei et al., 2003). Con ello se estimula el catabolismo lipídico propiciando 

el cambio de tipo de fibra muscular, de glucolítica a oxidativa, con una 

disminución de la musclina, un nuevo factor secretor descubierto propio del 

músculo esquelético y específico de fibras de tipo IIB (glucolíticas) (Banzet 

et al., 2007; Yasui et al., 2007). Asimismo, en condiciones de ayuno y ejercicio, 

la activación de FoxO1 en el músculo esquelético promueve la expresión de 

genes implicados en el metabolismo energético de los lípidos, como el 

transportador de ácidos grasos FAT/CD36, generando una transición 

metabólica desde la oxidación de carbohidratos a la oxidación de lípidos 

(Bastie et al., 2005). En condiciones de baja disponibilidad de nutrientes, 

inanición o necesidad de energía, los bajos niveles de insulina en sangre 

propios de este tipo de estados metabólicos y con ello, la ausencia de 

señalización de insulina, producen en el hígado una activación de los 

factores FoxO que aumenta los niveles de glucosa en sangre a través de la 

activación de la expresión de las enzimas de la glucogenolisis y la 

gluconeogénesis: los enzimas glucosa 6-fosfatasa y fosfoenol-

piruvatocarboxiquinasa, respectivamente. 

Curiosamente, todos estos efectos fruto de la sobreactivación de FoxO que 

condiciona la regulación metabólica en las condiciones de necesidad de 

energía, coinciden con las evidencias experimentales de una adaptación 

hipercatabólica presente en los pacientes con ELA: una resistencia a la 

insulina e intolerancia a la glucosa, un aumento en el metabolismo lipídico 
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con la consecuente pérdida del tejido adiposo subcutáneo, la pérdida de 

masa muscular y atrofia, y el cambio de tipo de fibra muscular. 

 

6.4. AS1842856: potencial fármaco anti-ELA 

Por todo ello, en este trabajo se propone la inhibición de los factores FoxO 

como potencial diana terapéutica para resolver los efectos patogénicos 

metabólicos y miogénicos que se originan por su sobreactivación en 

situaciones de estrés crónico. Hasta que no se esclarezcan los eventos 

causativos iniciales que llevan a que la respuesta fisiológica no consiga 

resolver el estrés celular, y hasta que no se desentrañen los factores 

precipitantes de ese estrés celular, la inhibición de los factores FoxO podría 

ser una diana terapéutica a verificar.  

Como prueba de concepto de esta propuesta, en esta investigación hemos 

utilizado para la inhibición de los factores FoxO la molécula AS1842856, una 

oxodihidroquinolina permeable a las células que inhibe preferentemente la 

actividad transcripcional de FoxO1 sobre la de FoxO3 y FoxO4, con un 

porcentaje de inhibición del 70%, 20% y 3%, respectivamente. Esta molécula 

se une a la forma no fosforilada activa e impide su unión al DNA y con ello 

la transcripción de sus genes diana. Aunque no impida la translocación 

nuclear de FoxO1 esta inhibición aumenta la fusión de mioblastos 

considerablemente. La dosis utilizada es la establecida que produce una 

inhibición del 50% de FoxO1. Con este grado de inactivación se evitan los 

posibles efectos perjudiciales que la pérdida de función de estos factores 

pudieran desencadenar como la pérdida de proteostasis celular por el 

bloqueo de la autofagia y del sistema ubiquitin-proteasoma. 

A pesar de que hay estudios en los que consideran que los factores FoxO 

podrían activar una fase tardía de la diferenciación de los mioblastos (Bois 

and Grosveld, 2003; Hakuno et al., 2011; Xu et al., 2017), existen otras 

evidencias de que la activación constitutiva de FoxO1 en el núcleo impide 

la fusión y la diferenciación de los mioblastos, y que el silenciamiento de 

FoxO1 o de los factores FoxO1, FoxO3 y FoxO4 simultáneamente activa la 



Discusión 

245 
 

fusión y expresión de MyHC (Hribal et al., 2003). Esto conlleva a pensar que 

en las diferentes etapas de la diferenciación muscular, la contribución de los 

factores FoxO es diferente. En las primeras fases en las que, como se ha 

demostrado en este trabajo, el metabolismo glucolítico es necesario, los 

factores foxO estarían inactivados y en el citoplasma. Sin embargo, en las 

fases finales de la diferenciación, cuando la preferencia metabólica es más 

oxidativa, los factores foxo podrían estar más activados, tal y como 

demuestran algunos estudios. Es por esta razón, por la que el inicio de la 

diferenciación celular mediada por la MyoD, se encontraría afectada tras 

el silenciamiento de TARDBP, FUS y SOD1 y en los mioblastos de pacientes. 

 

6.5. Algunos riesgos teóricos inherentes a la terapia inhibidora de 

FoxO 

A pesar de todo ello, la inhibición de FoxO como estrategia terapéutica 

podría tener como efecto secundario la inducción de una proliferación 

celular en otros sistemas, por lo que su utilidad como aproximación 

terapéutica debería intentar focalizar el efecto exclusivamente en el tejido 

muscular. De hecho, los factores FoxO actúan como represores de tumores 

por su función antiproliferativa y proapoptótica  (Myatt and Lam, 2007; Katoh 

et al., 2013; Farhan et al., 2017) y tienen actividad antitumoral controlando 

la expresión de genes responsables de la interrupción del ciclo celular 

(Bouchard et al., 2004, 2007). Este rol antitumoral de FoxO se podría ratificar 

con los efectos metabólicos que la sobreactivación de FoxO acarrea. En la 

investigación actual se ha demostrado que en un modelo de silenciamiento 

de TARDBP y FUS cuyo impacto en la célula no es otro que la translocación 

de FoxO1 al núcleo, la inhibición de los factores FoxO recupera la glucolisis 

de forma importante, siendo esta vía metabólica característica del 

metabolismo preferente en las células tumorales. También hay evidencias 

que relacionan la pérdida de función de TDP-43 con la disminución de la 

proliferación e invasividad de las células cancerígenas (Guo et al., 2015). De 

todas formas, la relación epidemiológica de la ELA con el cáncer es 
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controvertida. Algunos estudios relacionan positivamente la ELA como 

factor de riesgo de padecer cáncer y viceversa, mientras que otros estudios 

indican un menor riesgo de padecer cáncer en pacientes diagnosticados 

con ELA (Fang et al., 2013; Freedman et al., 2013; Taguchi and Wang, 2017). 

Por todo ello, se debería evitar la inhibición de FoxO en células del organismo 

que no tuvieran una sobreactivación patológica de FoxO para evitar 

desarrollar tumores en otros lugares. La inhibición selectiva de FoxO en el 

músculo esquelético de pacientes con ELA tendría que ser una terapia 

dirigida que serviría tanto como tratamiento de los síntomas originados por 

la atrofia muscular como preventivo, antes de la aparición de la atrofia 

muscular en fibras glucolíticas. 

 

 

7.  PROYECCIONES DE FUTURO  

 

El hecho de que los mioblastos de los pacientes y los genéticamente 

silenciados presenten alteraciones concordantes en la glucolisis, debería 

inducir la búsqueda de biomarcadores en suero u orina que reflejen esta 

situación. Si la pérdida de función de TDP-43 y FUS desregula la actividad de 

los sistemas reguladores de NAD+, y sabiendo que más del 95% de los casos 

de ELA presentan agregados citoplasmáticos de TDP-43, un posible 

marcador en sangre u orina podría ser la determinación de este coenzima.  

Otra conclusión de futuro de los resultados de este trabajo es que la 

activación de los factores FoxO en el núcleo podría considerarse como un 

biomarcador tisular de la enfermedad. Teniendo en cuenta el efecto 

activador de FoxO que produce la neurodegeneración en las fibras 

musculares maduras, las células musculares estudiadas deberían ser 

mioblastos independientes de la influencia neuronal y con ello, de la 

neurodegeneración. Asimismo, se tendría que incrementar el número de 

muestras de pacientes expuestas al tratamiento con el inhibidor de FoxO y 

también aplicarlo en diferentes modelos in vivo para demostrar la 
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implicación del músculo en la neurodegeneración con silenciamientos 

condicionales músculo-específico.  

Con todo ello, este trabajo aporta evidencias suficientes para iniciar 

investigaciones más complejas en la línea de demostrar el posible origen 

muscular de la ELA, la toxicidad de los agregados de TDP-43 a través de la 

sobreactivación de los factores FoxO, y determinar el efecto terapéutico del 

tratamiento inhibitorio de FoxO dirigido al músculo esquelético en modelos 

animales así como el impacto de dicha terapia dirigida, sobre las neuronas.
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I. Los pacientes con ELA presentan un retraso en la producción de 

lactato en las prueba de ejercicio bajo isquemia que evidencia la 

existencia de un trastorno subclínico del metabolismo glucolítico.

 

II. La pérdida de función de TDP-43, FUS y SOD1 interfiere en el 

metabolismo energético muscular tanto aerobio como anaerobio, 

aunque de manera preferente en este último.  
 

III. Los defectos glucolíticos causados por la pérdida de función de 

TDP-43 y FUS en el músculo están acompañados por una fuerte 

reducción de PFK2 que no es compensada ni por el incremento de 

PFK1, en ambos casos, ni por el incremento de la piruvato quinasa 

y hexoquinasa 2, en el silenciamiento de TARDBP y FUS,  

respectivamente.  
 

IV. La pérdida de función de TDP-43 y FUS interfiere en la capacidad 

miogénica de los mioblastos humanos relacionada principalmente 

con la alteración glucolítica. 
 

V. Los defectos glucolíticos que la deficiencia de TDP-43 y FUS causa 

en los mioblastos proliferativos, se explican al menos parcialmente 

por el deterioro de la maquinaria de reciclaje del NAD+ citosólico.  

 

VI. El silenciamiento en células musculares de TARDBP provoca efectos 

similares al silenciamiento de FUS, pero no ocurre lo mismo con 

SOD1, lo que sugiere que las dos primeras proteínas tienen 

funciones estrechamente relacionadas. 
 

VII. Los efectos deletéreos del silenciamiento de SOD1 en células 

musculares, apuntan a un efecto relacionado con el incremento 

del estrés oxidativo y sus posibles efectos sobre el proceso de fusión 

muscular. 
 

VIII. Los datos avalan que UCP2 puede tener un papel fundamental en 

regulación de la glucolisis, así como en los niveles de MyoD, lo que 

le convierte en otra potencial diana terapeútica en la ELA. 
 

IX. La alteración metabólica de los mioblastos humanos secundaria a 

la pérdida de función de TDP-43 y FUS es concordante con la 

observada en los mioblastos primarios de pacientes con ELA, la 

cual podría tener su origen en la sobreactivación de los factores 

FoxO que podría ser un hecho diferencial y central en la patogenia 

de los disturbios metabólico-energéticos observados en los 

mioblastos de pacientes con ELA.  
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X. La traslocación de FoxO al núcleo, tras la pérdida de función de 

TDP-43, FUS y SOD1 en el músculo esquelético, pone en marcha un 

proceso de degradación muscular, bloqueando el programa de 

diferenciación a través de MyoD y activando la señal pro-atrofia 

muscular a través del incremento de Atrogina-1 y Murf-1. 

 

XI. El silenciamiento de FOXO es capaz de corregir los defectos 

miogénicos y metabólicos en mioblastos humanos en los que se ha 

silenciado experimentalmente TARDBP y FUS.  

 

XII. La inhibición de FoxO mediante el inhibidor específico AS1842856 

es efectiva en la recuperación de los defectos de la glucolisis y del 

proceso de diferenciación observados en este modelo y no 

provoca ningún efecto tóxico celular a las concentraciones 

utilizadas. No obstante, dado que su uso sistémico podría tener, 

como efecto secundario, un incremento del riesgo oncogénico, su 

uso debería intentar testarse en una aproximación terapéutica 

focalizada en el tejido muscular.  

 

XIII. Como conclusión general, el impacto de la pérdida de función de 

los genes TARDBP, FUS y SOD1 en el metabolismo muscular, así 

como los hallazgos tanto clínicos como bioquímicos encontrados 

en el músculo de pacientes con ELA, sugieren una participación 

activa de este tejido en la patogenia de la enfermedad 

independiente del efecto pro-atrofia muscular secundario al 

proceso denervativo de las motoneuronas.  
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AcHR: receptor de acetilcolina 

ACTH: hormona adrenocorticotropa 

ADN: ácido desoxirribonucleico 

ADNc: ADN complemetario 

ADP: adenosín difosfato 

AGC1: aspartae glutamate carrier 1 (proteína transportadora de aspartato y 

glutamato, aralar1) 

AK: adenilato quinasa 
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ALSFRS-R: ALS Functional Rating Scale- revised (Adaptación Española de la 
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AMPA: receptor quiscualato 
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C9ORF72: chromosome 9 open reading frame 72 (franja de lectura abierta 72 
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CHIMP2B: charged multivesicular body protein 2b (proteína corporal 

multivesicular cargada 2b) 
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EWSR: ewing sarcoma breakpoint region (proteína de unión a ARN EWS) 
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FAD: flavín adenín dinucleótido oxidado 

FADH2: flavín adenín dinucleótido reducido 

FBS: suero fetal bovino 

FBXO: forkhead box protein o (drosophila) 

FCCP: carbonilcianuro-p-trifluorometoxifenilhidrazona 
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G3PD1/2: gliceraldehído 3 fosfato deshidrogenasa ½ 

GDNF: glial derived neurotrophic factor (factor neurotrófico derivado de la glía) 

GFAP: glial fibrilary acid protein (proteína fibrilar ácida glial) 

GLE1: nucleoporina GLE1 

GLN: glutamina 

GLU: glutamato 

GLUT4: transportador de glucosa tipo 4 

GO: ontología genética 

GOT1/2: glutamic-oxaloacetic transaminase 1/2  (aspartato aminotransferasa) 

GSH: glutatión reducudo 

GWAS: genome wide association studies (estudios de asociación genómica 

completa) 

 

H 

H3: histona 3 

HFE: proteína reguladora de hierro 

HKII: hexoquinasa 2 
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IGF-1: factor de crecimiento insulínico tipo 1 

IL-1β: interlequina 1β 

IL-6: interleuquina 6 

INF-β1α: interferón β1-α 
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IRS-1: sustrato receptor de insulina 1 
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MAFBX: atrogina-1 

MATR3: matrina 3 

MDH1/2: malato deshidrogenasa 1/2 

MET: microscopio electrónico de transmisión 

MET: metabolic equivalent of task (equivalentes metabólicos para realizar una 

tarea) 

MN: motoneurona 

MOE: músculo oculomotor extrínseco 

MOI: multiplicity of infections (multiplicidad de infección) 

MPC1: malate piruvate carrier 1 (transportador de malato piruvato) 

MS: espectrometría de masas 

MTOR: mammalian target of rapamycin (diana de rapamicina en células de 

mamífero) 

MURF-1: muscle RING-finger protein-1 (proteina muscular dedo RING) 

MYF5: factor miogénico 5 

MYHC: myosin heavy chain (cadena pesada de miosina) 

MYOD1: proteína 1 de diferenciación miogénica 

MYOG: miogenina 
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NAD+: nicotinamida adenina dinucleótido oxidado 
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A B S T R A C T

The scientific scenario of amyotrophic lateral sclerosis (ALS) has dramatically changed since TDP-43

aggregates were discovered in 2006 as the main component of the neuronal inclusions seen in the

disease, and more recently, when the implication of C9ORF72 expansion in familial and sporadic cases of

ALS and frontotemporal dementia was confirmed. These discoveries have enlarged an extense list of

genes implicated in different cellular processes such as RNA processing or autophagia among others and

have broaden the putative molecular targets of the disease. Some of ALS-related genes such as TARDBP or

SOD1 among others have important roles in the regulation of glucose and fatty acids metabolism, so that

an impairment of fatty acids (FA) consumption and ketogenic deficits during exercise in ALS patients

would connect the physiopathology with some of the more intriguing epidemiological traits of the

disease. The current understanding of ALS as part of a continuum with other neurodegenerative diseases

and a crossroads between genetic, neurometabolic and environmental factors represent a fascinating

model of interaction that could be translated to other neurodegenerative diseases. In this review we

summarize the most relevant data obtained in the ten last years and the key lines for future research in

ALS.

� 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disorder that affects motor neurons in the brain, brainstem and
spinal cord, resulting in progressive weakness and atrophy of
voluntary skeletal muscles. As a result of the concurrent
involvement of the upper and lower motor neurons, neurological
examination reveals a combination of upper motor neurons signs
(spasticity, hyperreflexia and extensor plantar response or
Babinski sign) and lower motor neuron signs (muscle atrophy,
fasciculations and cramps). The clinical phenotype is generally
classified according to the site at which symptoms first emerge.
Classic or spinal forms, with initial involvement of the limbs, are
most common, comprising approximately 65% of cases. In bulbar

forms, which accounts 30% of cases, the diseases starts with
dysarthria, dysphagia or both. Five percent of cases begin
aggressively with early respiratory failure (Gordon et al., 2006;
Hardiman et al., 2011; Kiernan et al., 2011). The survival rates are
variable; most of patients die within an average time that ranges
from 2 to 5 years, usually due to respiratory failure (Shaw et al.,
2001), but about 35% of patients will survive 5 years or more.

From the epidemiological point of view, ALS shows a stable
incidence in Western European countries, with 2–3 new cases per
100,000 inhabitants/year and a prevalence of 4.6 per 100,000
(Imam et al., 2010; Logroscino et al., 2010; Joensen, 2012; Pradas
et al., 2013). The peak incidence occurs between 50 and 75 years,
decreasing thereafter (Chio et al., 2005; Chio et al., 2009; O’Toole
et al., 2008; Joensen, 2012). It is still controversial if the incidence
may be lower in non-Caucasian populations (Cronin et al., 2007;
Zaldı́var et al., 2009; Rojas-Garcia et al., 2012) or among American
Indians and Eskimos, but most of the epidemiological studies
concur of a slight male/women predominance of 1.2–1.5/1
(Logroscino et al., 2010).

Since its description by Charcot in 1874, the extensive corpus of
accumulated knowledge about ALS has not been enough to enable
successful therapeutic strategies against this devastating disease.
Despite the extensive list of molecules tested, only riluzole, a
glutamate antagonist, has been demonstrated to increase survival

by few months (Bensimon et al., 1994; Lacomblez et al., 1996;
Riviere et al., 1998). Trials with minocycline, lithium carbonate
(Chio et al., 2010; Morrison et al., 2013) or pioglitazone (Dupuis
et al., 2012) have recently failed to demonstrate efficacy and it has
even been suggested that the neuroprotective effect of these
molecules could be antagonized by the action of riluzole (Yañez
et al., 2014).

However, this scenario could be changing due to a range of
breakthroughs. First, the early discovery in 1993 that some
inherited forms of ALS are caused by mutations in SOD1 have
enabled the development of the transgenic mouse SOD1(G93A),
which have largely stimulated basic and experimental research.
Later, between 2006 and 2009, several groups discovered that TDP-
43 and FUS proteins were the main components of the
characteristic neuronal inclusions of TDP-43 and FUS proteins as
the main components of the characteristic neuronal inclusions
(Neumann et al., 2006, 2009; Vance et al., 2009). And few years
later, in 2011, the genetic background of ALS forms linked to
chromosome 9 was discovered (DeJesús-Hernández et al., 2011;
Renton et al., 2011), bringing novel insigths into pathogenic
mechanisms. These discoveries boosted the interest in disease,
which is well evidenced by the number of entries in Pubmed under
the term ‘‘amyotrophic lateral sclerosis’’ (5670 citations) during the
last 4 years (between March 1st, 2012 and February 29th, 2016),
accounting 29% of all historical entries for this disease (data
reviewed on March 1st, 2016). Most people are also aware of the
ice bucket challenge to obtain funding for ALS research, which has
achieved global attention in 2014.

The current understanding of ALS is recognized to be part of a
continuum that includes other nosological conditions of the central
nervous system (CNS), such as frontotemporal dementia (FTD),
ataxias or Parkinson’s disease (PD) (Strong, 2008; Pradat et al.,
2009; Mackenzie et al., 2010;). Epidemiological studies have
identified genes involved not only in the inherited but also in the
sporadic forms, which have contributed to this paradigm shift.
Based on this scientific revolution, it has been possible to perceive
a hope in the therapeutic trials that are recently ongoing or in those
which are coming.
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The aim of this review is to summarize the emerging
information regarding genetic/environmental factors, pathogenic
pathways, and metabolic alterations in ALS.

2. Etiology of ALS

In the majority of ALS cases, which are sporadic, the initial cause
and the mechanisms leading to neuronal degeneration is still
unknown. In the hereditary forms, the pathogenesis is linked to the
function of defective genes. Despite that, in the last years the
boundaries between inherited and sporadic forms are being
blurred by the existence of sporadic cases associated with
mutations in the same genes.

Numerous studies have attempted to establish genetic,
environmental or lifestyle factors in the etiology of ALS. Data
from the UK and Swedish Twin registries show that monozygotic
twins have a higher risk than dizygotic twins, but both display a
higher risk than the control population (Al-Chalabi et al., 2010) and
the risk of ALS is increased in close relatives but not in wives,
supporting a major role of genetic influences over unidentified
environmental factors (Gibson et al., 2014). Linkage studies have
provided a fairly extensive list of causative genes, while association
studies have generated an even more extensive list of susceptibility
genes, although in most cases of sporadic ALS the etiology remains
unknown (see below).

Remarkably, a recent population-based study has estimated by
using a mathematical model that ALS is a result of a multistep
process, where the combination of 6 genetic and/or environmental
exposures (steps) is needed to trigger disease (Al-Chalabi et al.,
2014). This model is valid for both sporadic and familial types of
ALS. And so, although familial mutations have high penetrance and
therefore familial ALS could be interpreted as a one-step process,
this model states that 5 subsequent steps (genetic and/or
environmental) would determine the age of onset, severity of
symptoms and the variability of clinical manifestations. Whatever
the combination of steps in this multifactorial disease may be,
there is no doubt that environmental exposures play an important
role in this process. In contrast to the genetic load, which is
expressed from birth and remains unmodified throughout life,
environmental factors interact with genes to modify the etio-
pathogenic process of ALS. Thus, bringing new insights on the
pathogenic mechanisms that lie behind the environmental factors
and how they interact with genes may help the way to tailor novel
therapeutic approaches for ALS.

2.1. Environmental factors

Regarding environmental conditions, epidemiological and
experimental studies have highlighted a role of the environment
in ALS pathogenesis. Among them, there are a wide list of studies
implying factors, such as pesticide contamination, lead, smoking,
alcohol, viral and fungal infections, physical exercise and
electromagnetic radiation (Kamel et al., 2003; Armon, 2009;
Sutedja et al., 2009a, 2009b; Alonso et al., 2010; Beghi et al., 2010;
Yu et al., 2014; De Jong et al., 2012; Al-Chalabi and Hardiman,
2013; Trojsi et al., 2013; Ingre et al., 2015), as well as the exposure
to toxins of unknown nature, as detected among combatants in the
1992 Persian Gulf war (Horner et al., 2008). We will discuss the
most relevant ones in the following sections.

2.1.1. Cluster studies and the b-N-methylamino-L-alanine

Regarding environmental factors, the first epidemiological
studies tried to find an explanation of the coexistence of regional
clusters of patients. One of the first associations of ALS, PD and

dementia was described in 1945 within the Chamorros population
in Guam (Steele, 2005). In 1967, Vega and Bell discovered a
neurotoxin, b-N-methylamino-L-alanine (BMAA), in the indige-
nous cycad (Cycas micronesica), the seeds of which are used by
Chamorros to make flour (Vega and Bell, 1967). It was later found
that BMAA in cycads comes from symbiotic cyanobacteria resident
in specialized coralloid roots of this plant, and that it gets
concentrated in the process of flour production. These evidences,
together with the postmortem observation that BMAA is concen-
trated in the brains of Guamanian patients with ALS but not in
control brains, gave rise to the BMAA theory of motor neuron
disease (MND) (Murch et al., 2004a, 2004b).

Another cluster of ALS patients with parkinsonism was described
by Gadjusek between 1962 and 1982 in the Indonesian part of New
Guinea, where Cycas circinalis seeds are also consumed (Gajdusek
and Salazar, 1982; Okumiya et al., 2014 Okumiya et al., 2014). A
third major cluster was detected in the Kii Peninsula of Honshu
Island in Japan (Kuzuhara and Kokubo, 2005; Kuzuhara, 2011),
where the type of drinking water was one possible link among
patients. Interestingly, in some of these clusters of patients,
mutations in TRPM7 (Hermosura et al., 2005) or C9ORF72 genes
(Ishiura et al., 2012) were found, but not in all cases. Other clusters
have been more recently reported (Field et al., 2013; Masseret et al.,
2013, Caller et al., 2013; Torbick et al., 2014; Lannuzel et al., 2015). In
the first two clusters, a link with the consumption of cyanobacteria
in marine invertebrates have been postulated, although this
association has not been confirmed yet. The third and fourth
studies identified up to 12 areas of high incidence of ALS around
Lake Mascoma in New Hampshire and in also northern New
England, which are located in close proximity to waterbodies with
frequent cyanobacterial blooms. These four studies add further
support to the BMAA theory of motor neuron disease. The fifth and
most recent study identified a new geographical cluster of ALS-
Parkinsonism in the Caribbean island of Guadeloupe, but no specific
genetic or environmental factor has been attributed to this frequent
occurrence.

The mechanism explaining BMAA toxicity remains unclear, but
it has been detected in brain tissues of Chamorro people affected
by ALS/PD/dementia complex (Cox and Banack, 2003). It has been
hypothesized that BMAA could behave as an endogenous
neurotoxic reservoir, stored in a bound form, that would be
slowly released within brain tissues inducing its neurotoxic
effects over years (Murch et al., 2004a). Several studies from
animal and cellular models have demonstrated that BMAA is
incorporated into brain proteins, inducing neurotoxicity by
several different mechanisms: glutamatergic toxicity; depletion
of glutathione; synergism with other neurotoxins including
methylmercury; and misincorporation into proteins via L-seryl
tRNA synthetase, producing protein misfolding, intracellular
protein aggregates and eventually neuronal cell death (Xie
et al., 2011; Bradley, 2015). The potential role of genetic
susceptibility to neurotoxicity of BMAA has been explored in
several studies, without successfully identifying candidate genes
yet (Sieh et al., 2009). Future genetic targets may be mutations or
polymorphisms of BMAA transporters and the seryl-tRNA
synthetase, which mediate the transport of BMAA across blood-
brain barrier and the incorporation into neuronal proteins,
respectively (Smith et al., 1992; Lee et al., 2006).

The progressive decrease in the incidence of ALS in most of
these clusters concurs with lifestyle changes, which would suggest
the existence of unknown environmental etiological factors
(Spencer et al., 2005). Cluster studies are useful as hypothesis-
generating tools, but their design usually presents a number of
weaknesses, making those studies prone to biases. Therefore,
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additional studies are usually required to confirm causal associ-
ations.

2.1.2. Heavy metals: lead, mercury and selenium

It is well known that heavy metals may be a cause of disease,
both when they are present in insufficient amounts as well as
when they are present in toxic concentrations. The potential role of
these metals in motor neuron degeneration has been widely
studied, but it is not completely understood yet (Johnson and
Atchison 2009a, 2009b; Sutedja et al., 2009a,b). Among heavy
metals, lead, mercury and selenium have been the most studied
ones.

2.1.2.1. Lead. High lead levels have been reported in cerebrospinal
fluid and blood samples of ALS (Fang et al., 2010). In keeping with
this, some polymorphisms of the gene encoding aminolevulinic
acid dehydratase (ALAD), which result positively associated with
bone lead levels in ALS patients compared with controls, seem to
increase the risk of ALS (Kamel et al., 2003).

However, there are some controversies regarding the role of
lead in ALS. Remarkably, several studies in ALS patients and murine
models of ALS showed that lead exposure (especially at low doses)
was associated with greater survival (Kamel et al., 2005). A
potential explanation for these paradoxical findings could be
related to an increase expression of vascular endothelial growth
factor (Barbeito et al., 2010). Also, it is conceivable that lead is just
one part of the risk equation, while other mechanisms, such as
epigenetic variations, which may be induced by lead, could be
important in the pathogenesis and the individual susceptibility
(Callaghan et al., 2011).

2.1.2.2. Mercury. Mercury exposure has been associated with an
increased risk of ALS in different epidemiological studies, although
there is no full concordance among them (Adams et al., 1983;
Pamphlett and Waley, 1998; Praline et al., 2007). In this line,
clinical manifestations in patients with long-term accidental
exposure to mercury are very similar to those reported in classic
ALS (Schwarz et al., 1996). Experimental studies in both animals
and cell cultures also supported a role of mercury in ALS
pathogenesis. Experimental murine models have demonstrated
that a single dose of mercury is followed by its deposit in both
upper a lower motor neurons (Arvidson 1992). Additionally, ALS
mice exposed to mercury show a quicker and more abrupt disease
course, suggesting that this metal may potentiate the development
of the disease in those genetically predisposed individuals
(Johnson et al., 2009a, 2009b). Some mechanistic experiments
have shown that mercury impairs the interaction between
microglia and astrocytes by influencing the secretion of
proinflammatory cytokines as IL-6 (Bassett et al., 2012). More
recently, Rooney et al. postulated that mercury can also interfere
with normal DNA methylation (Rooney, 2011).

2.1.2.3. Selenium. First evidences relating selenium and ALS came
from two epidemiological investigations that documented an
increased risk of ALS in populations resident in seleniferous
regions (Kilness and Hichberg 1977;Vinceti et al., 1996). Thus, a
11 year follow-up study including more than 5000 Italian people
demonstrated that those who drank high-Selenium tap water had
almost 7 times higher risk of ALS than those not exposed to
selenium (Vinceti et al., 1996). Experimental and laboratory
models have shown that selenium is specifically toxic for motor
neurons in swine and cattle (Casteignau et al., 2006). In particular,
selenium intoxication has been found to selectively damage motor
neurons in pigs, with a bilateral focal affection of ventral horns at
the spinal cord (Vinceti et al., 2001). More recently, it has been
reported that selenium-induced oxidative stress leads to decreased

cholinergic signaling and degeneration of cholinergic motor
neurons (Estevez et al., 2012). Additionally, Maraldi et al. showed
that selenium exposure influences SOD1 accumulation into
mitochondria, an important feature in some models of ALS
(Maraldi et al., 2011).

2.1.2.4. Zinc. Recently, it has been postulated that zinc exposure
may have a neurotoxic effect in motor neurons. Some experiments
have proven that zinc increases oxidative stress and enhances
excitotoxicity, therefore promoting motor neuron death (Nutini
et al., 2011). Interestingly, a paradoxical effect has been reported in
the SOD1 murine model of ALS: high zinc doses were associated
with earlier death, while low zinc supplementation extended mice
survival (Groeneveld et al., 2003; Ermilova et al., 2005).

2.1.3. Other environmental factors: the role of tobacco, pesticides,

electromagnetic fields and lifestyles

The relationship between tobacco and ALS has been suggested
but not clearly confirmed. Although several epidemiological
studies found a potential association (Alonso et al., 2010; De Jong
et al., 2012), other studies did not confirm it (Fang et al., 2006).
Among tobacco compounds, heavy metals, such as cadmium or
lead (previously discussed), residues of pesticides (Djordjevic et al.,
1995) and formaldehyde (Hoffmann et al., 2001) are some of the
most toxic elements. Currently, there exist strong evidences
supporting the role of cadmiun in neurodegeneration. Particularly,
Huang et al. demonstrated that the enzymatic activity of Cu/Zn
SOD1 may be strongly inhibited by this metal (Huang et al., 2006).
Regarding formaldehyde, there are some studies revealing that
exposed people have an increased risk of ALS (Weisskopf et al.,
2009; Roberts et al., 2015). Additionally, experimental studies have
shown that formaldehyde triggers oxidative stress because it
reduces SOD1 activity (Nie et al., 2007) and induce mitochondrial
damage (Gurel et al., 2005), two important cellular events in ALS
pathogenesis (Robberecht and Philips, 2013). Among the suscep-
tibility genes for formaldehyde toxicity, some allelic variants of the
genes encoding paraoxanase and the cytochrome P450 cluster
have been suggested (Boccia et al., 2007).

The association between ALS and exposure to pesticides has
been studied in several studies (Weisskopf et al., 2009; Bonvicini
et al., 2010). A few years ago, two meta-analysis were published
revealing a positive association between ALS risk and the use of
organochlorine insecticides, pyrethroids, herbicides, and fumi-
gants (Malek et al., 2012; Kamel et al., 2012). Among pesticides,
organophosphates are the most commonly used ones (Weiss et al.,
2004). Interestingly, organophosphates irreversibly inhibit acetyl-
cholinesterase, therefore inducing excitotoxicity and brain damage
(Chen, 2012). Specifically, Morahan et al. showed that an impaired
ability of sALS patients to detoxify pesticides could be associated
with polymorphisms in the metallothionein family of genes
(Morahan et al., 2007).

Regarding the role of electromagnetic fields (EMF), there is one
meta-analysis reporting a slight but significant increase of the risk
of developing ALS among extremely low frequencies-EMF-related
occupations (Zhou et al., 2012). In this line, in vitro studies revealed
that prolonged exposure to extremely low frequencies-EMF may
induce oxidative stress, DNA damage and apoptosis (Falone et al.,
2008). However, these results have not been replicated in ALS
murine models (Poulletier et al., 2009). In addition, another meta-
analysis did not confirm causal relationship between electric
injury and the risk of ALS (Abhinav et al., 2007).

A disturbing and unexplained association has been recently
reported in patients following embolization of cerebral arteriove-
nous malformations and subsequent radiation, a finding that
authors attributed to reduced VEGF levels (Valavanis et al., 2014).
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Regarding other lifestyle-related factors, it has been speculated
that exercise and good physical condition, which are usually
considered to have beneficial effects on health, could be risk factors
for neurodegeneration later in life (Al-Chalabi and Hardiman,
2013; Eaglehouse et al., 2016). It is well known that repeated and
strenuous exercise generates a stress situation that requires a good
neuroprotective/recovery mechanism to ensure the integrity and
function of neuromuscular system. This stress might overflow the
possibilities of this system in a predisposed individual. Supporting
this notion, there are several case-control studies reporting that
intense and vigorous physical activity could be associated with the
disease since sport proffesionals (football players, thriathletes,
cross-country skiers) are usually over-represented in ALS cohorts
(Beghi et al., 2010; Gotkine et al., 2014; Chio et al., 2005; Fang et al.,
2015), while moderate exercise might be otherwise protective
(Pupillo et al., 2014; Fang et al., 2015). These outcomes have been
recently replicated and validated in a large prospective cohort from
the European Prospective Investigation into Cancer and Nutrition
(EPIC) study. This work has found that total physical activity was
weakly and inversely associated with ALS mortality; however,
vigorous physical activity early in life was associated with a two-
fold increased risk for ALS mortality (Gallo et al., 2016).

A curious fact is that the patients with hyperglycemia or
hyperlipidemia seem to have a better prognosis, whereas
individuals with athletic appearance and low body fat have an
increased risk of developing the disease, suggesting that a negative
energetic balance may be a critical factor in the etiology of ALS. This
finding will merit further consideration (see later) (Dupuis et al.,
2008; Dupuis et al., 2011)

In short, the heterogeneity of potential environmental factors
capable to induce neurodegeneration in ALS highlights the
multifactorial nature of this disease and the relevance of the
gene-environment interactions. Some conflicting results might be
related to the fact that there are not consistent studies considering
the contribution of multiple susceptibility factors at the same time
in ALS pathogenesis. Thus, additional epidemiological and
experimental studies are needed to elucidate the actual role of
each environmental factor in motor neuron degeneration and their
interaction with genetic factors (Trojsi et al., 2013). In recent years,
the field of epigenomics has highlighted the importance of
epigenetic mechanisms mediating those gene-environment inter-
actions. A better understanding of those mechanisms will surely
help to discover new therapeutic targets in ALS.

2.2. Genetic factors

Over the past two decades evidence has accumulated regarding
the contribution of genetics to the development of ALS. The
involvement of genetics in ALS occurs at various levels. On one
hand, there are causative genes that frequently lead to a classic
autosomal dominant pattern of inheritance in a pure form or
associated with other neurodegenerative syndromes (accounting
10% of cases) (Millecamps et al., 2012; Mok et al., 2012), whereas
on the other hand, there are susceptibility genes that are associated
with an increased the risk of developing a sporadic form of the
disease. Furthermore, an increasing amount of data suggests that
epigenetics can play a role in the development of ALS. Interestingly,
most of causative and susceptibility genes are implicated in few
particular cellular functions, mainly DNA/RNA processing, autop-
hagy, vesicle transport, oxidative stress and metabolism (Fig. 1).

2.2.1. Causative genes

2.2.1.1. Major genes. The first gene implicated in a familial form of
ALS was SOD1, although it only accounts for a very small
percentage of familial forms of the disease (Rosen et al., 1993).

Mutations in the genes for FUS and TARDBP (encoding for TDP-43
protein) were the following discoveries. Neuropathological
analysis led to the identification of insoluble cytoplasmatic
phosphorylated protein deposits in brain and spinal cord that are
also present in other forms of brain neurodegeneration, such as
certain types of FTD (Kabashi et al., 2008; Sreedharan et al., 2008;
Van Deerlin et al., 2008; Corrado et al., 2009; Gitcho et al., 2009;
Kwiatkowski et al., 2009; Vance et al., 2009). TDP-43 is a widely
expressed and a highly conserved protein with diverse functions
in RNA metabolism, including RNA translation, splicing and
transport (Lee et al., 2015). In physiological conditions, TDP-43 is
located in the nucleus to exert its function but a small amount can
be found in the cytoplasm (Ayala et al., 2008). In 2011,
hexanucleotide expansion mutations were discovered in a gene
called C9ORF72 located in a region of chromosome 9 that was
previously identified in linkage studies in families with FTD, ALS
or both. The form of ALS linked to this gene may represent up to
one third of cases with European ancestors (DeJesús-Hernández
et al., 2011; Renton et al., 2011). Since the publication of these two
seminal works, many studies have been conducted to determine
the presence of pathological expansions in different populations,
ranging from 46% of familial forms and 21% of sporadic cases in
Finland to 27.1% of familial forms and 3.2% of sporadic cases in
Spain (Garcı́a-Redondo et al., 2013) with intermediate rates in
other European countries (Renton et al., 2011; Byrne et al., 2012;
Cooper-Knock et al., 2012; Gijselinck et al., 2012; Majounie et al.,
2012; Millecamps et al., 2012; Mok et al., 2012; Sabatelli et al.,
2012). This mutation appears to have a European ancestry (Smith
et al., 2013).

Together, the 4 genes described above (SOD1, FUS, TARDBP and
C9ORF72) account 60–80% of familial ALS cases. C9ORF72 expan-
sions represents about 50% of the mutations found in the familial
forms that appear after the age of 40, while mutations in FUS

account for 35% of cases appearing before that age (Millecamps
et al., 2012).

2.2.1.2. Minor genes. Although other genes have been linked to
Mendelian forms of the disease, its epidemiological importance is
nearly residual.

Genes involved in autophagy and vesicle transport. Mutations in
genes such as OPTN have mainly been described in Japanese
families with dominant or recessive inheritance (Maruyama et al.,
2010; Iida et al., 2012a, 2012b), whereas others such as VCP, VAPB,
SQSTM1 (which encodes for the protein p62), SORT1, UBQLN2 and
FIG4, are responsible for a small number of the familial cases and
have only a symbolic presence among sporadic cases (Hocking
et al., 2002; Nishimura et al., 2004; Landers et al., 2008; Chow et al.,
2009; Johnson et al., 2010; Del Bo et al., 2011; Deng et al., 2011;
Abramzon et al., 2012; Belzil et al., 2012). Among these, VCP and
SQSTM1 are also related to early-onset Paget disease and inclusion
body myopathy (Laurin et al., 2002; Haubenberger et al., 2005).

Genes involved in RNA metabolism. Based on the assumption that
other proteins with RNA recognition motifs could play a role in the
pathophysiology of the disease, six families were found to carry
mutations in a gene coding for a protein with this function, TAF15

(TATA-binding protein associated factor 15) (Couthouis et al., 2011;
Ticozzi et al., 2011) and another three had variants in a different
gene (EWSR) with putative functions similar to those of TAF15 in
sporadic ALS cases (Couthouis et al., 2012). EWSR and TAF15,
together with FUS, constitute the FET protein family with highly
conserved RNA-binding motifs, which participate in various
cellular processes including transcription, pre-mRNA splicing
and miRNA processing. These findings reinforce the idea that
there may be more proteins with RNA-binding properties,
particularly those that also act as a prion-like RNA recognition
domain (a region rich in glutamine, asparagine, tyrosine and
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glycine residues), with potential involvement in other neurodegen-
erative processes. TARDBP, FUS, TAF-15 and EWSR are at the top of
this hypothetical list, which confirms that the underlying assump-
tion is valid (King et al., 2012).

Mutations in MATR3, which may play a role in transcription and
is also involved in a form of distal myopathy associated with
dysphonia and dysphagia (Senderek et al., 2009), have been
identified in families with ALS and dementia. Interestingly,
modifications in this protein in the spinal cord were found not
only in affected, but also in unaffected individuals (Johnson et al.,
2014). However, a large epidemiological study conducted on a
sample of patients with ALS and FTD did not report any case with
this mutation, so the contribution of MATR3 to the familial forms of
ALS appears to be residual (Millecamps et al., 2014). Mutations in
the genes HNRNPA2B1 and HNRNPA1, which encode for heteroge-
neous nuclear ribonucleoproteins involved in RNA transport and
splicing, are reported to accelerate the formation of stress granules
and cytoplasminc inclusions, and are a cause of inclusion body
myopathy and ALS (Kim et al., 2013). Mutations in another gene
(ANG, enconding angiogenin protein) involved in RNA metabolism
and stress granule formation have been reported in familial and
sporadic ALS patients (Greenway et al., 2006; van Es et al., 2011).

Other gene, GLE1, with a putative role in RNA metabolism has been
recently implicated in two sporadic and one familial ALS cases
(Kaneb et al., 2015).

Seminal evidences of an altered gene transcript processing in
motor neuron disease came from the identification of mutations in
the SMN1 gene, involved in RNA splicing and transport (Burghes
and Beattie 2009; Fallini et al., 2012), as a cause of spinal muscular
atrophy (SMA) (Lefebvre et al., 1995). A study in sporadic ALS
patients found ‘abnormal’ number of SMN1 copies (one or three
rather than two) occurring more frequently in cases than controls
(Corcia et al., 2002). However, several studies have demonstrated
that the typical deletions seen in SMA do not occur in ALS patients
(Schymick et al., 2007) and the potential role of SMN in ALS has not
been fully clarified yet.

Genes involved in cytoskeletal organization. A gene that encodes
the heavy chain of neurofilament (NEFH) has also been implicated
in some cases of ALS, although it needs to be confirmed (Al-Chalabi
et al., 1999; Garcı́a et al., 2006; Tomkins et al., 1998). Mutations in
PFN1 (encoding for Profilin-1) have been reported in some families
with ALS (Wu et al., 2012; Chen et al., 2013). Some allelic variants
in the PFN1, such as E117G, are considered to confer a low
susceptibility to developing the disease (Fratta et al., 2014).

[(Fig._1)TD$FIG]

Fig. 1. Main cellular functions where ALS causative or susceptibility genes are involved. Most of the proteins encoded by causative and susceptibility genes for ALS are players

of three major cellular functions: DNA/RNA processing, autophagy and vesicle transport. Several genes are also implicated in pathways regulating energy metabolism and in

cytoskeletal dynamics. Apoptosis, oxidative stress scavenging and mithocondrial integrity are also common cellular functions in which ALS genes plays important roles.
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Other rare mutations. Mutations in ALS2, SIGMAR1, SETX, SPG11

and CHMP2 B genes (Yang et al., 2001; Hadano et al., 2001; Chen
et al., 2004; Parkinson et al., 2006; Cox and Banack, 2010; Al-Saif
et al., 2011; Daoud et al., 2012) are rare but most frequent in the
juvenile forms of ALS (onset < 20 years-old). Mutations in the ALS2
gene, which encodes the protein alsin, have been also described in
juvenile PLS (onset < 20 years-old) and infantile-onset asceding
spastic paraparesis, which involves predominantly upper motor
neuron starting at bulbar muscles and progressing to spastic
paraparesis or, in some cases, to a generalized dystonia (Yang et al.,
2001; Eymard-Pierre et al., 2002; Gros-Louis et al., 2003; Sheerin
et al., 2014). Alsin contains three domains homologous to guanine
nucleotide exchange factors (GEFs) (Hadano et al., 2001) that
catalyze the exchange of GDP for GTP to activate GTPases of the RAS
proteins superfamily (Bar-Sagi and Hall, 2000). In fact, it has been
claimed that can activate Rho, Rac1 and Rab5 GTPases, which play
important roles in endocytosis, cytoskeleton maintenance, protein
transport, cell signaling and membrane trafficking (Yang et al.,
2001). In addition, Alsin activates Rab 5 that mediates insulin-
stimulated production of phosphatidylinositol 3-phosphate (PI(3)P)
and regulates trafficking of Glut4 vesicles (Lodhi et al., 2008), so that
it could generate the possible link to metabolic imbalance observed
in ALS patients mentioned above. Beside the causative role of
SIGMAR1 mutations in juvenile ALS, an altered function of its
encoded protein, the sigma non-opiod intracellular receptor 1
(SigmaR1), appears to contribute to ALS pathogenesis as well. In this
sense, SigmaR1 have been found abnormally accumulated within
enlarged C-terminals and endoplasmic reticulum (ER) structures of
alpha motor neurons in lumbar ALS spinal cords (Prause et al.,
2013), although is function is generally deregulated, leading to ER
and mitochondrial abnormalities, impaired autophagic degrada-
tion, endosomal trafficking and intracellular calcium homeostasis
(Prause et al., 2013; Vollrath et al., 2014). Importantly, a recent
study has reported significant improvements of motor function and
motor neuron survival by a SigmaR1 agonist in the SOD1(G93A)
mouse model of ALS (Mancuso et al., 2012).

Mutations in the ERBB4 gene have also been described in a
Japanese family with late-onset ALS with no cognitive impairment
and a slow progression. The causative mutation interferes with the
interaction between the ErbB4 receptor and neuroregulin (NRG),
identifying another metabolic pathway capable of generating
motor neuron involvement (Takahashi et al., 2013). NRGs are a
large family of proteins found in many tissues, which are
functional ligands for the EGF receptor-related receptors erbB2,
erbB3, and erbB4, regulating cell proliferation, differentiation and
survival (Syroid et al., 1996). MNs have different types of synaptic
inputs in their membranes, being important among them C-type
cholinergic boutons (Bernstein and Bernstein, 1976), where ErbB4
is localized (Gallart-Palau et al., 2014). This type of boutons, which
is characteristic of somatic a-MN, arises from local cholinergic
interneurons that specifically contact spinal a-MN and regulate
their activity (Witts et al., 2014; Frank 2009; Nagy et al., 1993). It
was shown that NRGs increase the rate of AChR synthesis in
skeletal muscle at neuromuscular junctions (Jo et al., 1995; Zhu
et al., 1995), where cholinergic synapses occur through C-type
bouton.

Analysis of whole exome sequence data in a cohort of mostly
sporadic patients and in an European familial ALS index have
confirmed most of the genes previously linked to ALS and
discovered some new that are implicated in innate immune
response such as TBK1 (Cirulli et al., 2015; Williams et al., 2015).
Indeed, haploinsufficiency of TBK1 has found to cause ALS and FTD
(Freischmidt et al., 2015). A subset of these exome sequence data
has recently revealed mutations in the gene NEK1, which encodes
for a serine/threonine kinase involved in DNA damage repair and

previously associated with short-rib thoracic dysplasia 6 (El
Hokayem et al., 2012), as a cause for ALS (Brenner et al., 2016).

In summary, altough the list of causative genes is extense
(Table 1) and new genes will be added in the future, there are some
clinical indications that can guide molecular studies in familial
cases of ALS. In cases associated with FTD/ALS spectrum, the genes
involved tend to be C9ORF72, TARDBP, FUS or VCP, and if there is no
evidence of transmission from male to male, one might consider
the UBQLN2 gene, located on chromosome X (Deng et al., 2011;
Williams et al., 2012).

2.2.2. Susceptibility genes

In addition to the genes that are presumably causative of ALS,
there are other genes that seem to be involved in disease
susceptibility. In 2010, some overlap was found between ALS
and dominant spinocerebellar ataxia (SCA2), caused by an
expansion of more than 34 CAG triplet repeats in the ATX2 gene
(Elden et al., 2010). This gene encodes for a protein (ataxin 2)
involved in RNA metabolism, which was found mislocalized and
aggregated in 27% of ALS cases (Elden et al., 2010). These dynamic
expansions give rise to a tract of polyglutamine, which causes a
large number of ataxias and other neurodegenerative diseases,
such as Huntington’s disease. The analysis of this expansion in ALS
patients cohorts has led some authors to report that the disease
risk is associated with alleles larger than 27 until 34 or even
39 repeats (which often causes ataxia) (Chen et al., 2011; Corrado
et al., 2011; Daoud et al., 2011; Lee et al., 2011a, 2011b; Ross et al.,
2011; Soraru et al., 2011; Van Damme et al., 2011). This
association, which seems to occur only in sporadic cases (Gellera
et al., 2012), has been extended to include intermediate expansions
of ataxin 1 (ATX1) (Conforti et al., 2012).

Other susceptibility genes, related to metal metabolism or the
processing of toxic genes, are involved in the putative patho-
physiology of ALS. For instance, certain polymorphisms in the HFE

gene implicated in iron metabolism have been repeatedly
implicated in ALS (Wang et al., 2004; Yen et al., 2004; Goodall
et al., 2005; Sutedja et al., 2007), although posterior studies have
failed to replicate the initial results or to completely rule out this
association (Praline et al., 2012; van Rheenen et al., 2013).

Another gene implicated in ALS susceptibility is UNC13A, which
is involved in synaptic vesicle priming and insulin secretion. This
gene was identified from a GWAS study (van Es et al., 2009) and
was subsequently confirmed in further meta-analysis (Lill et al.,
2011) and other studies (Diekstra et al., 2012).

ELP3 was also noted as an ALS risk factor in a GWAS study in
several populations (Simpson et al., 2009), but although mutations
in this gene cause neurodegeneration in an ALS fly model and are
involved in RNA metabolism, no mutations have yet been found in
any familial or sporadic case of ALS.

Other genes participating in a variety of putative functions,
from neuromuscular development, cholesterol metabolism, tran-
scriptional regulation, immune response, cytoskeletal dynamics
and synaptic transmission, such as EPHA4 (Uyan et al., 2013; Van
Hoecke et al., 2012), CYP27A1 (Diekstra et al., 2012), ZNF512 B

(Tetsuka et al., 2013), CX3CR1 (López-López et al., 2014), KIFAP3

(Van Doormaal et al., 2014) and HTR2 B (El Oussini et al., 2016) are
modulators of ALS disease progression and survival times.

The genes involved in monogenic forms of ALS have been
progressively identified as both susceptibility factors for sporadic
forms of the disease, modulators of the phenotype or for
developing other neurodegenerative diseases. For instance,
SQSTM1 modulates the phenotype of FTDs (Van der Zee et al.,
2014), and mutations in FUS (Deng et al., 2014) and TREM2 (Cady
et al., 2014) are risk factors for ALS. Recently, a case-control study
found an excess of rare damaging variants in TUBA4A gene
(encoding Tubulin Alpha 4a protein) in familial ALS index cases
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Table 1
Description of genes related to Mendelian inheritance of ALS.

Gene Chromosome

localization

Heredity Mean age

at onset

Protein Protein defective function/protein

aggregates

Associated features References

ALS1/

SOD1

21q22.11 Dominant/

Recessive

47 Superoxide dismutase

1 (mitochondrial

protein)

Protein aggregation, possible gains of

redox function, impaired axonal

transport, metabolic alterations/

Citoplasmic inclusions of SOD1,

ubiquitin and p62 but not TDP-43

aggregates

Lower an upper motor

neuron involvement.

Amyotrophy, autonomic and

cognitive dysfunction,

cerebellar ataxia,

frontotemporal dementia

(rarely)

Rosen et al.

(1993)

ALS2 2q33.2 Recessive 1 Alsin Endosome, membrane trafficking,

oxidative stress

Childhood or juvenile ALS,

spastic paraplegia, primary

lateral sclerosis

Hadano et al.

(2001)

ALS4/

SETX

9q34.13 Recessive 18 Senataxin DNA and RNA processing Oculomotor apraxia type 2,

cerebellar ataxia, motor

neuropathy

Chen et al. (2004)

ALS5 15q15.1-q21.1 Recessive <10 Unknown Unknown ALS rapidly progressive but

one case associated with slow

progression and SPG

mutation

Hentati et al.

(1998)

ALS6/

FUS

16p11.2 Dominant/

Recessive

46 Fused in sarcoma

(FUS)

Altered RNA processing, formation of

inclusion bodies/FUS but not TDP-43

aggregates

Lower an upper motor

neuron involvement and

frontotemporal dementia

Vance et al.

(2009) and

Kwiatkowski

et al. (2009)

ALS8/

VAPB

20q13.3 Dominant 44 Vesicle-associated

membrane protein

(VAMP)

Vesicle trafficking/TDP43 aggregates Lower an upper motor

neuron involvement.

Nishimura et al.

(2004) and

Landers et al.

(2008)

ALS9/

ANG

14q11.1 Dominant 55 Angiogenin rRNA transcription, stress granule

formation/TDP-43 aggregates

Lower an upper motor

neuron involvement and

frontotemporal dementia.

Parkinson disease

Greenway et al.

(2006) and van

Es et al. (2011)

ALS10/

TARDBP

1p36.22 Dominant/

Recessive

(rare)

55 TDP-43 RNA splicing, formation of protein

inclusion bodies, metabolic alterations,

mitochondrial integrity/Ubiquitin, p62

and TDP-43 positive aggregates

Lower an upper motor

neuron involvement and

frontotemporal dementia

Gitcho et al.

(2009),

Sreedharan et al.

(2008) and

Kabashi et al.

(2008)

ALS11/

FIG4

6q21 Dominant 55 Polyphosphoinositide

phosphatase

Overexpression of SAC3 rendered cells

prone to developing dilated

intracellular membranes whereas

depletion enhance endosome carrier

vesicles, multivesicular body

formation

Hereditary motor and

sensory neuropathy (CMT4J).

Typical familial and sporadic

late-onset ALS and primary

lateral sclerosis

Chow et al.

(2007) and

Chow et al.

(2009)

ALS12/

OPTN

10p15-p14 Dominant/

Recessive

51 Optineurin Golgi maintenance, membrane

trafficking and exocytosis, formation of

inclusion bodies. Also interaction with

huntingtin, transcription factor IIIA

and RAB8/Ubiquitin, p62, optineurin

and TDP-43 positive aggregates

Lower an upper motor

neuron involvement and

frontotemporal dementia.

Primary open-angle

glaucoma, ataxia, Paget

disease

Maruyama et al.

(2010) and Iida

et al. (2012a,

2012b)

ALS13/

ATX2

12q23q24.1 Dominant 57 Ataxin-2 The rate of cleavage of the protein

increases with the length of the

polyglutamine repeat and truncated

protein products may be toxic to

neuronal cells. ATXN2 and TDP-43

associate in a complex that depends on

RNA; ATXN2 is abnormally localized in

spinal cord neurons of ALS patients/

Ubiquitin and p62 positive aggregates.

High-length ATXN2 repeat

alleles are associated to high

risk of ALS. Alleles with more

than 24 repeats cause

Cerebellar ataxia type 2

(SCA2)

Elden et al.

(2010)

ALS14/

VCP

9p13.3 Dominant 49 Valosin-containing

protein (VCP)

Proteasomal degradation, endosomal

trafficking, vesicle sorting/TDP-43

aggregates.

Frontotemporal dementia,

parkinsonism, Paget disease

Johnson et al.

(2010) and

Haubenberger

et al. (2005)

ALS15/

UBQLN2

Xp11.21 Dominant

X-linked

41 Ubiquilin-2 Proteasomal protein degradation,

inclusion body formation/Ubiquilin-2

aggregates, positive for ubiquiting,

p62, TDP-43 and FUS inclusions.

Lower an upper motor

neuron involvement and

frontotemporal dementia

Deng et al.

(2011) and

Williams et al.

(2012)

ALS16/

SIGMAR1

9p13.3 Recessive 1–2 Sigma1R Modulation of Potassium channels

activity (Kv1.4)

Early onset motor neuron

involvement

Al-Saif et al.

(2011)

ALS17/

CHMP2B

3p11.2 Dominant 50–75 CHMP2b Multivesicular bodies (MVBs)

formation and sorting of endosomal

cargo proteins/Intraneuronal

inclusions inmunopositive for

ubiquitin

Lower motor neuron

predominantly involved.

Bulbar involvement. Some

mutations in this gene could

cause frontotemporal

dementia

Skibinski et al.

(2005),

Parkinson et al.

(2006) and Cox

et al. (2010)

PFN1/

ALS18

17p13.3 Dominant 44 Profilin 1 Disruption of cytoskeletal pathways ALS with limb onset. No

bulbar forms

Wu et al., (2012)

and Chen et al.

(2013)
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using exome-sequencing data (Smith et al., 2014). Importantly,
among the seven ALS patients carrying rare variants in TUBA4A,
two of them developed FTD and one had a first-degree relative
affected by FTD. The involvement of TUBA4A in ALS has been
recently replicated in a cohort of sporadic ALS patients (Pensato
et al., 2015) but it is not present in a large Spanish cohort of FTD
patients (Dols-Icardo et al., 2016).

An additional gene, TMEM106B, which is related with lysosomal
transport (Schwenk et al., 2014), has been found involved not only
in the phenotypic modulation of FTDs caused by mutations in PGRN

(Van Deerlin et al., 2010) or C9ORF72 (Gallagher et al., 2014), but
also in ALS (Vass et al., 2011).

2.2.3. Epigenetics

Epigenetic studies as a potencial convergence point between
genetic predisposition and environmental exposures in ALS are still
at an early stage. These epigenetic studies include DNA gene
expression modifiers through histone changes and miRNAs that
modulate functions involved in the pathophysiology of the disease
that could be therapeutic targets (Lazo-Gomez et al., 2013; Lu et al.,
2013). It has been described that the percentage of DNA
methylation in blood and neural tissue is increased in ALS patients
regardless the age of onset (Tremolizzo et al., 2014) and there are
changes in the methylation pattern of C9ORF72 gene (Xi et al., 2013,

2014; Belzil et al., 2014). Otherway, modifications in FUS dynamics
induce changes in the histone configuration due to a loss of
function of protein Arginine-N-methyltransferase 1 (PRMT1)
(Tibshirani et al., 2014).

Postranslational modifications of histones tails are made by
acetylation or methylation, and histone deacetylases (HDACs)
promote the removal of acetylation repressing the gene
expression. Overexpression of several HDACs has been reported
in spinal cord and brain tissues from ALS patients and ALS animal
models (Janssen et al., 2010; Valle et al., 2014).

Taking into account miRNAs studies, overexpression of miRNA-
206 has been reported in an experimental model of denervation
and there is an accelerated disease progression in mice that are
genetically deficient in this miRNA (Williams et al., 2009). Beside
this, miRNA-206 is elevated in the plasma of SOD1-deficient mice
and sporadic ALS patients, which makes it a potential biomarker
for the disease (Toivonen et al., 2014).

The contribution of miRNA-365 and miRNA-125b could
modulate the immune response mediated by TNF-alpha and
thereby exacerbate the disease, as reviewed by Parisi et al. (Parisi
et al., 2013). It has also been found that other miRNAs, such as
miRNA-155, are overexpressed in the spinal cord of patients who
died with sporadic or familial ALS (Koval et al., 2013). Furthermore,
miRNome analysis has revealed that some miRNAs are associated

Table 1 (Continued )

Gene Chromosome

localization

Heredity Mean age

at onset

Protein Protein defective function/protein

aggregates

Associated features References

ERBB4/

ALS19

2q34 Dominant/

Sporadic

60–70 ERBB4 Tyrosin-kinase receptor for

neurregulins that suppres induction of

long-term potentiation in the

hippocampal CA1 region without

affecting basal synaptic transmission;

glucose uptake.

Classic upper and lower

motor neuron degeneration

Takahashi et al.

(2013)

HNRNPA1/

A2B1/

ALS20

12q13.13 Dominant Late onset hnRNPA1

hnRNPA2B1

Pathogenic mutations strengthen a

‘steric zipper’ motif in the PrLD, which

accelerates formation of self-seeding

fibrils that cross-seed polymerization

of WT hnRNP

Motor neuron disease

associated to Paget disease,

cognitive disturbance and

myopathy

Kim et al. (2013)

MATR3/

ALS21

5q31.2 Dominant 60 Matrin 3 Appers in the nuclei of motor neurons

interacting with TDP-43 and regulating

transcription.

Lower and upper motor

neuron involvement.

Dementia.

Johnson et al.

(2014)

C9ORF72/

FTDALS1

9p21.2 Dominant 57 C9orf72

Uncharacterized

Endosomal trafficking and autophagy;

altered C9ORF72 RNA splicing,

formation of nuclear RNA foci/TDP-43

positive aggregates and TDP-43

negative aggregates localized in

hippocampus and cerebellum positive

for ubiquitin and p62.

Lower an upper motor

neuron involvement and

frontotemporal dementia

Renton et al.

(2011) and

DeJesus-

Hernandez et al.

(2011)

SQSTM1 5q35.3 Dominant P62/Sequestosome-1 Association with the NF-kappaB

pathway, regulation of glucose

metabolism.

Paget disease associated Hocking et al.

(2002) and

Laurin et al.

(2002)

NEFH 22q12.2 Dominant/

Sporadic

60–70 NF-H Neurofilament accumulation and

axonal degeneration

Typical ALS Al-Chalabi et al.

(1999), Tomkins

et al. (1998)

GLE1 9q3411 Dominant? 50–65 hGLE1 RNA metabolism Lethal congenital syndrome,

lethal artrogryposis with

motor neuron disease

Kaneb et al.

(2015)

TAF15 17q12 Unknown Unknown TAFII68 RNA-binding protein similar to FUS

and ESW3 (FET family proteins).

Neuron and glial FUS

inclusions in frontotemporal

dementia but not in ALS are

stained with TAFII68.

Ticozzi et al.,

(2011) and

Couthouis et al.

(2012)

TBK1 12q14.2 Dominant TANK-binding kinase Regulates inflammatory responses to

foreing agents; TBK1 phosphorilates

OPTN and SQSTM1 to enhance

autophagy

Involved in frontotemporal

dementia and a form of

primary open angle glaucoma

Cirulli et al.

(2015), Williams

et al. (2015) and

Freischmidt

et al. (2015)
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with early stages of the disease and miRNA-338-3p could be
deregulated in the brain of ALS patients (Shioya et al., 2010; De
Felice et al., 2012).

Interestingly, some of mutations that causes protein aggregates
such as TDP-43 or FUS could be implicated in the sequestration of
some miRNAs whitin protein aggregates or indirectly across
dysregulation of HDAC4 (Freischmidt et al., 2015; Gascon and Gao,
2014; King et al., 2014; Takanashi and Yamaguchi, 2014).
Regarding to therapies, the reversible nature of epigenetic troubles
detected in ALS marks theses changes as potential pharmacological
target for ALS therapy development.

During the last 6 years, the discovery of TARDBP, C9ORF72 and
several other genes associated to the Mendelian inheritance of ALS
has offered a valuable tool to postulate about putative cellular
malfunctions that underlie the neurodegenerative process of
motor neurons, from the dysregulation of energetic homeostasis
(eg.: mitochondria) to the alterations of RNA metabolism, inability
to cope with cellular waste (autophagy) or susceptibility to
exogenous toxics. Most of these genetic variants determine the
cellular vulnerability to certain types of stressors, and in particular
the vulnerability of those cellular populations with high metabolic
demands such as motor neurons. In some instances, other
environmental or genetic (still unknown) factors will be needed
to reach the vulnerability threshold that is necessary to initiate the
neurodegenerative cascade (sporadic ALS), while in others (famil-
ial ALS) this combination of factors will determine the penetrance
of a Mendelian inheritance, the clinical onset and the rate of
disease progression.

3. Pathogenesis of ALS

Various cellular disturbances have been described in both forms
of ALS, such as alterations in RNA proccessing, protein metabolism
abnormalities, increased oxidative stress, defects in axonal
transport, synaptic disorders and altered motor neuron environ-
ment (Robberecht and Philips 2013; Riancho et al., 2016), which are
all associated to motor neuron degeneration. Among them, defects
in protein metabolism (proteostasis), appear as particularly
important. The chronic stress response at the endoplasmic
reticulum (ER) represents one of the most proteostatic-disturbing
conditions. The ER is essential for protein synthesis, including
secreted, membrane-bound and lysosomal proteins, as well as for
their subsequent folding and quality control (Hetz, 2012). Under ER
stress conditions, cells activate the unfold protein response, which
may have neurodegenerative effects depending on the intensity and
nature of the stressor (Hetz and Mollereau, 2014). The main
manifestations of the chronic ER stress are the fragmentation and
loss of the ER cisterns (chromatolysis) and the accumulation of
misfolded and aberrant proteins in cytoplasmic inclusions. These
two events have been described in murine models as well as in ALS
patients (Oyanagi et al., 2008; Sasaki 2010). Interestingly, under
stress conditions, it has been reported that motor neurons
reorganize their ER remnants at the perinuclear region and
maintain their nucleolar activity as a transient mechanism to
preserve the synthesis of the proteins critical for cell survival
(Riancho et al., 2014). As it has been discussed above, the
ubiquitylated cytoplasmic inclusions are a hallmark of the
pathogenesis of ALS and highlight the failure of the proteolytic
systems (Robberecht and Philips 2013). Within the cell, protein
clearance is carried out by the ubiquitin proteasome system (UPS)
and the autophagy-lysosome pathway (activated in situations in
which the UPS is collapsed or for the degradation of very large and/
or unfolded proteins). Autophagy is a physiological pathway in
protein degradation that is tightly regulated, but an uncontrolled
exaggerated autophagy may result extremely harmful for the cell.
In fact, proteasomal collapse and uncontrolled autophagic

responses have been described in some ALS murine models and
in ALS patients (Bendotti et al., 2012; Robberecht and Philips, 2013).
Remarkably, treatment with proteostatic modulators exerts neu-
roprotective effects in ALS experimental models (Riancho et al.,
2015). It remains unclear whether the UPS or the autophagic
machinery failure is at the heart of the protein degradation
impairment, because there is an intense crosstalk between them.
Some investigations in murine models suggested that neurons may
have a greater sensitivity to UPS dysfunction than to authophagic
failure, but this issue has not been fully elucidated yet (Kraft et al.,
2010; Tashiro et al., 2012).

Intracellular inclusions in ALS have a heterogeneous composi-
tion. In fact, mutated or affected proteins, such as SOD1, TDP 43, and
FUS, may have a prion-like behaviour, recruiting other proteins,
RNAs and other cell essential components (Robberecht and Philips
2013). Interestingly, under stress conditions even wild-type (WT)
SOD1 misfolds and tends to aggregate and display some prion-like
properties (Rakhit et al., 2002; Ezzi et al., 2007). Thus, the prion-like
hypothesis in ALS is gaining more importance in recent years.
Several studies have demonstrated that some proteins, including
SOD1, may be secreted to contiguous territories, thus spreading the
disease to adjacent areas (Ayers et al., 2016; Pokrishevsky et al.,
2016). In this line, Sabado et al. speculated that this prion-like
mechanism could be responsible for the transsynaptic propagation
of missfolded SOD1 from the motor neurons to other structures of
the nervous system, such as to the dorsal root sensory neurons
(Sabado et al., 2014). Overall, there is experimental evidence
strongly suggesting that impaired proteostasis plays a role in the
pathogenesis of ALS. The involved mechanisms are still incom-
pletely understood, but appear to be complex and include both gain
of function and loss of function mechanisms.

The involvement of the superoxide dismutase (SOD1) gene in
some familial forms of ALS (Rosen et al., 1993) led to the hypothesis
that ALS was due to an increase in the production of free radicals as
a result of a loss of function in the activity of the antioxidant SOD1
enzyme. Reaume et al. (Reaume et al., 1996) demonstrated that
motor neurons develop normally in SOD1–deficient mice but
become more vulnerable in physiological-stress situations, for
instance following an axonal injury. However as the neuropathol-
ogy of the SOD1 model is different from that observed in both
sporadic cases and familial cases due to mutations in FUS, TARDP43

or C9ORF72, the hypothesis of a disturbance in oxidative
metabolism was becoming less attractive until recently. In fact,
despite the controversy about common mechanisms in SOD1-
related familiar and sporadic ALS, several SOD1 mutations related
to familial ALS showed typical inclusions (Sumi et al., 2009;
Okamoto et al., 2011) and even SOD1 mice model showed also
TDP-43 inclusions if the pathological study is performed at the
end-stages. Moreover, the observations that WT SOD1 is mis-
sfolded and exibits prion-like properties in sporadic ALS (Forsberg
et al., 2010) have been used by some authors to argue in favor of
SOD1 as common pathogenic mechanism in both forms of ALS,
claiming that WT SOD1 could acquire a toxic conformation of
mutated SOD1 through oxidative damage (Ezzi et al., 2007; Bosco
et al., 2010; (Rotunno and Bosco, 2013).

Neuroinflammation is a common pathological trait in most of
neurodegenerative diseases which is currently viewed more as a
trigger than a consequence of neuronal damage (Hooten et al.,
2015). Both microglia, the CNS-resident macrophages, and
astrocytes are activated in the presence of misfolded protein
aggregates and secrete reactive oxygen species and pro-inflamma-
tory cytokines; TNF-a, IL1b and IL-6 (Puentes et al., 2016). In 1993,
microglial activation was associated with infiltration of helper Th
cells and cytotoxic Tc cells in spinal cord and motor cortex of ALS
patients (Appel et al., 1993). These Th helper cells reactivate
astrocytes and microlgia towards a M1 phenotype and thereby
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turning them from neuroprotective to neurotoxic (Philips and
Robberecht, 2011). Furthermore, low levels of Treg cells, which are
associated with priming the neuroprotective microglial M2
phenotype, have been found in blood samples from ALS patients
and mouse models correlating with disease progression (Henkel
et al., 2013; Hooten et al., 2015), suggesting that physiological
immune response against pathogens may have been likely
deregulated and become pathological in ALS.

A defect in glutamate signaling has been attributed to a deficit
in the glial transporter of this amino acid (EAAT2/GLT1) (Rothstein
et al., 1995), which leads to an increase of glutamate levels in the
cerebrospinal fluid (CSF). Importantly, overexpression of EAAT2/
GLT-1 in ALS mice have delayed disease onset and prolonged
survival times. Althogh preclinal studies suggested that pharma-
cological targets that upregulate EAAT2 may be neuroprotective in
ALS, a multi-stage, randomised, double-blind, placebo-controlled
trial at stage 3 reported that ceftriaxone, a FDA–approved beta-
lactam antibiotic that significantly increases EAAT2 activity and
GLT-1 expression in rodent brains (Rothstein et al., 2005), failed to
show any positive clinical outcome in ALS patients (Cudkowicz
et al., 2014). Some authors have claimed that deficits in EAAT2/
GLT-1 may be secondary to other primary disorders related to
neuronal stress (Redler et al., 2011)

3.1. TDP-43: common pathological endpoint in ALS

Currently, ALS is considered as a TDP-43 proteinopathy and the
accumulation of this protein is thought to be critical in the
neurodegenerative process, rather than being simply markers of
the disease (Al-Sarraj et al., 2011; Ince et al., 2011). Taking this into
account, there is a common pathological link between sporadic and
inherited forms. Except from familiar SOD1 and FUS forms, the rest
of ALS forms share a characteristic protein deposition made of TDP-
43 with p62 and ubiquitin colocalization (Blokhuis et al., 2013),
which may be found mainly in spinal cord but also in hippocampal
and cerebellar regions, although in different locations.

The typical neuropathological features of ALS are the degener-
ation and loss of motor neurons with increased astrocytic
proliferation and the formation of intraglial and intraneuronal
inclusions. Protein aggregates and intracytoplasmic inclusions are
the hallmark of many neurodegenerative diseases. In ALS, the
inclusions are ubiquitin-positive and are preferentially formed in
the spinal motor neurons. The discovery of genes involved in
familial forms of ALS has revealed that proteins encoded by these
genes are an essential component of these inclusions (Shibata et al.,
1996; Neumann et al., 2006; Deng et al., 2010; Mackenzie et al.,
2010, 2007). However, these proteins aggregates may be devel-
oped despite any pathogenic mutations. TDP-43 inclusions are
present until 80% of ALS patients with different severity range
(Coand and Mitchell, 2015). Some patients suffering from clinical
pictures combining FTD, progressive supranuclear palsy, cortico-
basal syndrome and motor neuron disease present globular
oligodendroglial and astroglial inclusions (GOI and GAI) positive
for 4R Tauand predominantly negative for Gallyas silver staining
(Piao et al., 2005; Josephs et al., 2006; Fu et al., 2010; Ahmed et al.,
2011). Depending on the severity and distribution of these globular
inclusions, subtypes II and III are associated with motor neuron
disease (Ahmed et al., 2013).

The mechanisms that lead to TDP-43 mislocalization and
accumulation into the cytoplasm of motor neurons in ALS are not
fully understood yet. It is important to know that this protein
autoregulates itself through a negative feedback loop mechanism
in which TDP 43 binds to the 30 UTR region of its own mRNA in
order to induce its degradation (Ayala et al., 2011, Igaz et al., 2011).
Indeed, it has been observed that ALS and FTLD/ALS patients
with mutations in this 30 UTR region show overexpressed levels of

TDP-43. The dysregulated production of TDP-43 might be the cause
for its accumulation in the cytoplasm and loss of transport to the
nucleus (Neumann et al., 2006; Gitcho et al., 2009). Yet, elevated
levels of WT or mutated TDP-43 do not always give rise to insoluble
cytoplasmatic inclusions, as has been found in several organs other
than brain and spinal cord, suggesting that other altered
mechanisms are necessary. For example, TDP-43 aggregates could
be promoted by defective function of cell autophagic system, in
which the proteasome fails to degrade ubiquitinated TDP-43.

Involvement of UBQLN2 and SQSTM1 in familiar forms of ALS
suggest that autophagy may also be implicated in the pathogenesis
of ALS and FTD (Fecto et al., 2011; Fecto and Siddique, 2012;
Rubino et al., 2012). SQSTM1 encodes a protein, p62, which is
present in ubiquitin-positive inclusions in various neurodegener-
ative diseases, co-localizing with TPD-43 and FUS in the motor
neurons of patients with sporadic ALS.

Other causative and susceptibility genes associated to ALS
codify for proteins that have important functions in lysosomal
transport (PGRN, TMEM106B) or unfolded protein response (VAPB),
all of them components of the autophagy machinery. Other
alterations may be related with oxidative stress that results in TDP-
43 lysine acetylation (Cohen et al., 2015) or TDP-43 phosphory-
lation by casein kinase Ie (CKIe) (Choksi et al., 2014), which imped
its nuclear transport.

It still remains a debate whether the harmful effects of TDP-43
are due to the cytoplasmatic inclusions, the loss of its nuclear
localization, or both. Although it is difficult to distinguish the
particular contribution of each phenomena, a recent study has
proved that removal of cytoplasmic TDP-43 and the concomitant
return of nuclear TDP-43 leads to neuron preservation, muscle re-
innervation and functional recovery in new mouse model that
reflect accumulation of insoluble, phosphorylated cytoplasmic
TDP-43 in brain and spinal cord (Walker et al., 2015), suggesting
that ALS pathology could be caused by loss of nuclear functional
TDP-43. The loss of nuclear TDP-43 as the degenerative event in
motor neurons has been supported by studies with heterozigotic
ablation or post-natal deletion of TDP-43, where deficient levels of
TDP-43 in the nuclei of neurons despite no accumulation in the
cytoplasm is sufficient to induce loss of motor neurons and motor
symptoms (Iguchi et al., 2013).

3.2. C9ORF72: frequent pathogenic mechanism in ALS

The hexanucleotide GGGGCC repeat expansion (HRE) in
C9ORF72 is the most common cause of familial ALS and also
contributes to the majority of sporadic forms of ALS. This HRE is not
restricted to ALS since it is as well a common cause of FTLD and
ALS-FTLD, and has been identified in other non-motor diseases as
Alzheimer’s disease and Lewy body dementia as modifiers of
clinical phenotype (Cooper-Knock et al., 2014). The bulk of works
during the last 2 years have made such an enormous contribution
to the understanding of the toxicity mechanisms of C9ORF72

mutation to motor neurons that the involvement of C9ORF72 in the
pathogenesis of ALS merits special attention in this review.

Although the repeat size among patients, or even among
different tissues within the same individual, shows a heteroge-
neous pattern, and the correlation between the number of repeats
and the severity of clinical phenotypes is not clear, it has been
demonstrated that carriers of C9ORF72 expansions have a higher
incidence of ALS, in particular the bulbar onset ALS (Debray et al.,
2013; Ratti et al., 2012 Ratti et al., 2012). It was first reported that
expansions cause haploinsufficiency of C9ORF72. Despite the
function of the C9orf72 protein transcript is not known, some
evidence pointed out that C9orf72 plays a role in endosomal
trafficking, and therefore its depletion resulted in impaired
endocytosis and autophagy-mediated trafficking, which suggested
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C9orf72 downregulation as a putative pathogenic mechanism
(Farg et al., 2014). Two further studies in C9ORF72-deficient mouse
lines have unveiled that C9orf72 expression is crucial for the
regulation of immune and autoimmune responses in macrophages
and microglia (Atanasio et al., 2016; O’Rourke et al., 2016).
Although one of the studies reported age-related neuroinflamma-
tory processes that are similar to those observed in C9ORF72

familial ALS (O’Rourke et al., 2016), none of these studies found
motor neuron disease, which is in accordance with previous works
that did not observe motor neuron degeneration or motor
symptoms in primary neurons or mice lacking C9ORF72 (Wen
et al., 2014; Koppers et al., 2015). Further studies are needed to
confirm whether C9orf72 haploinsufficiency is a pathogenic factor
in C9ORF72 ALS. Instead, the own nucleotid repeat structure has
emerged as the entity that triggers the molecular cascade of
disease. In this sense, Haeusler et al. (Haeusler et al., 2014) found
for the first time in cells from ALS patients that C9ORF72 HRE form
DNA and RNA G-quadruplexes with distinct structures promoting
RNA�DNA hybrids, which are able to bind ribonucleoproteins and
induce nuecleolar stress. Rossi et al. (2015) implemented these
findings by showing that accumulation of these repeat expansions
into nuclear RNA foci affected the efficiency of cytoplasmic
translation machinery as a result of impaired nuclear RNA export.
Further studies demonstrated that these HREs, beyong forming G-
quadruplexes, induced the expression of dipeptide repeat (DPR)
proteins generated by an unconventional repeat-associated non-
ATG translation. Indeed, DPR proteins of glycine-alanine (poly-GA),
glycine-proline (poly-GP), glycine-arginine (poly-GR), proline-
arginine (poly-PR) and proline-alanine (poly-PA) have been found
deposited in ALS brains and have arised as the principal neurotoxic
component of HRE. In particular, experiments in mammalian
primary neurons and in Drosophila have evidenced that the
expression of poly-GA proteins form soluble and insoluble p62-
positive cytoplasmic inclusions, bind nucleoli, impair RNA
biogenesis, inhibit proteasome activity and induce endoplasmic
reticulum stress and cause neurodegeneration (Yamakawa et al.,
2015; Zhang et al., 2014; May et al., 2014; Mizielinska et al., 2014;
Kwon et al., 2014). Other studies have also reported that poly-GR
and poly-PR are cytotoxic by aggregating in nucleoli and inducing
global translational dysregulation, nucleolar stress and, eventually,
cell death (Wen et al., 2014; Tao et al., 2015; Kanekura et al., 2016).
Recent findings by three independent and parallel works have
provided deeper insights into the mechanistic action of C9ORF72

toxicity by showing that C9ORF72-associated HRE and DPR
proteins disrupt nucleocytoplasmic transport: both nuclear
protein import and RNA export (Freibaum et al., 2015; Jovicic
et al., 2015; Zhang et al., 2015). These and posterior works
(Boeynaems et al., 2016) identified several members of the nuclear
transport machinery, including nuclear pore components and
importins/exportins such as karyopherins and Ran-GTP cycle
regulators, as key player mediating the nucleocytoplasmic
transport defects associated to the pathogenic C9ORF72 mutation.

The fact that DPR proteins are abundant in cerebellum and
frontotemporal lobe of ALS patients, but are rare in spinal cord,
might explain the reason why C9ORF72 expansions do not
contribute to lower motor degeneration but are instead associated
with the incidence of the bulbar onset ALS (Gómez-Deza et al.,
2015; Schludi et al., 2015).

The link between C9ORF72 and TDP-43 pathology has also been
studied. The presence of the antisense foci for the repeat expansion
of C9ORF72 is correlated with the mislocalization and accumula-
tion of TDP-43 in cerebellar neurons of ALS patients (Cooper-Knock
et al., 2015), and cytoplasmatic TDP-43 inclusions were found in
skin cells derived from pre-symptomatic C9ORF72-linked ALS
patients carrying the HRE (Pare et al., 2015). On the other hand, the
expression of C9ORF72 HRE in mouse brains caused TDP-43

pathology, as well as DPR protein inclusions, neuronal loss and
behavioural dificits (Chew et al., 2015). Contrarily, a previous
transgenic mouse for C9ORF72-associated HRE showed ubiquitin-
positive inclusions but failed to recapitulate TDP-43 and DPR
pathology (Hukema et al., 2014).

Although the pathogenic molecular pathways of C9ORF72 are
being deciphered in detail, there is still a lot of work to do in order
to uncover the mechanisms that control the expansion length and
to understand how environmental factors could regulate the
pathogenic nature of this C9ORF72 expansions. In this sense, it is
known that the pathological contribution of C9ORF72 repeat
expansions are strongly regulated by epigenetic methylation (Xi
et al., 2014, 2015; Russ et al., 2015), in such a way that hyper-
methylated HRE is associated with reduced accumulation of RNA
foci and DPR proteins (Liu et al., 2014). In addition, it is important
to note that two different studies have failed to find neurodegen-
eration and motor/behavioural abnormalities in transgenic mice
carrying disease C9ORF72 HRE although reporting accumulation of
DPRs and nuclear RNA foci (O’Rourke et al., 2015; Peters et al.,
2015), suggesting that C9ORF72-associated pathology occur
presimptomatically and need a second pathological hit to induce
the neurodegenerative process.

4. ALS as a metabolic disease

Metabolic dysfunction in ALS was reported many years ago and
since this early reports (Reyes et al., 1984; Van den Bergh et al.,
1977), numerous studies suggest that ALS patients may have an
impairment in the energy homeostasis and this imbalance has a
negatively influence in the rate of progression of disease and
survival expectative (Dupuis et al., 2004, 2011; Desport et al., 1999,
2001, 2005; Limousin et al., 2010; Gallo et al., 2013; O’Reilly et al.,
2013; Shimizu et al., 2012). Other evidences come from mice
expressing SOD1(G86R) or SOD1(G93A) mutations, which present
a hypermetabolic state and defects in glucose metabolism (Dupuis
et al., 2004; Palamiuc et al., 2015).

4.1. Evidences of impaired metabolic homeostasis in ALS

It is known that ALS patients exhibit a metabolic dysfunction
that leads to a loss of lean weight and subcutaneous fat mass (Lim
et al., 2012).

In 2001, a clinical study proposed that ALS is a metabolic
disorder after the observation that ALS patients are hypercatabolic
(Desport et al., 2001), a condition that was further demonstrated to
be the result of increased systemic energy expenditure at rest
(Funalot et al., 2009). However, the origin of the failure in the
energy homeostasis that drives to this increased systemic energy
expenditure observed in ALS patients is unknown, and might
represent a key etiopathogenic mechanism. In fact, there are
evidences of impaired glucose utilization and deficits in the
b-oxidation of fatty acids (FAbO) in ALS patients (Pradat et al.,
2010; Sanjak et al., 1987). However, impaired glucose tolerance
could be explained as a secondary event to the disease due to
muscle atrophy (Reyes et al., 1984). Although longitudinal studies
have associated type 2 diabetes with lower risk for ALS (Lekoubou
et al., 2014), possibly due to the neuroprotective effects of
antidiabetic drugs (eg., pioglitazone) and higher fat mass in those
patients, type 1 diabetes have found instead to triple the risk for
ALS (Mariosa et al., 2015), suggesting that impaired glucose
utilization is an etiopathogenic factor of ALS by contributing to the
impaired energy homeostasis. The impairment of fatty acids (FA)
utilization and its involvement in ALS pathogeny has been
documented as well by one study that demonstrated ketogenic
deficits (FAbO is an important source for ketone bodies produc-
tion) in ALS patients during exercise (Sanjak et al., 1987), and one
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recent clinical trial with L-carnitine (necessary for mitochondrial
FAbO) that could improve survival for ALS (Beghi, 2013). When FA
metabolism fails, FAs tend to accumulate into lipid droplets in the
liver causing fatty liver. In agreement with this, clinical studies
suggest that hepatic steatosis (non-alcoholic fatty liver degenera-
tion) is a common and unique phenomenon in ALS compared with
other neurodegenerative diseases (Dupuis et al., 2008), and,
indeed, up to 76% of ALS patients were diagnosed with fatty liver
by abdominal sonography in a small Japanese cohort (Nodera et al.,
2015). Hepatic steatosis is linked to metabolic syndrome,
characterized by insulin resistance and abnormal levels of plasma
glucose, glucagon and triglycerides, which are also altered in ALS
(Moriwaka et al., 1993; Dodge et al., 2013; Goto et al., 1972; Den
Boer et al., 2004). Glucagon secretion is a potent inductor of amino
acid release from muscular proteins that are used for energy
production, a process that generates high levels of ammonia.
Plasma levels of glucagon have been associated with ALS
progression (Ngo et al., 2015) and high levels of amino acids
and ammonia have been found in patients with motor neuron
disease (Patten et al., 1982).

Recently an extensive populational prospective survey con-
ducted in Netherlands over 674 incident ALS cases included during
a period of 5 years, showed that ALS appeared associated with a
higher recalled rate of dietary fat intake, and lower presymptom
body mass index compared to controls, suggesting a basal
hypermetabolic state (Huisman et al., 2015). Taken together these
all data there is growing evidence that at least a fraction of ALS
cases have some type of underlying defect in metabolism that
generate or a defect in the energy supply and/or an increased
production of metabolic rubbish that some individuals are unable
to process properly.

4.2. TDP-43 and other genes linked to ALS are regulators of energetic

metabolism

The fact that some of the most pathogenic ALS genes have
important roles in the regulation of metabolism supports the
notion that metabolic dysfunction occurs early in the pathophysi-
ology of ALS. In particular, multiple studies have evidenced the
participation TARDBP, but also SOD1 and other genes, in glucose
and fatty acid metabolism.

TARDBP has a pivotal role in glucose and lipid metabolism
(Stallings et al., 2013). In this sense, it has been observed that post-
natal depletion of TARDBP in mice leads to dramatic loss of body fat
followed by rapid death and results in reduced levels of protein
Tbc1d1 (Chiang et al., 2010). Tbc1d1 is a Rab GTPase-activating
protein that regulates glucose uptake, lipolysis and insulin
sensibity (Hargett et al., 2015). Conversely, the over-expression
of WT or A315T mutated TDP-43 in the CNS results in weigth gain,
increased fat mass and obesity-induced insulin resistance (Stal-
lings et al., 2013), whereas when mutant A315T TDP-43 is
expressed under the control of its own promoter, and therefore
its expression is not confined to CNS but other peripheral tissues,
mice undergo a 10% loss of body fat mass, deficits in FA metabolism
and mithocondrial dysfunction (Stribl et al., 2014). Little is known
about the molecular mechanisms behind the metabolic regulation
exerted by TDP-43. Recent studies have demonstrated that TDP-43
is particularly related with AMP-activated protein kinase (AMPK)
activation and therefore might play an important role in muscle
glucose uptake during exercise. It has been shown that mutated
TDP-43 A315T mice present reduced AMPK activity in motorneural
cells (Perera et al., 2014) while over-expression of wild type TDP-
43 increased AMPK activity in spinal cord (Liu et al., 2015). Other
studies have demonstrated that TDP-43 interacts with the long
non-coding RNA lncLSTR, which is a liver-specific triglyceride
regulator involved in lipid clearance by liver (Li et al., 2015), and

also appears to participate in the mRNA splicing of ADIPOR2 gene, a
receptor that mediates fatty acid oxidation and glucose uptake by
adiponectin (Ling et al., 2015).

Multiple experimental works in mutated or SOD1 knockout
mice have evidenced that SOD1 is also essential to maintain
glucose and lipid homeostasis. One study found that the deletion of
SOD1 led to a decreased liver glucose production and glycogen
storage, and elevated hepatic lipid profiles in adult mice (Wang
et al., 2012). The absence of SOD1 was further associated with the
development of impaired glucose tolerance and in an impaired b-
cell function and volume (Muscogiuri et al., 2013). The deletion of
SOD1 also inhibits triglyceride secretion to the blood and leads to
dysfunctional lipid accumulation in mouse enterocytes upon a
high-fat diet (Kurahashi et al., 2012) and in hepatocytes (Lee et al.,
2015). The absence of SOD1 also leads to reduced levels of plasma
triglycerides, increased levels of the lipolytic hormone glucagon,
and decreased fat mass (Dodge et al., 2013). In addition, the
overexpression of mutated SOD1(G93A) in mice showed impaired
insulin-mediated glucose uptake in skeletal muscle (Smittkamp
et al., 2014), reduced fat mass and impaired lipid metabolism
(Fergani et al., 2011). It is important to note that antidiabetic drugs
have shown potent effects on pathological and clinical progression
of motor neuron disease in the SOD1(G93A) mouse (reviewed
below). Moreover, FUS mutations in culture cells are linked to a
decreased in levels of adenosine triphosphate (ATP) (Wang et al.,
2015) and patients with C9ORF72 repeat expansion present
reduced used of glucose in several brain regions (Cistaro et al.,
2014).

Besides the relationship between SOD1 and TDP-43 with
energetic metabolism, other genes related with ALS, such as
ERBB4 and SQSTM1, are invoved in glucose uptake by muscle cells.
In particular, neuregulin-ERBB4 mediates the glucose uptake
during muscle contraction induced by calcium (Gumà et al., 2010;
Takahashi et al., 2013). In addition, p62/SQSTM1 regulates the
insulin signaling pathway by interacting with insulin receptor
substrate-1 (IRS-1). Over-expression of p62 improves insulin
signaling and favors GLUT4-mediated glucose uptake (Geetha
et al., 2012), while deletion of p62 impairs insulin sensivity
(Rodriguez et al., 2006).

All this findings provide evidence that defects in different ALS
genes might converge in a common metabolic dysfunction, but still
further investigations are necesary to unveil this metabolic
paradigm in ALS keeping in mind environmental risk factors and
genetic susceptibility.

Based on the whole aforementioned evidence about metabolic
dysfunction in ALS, an hypothetical scenario linking energetic
metabolism with motor neuron degeneration can be proposed,
where particular interactions between genetic and environmental
factors drive to an impaired systemic energy homeostasis that
eventually leads to a maladaptative hypercatabolic remodeling
and the production of metabotoxic intermediates, which could be
eventually detrimental to motor neurons (Fig. 2).

4.3. Therapeutic approaches for ALS based on metabolic modulation

4.3.1. Nutritional interventions

The benefits of nutritional interventions consisting of specific
diets containing metabolic substitutes of glucose have been under
study. For instance, experimental study in the SOD1(G93A) mouse
model showed that ketone bodies- or medium chain triglycerides
(such as caprylic acid)-enriched diets, which serve as an alternate
energy substrate for neuronal metabolism, slowed symptomatic
progression (weakness) and lower the mortality rate (Zhao et al.,
2012; Zhao et al., 2006). In addition, dietary supplements including
arginine, GABA, alpha-ketoglutarate and ketone bodies have also
demonstrated significantly extended survival time and increased
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motor function in the same animal model (Ari et al., 2014). In
another study, oral administration of L-carnitine prior to disease
onset has also showed therapeutic potential in the SOD1(G93A)
mouse, in terms of delayed onset of symptoms, less deterioration
of motor activity and extended life span (Kira et al., 2006).

Iron is a redox-active transition metal involved in a variety of
biological events, but most particularly in oxygen transport and
energy metabolism. Defects in its homeostasis can lead to
increased reactive free radicals and neurodegeneration (Singh
et al., 2014). The observations of iron accumulation in CSF and
spinal cords of ALS patients and ALS mouse model have
suggested a putative toxic effect of iron in motor neurons
(Kasarskis et al., 1995; Winkler et al., 2014). In this sense, a
treatment with a monoamine oxidase (MAO) inhibitor/iron-
chelating compound in combination with a caloric supplemen-
ted diet induced the expression of genes involved in mitochon-
drial biogenesis and metabolic regulation and showed potent
therapeutic effects in the SOD1(G93A) transgenic mouse in
terms of neuroprotection and increased survival (Golko-Perez
et al., 2016).

Nutritional interventions have been also trialed in patients.
For instance, the effects of acetyl L-carnityne as diet supplement
on disability and mortality of ALS patients was studied in a in a
double- blind, placebo controlled, pilot trial (Beghi, 2013). This
study reported that acetyl L-carnityne was well tolerated and
safe, and resulted in an increased median survival. A more recent
double-blind, placebo-controlled, randomised phase 2 clinical
trial have compared the effects of two hypercaloric enteral
nutrition interventions, a high-carbohydrate tube-fed and high-
fat tube-fed diet, with respect to a control isocarolic tube-fed
diet on safety, tolerability, survival and disease progression in
ALS patients with no history of metabolic disease (Wills et al.,
2014). Patients under high-carbohydrate diet presented less
serious adverse events and incrased survival rate (no death) after
a 5 months follow-up when compared to those that received
high-fat or isocaloric diets. These studies provide promising data
that support the importance of modulating the sources of
energetic metabolism by nutritional interventions in ALS
patients to slow the disease progression; however larger
randomised controlled trials with longer follow-up times at
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Fig. 2. Hypothetical scenario linking systemic failure of energy homeostasis with motor neuron degeneration in ALS. Mutations in such ALS genes as TARDBP, SOD1 and FUS

have been associated with decreased glucose and FFA utilization by muscle cells through a mechanism that is likely dependent on Tbc1d1 and AMPK (1). Decreased FFA

utilization by liver has also been associated with these mutations, although the mechanistic link is unknown (1). As glucose and FFA are the major fuels to the muscle, one the

most energy-consuming organs, the chronification of this situation of low energy supply, together or not with high energy-demand life-style habits (2), will eventually end up

in a systemic state of impaired energy homeostasis. In order to cope with this energetic deficit the organism suffers an adaptation towards an hypercatabolic remodeling (3).

Signs of hypercatabolism have been observed in ALS patients, as discussed in this review. Some of the mediators of the hipercatabolic remodeling are specific hormones as

glucagon, released by the pancreas, and adrenaline, secreted by adrenal glands. Glucagon and adrenaline has been found increased in blood from ALS patients. Adrenaline

switchs on pathways in the muscle to break proteins (proteolysis) and use resulting amino acids as energy fuels (4). Adrenaline also activates proteolysis in liver in order to

utilize carbons derived from amino acids to build up glucose (gluconeogenesis) (4). Glucagon induces lipolysis in adipocytes in order to movilize triglicerydes from lipid stores

to liver and muscle (4). As lipid utilization might be compromised in ALS, triglicerydes may accumulate in the liver into droplets and develop fatty liver. It has been evidenced

that hepatic steatosis is a common feature in ALS patients. Perhaps, the impaired utilization of FFAs by liver might drive to the activation of compensatory routes to utilize

FFAs, as peroxisomal or microsomal oxidation. As a result of this hypercatabolic shift, which in a complex disease as ALS might mean overuse of amino acids and alternative

routes to burn FFAs by liver and muscles, might cause the accumulation of metabolic intermediates (ammonia, sulphites, ketoacids, lipotoxic intermediates. . .). Eventually,

the chronic exposure to this metabotoxic intermediates to the CNS might be detrimental to motor neurons and eventually trigger ALS (5). The lattest step is unexplored but its

study deserves attention as it can bring new insigths into the etiology of ALS. AA, aminoacid; FFA, free fatty acid; WAT, white adipose tissue.
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different stages of the disease are needed to strengthten these
prelimary outcomes.

4.3.2. Antidiabetic drugs

Thiazolidinediones (TZDs) are a class of antidiabetic medica-
tions that improve the metabolic control by decreasing plasma
free fatty acid concentrations and fasting hyperglycemia via PPAR
gamma activation and insulin sensitivity (Desvergne et al., 2006).
Oral treatment with the TZD pioglitazone showed potent
beneficial effects in the SOD1(G93A) transgenic mice at both
the pathological level (attenuated motor neuron loss, reduced
gliosis and preserved muscle fiber diameter) and the clinical
manifestations (improved motor performance, delayed weight
loss and disease onset, and extended survival) (Kiaei et al., 2005;
Schutz et al., 2005a, 2005b). The positive outcomes of pioglitazone
in experimental models stimulated the initiation of trials in
humans. Nevertheless, neither a pilot trial nor a randomised,
double blind, placebo-controlled trial of pioglitazone in combi-
nation with riluzole in ALS patients demonstrated benefits on
disease progression and survival rate (Dupuis et al., 2012; Levine
et al., 2012). A more recent work have revealed that pioglitazone is
effective in treating motor neuron degeneration and locomotor
dysfunction in TDP-43 and FUS but not in SOD1 models of ALS in
Drosophila, but does not increase lifespan in none of this models,
which is consistent with clinical trials (Joardar et al., 2015). It was
argued that positive results achieved in the SOD1(G93A) mouse
were due to the anti-inflammatory properties of pioglitazone
(Shibata et al., 2008; Shibata et al., 2010), while this anti-
inflammatory effects could have been partly counteracted by the
resulting decrease in energy substrates for motor neurons and
aggravation of ALS-related metabolic dysfunction in patients
(Jawaid et al., 2014). It is also plausible to speculate that
pioglitazone could target metabolic mechanisms that are specific
of SOD1 models and perhaps SOD1 patients, but are different to
those present in other forms of familial and sporadic ALS. A pilot
trial of pioglitazone in familial SOD1 patients, although hard to
design due to the low frequency of SOD1 mutations, would
respond the latter question.

The antidiabetic drug metmorfin, a small molecule activator of
the metabolic regulator AMPK that exerts its therapeutical action
by reducing hepatic glucose production, improving insulin
sensitivity and fighting both inflammatory and oxidative damage,
was tested in SOD1(G93A) mice. However, oral administration of
metformin did not only show lack of effects on disease onset,
progression or survival in male transgenic mice but also negative
effects on females (Kaneb et al., 2011) Again, the fact that
metmorfin might target a specific metabolic mechanism that is not
related to SOD1 mutation is a possible explanation for the reported
lack of effect. Contrarily, preconditioning of SOD1(G93A) mice with
latreperidin (another AMPK activator, although not used as
antidiabetic drug) did show delayed onset of symptoms and
significant increase in life span (Coughlan et al., 2015). However,
whether latreperidim positive effects are dependent on the
activation of AMPK or through other reported mechanisms of
action, such as antihistaminic, inhibition of L-type calcium
channels or modulation of glutamate and serotonin receptors, is
unknown.

Mimetics of the incretin hormone glucagon-like peptide-1
(GLP-1) are currently being used as antidiabetic drugs for their
effects in facilitating insulin signaling and decreasing glucagon
secretion. The GLP-1 receptor agonist exendin-4 demonstrated
improved glucose tolerance, increased locomotor activity and
attenuated cell death when administered subcutaneously in
SOD1(G93A) mice, and also showed neuroprotection against
several insults when used in a motor neuron cell line over-
expressing SOD1 mutants (Li et al., 2012).

A much deeper understanding on the specific cellular and
molecular mechanisms that drive to the systemic dysregulation of
metabolic homeostasis observed in different forms of ALS is
needed in order to unveil potential targets that might be
adequately treated by some of the existing classes of antidiabetic
drugs, such as biguanides, thiazolidinediones, sulfonylureas,
meglitinides, alpha-glucosidase inhibitors, incretin mimetics,
amylin analogues and glycosurics. In addition, the use of newly
generated animals models of ALS based in TARDBP, FUS or C9ORF72

mutations should be seriously considered when designing
preclinical trials as a way to scape from promising overestimated
outcomes that could only be relevant to a rare pathogenic cascade
of ALS, as the one initiated by SOD1 mutations.

5. The future

The findings accumulated over the last 10 years have
revolutionized our understanding of ALS, positioning it between
the central and peripheral neurodegeneration. After seeing the
large list of implicated genes, it seems clear that the maintenance
of the motor neuron depends on many and different molecular
structures. Almost all of them orientate to a basic underlying
problem in the processing of RNAs, linking ALS with other
neurodegenerative proteinopathies. However, we have to consider
that after repeated and extensive genetic studies in different
populations, most ALS cases remain sporadic and most of them
present TDP-43 proteinopathy. It is important to keep in mind that
more than two decades of fruitless efforts to find a cure in
neurodegenerative proteinopathies such as Alzheimer’s or Par-
kinson’s diseases have been focused on unraveling the mecha-
nisms of protein accumulation and designing therapies against
these protein aggregates. Recent clinical observation and experi-
mental discoveries have instead pointed out that proteinopathy in
these disorders is just one entity of a whole pathological process,
which has its origin from complex interactions of multiple
pathogenic hits occurring within the CNS or even outside it, and
resulting from genetic, epigenetic and environmental factors.
Lessons learnt from other neurodegenerative disorders must be
applied to the field of ALS research in order to design integrative
studies that analyze multiple factors from different perspectives.

Two promising lines of research emerge from different
epidemiological studies: First, the one that tries to identify
ethiological agents and metabolic pathways involved in the
geographical cluster of ALS cases presumably linked to the
consumption of animal toxins or exposure to environmental
toxics; Second, the associations of low-caloric diets and body mass
index profile as well as the intensive exercise on the risk of
suffering from ALS or their influence on disease progression. Future
experimental designs that integrate both lines together would
merit consideration.

Given that one of the main difficulties in developing new
therapies lies on the multiple events that contribute to motor
neuron death in ALS, any intervention aimed at solely reducing any
particular pathological condition might not be sufficient to treat
the disease and its symptoms. Instead, studies aimed to integrating
the current/future knowledge on ALS pathogenesis and tailor
interventions that target multiple pathogenic mechanisms will
bring future therapeutic success for this multi-factorial and
heterogeneous disease.
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Masseret, E., Banack, S., Boumédiène, F., Abadie, E., Brient, L., Pernet, F., Juntas-
Morales, R., Pageot, N., Metcalf, J., Cox, P., Camu, W., 2013. Dietary BMAA
exposure in an amyotrophic lateral sclerosis cluster from southern France.
French Network on ALS Clusters Detection and Investigation PLoS One 8
(12), e83406.

May, S., Hornburg, D., Schludi, M.H., Arzberger, T., Rentzsch, K., Schwenk, B.M.,
Grasser, F.A., Mori, K., Kremmer, E., Banzhaf-Strathmann, J., Mann, M.,
Meissner, F., Edbauer, D., 2014. C9orf72 FTLD/ALS-associated Gly-Ala
dipeptide repeat proteins cause neuronal toxicity and Unc119 sequestration.
Acta Neuropathol. 128, 485–503.

Millecamps, S., Boillee, S., Le Ber, I., Seilhean, D., Teyssou, E., Giraudeau, M.,
Moigneu, C., Vandenberghe, N., Danel-Brunaud, V., Corcia, P., Pradat, P.F., Le
Forestier, N., Lacomblez, L., Bruneteau, G., Camu, W., Brice, A., Cazeneuve, C.,
Leguern, E., Meininger, V., Salachas, F., 2012. Phenotype difference between
ALS patients with expanded repeats in C9ORF72 and patients with
mutations in other ALS-related genes. J. Med. Genet. 49, 258–263.

Millecamps, S., De Septenville, A., Teyssou, E., Daniau, M., Camuzat, A., Albert,
M., LeGuern, E., Galimberti, D., 2014. [293_TD$DIFF]Genetic analysis of matrin 3 gene in
French amyotrophic lateral sclerosis patients and frontotemporal lobar
degeneration with amyotrophic lateral sclerosis patients. Neurobiol. Aging
35 (12) (2882. e13-5).

Mizielinska, S., Gronke, S., Niccoli, T., Ridler, C.E., Clayton, E.L., Devoy, A., Moens,
T., Norona, F.E., Woollacott, I.O., Pietrzyk, J., Cleverley, K., Nicoll, A.J.,
Pickering-Brown, S., Dols, J., Cabecinha, M., Hendrich, O., Fratta, P., Fisher,
E.M., Partridge, L., Isaacs, A.M., 2014. C9orf72 repeat expansions cause
neurodegeneration in Drosophila through arginine-rich proteins. Science
345, 1192–1194.

Mok, K.Y., Koutsis, G., Schottlaender, L.V., Polke, J., Panas, M., Houlden, H., 2012.
High frequency of the expanded C9ORF72 hexanucleotide repeat in familial
and sporadic Greek ALS patients. Neurobiol. Aging 33 (8) (1851. e1-5).

Morahan, J.M., Yu, B., Trent, R.J., Pamphlett, R., 2007. Genetic susceptibility to
environmental toxicants in ALS. Am. J. Med. Genet. B Neuropsychiatr. Genet.
144B, 885–890.

Moriwaka, F., Tashiro, K., Shima, K., Hamada, T., 1993. Glucagon and ALS.
Neurology 43, 1061.

Morrison, K.E., Dhariwal, S., Hornabrook, R., Savage, L., Burn, D.J., Khoo, T.K.,
Kelly, J., Murphy, C.L., Al-Chalabi, A., Dougherty, A., Leigh, P.N., Wijesekera,
L., Thornhill, M., Ellis, C.M., O’Hanlon, K., Panicker, J., Pate, L., Ray, P., Wyatt,
L., Young, C.A., Copeland, L., Ealing, J., Hamdalla, H., Leroi, I., Murphy, C.,

M. Zufirı́a et al. / Progress in Neurobiology 142 (2016) 104–129124

http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1015
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1015
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1015
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1020
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1020
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1025
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1025
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1030
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1030
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1035
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1035
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1035
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1040
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1040
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1040
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1040
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1045
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1045
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1045
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1050
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1050
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1055
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1055
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1055
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1060
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1060
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1065
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1065
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1065
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1070
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1070
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1070
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1075
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1075
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1075
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1080
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1080
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1080
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1085
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1085
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1085
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1090
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1090
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1095
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1095
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1100
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1100
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1100
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1100
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1105
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1105
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1110
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1110
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1115
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1115
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1115
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1120
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1120
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1125
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1125
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1125
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1130
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1130
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1135
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1135
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1140
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1140
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1145
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1145
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1145
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1150
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1150
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1150
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1155
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1155
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1155
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1160
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1160
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1160
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1160
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1165
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1165
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1165
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1170
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1170
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1170
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1170
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1175
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1175
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1175
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1180
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1180
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1185
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1185
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1185
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1185
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1190
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1190
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1190
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1195
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1195
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1195
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1200
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1200
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1200
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1200
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1205
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1205
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1205
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1210
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1210
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1215
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1215
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1215
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1220
http://refhub.elsevier.com/S0301-0082(15)30090-3/sbref1220


O’Keeffe, F., Oughton, E., Partington, L., Paterson, P., Rog, D., Sathish, A.,
Sexton, D., Smith, J., Vanek, H., Dodds, S., Williams, T.L., Steen, I.N., Clarke, J.,
Eziefula, C., Howard, R., Orrell, R., Sidle, K., Sylvester, R., Barrett, W., Merritt,
C., Talbot, K., Turner, M.R., Whatley, C., Williams, C., Williams, J., Cosby, C.,
Hanemann, C.O., Iman, I., Philips, C., Timings, L., Crawford, S.E.,
Hewamadduma, C., Hibberd, R., Hollinger, H., McDermott, C., Mils, G., Rafiq,
M., Shaw, P.J., Taylor, A., Waines, E., Walsh, T., Addison-Jones, R., Birt, J.,
Hare, M., Majid, T., 2013. Lithium in patients with amyotrophic lateral
sclerosis (LiCALS): a phase 3 multicentre, randomised, double-blind, placebo-
controlled trial. Lancet Neurol. 12, 339–345.

Murch, S.J., Cox, P.A., Banack, S.A., Steele, J.C., Sacks, O.W., 2004a. Occurrence of
beta-methylamino-l-alanine (BMAA) in ALS/PDC patients from Guam. Acta
Neurol. Scand. 110, 267–269.

Murch, S.J., Cox, P.A., Banack, S.A., 2004b. A mechanism for slow release of
biomagnified cyanobacterial neurotoxins and neurodegenerative disease in
Guam. Proc. Natl. Acad. Sci. U. S. A 101, 12228–12231.

Muscogiuri, G., Salmon, A.B., Aguayo-Mazzucato, C., Li, M., Balas, B., Guardado-
Mendoza, R., Giaccari, A., Reddick, R.L., Reyna, S.M., Weir, G., Defronzo, R.A.,
Van Remmen, H., Musi, N., 2013. Genetic disruption of SOD1 gene causes
glucose intolerance and impairs beta-cell function. Diabetes 62, 4201–4207.

Nagy, J.I., Yamamoto, T., Jordan, L.M., 1993. Evidence for the cholinergic nature
of C-terminals associated with subsurface cisterns in alpha-motoneurons of
rat. Synapse 15, 17–32.

Neumann, M., Sampathu, D.M., Kwong, L.K., Truax, A.C., Micsenyi, M.C., Chou,
T.T., Bruce, J., Schuck, T., Grossman, M., Clark, C.M., McCluskey, L.F., Miller,
B.L., Masliah, E., Mackenzie, I.R., Feldman, H., Feiden, W., Kretzschmar, H.A.,
Trojanowski, J.Q., Lee, V.M.-Y., 2006. Ubiquitinated TDP-43 in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis. Science 314, 130–133.

Neumann, M., Rademakers, R., Roeber, S., Baker, M., Kretzschmar, H.A.,
Mackenzie, I.R.A., 2009. A new subtype of frontotemporal lobar degeneration
with FUS pathology. Brain J. Neurol. 132, 2922–2931.

Ngo, S.T., Steyn, F.J., Huang, L., Mantovani, S., Pfluger, C.M., Woodruff, T.M.,
O’Sullivan, J.D., Henderson, R.D., McCombe, P.A., 2015. Altered expression of
metabolic proteins and adipokines in patients with amyotrophic lateral
sclerosis. J. Neurol. Sci. 357 (1–2), 22–27.

Nie, C.L., Wang, X.S., Liu, Y., Perrett, S., He, R.Q., 2007. Amyloid-like aggregates of
neuronal tau induced by formaldehyde promote apoptosis of neuronal cells.
BMC Neurosci. 8, 9.

Nishimura, A.L., Mitne-Neto, M., Silva, H.C., Richieri-Costa, A., Middleton, S.,
Cascio, D., Kok, F., Oliveira, J.R., Gillingwater, T., Webb, J., Skehel, P., Zatz, M.,
2004. A mutation in the vesicle-trafficking protein VAPB causes late-onset
spinal muscular atrophy and amyotrophic lateral sclerosis. Am. J. Hum.
Genet. 75, 822–831.

Nodera, H., Takamatsu, N., Muguruma, N., Ukimoto, K., Nishio, S., 2015. Frequent
hepatic steatosis in amyotrophic lateral sclerosis: implication for systemic
involvement. Neurol. Clin. Neurosci. 3, 58–62.

Nutini, M., Frazzini, V., Marini, C., Spalloni, A., Sensi, S.L., Longone, P., 2011. Zinc
pre-treatment enhances NMDAR-mediated excitotoxicity in cultured cortical
neurons from SOD1(G93A) mouse, a model of amyotrophic lateral sclerosis.
Neuropharmacology 60, 1200–1208.

O’Reilly, E.J., Wang, H., Weisskopf, M.G., Fitzgerald, K.C., Falcone, G., McCullough,
M.L., Thun, M., Park, Y., Kolonel, L.N., Ascherio, A., 2013. Premorbid body
mass index and risk of amyotrophic lateral sclerosis. Amyotroph Lateral
Scler Frontotemporal Degener. 14, 205–211.

O’Rourke, J.G., Bogdanik, L., Muhammad, A.K., Gendron, T.F., Kim, K.J., Austin, A.,
Cady, J., Liu, E.Y., Zarrow, J., Grant, S., Ho, R., Bell, S., Carmona, S.,
Simpkinson, M., Lall, D., Wu, K., Daughrity, L., Dickson, D.W., Harms, M.B.,
Petrucelli, L., Lee, E.B., Lutz, C.M., Baloh, R.H., 2015. C9orf72 BAC transgenic
mice display typical pathologic features of ALS/FTD. Neuron 88, 892–901.

O’Rourke, J.G., Bogdanik, L., Yanez, A., Lall, D., Wolf, A.J., Muhammad, A.K., Ho, R.,
Carmona, S., Vit, J.P., Zarrow, J., Kim, K.J., Bell, S., Harms, M.B., Miller, T.M.,
Dangler, C.A., Underhill, D.M., Goodridge, H.S., Lutz, C.M., Baloh, R.H., 2016.
C9orf72 is required for proper macrophage and microglial function in mice.
Science 351, 1324–1329.

O’Toole, O., Traynor, B.J., Brennan, P., Sheehan, C., Frost, E., Corr, B., Hardiman, O.,
2008. Epidemiology and clinical features of amyotrophic lateral sclerosis in
Ireland between 1995 and 2004. J. Neurol. Neurosurg. Psychiatry 79, 30–32.

Okamoto, Y., Ihara, M., Urushitani, M., Yamashita, H., Kondo, T., Tanigaki, A.,
Oono, M., Kawamata, J., Ikemoto, A., Kawamoto, Y., Takahashi, R., Ito, H.,
2011. An autopsy case of SOD1-related ALS with TDP-43 positive inclusions.
Neurology 77 (22), 1993–1995.

Okumiya, K., Wada, T., Fujisawa, M., Ishine, M., Garcia Del Saz, E., Hirata, Y.,
Kuzuhara, S., Kokubo, Y., Seguchi, H., Sakamoto, R., Manuaba, I., Watofa, P.,
Rantetampang, A.L., Matsubayashi, K., 2014. Amyotrophic lateral sclerosis
and parkinsonism in Papua, Indonesia: 2001–2012 survey results. BMJ Open
4 (4), e004353.

Oyanagi, K., Yamazaki, M., Takahashi, H., Watabe, K., Wada, M., Komori, T.,
Morita, T., Mizutani, T., 2008. Spinal anterior horn cells in sporadic
amyotrophic lateral sclerosis show ribosomal detachment from, and
cisternal distention of the rough endoplasmic reticulum. Neuropathol. Appl.
Neurobiol. 34, 650–658.

Palamiuc, L., Schlagowski, A., Ngo, S.T., Vernay, A., Dirrig-Grosch, S., Henriques,
A., Boutillier, A.L., Zoll, J., Echaniz-Laguna, A., Loeffler, J.P., René, F., 2015. A
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Abstract
Objective: To perform a comprehensive lipid profiling to evaluate potential lipid metabolic differences between patients
with amyotrophic lateral sclerosis (ALS) and controls, and to provide a more profound understanding of the metabolic
abnormalities in ALS. Methods: Twenty patients with ALS and 20 healthy controls were enrolled in a cross-sectional
study. Untargeted lipidomics profiling in fasting serum samples were performed by optimized UPLC–MS platforms for
broad lipidome coverage. Datasets were analyzed by univariate and a variety of multivariate procedures. Results: We pro-
vide the most comprehensive blood lipid profiling of ALS to date, with a total of 416 lipids measured. Univariate ana-
lysis showed that 28 individual lipid features and two lipid classes, triacylglycerides and oxidized fatty acids (FAs), were
altered in patients with ALS, although none of these changes remained significant after multiple comparison adjustment.
Most of these changes remained constant after removing from the analysis individuals treated with lipid-lowering drugs.
The non-supervised principal component analysis did not identify any lipid clustering of patients with ALS and controls.
Despite this, we performed a variety of linear and non-linear supervised multivariate models to select the most reliable
features that discriminate the lipid profile of patients with ALS from controls. These were the monounsaturated FAs
C24:1n-9 and C14:1, the triglyceride TG(51:4) and the sphingomyelin SM(36:2). Conclusions: Peripheral alterations of
lipid metabolism are poorly defined in ALS, triacylglycerides and certain types of FAs could contribute to the different
lipid profile of patients with ALS. These findings should be validated in an independent cohort.

Keywords: ALS, serum, lipidomics, lipidome, triacylglycerides

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal
neurological disorder characterized by the degener-
ation of motor neurons. Most ALS cases are spor-
adic, and diagnosis remains based upon clinical
and electrophysiological examination (1). Early
diagnosis and accurate measuring of disease

progression can be difficult, making the search for
diagnostic and prognostic biomarkers a high prior-
ity in ALS (1). Over the last decade, several candi-
date biomarkers, including levels of neurofilament
light and heavy chain (NfL and NfH) (2–4) and
functional measures (e.g. MUNIX) (5), have pro-
ven to be potentially able to differentiate ALS
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from other related disorders and have been used as
outcome measures in clinical trials. However, there
is no accurate biomarker hitherto introduced in
clinical practice since heterogeneity in the aetiopa-
thogenesis of ALS has complicated the interpret-
ation of their diagnostic and prognostic value.

Novel biomarkers of disease may reasonably
arise from the study of the different metabolic
pathways -in particular those related to lipid
metabolism—that appear to be involved in motor
neuron degeneration. A bulk of clinical and experi-
mental studies in patients and disease models has
established clear evidence of a status of systemic
hypermetabolism and increased basal energy
expenditure in ALS (6,7). This metabolic feature
is accompanied by increased fatty acid (FA) oxida-
tion and decreased subcutaneous fat stores (8–10),
which might occur even prior to MN degeneration
(11,12). Furthermore, some studies have reported
increased blood levels of triacylglycerides (TAGs)
and cholesterol in patients with ALS, which are
associated with a better prognosis (13–15), or
high-fat diets that are associated with extended
survival in animal models (16) and patients
(17,18); while others have reported that lower lev-
els of these lipids are associated with a decreased
forced vital capacity (19). Altogether, adjustments
in lipid metabolism probably respond to the high
energy demands of the disease and modulate ALS
phenotypes, making an association between the
lipid profile and disease progression plausible.

Lipids are the most abundant metabolites in
peripheral blood, and fasting blood lipids have
been reported to be easily accessible indicators of
metabolic dysfunction (20). The reported blood
lipid profiles of ALS are generally incomplete, lack
associations with clinical variables or have not
been controlled for dietary habits; therefore, fur-
ther investigation is needed.

To better characterize the nature and extent of
metabolic changes in ALS and presumably aid in
its diagnosis, we have performed a comprehensive
analysis of the serum lipid profile in a cohort of
patients with ALS and healthy controls.

Materials and methods

Study design, sample, and data collection

Patients with suspected motor neuron disease seen
at the Donostia University Hospital ALS clinic
and fulfilling El Escorial criteria for definite or
probable ALS (either spinal or bulbar) were
selected in a consecutive manner (n¼ 13). Araba
University Hospital and Marques de Valdecilla
University Hospital contributed with the inclusion
of n¼ 2 and n¼ 5 patients, respectively, following
the same clinical criteria (n¼20 in total). Twenty
controls were included with the following criteria:
they suffered no chronic illness and shared a living

space with anyone of the selected patients with
ALS. All patients remained ambulant and had not
received noninvasive mechanical ventilation or
undergone percutaneous endoscopic gastrostomy
at time of sampling.

This is a cross-sectional study to characterize
the nature and extent of lipidomic changes in the
serum of patients with ALS when compared to
healthy controls. To minimize potential factors
influencing blood lipid profiling that could con-
found group differences (21), these criteria were
followed: (i) controls lived with the recruited ALS
patient and therefore came from the same commu-
nity, increasing the likelihood of a similar diet on a
day-to-day basis; (ii) both patients and controls
underwent overnight fasting and had a similar
meal the day before; (iii) blood was collected at
the same time (between 09:00 and 10:00) in every
participant; (iv) a standard operating procedure
was followed by all groups and hospitals: Venous
blood samples were collected in BD VacutainerTM

SSTTM II Advance tubes; serum extraction was
performed in the Basque Biobank unit at Donostia
University Hospital following standardized proce-
dures; variations in the interval time between
blood draw and serum extraction were limited
to 1–2 h.

The study was approved by the local Ethics
Committees of the participant institutions, and
samples were collected after participants gave writ-
ten informed consent according to the Declaration
of Helsinki.

Ultrahigh-performance liquid chromatography–mass
spectrometry (UPLC–MS) lipidomics

UPLC–MS lipidomic profiles of the serum sam-
ples were carried out by OWL Metabolomics
(Derio, Spain; www.owlmetabolomics.com/) as
described previously (22), summarized in
Supplementary Table S1 and Figure S1, and
detailed in Supplementary Methods.

Statistical analysis

UPLC–MS datasets were analyzed by means of
multivariate and univariate methods as described
in Supplementary Methods.

Results

Demographic characteristics of patients and controls

Twenty patients with ALS and 20 healthy controls,
with average ages at time of sample collection of
62.7 and 54.3 years, respectively, were enrolled in
the study. Due to the priority criterion to include
patients’ partners as controls in order to match
controls and patients for dietary habits and same
meal before blood sampling, a gender and age bias
was introduced. However, in doing so, the
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participants were matched for diet, one of the
most significant lifestyle factors together with
smoking and physical activity that influence the
blood lipid profile. Three index cases had a family
history of ALS, which are negative for mutations
in the C9orf72, TDP43, SOD1, and FUS genes.
Three patients were under treatment with lipid-
lowering drugs. Average time from onset to sam-
pling is 741.2 d. Demographics and clinical char-
acteristics are summarized in Table 1.

Multivariate analysis

Baseline serum samples were subjected to a com-
prehensive lipidomic profiling by using two differ-
ent analytical platforms of UPLC–MS. A total of
416 individual lipid features were detected
(Supplementary Table S2). From these, 20 were
found to be out of the linear detection range, and
although they were not included in the subsequent
multivariate data analysis, they were taken into
consideration for the univariate data analysis.

After validating the quality of the experiment
(Supplementary Figure S2) and removing two out-
liers (Figure 1(A)), the score scatter plot of the
unsupervised PCA model generated for serum
samples showed a random distribution of control
subjects and patients with ALS (Figure 1(B)). The
supervised orthogonal partial least squares-discrim-
inant analysis (OPLS-DA) model to achieve the
maximum separation between the groups illus-
trated a clustering of samples according to the
presence or absence of the disease (Figure 2(A));
however, Q2Y was negative (Q2Y¼�0.136) and
some models built after random permutation of
the Y values displayed higher Q2Y values, indicat-
ing that the model is not valid to separate both
groups (Figure S3(A)). We removed from the
dataset three patients that were receiving lipid-
lowering drugs at time of sampling, since these

treatments may influence the lipid profile. Again,
the OPLS-DA model failed to separate ALS from
controls (Q2Y¼�0.143, Figure S3(B)). Despite
not being able to provide a significant separation
between ALS and controls, the loadings scatter
plot showed that the lipid features contributing
most to the separation between groups are the
phospholipids PC(38:5), PC(0:0/20:5), PC(20:5/
0:0), PC(18:2/20:4), PE(P-20:1/0:0), PC(20:0/
18:2), and PE(O-16:0/0:0), the sphingolipids
SM(33:1) and SM(39:1), the steroid sulfates
androsterone and etiocholanolone, and the free
FAs 14:1n-x and 14:2n-x (Figure 2(B)).

As the dimension reduction models PCA and
OPLS-DA were overfitted and did not provide a sig-
nificant separation between groups, we next analyzed
the dataset by shrinkage/regularization methods, which
are particularly indicated for situations in which the
number of variables exceeds the number of observa-
tions. We developed the LASSO model with a cross-
validation to select the optimal value of k for which
minimum MSE þ 1SE was obtained. Using this
method, we selected a subset of lipid metabolites that
contributed the most into classification between
groups. These are: 24:1n-9, SM(36:2), AC(12:0),
PC(P-16:0/18:2), TG(51:4), PC(16:1/18:2), PC(0:0/
16:1), TG(54:6), CMH(d18:1/24:1), x-HODE,
PC(40:1), glycodeoxycholic acid, deoxycholic acid,
and 14:1n-x. Similarly, with the optimal value of k we
developed a Ridge regression model, which introduces
a shrinkage penalty and is able to reduce the variance
without increasing the bias of the variables’ coefficients.
The top 10 lipid features selected by this model in
order of coefficient rank are: 13-HODE, 8-HEPE,
PC(16:0/0:0), PC(P-18:1/0:0), PC(17:0/0:0),
PC(18:0/0:0), NAE(18:2n-6), AC(18:0), 22:5n-6, and
PE(18:0/0:0).

Finally, we performed the non-parametric ran-
dom forest method in an attempt to find non-linear

Table 1. Demographic and clinical characteristics of patients with ALS and control subjects at study.

ALS (n520) Control (n5 20)

n 20 20
Age (years)a 62.7±10.6 54.7± 12.8
Sex, m/f 14/6 5/15
Sporadic/familial 17/3 NA
Spinal/bulbar 18/2 NA
Cognitive symptoms 1 0
Lipid-lowering treatmentb 3 0
Dyslipidemiac 14 1
Diabetes mellitus type 2 3 0
Time from onset to sampling (days)a 745.1±494.9 NA

ALS: amyotrophic lateral sclerosis; UPLC: ultrahigh-performance liquid chromatography.
People with ALS from Donostia, Araba and Marqu�es de Valdecilla University Hospitals were
recruited after diagnosis according to the revised El Escorial criteria. Controls were patients’
partners who were healthy at the time of recruitment.

aValues given as mean values ± standard deviation.
bPatients on statins treatment upon blood collection.
cDyslipidemia condition includes people with hypercholesterolemia and/or hypertriglyceridemia upon
blood collection.
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patterns in lipid metabolites that can explain vari-
ation between groups. This model provided a rank
list with the most important lipid metabolites, which
are: 24:1n-9, TG(51:4), PC(P-20:2/0:0), LPC(22:0),
DG(38:6), PE(22:5/0:0), and PC(0:0/22:4).

Univariate analysis

Univariate data analysis showed that 28 individual
lipid features out of 416 displayed p-values below
0.05 when comparing patients with ALS against
healthy controls (Figures 3(A) and 4(A)). The free
FAs C24:1n-9, the TGs (51:4) and (54:6), and
the phosphatidylcholine PC(40:1) had the lowest
p-values, and showed a positive log2-(fold-change)

(Figure 3(A)). After removing from the analysis
the three patients under treatment with lipid-low-
ering drugs, most of the changes remained con-
stant (Figures 3(B) and 4(B)). In addition, most of
the changes remained constant after removing
from the analysis either patients with type 2 dia-
betes mellitus (n¼3) or bulbar-onset cases (n¼ 2)
(Supplementary Table S3). However, in none of
the comparisons any of the potential changes dis-
played significant p-values after accounting for
multiple comparisons.

Figure 1. Principal component analysis (PCA) of serum lipid
profilings from ALS and controls. (A) Score scatter plot of the
PCA model of all serum samples shows a random distribution
of samples and identifies two samples as potential outliers (16-
0104 and 16-0175) since they appear far outside Hotelling’s T2
ellipse. Model diagnostics (A¼7, R2X¼0.679, Q2X¼0.344).
Following Chauvenet’s criterion, further inspection of the data
relating to those samples revealed that one sample from the
ALS group had elevated levels of bile acids (BA),
lysophosphatidylcholines (LPC), lysophosphatidylethanolamines
(LPE), and steroids (ST), and another sample from the control
group had increased levels of several phosphatidylcholines (PC),
phophatidylethanolamines (PE), diacylglycerols (DG),
triacylglycerols (TG), and sphingomyelins (SM). These outliers
were excluded from the multivariate and univariate analyses
performed in this study. (B) After removing two outlier samples
and 20 metabolites out of the linear detection range, the score
scatter plot of the unsupervised PCA model of serum samples
shows a random distribution of healthy controls and patients
with ALS. Although sample 16-0174 appears outside the
Hotelling’s T2 ellipse, it presented similar levels of individual
lipids when compared to the rest of the samples, and so that it
was not considered an outlier. Model diagnostics (A¼7,
R2X¼0.647, Q2X¼0.316).

Figure 2. Orthogonal partial least square discriminant analysis
(OPLS-DA) of serum lipid profilings from ALS and controls.
(A) Score scatter plot of the OPLS-DA model shows a clear
clustering of samples according to the presence or absence of
the disease. Model diagnostics (A¼6; R2X¼0.299
R2Y¼0.633, Q2Y¼–0.136). (B) After achieving the maximum
separation between groups, the loadings scatter plot of the
OPLS-DA multivariate model shows that metabolites
responsible for the differences observed between patients with
ALS and controls are the phospholipids PC(38:5), PC(0:0/
20:5), PC(20:5/0:0), PC(18:2/20:4), PE(P-20:1/0:0), PC(20:0/
18:2), and PE(O-16:0/0:0), the sphingolipids SM(33:1) and
SM(39:1), the steroid sulfates androsterone and
etiocholanolone, and the free fatty acids 14:1n-x and 14:2n-x.
All are increased in patients with ALS. In this plot, metabolites
lying away from the plot origin have stronger impact on the
model; besides, variables positively correlated are grouped
together, while variables negatively correlated are positioned in
the opposite sides of the plot origin. AC: acyl carnitines; BA:
bile acids; Cer: ceramides; ChoE: cholesteryl esters: CMH:
monohexoxylceramides (cerebrosides); DAG: diacylglycerides;
FFAox: oxidized fatty acids; FSB: free sphingoid bases; LPC:
lysophosphatidylcholines; LPE: lysophosphatidylethanolamines;
LPI: lysophosphatidylinositols; MUFA: monounsaturated
fatty acids; PC: phosphatidylcholines; PCA: principal
component analysis; PE: phosphatidylethanolamines; PI:
phosphatidylinositols; PUFA: polyunsaturated fatty acids; SFA:
saturated fatty acids; SM: sphingomyelins; ST: steroid sulfates;
TAG: triacylglycerides.
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Furthermore, lipid classes were also calculated as
the sum of the normalized areas of all the individual
lipids features with the same chemical characteristics.
Patients with ALS showed lower serum levels of oxi-
dized FAs (hydroxyl-octadecadienoic acids; HODE)
(log2-(fold-change)¼�0.24, p¼ 0.039) and increased
levels of TAGs (log2-(fold-change)¼0.53, p¼ 0.022)
when compared to control subjects (Figure 3(C)).
Levels of TAGs, but not those of HODE, were also
found altered in the patients who are free of any
lipid-lowering drug, with p-values below 0.05 (Figure
3(D)). Again, none of the changes remained signifi-
cant after adjusting the p-values for multiple
comparisons.

It is interesting to note that there was an
increased trend toward those TAGs containing
long or very long-chain FAs moieties and 3–10
double bonds (Figure 5).

Summary of lipid features consistently selected by the
different statistical procedures

Figure 4 shows a heatmap of the lipid features
selected or prioritized by the different tested
approaches, in either the comparisons between the
whole cohort of ALS and controls, or after exclud-
ing the cases under lipid-lowering treatment. Four
lipid metabolites were found to be selected or pri-
oritized by at least three of the five tested
approaches in each of the comparisons. These are:
C24:1n-9, TG(51:4), SM(36:2), and 14:1n-x.
None of these lipid features were significantly asso-
ciated with age (Figure S4).

Discussion

In the present study, we have performed a novel
and extensive scan of the serum lipidome profile in
ALS in an attempt to identify specific lipid features
that could be associated to the disease and provide
new insights into the pathophysiology of ALS. The
high sensitivity, high-throughput capacity of the
different UPLC–MS platforms used in this study
is optimized to give one of the broadest coverage
across various lipid classes reported in literature
(22), making this multi-technological approach
ideally suited for taking a comprehensive picture of
lipid metabolism in a single experiment. Owing to
the aforementioned characteristics of this technol-
ogy, we were able to detect 416 individual lipid
ion features across 20 families in serum samples of
20 patients with ALS and 20 healthy controls. To
our knowledge, this present study is the most com-
prehensive lipid profiling that has been performed
in ALS.

Although reports recognizing the role of lipid
metabolism in ALS are growing, most are limited
to TAGs and cholesterol metabolites, and lack
standardized sample collection protocols to avoid
major influential factors, such as fed states

(14,15,19,23–26). Two studies have made a broad
analysis of the ALS lipidome profiling by means of
HPLC–MS, one was carried out in CSF samples
of patients with ALS and controls (27), and the
other in plasma of patients with different treatment
regimes (28). These studies were able to respect-
ively analyze a considerable amount of lipid fea-
tures: 200 and 105, respectively; but still far from
the quantification of 416 individual lipids across
20 families that are analyzed in the present study.
In disagreement with the latter study, in which
patients with ALS were discriminated from con-
trols on the basis of a group of lipid metabolites in
the CSF compartment (27), our study did not find
an specific serum lipid signature of ALS. Although
CSF exchanges metabolites with blood, this over-
lap may not be substantial (29,30), and therefore
any comparison should be taken with caution.

More recently, a metabolomics study was car-
ried out in fasting prediagnostic ALS cases where
404 plasma metabolites were quantified (31). In
connection with our study, Bjornevik et al. found a
similar proportion of altered metabolites (around
7% of the total metabolites), and also failed to reli-
ably distinguish patients with ALS from controls in
the preclinical phase. Levels of various lipid features
were oppositely distributed in comparison with our
results, such as the levels of TAGs. However, the
patient populations are different (symptomatic ALS
patients in our study vs. presymptomatic in the lat-
ter) and, as mentioned previously, none of these
changes retained their significance after correcting
for multiple comparisons in neither of the studies.
Nevertheless, the fact that these two independent
studies with the most comprehensive scan of the
blood metabolome in ALS to date fail to reliably
distinguish patients with ALS from controls
strengthens the idea that the metabolic alterations
of ALS are broad and poorly defined both in pre-
clinical (31) and clinical stages of ALS. This differs
from other neurodegenerative disorders where
blood metabolic signatures have been reported and
specific lipid classes appeared to be altered, such as
higher GM3 glangliosides in Parkinson’s disease
(32) or phosphatidylcholines in Alzheimer’s demen-
tia (33,34).

Notwithstanding that the hypermetabolic dis-
ease state of ALS (7,8) may likely induce complex
and extensive metabolic reconfigurations that are
not specific for any class of lipids, we observed a
particular trend of change in the levels of TAGs
and HODE in the serum of patients with ALS. An
increase in TAGs in patients with ALS is among
the most consistent data reported in literature
(14,15,24) and could be explained by an increased
lipolysis and lipid release from fat stores in
response to the high metabolic rate associated to
ALS (6,7), as it is the case for other hypermeta-
bolic conditions such as burns, cancers, or
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uncontrolled diabetes mellitus (35,36). Moreover,
this excess of circulating TAGs can result in fat
deposition and increased incidence of fatty liver, a
frequent finding in patients with ALS (13,37). The
extensive utilization of FAs from TAGs as energy

source by mitochondria can lead to oxidative stress
(38), which is extremely harmful to motor neurons
and a claimed mechanism of ALS (1). However,
various studies have shown that higher levels of
TAG tend to decrease the risk of developing ALS

Figure 3. Univariate data analysis of the comprehensive UPLC–MS-based lipidomics reveals trends of various individual lipid
signatures and certain lipid classes in the serum of ALS. Group percentage changes and paired Student’s t-test p-value (or Welch’s t-
test where unequal variances were found) were calculated for the comparison shown above. (A) Volcano plot representation indicating
the log10-(p-value) and the log2(fold-change) of the 416 individual serum lipidomic ion features of ALS. The non-esterified free fatty
acid (FFA) 24:1-n9, the phosphatidylcholine (PC) 40:1 and the triacylglycerides (TAGs) 51:4 and 54:6 are the most prominent
changes (p< 0.01), which are all increased in ALS patients when compared to healthy controls. (B) Volcano plot of the 416 individual
serum lipidomic ion features of ALS after excluding patients under lipid-lowering treatment (n¼3). The non-esterified free fatty acid
(FFA) 24:1-n9, the phosphatidylcholine (PC) 40:1 and the TAG 51:4 are the most prominent changes (p< 0.01), which are all
increased in ALS patients when compared to healthy controls. (C) Box and whisker plot illustrating the lipid classes that displayed p-
values lower than 0.05 in the univariate analysis: a decrease of serum of oxidized fatty acids—in particular hydroxy-octadecadienoic
acids (HODE)—(log2-(fold-change)¼�0.24, p¼0.036) and an increase of serum TAGs (log2-(fold-change)¼0.53, p¼ 0.022) in
patients with ALS when compared to controls. (D) Box and whisker plot illustrating increased serum TAGs in ALS after excluding
patients being treated with lipid-lowering drugs from the analysis (log2-(fold-change)¼0.48, p¼ 0.028); however levels of HODE
displayed p-values above 0.05. Medians, interquartile ranges (boxes), minimal and maximal values (whiskers) and missing values (black
dots) are represented. However, none of the changes in the individual lipid features or lipid classes remained significant after correcting
for multiple comparisons.
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(39) or correlate with an increased life expectancy
in patients with ALS (15). In total, ALS is a fast-
progressing disease with a marked energy metabol-
ism disruption (40), and thus it is likely to specu-
late that energy reconfiguration toward the use of
lipids, a phenomenon that has been already
reported to occur in peripheral and central tissues
in models of ALS (11,41), is an adaptive response
to cope with the lack of nutrients and energy in
ALS. This is a simplistic interpretation when

considering TAGs as a whole class of lipids.
However, the pool of TAGs in blood is complex
and diverse. Thanks to the chromatographic detec-
tion settings utilized in the present study, we have
been able to identify 60 different types of TAGs,
which provides a more detailed overview of this
lipid class. Indeed, we have observed that not all
types of TAGs are equally altered in the serum of
patients with ALS, and those TAGs built with FAs
containing bigger number of carbons and double

Figure 4. Lipid features selected and prioritized by different models. Heatmap of the lipid features selected or prioritized by the
different tested approaches in rank order, in either the comparisons between the whole cohort of ALS and controls (A), or after
excluding the cases under lipid-lowering treatment (B). Four lipid metabolites were found to be selected or prioritized by at least three
of the five tested approaches in each of the comparisons: C24:1n-9, TG(51:4), SM(36:2), and 14:1n-x, highlighted in red.
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bonds (polyunsaturated) appeared to be particu-
larly increased in ALS. An alternative explanation
to the mobilization of TAGs to deal with energy
deficits in ALS, we suggest that the specific
increase of TAGs with long-chain and polyunsat-
urated FAs might be a consequence of an impaired
capacity to specifically oxidize these TAG species.
Long and very long-chain polyunsaturated FAs are
predominantly oxidized in peroxisomes, and
indeed defects of peroxisomes are increasingly
being recognized as an aethiopathogenic factor of
ALS (42,43). Therefore, our data may provide
compelling evidence to support peroxisomal altera-
tions in ALS.

HODE are the dominant components of ather-
omatous plaques in vessels (44), and statins are
widely used to prevent atherosclerosis and athero-
sclerosis-related diseases. The decreased levels of
HODE that we observed might be due to a con-
founding effect of lipid-lowering statins, as the
trend is lost when removing patients under these
treatments. Thus, from the present study’s results,
HODE in ALS disease do not appear to
be relevant.

One of the most consistent changes achieved
through different statistical processing of the cur-
rent data is the monounsaturated and very long-
chain FA C24:1n.9, also known as nervonic acid.
Changes in the relative content of nervonic acid
were observed both for C24:1 sphingolipids (in
particular one CMH cerebroside) and the non-
esterified C24:1n-9FA. Levels of this FA have not
been previously found altered in the CSF or spinal
cord of patients with ALS (27,45). Despite nerv-
onic acid is one of the major FAs in brain sphingo-
lipids and the most abundant component of the
myelin sheath in the CNS, it is also one of the
most abundant FAs in the myelin sheath of per-
ipheral nerves and skeletal muscle (46). In con-
trast, the presence of nervonic acid in TAGs is
scarce; therefore their increased levels are likely to
occur independently of the rise in TAGs with
long-chain FAs. In this sense, previous work iden-
tified nervonic acid as one of the specific lipids
whose circulating levels display an increase during
the period of distal demyelination but not after
remission in an induced experimental model of
autoimmune encephalomyelitis (47). Taking
together, the rise of nervonic acid in serum of
patients with ALS is more likely to derive from the
muscle denervation process and peripheral nervous
damage than from the central neuron loss, and fur-
ther studies should assess the relationship of nerv-
onic acid with the levels of NfL, a marker of
axonal degeneration (48). In addition, the relative
amount of C24 sphingolipids, in particular those
containing nervonic acid, with respect to the
amount of the FA C16, induces important changes
in receptor signaling and specialized cell mem-
branes properties, such as the contact sites
between mitochondria and endoplasmic reticulum,
known as MAMs (49,50). Thus, it is also possible
to argue that the increased levels of nervonic acid
are related to alterations in MAMs, which indeed
are widely recognized to be involved in the path-
ology of ALS and other neurodegenerative condi-
tions (51).

Finally, the fact that the C14:1n-x FA is the
other lipid feature selected by at least three of the
five tested approaches indicates the probable rele-
vance of an altered metabolism of FAs in ALS dis-
ease. It is likely that the FA represented by the
lipid feature C14:1n-x is C14:1n-5, since there is
no other FA of 14 carbons desaturated at any
other position in mammals. The desaturation at
the position n-5 is catalyzed by the stearoyl-CoA
desaturase (SCD1), which also catalyzes a rate-
limiting step in the synthesis of n-7 and n-9 mono-
unsaturated FAs (52) and has a critical role in the
homeostasis of lipid metabolism and energy
expenditure in different tissues (53,54).
Furthermore, a decreased desaturation of C14 and
C16 FAs by SCD1 has been previously shown in

Figure 5. Influence of the total acyl chain carbon number and
double bond content in the increment of triacylglycerides
(TAGs) in patients with ALS compared to controls.
Upregulated changes with p-values lower than 0.05 are
indicated by darker arrows, while lighter arrows indicate
upregulated changes with p-values higher than 0.05. However,
none of these changes remained significant after correcting for
multiple comparisons.
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ALS, and this correlated with decreased survival of
patients (55). Thus, the alterations in C14:1n-x
may be connected to the observed changes in nerv-
onic acid through a dysregulated synthetic pathway
that compromise the desaturation of C14 and C16
FAs in the face of promoting the desaturation of
C18-derived n-9 FAs. The over-production of
nervonic acid as a result of a dysregulated FA syn-
thetic pathway would support the structural and
signaling effect of nervonic acid on MAMs in
ALS. Further research is needed to provide com-
pelling evidence on the role of nervonic acid
in ALS.

As already mentioned, dietary habits and fast-
ing state have a profound influence on blood lipid
profiles, since a major change in the lipid traffick-
ing occurs in the fed state as tissues and organs
deal with the large influx of meal fat. In prioritiz-
ing a strict control for homogeneous nutrition hab-
its and fasting states between groups, a significant
difference in age and gender distribution between
groups was raised, given the inclusion of patient’s
partners as controls. This is why all results were
adjusted for age and gender. In addition, given the
extensive comprehensive nature of the analysis,
our sample size was also moderate, which could
have limited our ability to detect smaller lipid
changes or confirm our findings.

Overall, we report one of the most comprehen-
sive lipid profiling of ALS, which did not reveal
any serum lipid signature discriminating patients
with ALS from controls. However, certain types of
TAGs and FAs could contribute to the different
lipid profile of patients with ALS. Despite the fact
that peripheral metabolic derangements have been
consistently observed in patients with ALS, such
as hypermetabolism, systemic lipid abnormalities
in patients with ALS seem to be poorly defined.
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SUMMARY 

Beyond the extensive motor neuron loss that characterizes amyotrophic lateral sclerosis (ALS), 

abnormalities of skeletal muscle regeneration due to cell-autonomous dysfunction of muscle 

progenitor cells are being recognized as early features of the disease. However, whether genes 

found mutated in familiar ALS contribute to these phenotypes and the molecular mechanisms 

behind are unknown. In this study, we find that human myoblasts with induced TARDBP or 

FUS loss-of-function displayed aberrant myogenic differentiation capacity, a phenotype that 

was concomitantly expressed with a dramatic repression of energy production from anaerobic 

glycolysis and the induction of pro-atrophic pathways. Gene expression profiling and 

biochemical surveys identified FoxO transcription factors as key regulators of the 

transcriptional reprogramming of TARDBP-silenced myoblasts, with a marked nuclear over-

activation of FoxO1 and FoxO3 factors in proliferating myoblasts. Interestingly, either 

pharmacological or genetic inhibition of FoxO1/3 alleviated the metabolic disturbances related 

to glycolysis and boosted the myogenic program in FUS and TARDBP-deficient myoblasts. In 

additon, inhibition of foxo improved neuromuscular function in Drosophila models with muscle-

specific deficiency of TARDBP and FUS orthologs. Finally, correction of metabolic and 

myogenic abnormalities with FoxO1/3 inhibitor in primary myoblasts derived from patients 

with ALS bolstered the argument for the existence of muscle intrinsic phenotypes in ALS that 

can be managed pharmacologically. We conclude that FoxO factors are important functional 

drivers of FUS or TARDBP loss-of-function in skeletal muscle, and thus these factors may be 

targets to improve muscular fitness in patients with ALS. 
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INTRODUCTION 

Amyotrophic lateral sclerosis (ALS) is a devastating disorder characterized by a progressive 

degeneration of upper and lower motor neurons that inevitably leads to the death of the patient 

within an average of 36 months from onset (Chiò et al., 2009; Taylor et al., 2016). Major 

symptoms, including weakness, motor disability, paralysis and ultimately death arise from the 

progressive wasting of skeletal muscle. Although motor neuron loss and subsequent 

dismantlement of neuromuscular junctions are considered the primary cause of muscle atrophy, 

recent studies have challenged this view by showing clear evidence of early muscle metabolic 

derangements in relation to disease progression (Loeffler et al., 2016), occurring even prior to 

muscle denervation in SOD1 mouse models (Dobrowolny et al., 2018a, 2018b; Palamiuc et al., 

2015). 

Maintenance of muscle fiber homeostasis in adulthood is fundamentally supported by intrinsic 

repairing mechanisms that involve a sequence of metabolically fine-tuned steps; starting from 

the activation and proliferation of skeletal muscle resident stem cells (known as satellite cells) 

until the differentiation of myogenic myoblasts into new myofibers (Relaix and Zammit, 2012). 

Several lines of evidence have brought into light that muscle turnover is affected in ALS, and 

that impaired myogenic processes would aggravate the denervation-induced muscle wasting. In 

this sense, satellite cells isolated from patients with ALS have shown changes in various 

myogenic markers (Jensen et al., 2016) and impaired ability to form mature myotubes in in vitro 

conditions (Pradat et al., 2011; Scaramozza et al., 2014). Likewise, myogenic defects have been 

also reported in cultured myoblasts derived from mouse models expressing mutations in either 

SOD1 (Manzano et al., 2013) or VAPB (Tokutake et al., 2015). Although these myogenic 

defects may be legitimately considered secondary to changes in the denervated stem cell niche, 

recent discovery of the moonlighting activity of TARDBP (a major ALS-causative gene) in 

muscle regeneration have bolstered the argument for the implication of myogenesis in the 

pathophysiology of ALS. In that study, the product of TARDBP gene known as TDP-43 was 

proved essential for normal skeletal muscle formation by recruiting into cytoplasmic amyloid-

like granules specific mRNAs that encode sarcomeric proteins (Vogler et al., 2018). 

We postulate that muscle regeneration and wasting associated to ALS might stem from cell-

autonomous defects of metabolic stasis in muscle stem cells, and seek for pathological 

mechanisms underlying these abnormalities. Thus, we have studied the contribution of two 

major ALS genes, including TARDBP and FUS, in the metabolic regulation of myogenesis and 

muscle regeneration, by using human immortalized myoblasts with induced loss-of-function of 

these genes and primary myoblasts from patients with ALS, as well as Drosophila models. 

Metabolic flux analyses enabled the discovery of repressed glycolysis as a consistent metabolic 
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feature linking energy defects with the impaired myogenic capacity induced by TDP-43 and 

FUS knockdown. In addition, gene expression surveys led to the identification of FoxO 

transcription factors as potential regulators of the differentially expressed genes in TARDBP 

and FUS knockdown myoblasts. Interestingly, pharmacological and genetic inhibition of FoxO 

alleviated the metabolic defects and corrected the myogenic differentiation ability in the 

immortalized myoblasts with induced deficiency of TARDBP and FUS. The metabolic and 

myogenic abnormalities of silenced myoblasts were reproduced in primary myoblasts derived 

from two patients with ALS, and consequently alleviated by FoxO inhibition. Finally, in 

drosophila models that bear a conditional knockdown of the fly gene orthologs for TARDBP 

and FUS, (Tbph and Caz) in muscle progenitor cells, we found impaired motor function and 

decreased lifespan, both of them alleviated by pharmacological inhibition of foxo. Thus, we 

have identified FoxO factors as mediators of the effects of TDP-43 or FUS loss-of-function on 

metabolic and functional stasis in skeletal muscle. 
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MATERIAL AND METHODS 

Cell models 

Immortalized human myoblasts line (8220) 

The immortalized human myoblast cell line 8220 was provided by Dr. Vincent Mouly and 

generated on the Platform for the Immortalization of Human Cells, at the Myology Institute in 

Paris (France). The proliferation medium consisted of Promocell Skeletal Growth Medium 

(SGM) supplemented with 10% FBS, 1% Glutamax and 1% gentamicin (both from Gibco-

Invitrogen). Myogenesis have not been induced with any specific differentiation media, but in 

natural way using DMEM (Gibco-Invitrogen) supplemented with insulin 10 mg / ml, human 

transferrin 100 was used mg / ml and gentamicin 50 mg / ml. 

Gene silencing was carried out by infection with lentiviral particles containing short hairpin 

RNA (shRNA). The plasmids used to create these particles were: SHC001 (shRNA Empty 

Vector Control Plasmid DNA), TRCN000016038 (human, TARDBP MISSION shRNA), 

TRCN0000288639 (human, FUS MISSION shRNA), TRCN00, 33 FOXO MISSION shRNA) 

(MISSION® pLKO.1-Pure, Sigma-Aldrich). Viral particles were produced and titled by the 

Viral Vector Unit of CNIC (Madrid). When the 8220 myoblasts were found at 50% confluence, 

viral particles at a MOI of 10 were added. After 24 hours the medium was removed and 

replaced by the fresh SGM proliferation medium. To verify the degree of gene silencing, TDP-

43 and FUS proteins were measured by Western Blot. 

Primary myoblasts from patients’ muscle biopsies 

Three muscle biopsies were performed: 1) "Control”, 45 year old male, left gastrocnemius; 2) 

“Sporadic ALS”, 66-year-old woman, right biceps; 3) "Familial ALS", 45 year old male, left 

anterior tibial. Muscle biopsies were taken using the open sky technique, transported in 

conditioning medium and washed in 1% HBSS-Ca / Mg-PSF medium, removing capillaries and 

adipose tissue. The washed biopsies were cut into fragments and incubated at 37 ° C with 5% 

CO2 overnight. The next day, the muscle fragments were frozen in liquid nitrogen submerged in 

freezing medium. After thawing, muscle fragments were washed in 1% HBSS-Ca / Mg-PSF 

medium. They were cut into smaller fragments in conditioning medium. These were immersed 

in conditioning medium mixed with 25% human serum for 15-30 minutes to coagulate (this is 

called clot). At that time they were grown in an incubator at 37 ° C, with 5% CO2 for 4-5 days. 

After this long incubation the muscle fragments were washed in 1% HBSSCa / Mg-PSF 

medium and cut into even smaller fragments (approximately 1 mm). After coating with a drop 

of the gelatin / plasma mixture the surface of a p35 plate, the muscle fragments or explants were 

placed on top (5 fragments / p35). A few drops of proliferation medium were added between the 
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muscle fragments to maintain moisture and incubated at 37 ° C for 30 minutes, so that the 

fragments adhered to the plate. Then more proliferation medium was added and the cells were 

grown in an incubator at 37 ° C, with 5% CO2 and a humidified atmosphere for 5-7 days (the 

medium was changed twice a week). After this time, once cells growing from the explants were 

observed, they were trypsinised and transferred to new plates to be cultured again. The 

trypsinized cells were centrifuged at 1,500 rpm for 10 minutes. After discarding the supernatant 

and resuspending the pellet in AutoMACS separation buffer, the cells were centrifuged again at 

1,500 rpm for 10 minutes. After discarding the supernatant, the pellet was mixed with 80 µl of 

AutoMACS separation buffer and 20 µl of CD56 + magnetic beads were added. The mixture 

was incubated at 4 ° C for 15 minutes and subsequently washed with AutoMACS separation 

buffer and centrifuged at 1,500 rpm for 10 minutes. After discarding the supernatant, the pellet 

was washed again with AutoMACS separation buffer. At this point the selection of CD56 + 

cells was carried out. To do this, an LS column was placed on the magnet and washed with 3 ml 

of AutoMACS separation buffer. The sample was then added to the column and then the 

column was washed with another 3 ml of AutoMACS separating buffer 3 times. As the 

myoblasts express CD56, they remain attached to the column, therefore, as soon as the entire 

AutoMACS separation buffer passed through the column, it was released from the magnet and 

after adding 5 ml of AutoMACS separation buffer, the syringe was used to release the CD56 + 

cells (myoblasts) from the spine and collect them. The cells were centrifuged at 1,500 rpm for 

10 minutes and after discarding the supernatant the pellet was resuspended in proliferation 

medium. The myoblasts were grown at the desired density in plates in an incubator at 37 ° C, 

with 5% CO2 and a humidified atmosphere. The proliferation medium used was the SGM. 

Drosophila models 

One Drosophila strain silencing Cabeza (Caz) gene in muscle cells (UAS-Dicer2-iCaz-Mef2-

GAL4, iCaz) and two Drosophila strain silencing Tbph gene at different locus in muscle cells 

(UAS-iTbphattp40-Mef2-GAL4; UAS-iTbphp(GD6943)-Mef2-GAL4) have been generated. As 

control flies, the strain UAS-Dicer2-+-Mef2-GAL4 was used. Flies were housed at 24 °C, 70% 

humidity and 12 h/12 h light/darkness cycle. 

For longevity assays, one hundred flies (five per tube) were selected from each strain. Dead flies 

were counted every 2 days. Kaplan–Meier method was used to plot the results. A log-rank test 

was used to analyse results and Bonferroni correction for multiple comparisons. 

For locomotor activity, ten and fifteen day-old flies were analysed in groups of five. They were 

placed in a tube with an 8 cm mark from the bottom. The number of flies that passed the 8 cm 

mark in 10 s was counted (5 times/tube). 
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Transmission electron microscopy (TEM)  

After fixing with 3.5% glutaraldehyde, the cell cultures were washed with 0.1M PBS (pH 7.4) 

and treated with 2% osmium tetraoxide in 0.1M PBS (pH7.4), for 2 hours at room temperature. 

The samples were rinsed and dehydrated with ethanol and stained with 2% uranyl acetate. 

Dehydrated cell cultures were embedded in araldite (Fluka). Semi-thin sections (1.5 µm thick) 

were made with a diamond blade and stained with a solution of 1% Toluidine Blue (Sigma-

Aldrich). Finally, ultra-thin cuts (70nm thick) were made to be examined under Tecnai-Spirit 

transmission electron microscopy coupled to the Purple TEM CCD (Soft Imaging System) 

camera. 

Western blotting 

Protein extraction was done with sample buffer containing 62 mM Tris (pH 7.5), 5% glycerol, 

2% SDS, 5mg / ml bromophenol blue and 5% β-mercaptoethanol. After heating the sample 

buffer at 100 ° for 5 minutes, 100 µl was added to 300,000 cells, resuspended and boiled for 5 

min. Subsequently, it was stored at -20 ° C for lysis of plasma membranes. Cell fractionation 

was carried out using the NE-PER kit (Thermo Scientific, Catalog Code 78833). The Western 

blot technique was used to detect specific proteins in cell lysates by gel electrophoresis. We use 

the SDS-PAGE method that allows the separation of proteins by molecular weight in 

polyacrylamide gels. Total protein extracts were introduced in prefabricated SDS-PAGE gels in 

4-20% polyacrylamide gradient (Mini-PROTEAN® TGXTM Bio-Rad). The proteins were 

transferred to PVDF membranes, previously activated with methanol, by electroblotting and 

blocked for 1 hour with a 5% skim milk solution in TBS-tween (tris buffered saline). After that, 

the membranes were incubated overnight at 4 ° C with primary antibodies (table S1) diluted in 

TBS-tween with 2% horse serum, 5% BSA and 0.02% sodium azide. The next day, the 

membranes were incubated with donkey secondary antibodies conjugated with Alexa fluor plus 

fluorophores (488 donkey anti-rabbit IgG (H + L) (A32790), 488 donkey anti-mouse IgG (H + 

L) (A32766) , 647 donkey anti-rabbit IgG (H + L) (A32795), 647donkey anti-mouse IgG (H + 

L) (A32787) from Invitrogen. The development was performed by fluorescence analysis 

emitted by the iBright FL1000 Imaging System and quantified with Image Studio Lite software. 

Immunofluorescence  

Immunofluorescence was used to analyse the intracellular location and distribution of different 

proteins in primary myoblasts and in silenced myoblasts. Myoblasts on coverslips were fixed 

after several washes in DPBS (Gibco), with 4% paraformaldehyde (PFA) for 10 min. After 

several washes, it was blocked with blocking solution (5% BSA, in TBS-tween with 2% horse 

serum, 0.02% sodium azide and 0.5% Triton X-100) for 30 min. Subsequently, the first 



Regulation	of	myogenesis	by	TDP-43	and	FUS		 	 Cell	Metabolism	

8	
	

incubation with the primary antibody was performed and left overnight at 4th. After performing 

3 washes with TBS-tween, the second incubation was carried out for 1 h at room temperature 

and in the dark. In this case, donor Alexa fluor Plus (Invitrogen) type secondary antibodies 

conjugated with Alexa fluor plus fluorophores (488 donkey anti-rabbit IgG (H + L) (A32790), 

488 donkey anti-mouse IgG (H + L) (A32766), 647 donkey anti-rabbit IgG (H + L) (A32795), 

647 donkey anti-mouse IgG (H + L) (A32787), 555 donkeyanti-mouse IgG (H + L) (A31570) 

and 555 donkey anti-mouse IgG (H + L) (A31572) were used. After 2 washes with TBS-tween, 

1 wash with TBS and another with distilled H2O, the covers were mounted with Prolong 

Diamond Antifade Mountant with DAPI (Invitrogen). Cells were observed in a Fluorescent 

Nikon 80i microscope and in an inverted epifluorescent microscope (Nikon Ti-S). The images 

were obtained with a high resolution ORCA Flash 2.8 camera (Hamamatsu). The quantification 

of nuclei, to calculate the index Fusion and analysis of protein, nuclear and cytoplasmic 

expression was carried out using the Image J program. 

RNA microarrays 

The RNA obtained was analysed using GeneChip complete human transcription expression 

microarrays of the type Clariom D (Affymetrix). These microarrays analyse more than 540,000 

transcripts and allow analysis at two levels: the level of gene expression and the level of 

alternative splicing. The microarrays were hybridized following the recommended protocols, 

using a hybridization oven at 45 ° C at 60 rpm for 16 h. After hybridization was completed, a 

washing and staining step was performed in GeneChip Fluidics Station 450. Image capture was 

performed on the GeneChip 7G (Affymetrix) scanner. The analysis software used was 

Expression Console (Affymetrix), Transcriptome Analysis Console (TAC) 4.0 and Gene Set 

Enrichment Analysis (GSEA; Broad Institute). 

Analysis of metabolic flux by SeaHorse  

Metabolic pathways were studied using the Seahorse XF96 Extracellular Flux Analyzer 

(Agilent). This equipment allows simultaneous study of the two main energy pathways, 

mitochondrial respiration and glycolysis, in living cells and in real time. The analyzer measures 

the ratio of oxygen consumption (OCR, Oxygen Consumption Rate), as an indicator of 

mitochondrial respiration; and the ratio of extracellular acidification (ECAR, ExtraCellular 

Acidification Rate), as an indicator of glycolysis and lactate production. 

Mitochondrial Function 

The mitochondrial stress test allows obtaining information on different bioenergetic parameters, 

such as: baseline respiration, maximum respiration, ATP production, reserve respiratory 

capacity (coupling respiratory capacity), and coupling efficiency (coupling efficiency), all of 



Regulation	of	myogenesis	by	TDP-43	and	FUS		 	 Cell	Metabolism	

9	
	

them depending on the changes in oxygen consumption by adding enzyme modulators. To 

obtain the parameters, 3 serial injections are performed at minute 20, 50 and 80, respectively, of 

the following modulators: oligomycin, carbonylcyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP) and rotenone / antimycin. The final concentrations in the Seahorse culture plate of these 

inhibitors were the following: 1 µM oligomycin, 1 µM FCCP, 0.5 µM rotenone and 0.5 µM 

antimycin. Seeding of cells in the culture plate 24 hours before the test was performed with 

13,000 myoblasts per well for both silenced myoblasts and primary myoblasts. 

Glycolytic function 

ECAR was measured in cells that were incubated in a medium without glucose or pyruvate. The 

first injection is a saturation of glucose (10 mM) that the cells catabolize by the metabolic 

pathway, generating ATP, NADH, H2O and protons. The release of protons to the extracellular 

environment generates a rapid increase in ECAR. This response, generated by the injection of 

glucose, offers the information of the glycolysis of the samples under study. The injection of 

oligomycin (1 µM) inhibits the production of ATP in the mitochondria and energy production 

shifts to glycolysis, thus promoting an increase in ECAR, showing maximum glycolytic 

capacity. The last injection, 2-DG (50 mM), inhibits glycolysis by the competitive binding of 2-

dg to hexokinase II, an enzyme that catalyzes the first reaction of glycolysis. Thus, there is a 

decrease in ECAR, confirming in turn that the increase in ECAR has been the cause of 

glycolysis. The difference between glycolytic capacity and glycolysis rate defines the glycolytic 

reserve. The final concentrations of the enzyme modulators were: 10mM glucose, 1µM 

oligomycin and 50mM 2-dg. 

Study of energy phenotypes 

Seahorse XF measures the cellular energy phenotype by measuring mitochondrial respiration 

and glycolysis in basal conditions and stressed conditions, to reveal the three key parameters of 

the cell's energy metabolism: basal phenotype, stressed phenotype and metabolic potential. The 

energy phenotype test measures the metabolic potential of living cells, using oligomycin and 

FCCP. With a simultaneous injection of these stressors, two events occur: oligomycin inhibits 

the production of ATP by mitochondria, and causes a compensatory increase in the glycolysis 

rate, as cells try to meet their energy demands through the glycolytic pathway. The FCCP 

depolarizes the mitochondrial membrane, activating the entry of protons from the inner 

membrane space into the mitochondrial matrix, and leads to higher OCR in the mitochondria, in 

order to restore the mitochondrial membrane potential. This test reports on the metabolic 

preference of oxidative or glycolytic cell types and the ability to metabolically respond to 

different cell insults. 
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Study of ATP production rate 

This test allows the production of mitochondrial and glycolytic ATP to be measured 

simultaneously through a series of equations based on the measurement of OCR and the 

measurement of the increase in ECAR, after administration to the culture medium of enzymatic 

modulators. The concentrations used of these modulators were: 1 µM oligomcicin, 0.5 µM 

rotenone and 0.5 µM antimycin. All metabolic tests using the Seahorse technique were 

performed when myoblasts were at a confluence of 90%. For the study of metabolism 

throughout muscle differentiation, cell seeding was carried out at different times in order to 

obtain, in the same Seahorse plate, the different phases of the process. One hour before the test 

the cells were incubated at 37 ° C without CO2 and in the specific medium for the Seahorse 

assay at pH 7.4. 

Statistical analysis  

Data was analysed by SPSS for Windows, version 15.0. Normality was verified by the Shapiro-

Wilks test (p> 0.05). Student’s t or Mann-Whitney's U tests were used when normality criteria 

were met or not, respectively, for comparisons between control cells and silenced cells in any of 

the the different biochemical, metabolic or histological parameters. Unless otherwise indicated, 

the data are expressed as the mean ± the standard error of the mean. 
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RESULTS 

Deficiency of TDP-43 or FUS halts the myogenic capacity of myoblasts 

Various lines of evidence have suggested that the myogenic program appears to be altered in 

patients with ALS (Jensen et al., 2016; Pradat et al., 2011; Scaramozza et al., 2014), so we first 

sought to know whether these defects may be directly associated with the aberrant behavior of 

genes found mutated in ALS. A previous study has shown that TDP-43 is essential for normal 

skeletal muscle formation by forming cytoplasmic assemblies that regulate the expression of 

sarcomeric proteins (Vogler et al., 2018). Besides TDP-43, we also focused on the study of FUS 

as another causative gene of ALS. We performed cell fractionation and immunofluorescence 

experiments throughout different stages of myogenic differentiation in human immortalized 

myoblasts (cell line 8220), including 1) proliferative myoblasts, 2) myoblast at 100% 

confluence (myocytes), 3) fusing myocytes, and 4) myotubes at day 3 post-fusion (Fig. 1A). 

These assessments revealed changes in the subcellular localization of these proteins during early 

steps of myogenic differentiation despite no changes in their expression levels. In particular, 

higher levels of TDP-43 in nuclei and cytoplasmic puncta were found in early differentiating 

myotubes when compared to proliferative myoblasts. In contrast, FUS was notably decreased in 

nuclei but increased in cytoplasm during early steps of differentiation when compared to 

proliferative stages (Fig. 1B, C). 

According to Vogler et al., the translocation of TDP-43 to cytoplasm is involved in myoblast 

differentiation and myotube generation. We have observed that not only TDP-43, but also FUS, 

suffers fluctuations of subcellular localization during myogenesis, suggesting that they both 

may be involved in the regulation of gene expression programs during muscle differentiation. 

Thus, given the potential implication of TDP-43 and FUS in myogenesis, we modelled the loss-

of-function of these genes in the human immortalized myoblast cell line 8220 by treating these 

cells with shRNA-expressing lentiviral particles for TDP-43 or FUS, and further analyzed any 

change on cell morphology, growth and myogenic capacity (Fig. 1D). 

Two days after treatment with lentiviral particles, myoblasts underwent severe reductions in 

TDP-43 or FUS relative to control scramble-infected cells (Fig. 1E). Transmission electron 

microscopy (TEM) imaging revealed ultrastructure abnormalities in silenced myoblasts. 

Compared to scramble-infected myoblasts, 8820 myoblasts treated with shTDP-43 exhibited a 

rounded and enlarged shape with a cluster of organelles around nuclei, containing very short 

rough endoplasmic reticulum (RER) but lots of fragmented mitochondria. Similarly, the FUS-

deficient myoblasts were found longer with abundant mitochondria although dilated RER (Fig. 

S1A). Providing further evidence for increased numbers of mitochondria associated to TDP-43 
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and FUS deficiency, TOMM20 immunostaining showed higher mitochondrial mass in these 

myoblasts lines compared to Scramble-infected (Fig. S1B). Despite these changes in cellular 

morphology and distribution of intracellular components, 8820 myoblasts treated with either 

shTDP-43 or shFUS were viable, although the proliferating capacity was faintly reduced (Fig. 

1F). 

We then studied the effect of gene silencing on the myogenic process. Myogenesis was first 

induced by an established protocol consisting on medium replacement, in which myoblasts were 

exposed to differentiation medium two days after infection with lentiviral particles. However, 

TDP-43 and FUS knockdown myoblasts were not able to survive to the differentiating challenge 

(data not shown). Then we switched to a more physiologically-relevant myogenic that consists 

on allowing spontaneous differentiation and fusion when myoblasts reach 100% confluence. 

Lentiviral particles of scramble shRNA, shTDP-43 or shFUS were added to the medium when 

8820 myoblasts were at 30-40% confluence (Fig. 1D). Myoblasts treated with control shRNA 

differentiated and formed MyHC-positive myotubes 2 days after reaching 100% confluence 

(Fig. 1F, Fig. S2A). However TDP-43 and FUS knockdown affected the natural capacity of 

cultured myoblasts to fuse and form myotubes: shTDP-43-treated myoblasts remained 

undifferentiated for at least 2 days after reaching 100% confluence, and shFUS-treated 

myoblasts formed less MyHC-positive myotubes (Fig. 1F, Fig. S2A). At this time point, 

markers of myotube maturation, such as calstabin, troponin C, α-actinin and myosin, were 

found downregulated in shTDP-43 and shFUS treated myoblasts (Fig. S2B), corroborating 

defects of myogenic differentiation and fusion. We then analyzed levels of myoD, a 

transcription factor that is required for myoblast differentiation and fusion (Olguín and Pisconti, 

2012). Indeed, shTDP-43 and shFUS-treated myoblasts displayed a dramatic decrease in the 

total levels of myoD (Fig. 1G) and in the number of myoD-positive nuclei (Fig. 1H) when 

compared to shRNA-treated myoblasts. 

Deficiency of TDP-43 or FUS curtails anaerobic glucose metabolism and induces pro-

atrophic pathways in myoblasts 

Molecular signaling factors and reprogramming of energy metabolism are considered crucial 

regulators of myogenesis during adult muscle regeneration. Since previous evidence indicates 

that TDP-43 controls skeletal muscle glucose homeostasis (Chiang et al., 2010; Joardar et al., 

2017; Stallings et al., 2013), we wanted to investigate whether myogenic defects induced by 

loss of TDP-43, and in extension of FUS, may be mediated by abnormalities of glucose 

metabolism. Regarding the latter factor, various studies conducted in Drosophila, zebrafish and 

mouse muscle precursor cells have highlighted glucose metabolism as part of the core myogenic 

program because of its ability to provide both the rapid source of energy and the building blocks 
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(amino acids and nucleotides) that are required for biomass production during the formation of 

syncytial muscles (Tixier et al., 2013; Yucel et al., 2019; Yun et al., 2005). Thus, we 

investigated the extent of the metabolic reconfigurations during the myogenic process in the 

human myoblast cell line used in our study and, if any, whether deficiency of TDP-43 or FUS in 

myoblasts may impinge on these metabolic phenotypes. Then, we performed metabolic flux 

analysis by SeaHorse technologies throughout the different stages of myogenesis. Glycolysis 

was found to be the predominant metabolic pathway to produce basal ATP during the 

proliferation stages of the 8220 myoblast cell line, as indicated by higher extracellular 

acidification rates (ECAR) and lower oxygen consumption rates (OCR) (Fig. 2A,B). However, 

differentiating and fusing myoblasts as well as early myotubes at day 3 underwent a switch in 

their metabolic potential towards a more energetic phenotype, which was due to an increase in 

the aerobic metabolism (Fig. 2C).  As previous works have evidence the role of TDP-43 in 

controlling the skeletal muscle glucose homeostasis (Chiang et al., 2010; Joardar et al., 2017; 

Stallings et al., 2013), we expected that the myogenic defects induced by loss of TDP-43, and in 

extension of FUS, may be mediated by abnormalities of glucose metabolism. 

Accordingly, we found that basal glycolysis and maximal glycolytic capacity parameters, as 

evidenced by ECAR, were consistently repressed after the silencing of TDP-43 or FUS in 

myoblasts (Fig. 2D). Decreased levels of lactate in homogenates from shTDP-43 and shFUS-

treated myoblasts when compared to those from shRNA-treated myoblasts corroborated defects 

in the anaerobic oxidation of glucose (Fig. 2E). Regarding mitochondrial respiration, FUS 

silencing had stronger effects than TDP-43 silencing reducing basal oxygen consumption with 

respect to shRNA-treated myoblasts (Fig. 2F), although spare respiratory capacity was 

particularly increased in shTDP-43-treated myoblasts (Fig. 2F). The increased numbers of 

mitochondria, as observed by TEM (Fig. S1A,B), may provide a compelling explanation for the 

increased aerobic potential of shTDP-43 treated myoblasts. These data indicates that the loss of 

TDP-43 or FUS causes general abnormalities in energy metabolism during the myogenic 

differentiation process, with specific dowregulation of the glycolytic flux. A treatment with 2-

deoxyglucose (2-DG), which was employed to reduce glycolysis-dependent ATP production 

during myoblast proliferation, reduced the activation of MyoD (Fig. S3A,B) and stalled the 

myogenic process in a similar way than the silencing of TDP-43 (Fig. S3C), providing further 

suggestions on the potential link between the metabolic and myogenic phenotypes in silenced 

myoblasts. 

A poor metabolic fitness in muscle is often associated to the upregulation of protein degradation 

pathways and atrophy. Expression of the key muscle specific E3 ubiquitin ligases, muscle RING 

finger 1 (MuRF1) and muscle atrophy F-box (MAFbx)/atrogin-1, are markers of the activation 

of ubiquitin/proteasome system and atrophy in skeletal muscle. Interestingly, we observed that 
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these proteins were significantly reduced in silenced myoblasts, particularly in shTDP-treated 

myoblasts (Fig. 2G). Further, the treatment with 2-DG mimicked the effects of TDP-43 and 

FUS silencing on the expression levels of MurF1 and atrogin-1 (Fig. S3D). 

Collectively, these data support the strong energetic reliance of proliferative and differentiating 

8820 myoblasts on the anaerobic glycolysis, and therefore makes this model suitable to study 

whether the effects of TDP-43 and FUS on myogenesis are mediated by specific impairment of 

this metabolic pathway.  

FoxO inhibition corrects metabolic derangements and myogenic defects induced by 

deficiency of TDP-43 or FUS 

Because the TDP-43 and FUS loss-of-function are associated with extensive changes in gene 

expression and splicing events (Kapeli et al., 2016), we performed microarray analysis to define 

the global gene expression profiles of myoblasts with TDP-43 and FUS silencing, in an attempt 

to find hints of gene regulation that support the observed metabolic reprogramming. The 

analysis of shTDP-43-infected cells compared with control shRNA–infected cells revealed 

1,329 upregulated genes (log2 fold change ≥1, false discovery rate [FDR]≤ 0.05) while 673 

downregulated genes (log2 fold change ≤ -1, false discovery rate [FDR] ≤ 0.05). The analysis of 

shFUS-infected cells compared with control siRNA–infected cells revealed 702 upregulated 

genes (log2 fold change ≥1, false discovery rate [FDR] ≤ 0.05) while 579 downregulated genes 

(log2 fold change ≤ -1, false discovery rate [FDR]≤ 0.05). Using oPOSSUM-3 

(http://opossum.cisreg.ca/oPOSSUM3/), a tool for the identification of over-represented 

transcription factor binding sites (TFBS) in co-expressed genes generated from high-throughput 

methods, we generated a list of upstream transcription factors (ordered by Z-scores) that were 

predicted to regulate the differential gene expression between scramble shRNA and shTDP-43-

treated myoblasts (Fig. 3A). Among the top candidates predicting the differentially expressed 

genes (DEGs) in shTDP-43-treated myoblasts, the Forkhead Box O-3 (FoxO3) factor called our 

attention for mainly two reasons. First, the family of FoxO transcription factors are 

evolutionarily conserved mediators of insulin and growth factor signaling governing programs 

of gene expression to regulate apoptosis, cell-cycle, cell differentiation, metabolism and 

autophagy (Link and Fernandez-Marcos, 2017). Second, FoxO factors are involved in many 

types of muscle atrophy through the regulation of ligases MuRF1 and atrogin-1 (Sandri et al., 

2004; Waddell et al., 2008), which we have found upregulated in shTDP-43 and shFUS-treated 

myoblasts. We performed an alternative TFBS analysis by using DAVID software 

(https://david.ncifcrf.gov/home.jsp), and found FoxO1 as well within the top ten list predicting 

TDP-43 knockdown DEGs (Table S2). FoxO1 have particular implications in the regulation of 

multiple genes that control muscle progenitor cell maintenance and differentiation (Kitamura et 
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al., 2007), including MyoD. Interestingly, gene ontology (GO) analysis in shTDP-43 

knockdown 8820 myoblasts revealed a significant enrichment of KEGG pathways that are 

upstream or downstream of FoxO transactivation, such as insulin and PI3K-Akt signaling or cell 

cycle (Fig. 3A). 

Taking these data together, we hypothesize that FoxO factors are underlying mediators 

connecting the metabolic and myogenic alterations of myoblasts with the loss of function of 

either TDP-43 or FUS. If this hypothesis is correct, deficiency of TDP-43 and FUS would lead 

to an increased localization of FoxO factors into the nucleus and activation, while the 

manipulation of FoxO activities might influence the cellular phenotypes of silenced myoblasts. 

Regarding the subcellular localization of FoxO proteins, we observed by means of 

immunofluorescence and western-blotting that expression level of FoxO1 was weak and 

predominantly cytoplasmic during myoblast proliferation, and little bit increased in cytoplasm 

as well during early fusion events in control myoblasts (Fig. S4A,C). This is expected since pro-

atrophic actions of FoxO1 must be switch off during muscle formation. However, we found that 

FoxO1 protein levels became dramatically increased in the nuclear compartment of shTDP-43 

and shFUS treated myoblasts when compared to shRNA-treated cells (Fig. 3B). FoxO3 was 

found instead highly expressed in nuclei in control myoblasts since it is needed for proliferation 

but decreases as differentiation starts (Lee et al., 2019), becoming almost exclusively 

cytoplasmatic in early myotubes (Fig. S4B,C). Levels of nuclear FoxO3 were found slightly 

increased in shTDP-43-treated myoblasts, although not in shFUS-treated myoblasts, when 

compared to control shRNA myoblasts (Fig. 3C). Despite TDP-43 and FUS silencing induced 

little or no changes on the levels of nuclear FoxO3 in myoblasts, where FoxO3 is constitutively 

active, we cannot rule out the idea that the lack of TDP-43 or FUS may affect the shutdown of 

FoxO3 that is needed for myoblast differentiation. 

We next explored the consequences of pharmacological or genetic inhibition of FoxO on 

metabolism and myogenesis in TDP-43 and FUS-silenced myoblasts. We treated all the 

different models of myoblasts with the compound AS1842856 at 30 nM	during proliferation and 

let them differentiate, adding the compound at the same concentration every 2 days. At the 

selected concentration, this compound binds selectively to the dephosphorylated FoxO1, and to 

less extent dephosphorylated FoxO3, interfering with DNA interaction and thereby resulting in 

inhibition of FoxO transactivation (Nagashima et al., 2010).  

Interestingly, AS1842856 treatment induced a significant recovery of the repressed glycolytic 

traits in proliferating myoblasts caused by the silencing of either TDP-43 or FUS (Fig. 4A), as 

indicated by both glucose- and oligomycin-stimulated ECAR. This treatment also improved the 
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mitochondrial ATP production of silenced myoblasts (Fig. 4B), thus exerting thorough benefits 

in the pathways of energy production in shTDP-43 and shFUS-treated myoblasts.  

Concomitantly with this, we observed that treatment with AS1842856 disinhibited the 

myogenic arrest of TDP-43 silenced myoblasts and improved the myogenic capacity of FUS-

silenced myoblasts, as indicated by the presence of MHC1-positive myotubes and the 

differentiation index (Fig. 4C), while it had little effects on control myoblasts. In addition, 

treatment with the AS1842856 inhibitor modifies the expression of some of FoxO-regulated 

genes that are crucial for proper myogenic differentiation. Specifically, AS1842856 increased 

the expression of MyoD while decreased the expression of myostatin in shTDP-43 and sh-FUS-

treated 8820 myoblasts (Fig. 4D). On top of this, the treatment of TDP-43 and FUS-knockdown 

myoblasts with a shRNA sequence that targets mRNA of both FoxO1 and FoxO3 was able to 

mitigate the abnormal nuclear expression of FoxO1 (Fig. S5) and confirmed the benefits of 

FoxO inhibiton on the myogenic capacity (Fig. 4E). 

FoxO inhibition alleviates glycolytic and myogenic defects of ALS myoblasts 

We looked at preliminary links between the findings in genetically-induced myoblasts and 

features of ALS myoblasts. To this aim, we cultured primary myoblasts obtained from muscle 

biopsies of two patients with ALS (patient 1 is sporadic [sALS] and patient 2 is familial [fALS]) 

and one disease-control. Surprisingly, when we looked at markers of ALS pathology in patients’ 

primary myoblasts we found clear evidences of TDP-43 mislocalization. In particular, levels of 

nuclear TDP-43 were found decreased in the patient 2 (Fig. 5A), and although unchanged in the 

patient 1, TDP-43 showed noticeably perinuclear localization (Fig. 5A,B). Changes in TDP-43 

localization were accompanied by an altered subcellular distribution of FoxO1, as reflected by 

increased levels of FoxO1 in nuclei (Fig. 5A,C) and enhanced nuclear-to-cytosolic ratio in both 

patients (Fig. 5C). Remarkably, nuclear localizations of TDP-43 and FoxO1 were inversely 

associated in the patient 2 (Fig. S6). 

To study whether these pathological features were linked to functional outcomes of ALS 

muscle, we studied the myogenic capacity of ALS myoblasts and the effect of FoxO inhibition. 

Control primary myoblasts showed spontaneous myogenic potential, as reflected by normal 

fusion events and formation of mature myotubes (Fig. 5D). In contrast, and similar to TDP-43 

or FUS-silenced myoblasts, primary myoblasts from patients with ALS displayed myogenic 

abnormalities that were alleviated after treatment with the FoxO1 inhibitor AS1842856 (Fig. 

5D).  

As expected, alterations of FoxO1 in ALS myoblasts were accompanied by aberrant glycolytic 

flux, as indicated by lower ECAR values after addition of glucose to the media (Fig. 5E). Yet 
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again, the treatment with the FoxO1 inhibitor AS1842856 improved the basal glycolysis rate in 

primary ALS myoblasts (Fig. 5E)	concomitantly to the beneficial effects on myogenic process. 

Foxo inhibition improves muscle function and lifespan in Drosophila flies with muscle-

conditioned deficiency of TDP-43 or FUS 

After knowing that FoxO inhibition provides benefits to muscle cells in vitro, we wanted to 

further test the effects of targeting FoxO factors on muscle function under the context of TDP-

43 or FUS loss-of-function in vivo. To that purpose, we generated various Drosophila models 

with muscle-conditioned silencing of either Cabeza (Caz) or Tbph genes, which are orthologs of 

human FUS or TARDBP, respectively. Caz-silenced (iCaz) flies and two different lines of 

Tbph-silencing (iTbphattp40 and iTbphp(GD6943)) were viable; a third line of Tbph-silencig 

(iTbphpkk(108254)) did not instead reach adult stage despite proper development into the late pupal 

period. Adult iCaz and iTbphattp40 flies displayed the most prominent muscle phenotypes already 

at 10-day old, as indicated by a significant reduction in the percentage of flies able to climb in 

the locomotor activity test, when compared to control flies. Adult iTbphp(GD6943) flies showed 

similar degree of locomotor affection at 15-day old (Fig. 6A). Drosophila has only one 

orthologs for mammalian FoxO factors, which is called foxo. Although the affinity of 

AS1842856 for Drosophila foxo has never been tested, the fact that the binding sites of FoxO 

proteins for this compound are well conserved among species provides enough rationale to test 

its efficacy in Drosophila models. We first treated control flies with AS1842856 at a 

concentration of 30 µM and observed a lack of toxicity on motor function and lifespan (Fig. 

S7A,B). Interestingly, the same treatment given to silenced flies induced strong benefits on 

muscle function	as observed by increased climbing activity, being more pronounced in Tbph-

than in Caz-silenced lines (Fig. 6B). 

We performed longevity assays	 to further characterize these fly models. Either of the Caz or 

Tbph-silenced flies manifested dramatic reductions of survival times when compared to control 

group, as indicated by Kaplan-Meier curves and median lifespan (Figure 6C). Interestingly, flies 

that were treated with AS1842856 had higher survival than flies that did not receive treatment. 

This effect was particularly noticeable in iCaz and iTbphattp40 fly lines (Fig. 6D). 
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DISCUSSION 

In the present work we provide in vitro evidence to prove that muscular wasting may occur in 

ALS independently of MN loss, and that this phenomenon may be operated by the defective 

function of at least two ALS-causative factors, TDP-43 and FUS, through dysregulation of 

FoxO proteins. 

First finding is related to the loss of myogenic capacity of isolated myoblasts from patients with 

ALS. Although only two patients have been studied, this phenotype seems to be very consistent 

and is in agreement with previous reports (Pradat et al., 2011; Scaramozza et al., 2014). Thus, 

there must be some intrinsic aberrant function in ALS muscle that predisposes it to impaired 

self-renewal. This raises the question that activation of defective muscle regenerative 

mechanisms in individuals at risk may aggravate or accelerate the development of ALS. 

Although being out of the scope of the present work, it would be interesting to study whether 

aberrant muscle regeneration provides a compelling link between physical lesions induced by 

strenuous exercise or by head concussions, which have being described in various cases to be 

the site of symptoms onset in a short time (Pupillo et al., 2018; Seals et al., 2016), with a 

“dying-back” neuronopathy and the risk to develop ALS. Beyond this hypothetical scenario, our 

work points that myogenic defects in ALS may be caused by intrinsic TDP-43 or FUS toxicity 

due to defective function of these proteins. In this sense, TDP-43 pathology in terms of 

abnormal deposition into protein inclusions is not restricted to nervous tissue; several studies 

have reported TDP-43 pathology in peripheral tissues of sporadic ALS cases, including skeletal 

muscle and skin (Cykowski et al., 2018; Mori et al., 2019; Suzuki et al., 2010). Cytosolic 

aggregation of aberrant TDP-43 is often associated with nuclear mislocalization, and that is 

believed to confer loss-of-function toxicity (Prasad et al., 2019). We have not found cytosolic 

TDP-43 aggregation in myoblasts from the two patients with ALS under study, however a 

defective function of TDP-43 in both may be deduced from the observed nuclear 

mislocalization: in one of the patients levels of nuclear TDP-43 were certainly decreased, while 

in the other patient TDP-43 localization was dramatically restricted to perinuclear area. TDP-43 

is involved in myogenesis, as demonstrated by its role in recruiting RNAs coding for sarcomeric 

proteins into myogranules in early myotubes (Vogler et al., 2018), and that the deficiency of 

TDP-43 stalls the capacity of human myoblasts to differentiate, as demonstrated by us. Given 

that, the loss of TDP-43 function due to nuclear mislocalization appears to provide a legitimate 

explanation for the abnormal myogenic capacity of ALS myoblasts. The present work extends 

the potential role of other ALS-causative genes, in particular FUS, on the myogenic capacity of 

skeletal muscle. Little is known about the presence of FUS pathology in ALS muscle, and only 

few mislocalization events have been observed in animal models or patients with other types of 
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neuromuscular disorders, such as facioscapohumeral and myotonic dystrophies (DeSimone et 

al., 2019; Homma et al., 2016; Llamusi et al., 2013). Despite this, mutated FUS have been 

reported to induce defects in motor endplates and intrinsic toxicity in muscle (Picchiarelli et al., 

2019), supporting our data that FUS may play a fundamental role in ALS muscle.  

A important conclusion derived from our study is that by repressing ALS genes in cultured 

human myoblasts it is possible to achieve a functional phenotype of ALS, and therefore this 

cellular model can be reasonably used as an experimental approach to investigate ALS-related 

mechanisms of TDP-43 and FUS toxicity. Indeed, through this approach we have been able to 

identify a common mechanism of toxicity downstream either TDP-43 or FUS loss-of-function, 

consisting on an aberrant link between energy-producing pathways and FoxO transcriptional 

activity, as we further discuss. Alterations in energy metabolism are recognized as inherent 

traits of ALS since evidences from early studies reporting increased resting energy expenditure 

(also known as hypermetabolism) in patients with ALS (Bouteloup et al., 2009; Desport et al., 

2001), and further works showing the association of metabolic perturbations with the severity of 

ALS (Jésus et al., 2018; Steyn et al., 2018). But recent studies have unveiled that disturbances 

of glucose metabolism are principal to the overall metabolic derangements of ALS, reinforcing 

our observations of a predominant repression of glycolysis over mitochondrial respiration after 

the silencing of two ALS genes in muscle cells. In this sense, the activation of glycolysis, but no 

other energy-producing pathways, has been demonstrated to exert neuroprotection in 

reprogrammed MNs derived from patients (Manzo et al., 2019), and forms part of an early 

adapting mechanism against ALS pathology in the SOD1-G93A mouse (Ravera et al., 2019; 

Tefera et al., 2019). In the central nervous system, glycolysis is a crucial energy source for 

astrocytes to maintain the nutritional homeostasis of neurons by producing lactate, without 

which neurons become vulnerable to excitotoxic injuries and other types of damage. As spinal 

cord MNs have huge energy demands, due to their bigger soma sizes and higher firing rates 

(LeMasson et al., 2014), boosting glycolysis offers a reasonable response to promote 

neuroprotection against ALS pathology. Beyond the potential role of glycolysis in nerve tissues, 

the anaerobic oxidation of glucose in muscle is fundamental not only for the contractibility of 

fast glycolytic fibres, but also for supporting the early steps of myogensis (Tixier et al., 2013; 

Yun et al., 2005), when myoblasts needs to differentiate into myocytes before fusing to form 

myotubes. Anaerobic glycolysis facilitates rapid sources of energy and carbon anabolism to 

support growth of myoblasts, and also acts as an epigenetic regulator of myoblast proliferation 

through the modulation of histone acetylation (Yucel et al., 2019). We have illustrated the 

almost pure reliance of human differentiating myoblasts on glycolysis, which is progressively 

switched down during myotube maturation, in a way that 2-DG treatment is able to completely 

halt the process. In consequence, myoblasts should be a type of cells with a particular 
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susceptibility to glycolytic defects, and in turn to the metabolic disturbances that are 

predominantly associated to ALS. According to this, we have observed a decreased glycolytic 

capacity concomitant with alterations in the myogenic potential in primary myoblasts from two 

patients with ALS, mimicking the phenotypes of TDP-43 and FUS-deficient myoblasts. Taking 

altogether, these evidences point to a chief role of glucose metabolism on ALS muscle 

phenotypes, and subsequently raise the common-sense question as to whether these muscle 

metabolic disturbances may cause non-cell-autonomous toxicity to MNs. The latter question has 

been somehow addressed by two previous studies, where a switch from glycolytic metabolism 

to the use of lipids in muscle were found to precede the onset of symptoms and the loss of MNs 

in the SOD1-G93A mouse (Dobrowolny et al., 2018a; Palamiuc et al., 2015). However, further 

studies need to be carried out to find out whether favouring glycolysis in muscle has benefits on 

neuromuscular function and MN degeneration in ALS. 

In an attempt to devise a mechanistic link between impaired myogenesis and disturbances of 

glycolysis in TDP-43 and FUS-silenced myoblasts, we got to the discovery of dysregulated 

FoxO transcription factors downstream TDP-43 or FUS loss-of-function. Since aberrant over-

activation of FoxO factors offers a reasonable explanation for the induction of muscle pro-

atrophic mechanisms, atrogin-1 and MurF1 (Reed et al., 2012; Sandri et al., 2004), that we 

observed upon TDP-43 or FUS silencing, and because we collected evidences from prediction 

tools indicating FoxO transactivation as responsible for the differential gene expression profile 

of TDP-43 silenced cells, we focused on this family of transcription factors, and studied the 

effects of targeting them on muscle pathways and processes. Dysregulation of FoxO may occur 

secondary to a glycolysis repression in TDP-43 and FUS-silenced myoblasts, as a cellular 

homeostatic response to cope with a low-nutrient stress by inducing the ubiquitin-proteasome 

and autophagy-lysosome systems (Milan et al., 2015). However, FoxO transcription factors, and 

in particular FoxO1, are key regulators of PDK4 expression (Gross et al., 2009; Puthanveetil et 

al., 2010), an enzyme that control the activity of the major rate-limiting enzyme of glucose 

oxidation, PDH. Thus, any up-regulation of this transcriptional factor would inhibit glycolysis, 

suggesting that disturbances of glucose oxidations are secondary to FoxO dysregulation. The 

fact that TDP-43 has been demonstrated to directly repress nuclear FoxO1 transactivation 

(Zhang et al., 2014), together with our evidences showing recovery of glycolytic flux after 

either pharmacological or genetic inhibition of FoxO factors, provide sound arguments to 

sustain the latter assumption. In this context, it is legitimate to deduce that the inhibition of 

FoxO factors exerts benefits on myogenesis under pathological conditions of TDP-43 or FUS 

loss-of-function toxicity, through the regulation of glucose oxidation. Thus, the use of inhibitors 

of FoxO may have potential to treat muscle phenotypes that are induced under certain 

pathological circumstances, such as TDP-43 or FUS deficiency, as well as in ALS. The 
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treatment of muscle phenotypes is not restricted to myogenic defects but may be extended to 

neuromuscular function and muscle fitness in general, as observed by the overall locomotor and 

survival benefits induced by FoxO inhibition in Drosophila models of muscle-specific loss of 

TDP-43 and FUS orthologs. 

Overall, the restoration of myogenic process being concomitant to glycolitic normalization 

reinforces the idea that metabolic defects are linked to the myogenic phenotypes of TDP-43 and 

FUS knockdown cells. Given that FoxO factors are in the interface between metabolism and 

disease since they orchestrate many of the physiological responses to metabolic stimuli (Link 

and Fernandez-Marcos, 2017), including those mediated by insulin signaling, our findings 

suggest that interventions that alleviate metabolic fitness through the inhibition of FoxO may 

counteract key functional consequences of TDP-43 or FUS loss of function. In consequence, 

this strategy may have potential benefits for treating neuromuscular disorders that are associated 

with pathological TDP-43 or FUS mislocalization in muscle, such as ALS. However, the 

potential of this approach should not be limited to treat ALS muscle, since abnormal nuclear 

TDP-43 and/or FUS localizations have been evidenced in animal models and patients from a 

range of muscle disorders, including facioscapulohumeral dystrophy, myotonic dystrophy and 

inclusion body myositis. 
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FIGURE LEGENDS 

Figure 1. Deficiency of TDP-43 or FUS halts the myogenic capacity of 8220 human 

immortalized myoblasts. A, Schematic illustration of the myogenic process. B,C, Subcellular 

localization of TDP-43 and FUS throughout stages of myoblast differentiation. D, E, lentiviral 

transduction of shTDP-43 and shFUS induced silencing of either proteins, and affects growth 

rates (F). G, shTDP-43 and shFUS-treated myoblasts have abnormal myogenic capacity, as 

evidenced by lower MyHC-positive myotubes. H, I, western-blot and immunofluorescence 

analysis reveal that shTDP-43 and shFUS-treated myoblasts have reduced levels of the 

myogenic markers MyoD and myogenin. *p<0.01; **p<0.01. 

Figure 2. Deficiency of TDP-43 or FUS curtails anaerobic glucose metabolism and induces 

pro-atrophic pathways in myoblasts. A,B,C, Metabolic switch during myogenesis. Myoblasts 

rely mainly on anaerobic glycolysis while differentiating myocytes and myotubes switch 

towards a more aerobic metabolism. D, shTDP-43 and shFUS-treated myoblasts display 

consistent reductions in basal glycolysis and glycolytic capacity. E, levels of lactate are 

decreased in shTDP-43 and shFUS-treated myoblasts. F, basal mitochondrial ATP production is 

sligthly affected by TDP-43 or FUS silencing, however effects on spare respiratory capacity are 

variable. G, pro-atrophic pathways of the UPS are dramatically augmented in shTDP-43 and 

shFUS-treated myoblasts. *p<0.05; **p<0.01. 

Figure 3. Deficiency of TDP-43 or FUS induces dysregulation of FoxO transcription 

factors. A, microarray of gene expression shows 1,329 upregulated genes while 673 

downregulated genes in TDP-43-silenced myoblasts. Using oPOSSUM-3 online tool, FoxO3 

was found among the top candidates predicting the differentially expressed genes (DEGs) in 

shTDP-43-treated myoblasts. Gene ontology (GO) analysis in shTDP-43 knockdown myoblasts 

revealed a significant enrichment of KEGG pathways that are upstream or downstream of FoxO 

transactivation, such as insulin and PI3K-Akt signaling or cell cycle. B, FoxO1 protein levels 

became dramatically increased in the nuclear compartment of shTDP-43 and shFUS treated 

myoblasts when compared to shRNA-treated cells. C, Levels of nuclear FoxO3 were found 

slightly increased in shTDP-43-treated myoblasts, although not in shFUS-treated myoblasts. 

*p<0.05. 

Figure 4. FoxO inhibition corrects metabolic derangements and myogenic defects induced 

by deficiency of TDP-43 or FUS. A, B, treatment with FoxO inhibitor AS1842856 at 30 nM 

induced a significant recovery of the repressed glycolytic traits in proliferating myoblasts 

caused by the silencing of either TDP-43 or FUS, and enhanced mitochondrial ATP production. 

C, AS1842856 was able to increase Glu/Asp ratio to levels of control myoblasts in TDP-43 
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silenced cells without affecting Glu/Gln ratio. D, AS1842856 treatment disinhibited the 

myogenic arrest of TDP-43 silenced myoblasts and improved the myogenic capacity of FUS-

silenced myoblasts, as indicated by the presence of MHC1-positive myotubes and the 

differentiation index. E, AS1842856 treatment increased the expression of MyoD in shTDP-43 

and shFUS-treated myoblasts. F, the treatment of TDP-43 and FUS-knockdown myoblasts with 

a shRNA sequence that targets mRNA of both FoxO1 and FoxO3 improved the myogenic 

capacity as well.  *p<0.05; **p<0.01. 

Figure 5. FoxO inhibition alleviates glycolytic and myogenic defects of ALS myoblasts. 

A,B, nuclear TDP-43 were found decreased in the patient 2 (fALS) and displayed an striking 

perinuclear localization in the patient 1 (sALS). C, altered subcellular distribution of FoxO1, as 

reflected by increased levels of FoxO1 in nuclei and enhanced nuclear-to-cytosolic ratio, in both 

patients with ALS. D, primary myoblasts from patients with ALS displayed myogenic 

abnormalities that were alleviated after treatment with the FoxO1 inhibitor AS1842856 at 30 

nM.  E, ALS myoblasts have reduced basal glycolytic flux, which was corrected b  the treatment 

with the FoxO inhibitor AS1842856. *p<0.05; **p<0.01. 

Figure 6. Foxo inhibition improves muscle function and lifespan in Drosophila flies with 

muscle-conditioned deficiency of TDP-43 or FUS. A, Adult iCaz and iTbph
attp40

 flies 

displayed the most prominent muscle phenotypes already at 10-day old, as indicated by a 

significant reduction in the percentage of flies able to climb in the locomotor activity test. Adult 

iTbph
p(GD6943)

 flies showed similar degree of locomotor affection at 15-day old. B, Treatment 

with AS1842856 at a concentration of 30 µM given to silenced flies induced strong benefits on 

muscle function as observed by increased climbing activity. C, Caz or Tbph-silenced flies have 

reduced survival times, as indicated by Kaplan-Meier curves and median lifespan. D, flies that 

were treated with AS1842856 at 30 µM had higher survival than flies that did not receive 

treatment. This effect was particularly noticeable in iCaz and iTbph
attp40 

fly lines. *p<0.05; 

**p<0.01. 

  



Regulation	of	myogenesis	by	TDP-43	and	FUS		 	 Cell	Metabolism	

30	
	

FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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SUPPLEMENTARY MATERIAL 

 

Figure S1. Morphological features of shTDP-43 and shFUS-treated myoblasts. A, 

Ultrastructure of silenced myoblasts observed by transmission electron microscopy. B, 

Mitochondrial network of silenced myoblasts as evidenced by immunostaining with 

mitochondria marker TOMM20. 
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Figure S2. Effects of TDP-43 and FUS deficiency on myogenesis. A, Bright field microscope 

images of control (not infected) myoblasts, and shRNA, shTDP-43 and shFUS-treated 

myoblasts during different states of myoblast differentiation. B, Effects of shTDP-43 and 

shFUS treatment on markers of myogenesis. 
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Figure S3. Effects of glycolysis inhibition on myogenic differentiation and pro-atrophic 

pathways. A, B, Immunofluorescence and immublot images of MyoD in 2-dexoyglucose (2-

DG)-treated myoblasts. C, Immunostaining images showing the effect of 2-DG on the number 

of MyHC-postive myotubes. D, Expression of proteins of the ubiquitin-proteasome system after 

treatment with 2-DG. 
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Figure S4. Levels of FoxO1 and FoxO3 factors throughout the myogenic process. A,B, 

Immunofluorescence images of FoxO1 (A) and FoxO3 staining (B) in wild-type human 

myoblast during different states of myoblast differentiation. C, Immunoblot of FoxO1 and 

FoxO3 proteins in nuclear and cytoplasmic cell fractions in different stages of myoblast 

differentiation. 
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Figure S6. Inverse correlation of nuclear TDP-43 and FoxO1 levels in a familial case of ALS. 
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Figure S7. Effects of FoxO inhibition by compound AS1842856 in a control Drosophila 

melanogaster strain. A, Kaplan-Meyer curves (left panel) and median survival (right panel) of 

the control Drosophila strain UAS-Dicer2-+-Mef2-GAL4 with or without treatment with 

AS1842856. B, Climbing assay to report locomotor activity of the control Drosophila strain 

UAS-Dicer2-+-Mef2-GAL4 with or without treatment with AS1842856. 

 

FIGURE	S7	

B	



Regulation	of	myogenesis	by	TDP-43	and	FUS		 	 Cell	Metabolism	

42	
	

Table S1. List of antibodies. 

 

 

	

Antibody	 Dilution	 Host	 Company	 Ref		

Myogenin	 1:250	 Ms	 Abcam	 ab1835	

Fbx32	(Atrogin1)	 1-3ug/mL	 Goat	 Abcam	 ab92281	

MuRF1	 1:1000	 Rb	 ECM	Biosciences	 #	MP3401	

TDP-43	 1/5000	 Ms	 Abcam	 ab104223	

TDP-43	(G400)	 1:1000	 Rb	 Cell	Signaling	 #3448	

FUS/TLS	 0.4	µg/mL	 Rb	 Invitrogen	 PA5-52610	

Fox03	 1:100-1:1000	 Rb	 Thermo	Fisher	 PA5-27145	

β-Tubulin	 1:2000-1:5000	 Ms	 Invitrogen	 MA5-16308	

β-Actin	 1:100.000	 Ms	 Sigma-Aldrich	 A5441	

MDH2	 0.4	ug/mL	 Rb	 Sigma-Aldrich	 HPA026720	

GPD2	 0.4	µg/mL	 Rb	 Invitrogen	 PA5-61022	

MDH2	 0.4	µg/mL	 Rb	 Invitrogen	 PA5-82692	

FoxO3A	 1:500-1:3000	 Rb	 Invitrogen	 PA5-27145	

FoxO1	(S.502.4)	 1:1000	 Rb	 Invitrogen	 MA5-14846	

MyoD1(D8G3)	XP	 1:1000	 Rb	 Cell	Signaling	 #13812	
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Table S2. List of transcription factors predicting TDP-43 knockdown DEGs according to 
DAVID’s TFBS analysis. 

Pos.	 FACTOR	 Count	 %	 P-Value	 Fold	Enr.	 FDR	
1	 CDP	 695	 54.3	 5.20E-11	 1.2	 6.30E-08	
2	 NKX22	 527	 41.1	 3.10E-10	 1.2	 3.80E-07	
3	 POU3F2	 674	 52.6	 9.60E-09	 1.2	 1.20E-05	
4	 BRN2	 576	 45	 1.30E-08	 1.2	 1.60E-05	
5	 FREAC3	 494	 38.6	 2.10E-08	 1.2	 2.60E-05	
6	 PBX1	 653	 51	 2.10E-08	 1.2	 2.60E-05	
7	 MRF2	 584	 45.6	 2.50E-08	 1.2	 3.10E-05	
8	 CART1	 546	 42.6	 3.80E-08	 1.2	 4.70E-05	
9	 E4BP4	 504	 39.3	 4.90E-08	 1.2	 6.00E-05	
10	 FOXO1	 481	 37.5	 5.10E-08	 1.2	 6.20E-05	
11	 CDC5	 519	 40.5	 6.60E-08	 1.2	 8.20E-05	
12	 TATA	 615	 48	 1.10E-07	 1.2	 1.40E-04	
13	 HFH1	 513	 40	 1.20E-07	 1.2	 1.50E-04	
14	 CDPCR3	 616	 48.1	 1.50E-07	 1.2	 1.90E-04	
15	 SOX5	 545	 42.5	 2.40E-07	 1.2	 3.00E-04	
16	 ELK1	 568	 44.3	 2.60E-07	 1.2	 3.20E-04	
17	 RSRFC4	 536	 41.8	 3.00E-07	 1.2	 3.70E-04	
18	 FOXO4	 610	 47.6	 4.40E-07	 1.2	 5.40E-04	
19	 NKX3A	 525	 41	 4.80E-07	 1.2	 5.90E-04	
20	 IRF2	 468	 36.5	 2.80E-06	 1.2	 3.50E-03	
21	 NKX61	 487	 38	 4.00E-06	 1.2	 4.90E-03	
22	 HLF	 457	 35.7	 5.00E-06	 1.2	 6.20E-03	
23	 HNF3B	 462	 36.1	 6.60E-06	 1.2	 8.10E-03	
24	 FREAC2/	 374	 29.2	 7.20E-06	 1.2	 8.80E-03	

25	
MEIS1AH
OXA9	 397	 31	 8.60E-06	 1.2	 1.10E-02	

26	 CREBP1	 530	 41.4	 8.70E-06	 1.2	 1.10E-02	
27	 ISRE	 491	 38.3	 9.30E-06	 1.2	 1.10E-02	
28	 MYB	 503	 39.3	 9.60E-06	 1.2	 1.20E-02	
29	 LHX3	 414	 32.3	 2.20E-05	 1.2	 2.70E-02	
30	 FREAC4	 507	 39.6	 2.40E-05	 1.2	 2.90E-02	
31	 POU6F1	 470	 36.7	 3.60E-05	 1.2	 4.40E-02	
32	 MSX1	 462	 36.1	 4.00E-05	 1.2	 5.00E-02	
33	 SP1	 287	 22.4	 4.90E-05	 1.2	 6.00E-02	
34	 FOXD3	 380	 29.7	 1.30E-04	 1.2	 1.60E-01	
35	 TBP	 393	 30.7	 1.60E-04	 1.2	 1.90E-01	
36	 NRF2	 333	 26	 3.80E-04	 1.2	 4.60E-01	
37	 IRF1	 279	 21.8	 1.20E-03	 1.2	 1.50E+00	
38	 CEBPA	 313	 24.4	 1.60E-03	 1.2	 1.90E+00	
39	 CETS1P54	 272	 21.2	 3.80E-03	 1.2	 4.60E+00	
40	 ZIC1	 155	 12.1	 1.70E-02	 1.2	 1.90E+01	
41	 EVI1	 923	 72.1	 4.70E-12	 1.1	 5.80E-09	
42	 FOXJ2	 738	 57.6	 2.50E-08	 1.1	 3.00E-05	
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