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ABSTRACT 

Physical exercise includes different levels of intensity, duration, and frequency. 

Resistance exercise is basically anaerobic by nature with short duration and high 

intensity that is aimed at increasing muscular mass and strength. Conversely, an 

aerobic or endurance exercise takes place for a long period, with variable intensities 

and low resistance. There is evidence that both types of exercise have positive 

benefits in the elderly, but no information is available yet on the impact of age (old 

vs. young) with regard to the pleiotropic effects of exercise on glucose and/or lipid 

metabolism, insulin resistance, and signaling pathways.  

 

We designed an approach using either young (5 months) or old (24 months) C57BL6 

mice that were trained on a treadmill every day with either acute/anaerobic exercise 

(3x2 min at 27 m/min) or chronic/aerobic exercise (45 min at 13 m/min) for 4 weeks. 

The metabolic chamber results confirmed the aerobic and anaerobic conditions of 

the designed exercises, which were confirmed by changes of metabolites content in 

plasma. Body composition and muscle strength were unaffected by both types of 

exercise in young mice. Benefits that were observed in exercised old animals 

included decreased body weight due to fat loss and increased muscle strength. 

 

Mitochondrial fission was activated by both exercises in young and old mice that was 

associated to the activation of autophagy marker LC3II, leading to a significant 

decrease of mitochondrial mass determined by mitochondrial outer-membrane 

VDAC1 level and citrate synthase activity, in agreement with the activation of AMPK, 

which would be involved in mitochondrial fission caused by exercise. Moreover, we 

have observed the increased expression of PGC1a that is involved in mitochondria 
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biogenesis and will contribute to a more efficient mitochondrion as it is happening in 

calorie restriction and mimetics as resveratrol in mouse skeletal muscle. 

 

The genetic and epigenetic basis of each individual opens the possibility of a 

personalized exercise prescription for health improvement or maintenance that is 

accessible and affordable to everyone regardless of access to health care.  
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RESUMEN 
 

Influencia diferencial de los ejercicios aeróbico y anaeróbico en el 

envejecimiento 

 

El envejecimiento causa un deterioro continuado de los tejidos y órganos que les 

lleva a la perdida de las funciones particulares y de la integración entre ellos. Este 

deterioro lleva a un estado de fragilidad general asociada a la disfunción muscular 

que conduce a la sarcopenia y a la aparición de enfermedades degenerativas como 

Parkinson y Alzheimer. Las causas más importantes de este deterioro general viene 

dado por la disfunción mitocondrial asociada a la pérdida de sensibilidad a los 

nutrientes, disminución de la eliminación de proteínas defectuosas, pérdida de la 

capacidad de regeneración de las células madres y el aumento de la senescencia 

celular junto a la disminución de la comunicación intercelular,  así como la 

inestabilidad genómica asociada al desgaste del telómero y a la alteración 

epigenética. Se han descrito intervenciones nutricionales no genéticas como la 

restricción calórica, y compuestos que actúan como miméticos, que retrasan o 

restauran estas funciones y aumentan la longevidad  y la salud durante la vejez. 

Entre estas intervenciones se ha descrito el beneficio causado por el ejercicio en 

algunas de estas funciones particularmente sobre la pérdida de la capacidad 

muscular, la integración metabólica entre el músculo y el tejido graso, y la mejora de 

la capacidad cerebral como la memoria. 

Los estudios realizados hasta la fecha apuntan al beneficio para la salud general y 

particularmente para la integridad y funcionamiento muscular. Sin embargo, bajo el 

concepto de ejercicio se incluyen distintas intensidades, distinto nivel de regularidad 
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y de duración lo que determina además la mayor o menor dependencia del consumo 

de oxígeno lo que hace difícil de disponer de una estrategia a la hora de asesorar el 

tipo de ejercicio recomendado según la edad y el estado de salud/metabólico de 

cada individuo. 

Nuestro trabajo trata de responder a las siguientes preguntas: ¿Depende la 

adaptación al ejercicio de la edad? ¿Depende la adaptación al ejercicio de la 

intensidad de éste? ¿Puede el ejercicio de alta intensidad proporcionar el mismo 

beneficio que el causado por el ejercicio de resistencia? 

Para responder a estas preguntas hemos diseñado un abordaje simultáneo de 

intervenir en ratones C57BL6 jóvenes (5 meses) y viejos (23 meses) con dos tipos 

de ejercicios: anaeróbico y agudo (3x2 min a 27 m/min) (sprint) comparado con 

aeróbico y crónico (45 min a 13 m/min) (resistencia) entrenados durante cuatro 

semanas. Las características de los ejercicios fueron confirmadas por las cámaras 

metabólicas y el contenido de metabolitos en el plasma. Los dos ejercicios no 

tuvieron efectos sobre la composición corporal o la fuerza muscular en los ratones 

jóvenes pero tuvo un efecto positivo en los ratones viejos ya que disminuyeron el 

peso por pérdida de grasa y aumento la fuerza muscular lo que confirma el beneficio 

del ejercicio en la vejez. 

El ejercicio aeróbico/crónico activó las rutas de señalización del AMPK y de la 

insulina tanto en los ratones jóvenes como en los viejos. Sin embargo, el ejercicio 

anaeróbico/agudo indujo un efecto diferente según la edad: no tuvo efecto sobre el 

músculo de los animales jóvenes pero activó de forma significativa la ruta de la 

insulina y una tendencia a aumentar la ruta del AMPK en el músculo de los animales 

viejos, lo que confirma que estos últimos tienen las capacidades disminuidas y que 

la actividad física las puede mejorar. La activación de la ruta de la insulina en los 
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animales de las dos edades por el ejercicio crónico/aeróbico y en los animales viejos 

por el ejercicio agudo/anaeróbico indujo la translocación del transportador GLUT4, 

dependiente de la insulina, a la membrana plasmática y la disminución del 

transportador independiente de la insulina GLUT1, lo que demuestra el cambio 

hacia un transportador regulado que incorpora glucosa desde una concentración 

limitada.  

La activación de la ruta de la insulina junto al aumento de GLUT4 indicaría un 

aumento de la glucólisis para modular el equilibrio redox y la recuperación 

energética en el músculo después del ejercicio. Nuestros resultados demuestra un 

aumento de la glucólisis en el músculo de los animales viejos después de los dos 

ejercicios y en el delos ratones jóvenes después del ejercicio aeróbico/crónico. 

Estos resultados se explican por la activación final de mTOR que participa en la 

regulación de los genes glicolíticos.  

Como consecuencia de la necesidad de recuperación energética en el músculo 

esquelético por el ejercicio, hemos estudiado la dinámica y funciones 

mitocondriales. Hemos comprobado que los dos ejercicios producen un aumento de 

la fisión mitocondrial en las dos edades debido al aumento de la forma activa LC3II y 

la disminución tanto del marcador mitocondrial VDAC como de la actividad citrato 

sintasa. Al mismo tiempo se produce un aumento dePGC1a regulador de la 

biogénesis mitocondrial. Por otro lado, la adaptación de lasa funciones 

mitocondriales fue diferente como respuesta a los dos ejercicios. El ejercicio 

agudo/anaeróbico indujo la cadena respiratoria dependiente de NADH activando la 

actividad y expresión de los complejos I, III y IV en el músculo de los animales 

jóvenes y el complejo I en los animales viejos. Por otra parte, el ejercicio 

crónico/aeróbico sólo indujo la activación tanto de la expresión como de la actividad 
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del complejo II que recibe los electrones del succinato mediante FADH2. Estos 

resultados indican que el ejercicio agudo/anaeróbico selecciona la ruta 

bioenergética dependiente de la glucosa durante la recuperación muscular mientras 

que el ejercicio crónico/aeróbico incrementaría mayoritariamente la respiración 

dependiente de ácidos grasos. 

A la vista de estos resultados, podemos decir que se produce una respuesta 

diferenciada en las funciones musculares y su recuperación a los ejercicios 

anaeróbico y aeróbico.  Además, la edad de los ratones afecta el estado  de las 

rutas de señalización de la insulina y el AMPK que se activan con diferente nivel en 

los ratones viejos y jóvenes. 

Así, el ejercicio aeróbico indujo el aumento en los animales jóvenes del transporte 

de la glucosa por GLUT4 mediante las rutas de la insulina y el AMPK, efecto que no 

se observó tras el ejercicio anaeróbico. En los ratones viejos el transporte de la 

glucosa por GLUT4 aumentó como consecuencia de la activación de las dos rutas 

de señalización después de los dos tipos de ejercicio. 

Los dos tipos de ejercicio activaron la glucólisis independientemente de la edad 

como un índice de recuperar la necesidad de energía por el músculo esquelético 

después del ejercicio. 

Los dos tipos de ejercicio indujeron unas mitocondrias más eficientes mediante el 

reciclaje mitocondrial, aumento de los complejos mitocondriales, aunque este efecto 

fue más evidente en el músculo de los ratones viejos después del ejercicio 

aeróbico/crónico. Además, el ejercicio aeróbico indujo un mayor uso de los ácidos 

grasos como fuente de energía mientras el ejercicio anaeróbico indujo el uso 

mayoritario de la glucosa. Es decir, el músculo esquelético de los ratones viejos 
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mostró una mayor demanda de ácidos grasos después del ejercicio aeróbico y una 

mayor demanda de glucosa después del ejercicio anaeróbico. 
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OBJECTIVES 
 

This work was aimed at identifying adaptive responses of young (5 months) and old 

(24 months) mice to either anaerobic or aerobic training.  Anaerobic or resistance 

exercise is by nature an exhaustive physical activity, while aerobic exercise 

addresses endurance physical activity. After a thorough review of the literature, we 

designed the two radically different exercise protocols and selected tests such as the 

measure of circulating lactate levels immediately after exercise and of VO2 max while 

on a metabolic treadmill to validate the type of exercise performed. Ultimately, future 

studies should aim to translate the potential beneficial effects observed in mice by 

either type of exercise in the elderly population. 

 

Mice were trained daily between 5-6pm for 4 consecutive weeks using an exercise 

treadmill (Columbus Instruments, Columbus, OH, USA). Two exercise protocols 

were chosen: An acute/anaerobic exercise composed of three short runs (2 min 

each) at 27m/min with a one-minute recovery (5m/min) between bouts and a 

chronic/aerobic exercise consisting of a simple long term run (45min) at 13m/min. 

The control mice did no exercise but, instead, were brought to the room where the 

exercise was performed every day to ensure the same stress adaptation for all mice. 

Moreover, mice were handled every day to lower stress by simulating tail bleeding 

and exposing them to the treadmill without running.  

 

The main objective of this work is to determine the benefits that could provide 

exercise to aging. It will study the adaptations of physiological and biochemical 

mechanisms to anaerobic/acute and chronic/aerobic exercises in young and adult 

mice. This main objective would try to respond to these questions: 
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1. Are the adaptations to physical exercise age-dependent? 

2. Are the adaptations to physical exercise intensity-dependent? 

3. Can high intensity exercise provide us with the same beneficial adaptations 

that classic endurance training provides? 
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INTRODUCTION 

The aging process is characterized by the progressive loss of physiological stability, 

lower physical and cognitive reserve, and increased vulnerability to death. This 

progressive deterioration in organismal homeostasis is considered the underlying 

trigger of most chronic diseases like diabetes, neurodegenerative diseases and 

cancer. Experimental challenges that increase the rate of biological and cognitive 

decline are linked to accelerated aging while interventions that slow the aging 

process are accompanied by an extension in healthy lifespan (ILopez-Otin et al., 

2013; Kennedy et al., 2014).  

Skeletal muscles perform several functions essential for locomotion and posture, and 

the loss of adequate mobility that occurs with aging causes the muscle to decrease 

its oxidative capacity and function. Gait speed represents an important integrative 

measure of muscle function and efficiency in the elderly (Peel et al., 2013) and its 

decline can be considered the best predictor of survival and health outcomes in 

humans (Perera et al., 2016). The age-associated decline in energy supply caused 

by mitochondrial dysfunction and/or reduction in the numbers of mitochondria 

adversely affects skeletal muscle function and homeostasis. One significant way to 

increase or preserve skeletal muscle quality and strength needed for healthy aging is 

through regular physical activity (Cartee et al., 2016). The present summary 

addresses key facets of human aging and presents a summary of relevant metabolic 

sensors in skeletal muscle that coordinate the organismal response to exercise. We 

will explore various aspects of exercise that contribute to the regulation of metabolic 

pathways implicated in muscle strength and regeneration, as well as in mitochondria 

recycling and efficiency. The benefits of exercise as a universal therapeutic “pill” for 

healthy aging will also be discussed.  
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Overview of the major hallmarks of aging 

Aging is a complex multifactorial process. In order to provide better understanding of 

its natural progression, a formal classification has been put forward using a variety of 

criteria, including frailty, wasting of muscle mass, metabolic disorders, and incidence 

of cancer. Nine predominant hallmarks of aging have been proposed by Lopez-Otín 

and colleagues, and we will briefly review each of them for their most salient features 

(Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 First, the accumulation of genetic damage throughout life triggers genomic 

instability, a condition often observed in some premature aging diseases (Burtner 

and Kennedy, 2010; Moskalev et al., 2013). Second, impaired stability of 

mitochondrial genome (mtDNA) against environmental damage (Park and Larsson, 

2011) affects the aging phenotype and lifespan (Kujoth et al., 2005). In addition, the 

influence of mtDNA haplotype on mitochondrial function and energy metabolism has 

profound effects on longevity and healthy living (Latorre-Pellicer et al., 2016). Third, 

Figure 1. Hallmarks of aging. Modified from Lopez-Otin 



 

	   24	  

telomeres are dynamic nucleoprotein-DNA structures that cap and protect linear 

chromosome ends: Telomere attrition or shortening is another hallmark of normal 

aging that is observed in human, mice, and zebrafish, and genetic defects affecting 

telomere stability contribute to age-related phenotypes and associated diseases 

(Blasco, 2007; Carneiro et al., 2016; Opresko and Shay, 2016). Fourth, epigenetics 

is determined by the cellular environment and produces specific and potent changes 

in gene transcription through reversible modifications of histone and nonhistone 

proteins, as well as DNA and noncoding RNA that affect DNA transcriptional activity 

without altering the DNA primary sequence (Dwivedi et al., 2011). Lifespan is 

epigenetically determined and links have been established between normal aging 

and chromatin signatures across species and from tissues to cellular models (Pal 

and Tyler, 2016; Sen et al., 2016). Fifth, healthy aging relies on proper unfolded 

protein responses to avoid accumulation of misfolded proteins and associated 

intracellular damage. The capacity of a system to recognize and handle misfolded 

proteins requires coordination of a multidimensional proteostasis network (Kaushik 

and Cuervo, 2015). The longest living species have more stable proteomes (Treaster 

et al., 2014), as exemplified by the naked mole rat known for its extended lifespan 

that correlates with enhanced activity of the proteostasis system (Perez et al., 2009). 

Interventions that modulate the action of the proteostasis network extend lifespan in 

invertebrates and mammals (Labbadia and Morimoto, 2015). Sixth, stem cell 

exhaustion is also considered one of the hallmarks of aging, as the decline in the 

capacity of tissues and organs to regenerate leads to an accumulation of senescent 

cells (Campisi and Robert, 2014; van Deursen, 2014). Epigenetics and endogenous 

oxidative stress are among the factors that contribute to stem cell exhaustion (Davalli 

et al., 2016; Tome et al., 2014). Because metabolic defects are also responsible for 
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stem cell exhaustion (Ito and Ito, 2016), a balance between self-renewal and 

differentiation of stem cells must occur through coordination of metabolic pathways 

and distribution of mitochondria in order to provide lifelong tissue homeostasis. The 

quiescence and proliferation/commitment of neural stem cells require adequate 

nutritional and metabolic conditions to guarantee lifelong neurogenesis while 

avoiding premature exhaustion (Cavallucci et al., 2016). Accumulation of genomic 

damage has a negative impact on stem cell functionality through diverse 

mechanisms and activation of downstream signals (Behrens et al., 2014). Seventh, 

insulin and insulin-like growth factor 1 (IGF-1) activate important metabolic pathways 

that are key in maintaining cellular/tissue homeostasis (Barzilai et al., 2012). 

Restricted diets and calorie restriction (CR) mimetics extend lifespan in several 

animal models by impeding the activity of protein scaffolds, enzymes, and/or 

transcription factors implicated in insulin/IGF-1 signaling (de Cabo et al., 2014). 

Eighth, telomere shortening and nontelomeric DNA damage leads to growth arrest 

and induction of senescence-like phenotype (Bodnar et al., 1998; Collado et al., 

2007). Old tissues and organs show significantly more senescence via higher 

production of senescent cells and/or decrease in their clearance rate (ILopez-Otin et 

al., 2013). Ninth, stimuli that induce senescence prevent the release of hormones 

and neuroendocrine factors that are required for maintaining resilient neuronal 

network (Zhang et al., 2013). Conversely, restoration of the age-associated loss in 

intercellular communication improves cellular functions and survival (Rando and 

Chang, 2012). 

The recent review by Garatachea et al. summarizes the impact of regular 

exercise on various phenotyptic changes associated with aging (Garatachea et al., 
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2015). Here, we have tried to capture the essence of this outstanding review (Figure 

2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Impact of regular exercise on the hallmarks 

of aging. Modified from (Garatachea et al., 2015). 
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Metabolic sensors in aging 

The cellular and molecular hallmarks of aging described so far have direct and 

indirect repercussions on metabolism (Lopez-Otin et al., 2016). Genetic syndromes 

that cause premature aging in humans are often linked to metabolic defects (Vermeij 

et al., 2016), and robust gene variants mapping to nutrient-sensitive signaling 

pathways are found in centenarians (Broer and van Duijn, 2015). In aging and 

human metabolic diseases, some of these nutrient-sensing pathways are 

deregulated (Efeyan et al., 2015) due to the breakdown of the integration between 

intracellular sensors, downstream signaling pathways, and cellular response needed 

to maintain metabolic homeostasis and energy balance (Mitchell et al., 2016). 

Genomic background and sex contribute significantly to these integrated molecular 

and cellular processes (Mitchell et al., 2016). 

 

1. AMPK, NAD+, and SIRTs 

AMP-activated protein kinase (AMPK) and NAD+-dependent sirtuin deacetylases 

(SIRTs) are two energy sensors that contribute to lifespan extension in response to 

low cellular metabolic energy levels, as evidenced by the rise in AMP/ATP ratio, and 

high catabolic activity (Houtkooper et al., 2012). The ability of the antidiabetic drug 

metformin to confer antioxidant protection as well as healthspan and lifespan 

extension in mice stems from the activation of AMPK due to the partial inhibition of 

mitochondrial respiration and oxygen consumption, which are responsible for  

oxidative damage accumulation and chronic inflammation (Anisimov et al., 

2011)Both AMPK and SIRT1 have been reported to directly affect the activity of the 

transcriptional co-activator proliferator-activated receptor gamma coactivator-1-alpha 

(PGC1α) through phosphorylation and deacetylation, respectively. Activation of 
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PGC-1α increases mitochondrial biogenesis and fatty acid oxidation (Feige et al., 

2008) and mediates the health span-promoting effects of resveratrol in obese mice 

(Baur et al., 2006; Lagouge et al., 2006). Transcription factor EB (TFEB) induces 

also the expression of genes involved in mitochondrial biogenesis and fatty acid 

oxidation, independently of changes in PGC-1α protein, as well as those that have 

been implicated in glucose homeostasis [e.g., glucose uptake and glycogen content] 

during exercise (Mansueto et al., 2017).   

NAD+ is a key energy-sensing intermediate that contributes to the maintenance of 

metabolic homeostasis and has the ability to promote lifespan and health span 

extension (Canto et al., 2015; Verdin, 2015). The age-dependent decline in cellular 

NAD+ levels is partly due to the NADase activity of CD38, an enzyme that promotes 

mitochondrial dysfunction in mice (Camacho-Pereira et al., 2016). Other NAD+-

consuming enzymes that regulate NAD+ homeostasis during aging include SIRTs, 

poly-ADP-ribose polymerases (PARPs), and C-terminal binding proteins (CtBPs). 

Diet supplementation with NAD+ precursors or pharmacological inhibition of PARP 

activity reverses age-induced mitochondrial dysfunction and increases health in 

mice. Age-associated arterial dysfunction can be rescued and returned to young 

mice levels after supplementation with nicotinamide mononucleotide (NMN), a key 

NAD+ intermediate capable to increase SIRT1 activity (de Picciotto et al., 2016). 

Intraperitoneal administration of NMN significantly increases NAD+ levels both in liver 

and muscle of diet-induced obese mice, but leads to improvement in glucose 

tolerance and the recovery in citrate synthase activity only in the liver (Uddin et al., 

2016). Interestingly, exercise allows the restoration of citrate synthase activity in 

muscle of obese mice on a high-fat diet indicating that NMN exerts tissue-specific 

effect in vivo (Uddin et al., 2016).  
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Sirtuins (SIRT) connect energy metabolism, oxidative stress, and aging through 

deacetylation of key proteins implicated in transcriptional control, epigenetics and 

other cellular functions (Canto et al., 2015; Guarente, 2007, 2013). The SIRT family 

contains seven homologs of yeast Sir2 in mammals (Frye, 2000), distributed in 

mitochondria (SIRT3, SIRT4 and SIRT5), nucleus (SIRT1, SIRT6 and SIRT7), or 

present in both the nucleus and cytoplasm (SIRT2) (Nakagawa and Guarente, 2014; 

Verdin et al., 2010). In addition to the regulation of fatty acid oxidation (Hirschey et 

al., 2010; Liu et al., 2012), sirtuins play an important role in cellular homeostasis, 

inflammation and senescence, and by acting as energy sensors (Du et al., 2011; 

Ghosh and Zhou, 2015; Haigis and Sinclair, 2010; Jiang et al., 2013; Kida and 

Goligorsky, 2016; Santos et al., 2016).  

The loss in cellular antioxidant capacity that occurs with aging translates into a 

progressive change in the redox status due to the accumulation of ROS (Ying, 

2008). Indeed, a whole process of general oxidation occurs within aging cells, as 

evidenced by the alteration in the NAD+/NADH ratio, which, in turn, negatively 

impacts on the global activity of sirtuins (Radak et al., 2013). Of note, interventions 

that enhances the level/activity of nicotinamide phosphoribosyltransferase (NAMPT), 

a key NAD+ biosynthetic enzyme, can extend vascular smooth muscle cell viability in 

a SIRT1-dependent manner (Koltai et al., 2010; van der Veer et al., 2007). 

Physical exercise has been recently proposed as an effective intervention to 

improve mitochondrial function in the healthy elderly (Cobley et al., 2015; Park et al., 

2016). Several mechanisms have been put forward to explain such benefit of 

exercise, which include strenghtened AMPK activity (Bori et al., 2012; Li et al., 2012; 

Wolfe, 2006), changes in NAD+/NADH ratio due to differential energetic 

requirements (Hipkiss, 2010), and increase in circulating growth factor levels (Vale et 
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al., 2009; Ziaaldini et al., 2016; Ziaaldini et al., 2015). By improving mitochondrial 

function through changes in NAD+/NADH ratio, physical exercise may possibly 

promote the activation of some members of the NAD+-dependent sirtuins.  

 

Table 1. Summary of the recent information on the impact of acute and chronic 

exercises on SIRT expression and activity in skeletal muscle. 

 

 

Table 1 summarizes the recent information on the impact of acute and chronic 

exercise on SIRT expression and activity in skeletal muscle.  With acute, endurance 

training in human, Guerra and colleagues reported a significant increase in SIRT1 

protein levels two hours after a single bout of sprint exercise (Guerra et al., 2010), 

whereas the content and activity of SIRT3 protein was not impacted after 6 weeks of 

 SIRT1 SIRT3 SIRT 2,4,5,7 SIRT6 

Acute, 
resistance 
training  

Two hours after a single 
bout of sprint exercise 
(Wingate test), SIRT1 

protein level was increased 
in human skeletal muscle 

(Guerra et al., 2010). 

SIRT3 protein 
content and 

activity was not 
impacted after a 6-

week sprint 
interval training, 4 

times/week 
(Edgett et al., 

2016). 

No relevant data 
published 

No relevant data 
published 

Chronic, 
endurance 

training  

• SIRT1 protein level and 
activity were increased in 
rat skeletal muscle after 

endurance exercise 
(Gerhart-Hines et al., 2007; 

Suwa et al., 2008).  
• SIRT1 protein content in 

both gastrocnemius and 
soleus muscles was 

increased after 12 weeks of 
daily swimming in 3 and 

12-month-old, but not in 18 
month-old rats (Huang et 

al., 2016). 

1 year of voluntary 
aerobic wheel 

running increased 
SIRT3 protein 

level in rats 
(Karvinen et al., 

2016). 

1 year of 
voluntary aerobic 

wheel running 
had no effect on 

SIRT2,4,5,7 
protein levels in 
rats (Karvinen et 

al., 2016). 

Significant 
decrease in 

SIRT6 in young 
and old sedentary 

humans and in 
active individuals 
following a single 

bout of aerobic 
exercise (Radak 

et al., 2011). 
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sprint interval training at 4 times/week in human vastus lateralis muscle (Edgett et 

al., 2016). PubMed search did not return any relevant information on the effect of 

resistance training on SIRT2 or SIRT4-7 expression.   

The practice of chronic, endurance training resulted in significant increase in 

SIRT1 protein level and activity in rat skeletal muscle (Gerhart-Hines et al., 2007; 

Suwa et al., 2008), and daily swimming for 12 weeks produced an accumulation of 

SIRT1 protein in both gastrocnemius and soleus muscles of 3- and 12-month-old, 

but not 18-month-old rats (Huang et al., 2016). The level of SIRT2, SIRT4, SIRT5 

and SIRT7 proteins was unchanged, while that of SIRT3 significantly increased, in 

rat skeletal muscle after a 1-year voluntary aerobic wheel running (Karvinen et al., 

2016). A significant decrease in SIRT6 protein expression was observed in 

sedentary young and old humans and in active individuals after a single bout of 

aerobic exercise (Radak et al., 2011).  

Based on the information currently available, we hypothesize that physical 

exercise has a beneficial impact not only on SIRT1 and SIRT3 function, but also as a 

modulator of SIRT2 activity by virtue of its ability to increase the NAD+/NADH ratio 

(Hipkiss, 2010). Tubulin has two isoforms, α-tubulin and β-tubulin, that form 

microtubules which are considered the main component of cytoskeleton in eukaryotic 

cells. Tubulin is subject to posttranslational modifications, among which include 

detyrosination/tyrosination, glutamylation, glycylation, and acetylation, the latter 

occurring on lysine-40 of α-tubulin (Hammond et al., 2008). These post-translational 

modifications alter the stability and structure of microtubules and microtubule-

regulated functions such as ciliary beating, cell division, and trafficking (Suzuki and 

Koike, 2007; Westermann and Weber, 2003). Because SIRT2 protein can selectively 

deacetylate tubulin (North et al., 2003; Skoge et al., 2014), we surmise that physical 
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exercise may modify the integrity and cellular functions of microtubules through the 

deacetylation of α-tubulin by SIRT2 (Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

2. Cyb5r3 

The control of energy homeostasis via NAD+ metabolism is conserved from yeast 

to man. The membrane-bound form of cytochrome b5 reductase (Cyb5R) utilizes a 

one-electron reduction mechanism to convert coenzyme Q and cytochrome b5 in the 

presence of NADH. The generation of NAD+ that ensues contribute to cellular NAD+ 

homeostasis and activation of a number of NAD+-consuming enzymes (de Cabo et 

al., 2009), many of which implicated in nuclear-mitochondrial communication 

Figure 3. Effects of regular exercise on Sirt 1, Sirt 3 and proposed model of Sirt 2. 

We surmise that physical exercise may modify the integrity and cellular functions of 

microtubules through the deacetylation of α-tubulin by SIRT2. 
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(Gomes et al., 2013). Cyb5R confers protection against metabolic disorders through 

regulation of lipid metabolism, improvement in mitochondrial function, and increased 

health span (Martin-Montalvo et al., 2016a). A decrease in polyunsaturated fatty 

acids after knockdown of the CYB5R3 homologous gene (HPO-19) in C. elegans is 

accompanied by delayed growth and shorter lifespan (Zhang et al., 2016). 

Overexpression of CYB5R3 in human neuroblastoma cells confers resistance to 

oxidative insults in vitro by attenuating lipid and protein damages and partially 

preventing apoptosis (Hyun and Lee), while knockdown of CYB5R3 increases 

sensitivity of mammalian cells to oxidative stress via growth inhibition and 

development of a senescent-like phenotype (Siendones et al., 2014). Lipid-anchored 

Cyb5R is located in the plasma membrane and microsomes as well as in the outer 

mitochondrial membrane, where it participates in the activation of mitochondrial 

oxidative phosphorylation (Hyun and Lee, 2015; Siendones et al., 2014). The ability 

of CR to increase the formation of NAD+ by Cyb5R (De Cabo et al., 2004; Hyun et 

al., 2006; Lopez-Lluch et al., 2005) may account for the lifespan- and health span-

extending properties of Cyb5R overexpression (Jimenez-Hidalgo et al., 2009; Martin-

Montalvo et al., 2016b).  

 

3. Klotho and FGF signaling 

Klotho is another factor that contributes to age regulation. Mutation in mouse klotho 

gene causes premature aging-like phenotypes and shortens lifespan about 6% of 

that of WT mice (Kuro-o, 2012), and overexpression extends lifespan in mice 

(Kurosu et al., 2005). The Klotho gene encodes for a transmembrane protein that is 

produced in few organs, mainly in kidney, and is released in the bloodstream either 

by alternative splicing (Matsumura et al., 1998), proteolytic cleavage of the 
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extracellular domain of the transmembrane protein (Chen et al., 2007), or cleaved 

from the Na+/K+-ATPase-Klotho complex at the cell surface in response to the 

fluctuation of extracellular calcium (Imura et al., 2007). Circulating klotho acts as a 

hormone affecting most cells and tissues (Hum et al., 2016) by inhibiting, for 

instance, the insulin/IGF1 signaling pathway, which, in turn, contributes to lifespan 

extension by increasing FOXO-mediated transcriptional activation of antioxidant 

enzymes that confer resistance to oxidative stress (Yamamoto et al., 2005). Klotho 

also displays many functions associated to growth, stem cells functionality, 

endothelial protection by nitric oxide, calcium homeostasis, and regulation of 

intracellular signaling pathways (see for reviews (Wang and Sun, 2009) (Buendia et 

al., 2016)). 

Klotho is an anti-aging protein whose circulating form decreases with age (Xiao et 

al., 2004) with resultant manifestation of several age-associated diseases (Kim et al., 

2015). Klotho interacts directly with the transmembrane form of the fibroblast growth 

factor receptor (FGFR) family and increases the binding affinity of FGF19 family 

members to FGFRs (Kuro-o, 2010; Kurosu and Kuro, 2009). These functional 

interactions are considered vital in the protection from chronic diseases via 

regulation of phosphorus (Pi) and vitamin D metabolism, oxidative stress, growth 

factor signaling, ion homeostasis, and suppression of inflammation-mediated cellular 

senescence (Hum et al., 2016; Kim et al., 2015). Notably, the discovery of klotho-

deficient mice and Fgf23 knockout mice displaying similar physical and biochemical 

phenotypes (Razzaque and Lanske, 2006) is of significance because not only is 

FGF23 produced in bones to regulate serum concentrations of calcitriol and 

phosphate and kidney functions (Andrukhova et al., 2014; Hu et al., 2013), but the 

detection of FGF23 mRNA in mouse skeletal muscle would indicate a role in muscle 
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function (Liu et al., 2003). Indeed, FGF23 mRNA levels are induced in skeletal 

muscle of chronically and acutely exercised mice, and chronic exercise upregulates 

the cytosolic pool of FGF23 protein (Li et al., 2016). Administration of exogenous 

FGF23 extends time to exhaustion during chronic exercise, which is linked to a 

decrease in ROS production and improvement in citrate synthase activity, consistent 

with increased mitochondrial bioenergetics pathway (Li et al., 2016). 

FGF21 is another member of the FGF19 family that stimulates glucose and lipid 

metabolism, thereby contributing to energy balance. It is secreted into the circulation 

mainly from the liver, and also from pancreas and adipose tissue (Kharitonenkov et 

al., 2005; Otero et al., 2014; Potthoff et al., 2009). Additionally, cardiomyocytes 

secrete FGF21 in basal conditions (Planavila et al., 2013) and in response to 

cardiomyopathy and heart failure and upon cardiac stress (Dogan et al., 2014; 

Planavila et al., 2015). FGF21-mediated cardiac protection during exercise is related 

to stress resistance (Guo et al., 2016) through replenishment of skeletal muscle with 

glucose and fatty acids, although other mechanisms may come into play.   

The increase in circulating FGF21 levels in sedentary young female and male 

volunteers after two weeks of acute exercise has been linked to higher lipolysis in 

adipose tissue (Cuevas-Ramos et al., 2012; Kim et al., 2013). This type of exercise 

in mice also produced significant increase in hepatic FGF21 mRNA levels (Kim et al., 

2013). Similarly, healthy sedentary men and young male mice showed higher 

circulating levels of FGF21 stemming from increased FGF21 mRNA and protein 

levels in liver and skeletal muscle and higher levels of lipolytic products (Tanimura et 

al., 2016). In another study performed by Tanigushi et al. (2016a), a significant 

reduction in FGF21 levels was detected in both young and old men at 24 hours after 

acute exercise ended (Taniguchi et al., 2016a). On the other hand, endurance 
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exercise induced a decrease of FGF21 serum levels in elderly men combined with a 

decrease of hepatic fat content (Taniguchi et al., 2016b). Part of the discrepancies 

between these results and the earlier studies could be explained by differences in 

the experimental approach, e.g., duration and intensity of exercise, timing of sample 

collection, and/or the specific muscle used. To reconcile these differences, further 

studies will be needed to reinforce the involvement of FGF21 in some of the benefits 

of exercise. 

There is evidence to suggest that the modulation of FGF21 levels by regular 

exercise confers anti-obesogenic benefits. The increase in circulating FGF21 levels 

in obese individuals (Zhang et al., 2008) is reduced after a 3-month bout of exercise, 

thus providing evidence that exercise may lower cardiovascular risk, in part, through 

the modulation of FGF21 (Reinehr et al., 2015; Scalzo et al., 2014; Slusher et al., 

2015). In that regard, Fgf21-/- mice on a high-fat diet are refractory to exercise-

mediated activation of AMPK in skeletal muscle, which lead to excess hepatic 

triglyceride content and impaired glucose tolerance, but without impact on physical 

performance compared to WT littermates (Loyd et al., 2016). Taken together, these 

studies would indicate the role of FGF21 in conveying the pleiotropic benefits of 

exercise in combatting metabolic syndrome.  

 

4. mTOR and sestrins 

The insulin/IGF-1 signaling pathway is evolutionary conserved and involves 

downstream effectors, including mechanistic target of rapamycin (mTOR) complexes 

and transcription factors such as FOXO family members. mTOR and FOXO are 

implicated in cell growth regulation, proliferation, survival, autophagy, protein 

synthesis, and transcription. Mutations that affect the activity of these nutrient 
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sensors have potent effects on longevity in mammals due to alterations in 

bioenergetics (Barzilai et al., 2012). Mechanistic TOR complex 1 (mTORC1) is a 

multiprotein complex that functions, in part, as an energy sensor through the 

increase in oxidative metabolism, mitochondrial biogenesis, and mitochondrial DNA 

content (Cunningham et al., 2007; Laplante and Sabatini, 2012). Studies have 

shown that mTORC1 downmodulation extends lifespan and improves healthspan in 

response to dietary restriction (Mattison et al., 2012; Mitchell et al., 2015) and 

insulin/IGF-1 pathway attenuation through improvement in mitochondrial efficiency 

(Foukas et al., 2013; Lopez-Lluch et al., 2006; Ortega-Molina et al., 2012) and 

subsequent lowering in oxidative mitochondrial metabolism that causes cellular 

damage.  As with the control of protein synthesis, mTORC1 drives also hypoxia-

inducible factor 1α (HIF1α) synthesis and signaling under hypoxic conditions. HIF1α 

participates in the upregulation of genes encoding glycolytic enzymes implicated in 

the anaerobic ATP production in muscle (Hudson et al., 2002). Along with other anti-

aging transcription factors, HIF1α participates in the control of oxygen homeostasis, 

glucose metabolism, and muscle cell survival in response to CR (Fontana et al., 

2010). Reduction in nutrient availability has been found to contribute to the regulation 

of TOR signaling pathways through inhibition of mTORC1 by the AMPK-mediated 

activation of the tuberous sclerosis complex (Jun Hee Lee et al., 2016). In addition to 

this dietary approach, pharmacological inhibition of mTOR with rapamycin mimics 

the beneficial effects of CR (Johnson et al., 2013) and extends lifespan in male mice 

(Harrison et al., 2009).  

Sensing the changes in nutrient availability is monitored by a family of highly 

conserved stress-inducible proteins known as sestrins (Parmigiani and Budanov, 

2016). Sestrins participate in the control of metabolism by acting as leucine sensor in 
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the mTORC1 signaling pathway (Wolfson et al., 2016). The function of sestrins as 

negative regulators of mTORC1 and ROS signaling contributes to the attenuation of 

cell damage by oxidative stress and the prevention of age-associated diseases (Ho 

et al., 2016). Sestrin2 regulates thermogenesis in brown adipose tissue by reducing 

mitochondrial respiration through regulation of uncoupling protein 1 (UCP1) 

expression (Ro et al., 2014; Ro et al., 2015), while sestrin3 improves metabolic 

homeostasis by protecting mice against high-fat diet-mediated insulin resistance 

(Tao et al., 2015). Induction of sestrin2 in response to endoplasmic reticulum stress 

results in the activation of unfolded protein response proteins with subsequent 

reduction in cellular damage and increase in cell survival (Svetlana Saveljeva et al., 

2016). An interesting aspect of the anti-aging properties of sestrins relates to their 

activation of autophagy, a process that is intimately linked to skeletal muscle atrophy 

and the preservation of muscle mass (Masiero et al., 2009). Taken together, the 

function of mTORC1 on protein synthesis in human skeletal muscle represents, 

therefore, an important putative therapeutic target for the prevention and treatment of 

muscle wasting disorders (Dickinson et al., 2011; Ham et al., 2016).   

As mentioned earlier, overnutrition and excessive intake of calorie-rich food have 

severe impact on health and can shorten lifespan through aberrant mTOR signaling 

by the insulin/IGF-1 pathway. In contrast, fasting and low carb diet result in activation 

of nutrient sensors, including AMPK, PGC-1α, sirtuins, and FOXO3a, which are key 

for healthy lifestyle and extended lifespan. In the next sections, we will discuss 

current research in the biology of human aging that involves gaining a greater 

understanding of molecular changes and metabolic dysfunctions in skeletal muscle 

and testing of interventions that can improve quality of life, decrease morbidity, and 

extend lifespan (Kennedy et al., 2014; Lopez-Otin et al., 2016).  



 

	   40	  

 

 

  



 

	   41	  

Muscle metabolism in aging   

Sarcopenia is a severe condition that causes a decrease in skeletal muscle strength 

and mass (Cruz-Jentoft et al., 2010a; Hughes et al., 2001). It is the most common 

disorder in the elderly in terms of frailty, disability, and morbidity in non-active seniors 

and drastically limits the autonomy of a person (Cruz-Jentoft et al., 2010b). The 

incidence and economic burden of sarcopenia is substantial and will increase with 

the explosion of the world’s elderly population. 

Skeletal muscle capacity is highly dependent on mitochondrial bioenergetics in 

terms of ATP production, NAD+ homeostasis, and pyrimidine nucleotide 

biosynthesis. Although the production of mitochondrial reactive oxygen species 

(ROS) extends longevity in flies (Scialo et al., 2013; Scialo et al., 2016), dysfunction 

of the cell’s powerhouse is considered a hallmark of aging (Gonzalez-Freire et al., 

2015; ILopez-Otin et al., 2013). The role of mitochondrial ROS in aging is still 

controversial, but the newly available techniques to measure ROS in vivo, combined 

with state-of-the-art technology to edit the genome, indicate that ROS has lifespan-

extending properties in lower organisms such as worms and flies (Sanz, 2016). The 

dismutation of ROS by superoxide dismutase and related cellular antioxidant 

systems can be defective in several conditions, such as sedentariness, thereby 

causing oxidative stress-associated damage to DNA and proteins to trigger a 

number of chronic diseases. With aging, there is impairment in redox homeostasis 

due to increased formation of ROS mainly in mitochondria (Dai et al., 2014). Acute 

exercise improves the body’s ability to maintain proper physiological responses and 

these benefits can be maintained with long-term training (Cobley et al., 2015; Cobley 

et al., 2014). Low levels of ROS are indispensable for proper activation of cellular 

antioxidant systems needed to neutralize the excess ROS generated by oxidative 
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metabolism and the modulation/regulation of cellular redox homeostasis (Kerksick 

and Zuhl, 2015). Muscle contraction and exercise training generate ROS mainly from 

complexes I and III of the mitochondrial respiratory chain (St-Pierre et al., 2002), 

although other cellular processes are also involved in exercise-mediated ROS 

formation (Gomez-Cabrera et al., 2016). Excessive exercise can cause cellular 

damage (Davies et al., 1982); however, monitored exercise allows improvement and 

positive adaptation of the skeletal muscle’s contractile capacity through activation of 

antioxidant enzymes and redox-regulated enzyme reactions (Jackson, 2008, 2009).  

It is worth to mention that diet supplementation with specific concentrations of 

antioxidants before exercise can prevent ROS signaling and, therefore, decrease or 

abolish exercise-mediated benefits in muscle performance (Mason et al., 2016).  

Exercise-mediated increase in ROS signaling is caused by activation of various 

signaling pathways, including nuclear factor erythroid 2-related factor 2 (Nrf2), which 

is encoded by the NFE2L2 gene in humans. Under basal conditions, the transcription 

factor Nrf2 is held inactive in the cytosol by binding to KEAP1; however, in response 

to oxidative stress, the Nrf2-KEAP1 complex dissociates with subsequent nuclear 

translocation of Nrf2 leading to the transactivation of a number of antioxidant and 

cellular protective genes (Kaspar et al., 2009).  Recent reports have shown that 

intensity and duration of exercise contribute to different degrees of Nrf2 activation in 

mouse skeletal muscle (Li et al., 2015). For example, six hours after a bout of acute 

exercise, redox effector factor-1 (Ref1) and Nrf2 are activated, which led to 

increased expression of mitochondrial manganese superoxide dismutase (MnSOD) 

and higher cellular glutathione content (Wang et al., 2016). Repeated regular bouts 

of exercise appear to confer the greatest degree of Nrf2-mediated expression of 

genes containing antioxidant response element (ARE) in their promoters, thereby 
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providing skeletal muscle with a greater ability to counteract the damaging effects of 

oxidants on nucleic acids, proteins, and lipids (Done and Traustadottir, 2016). 

Besides oxidative stress, inflammation is also induced by exercise and both 

components appear to contribute to muscle damage (Sanchis-Gomar et al., 2015). 

NFκB transcription factor belongs to the Ref1 family and it is activated by redox 

mechanisms (Meyer et al., 1994).  Some of the antioxidant and inflammatory genes 

transcriptionally activated by NFκB include MnSOD, iNOS, COX-2, and cytokines 

(Ghosh and Karin, 2002). Also, acute exercise  has been reported to activate this 

pathway by increasing NFκB binding after few hours of muscle contraction (Ji et al., 

2004). This explains an earlier report showing increased NFκB binding in nuclear 

extracts of rat skeletal muscle following a single bout of exhaustive exercise, which 

led to inducible expression of the MnSOD gene (Hollander et al., 2001). Thus, 

exercise of different intensities and durations could confer protection against future 

waves of oxidative stress through coordination of the Nrf2 (oxidative stress) and 

NFκB (inflammation) signaling pathways and subsequent expression of relevant 

target genes (Sallam and Laher, 2016).  

Acute exercise is associated with activation of hepatic gluconeogenesis and 

breakdown of liver glycogen stores in order to increase the release of glucose into 

the bloodstream and meet the bioenergetics demand of the skeletal muscle.  

Moreover, exercised muscle releases lactate, which is converted to pyruvate and 

then glucose by the liver (Hoene and Weigert, 2010; Shephard and Johnson, 2015). 

Therefore, similar to skeletal muscle, the liver adapts to exercise through regulation 

of oxidative stress and inflammatory pathways that are needed for energy 

requirements and redox homeostasis (Pillon Barcelos et al., 2017).  

Further mechanistic studies are required to extend these conclusions to humans. 
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Patients with mitochondrial disorders age rapidly with evidence of severe skeletal 

muscle disability, sarcopenia, and eventually rhabdomyolysis (Pillard et al., 2011) 

without loss of mitochondrial activity in highly aerobic skeletal muscles of elderly 

patients (Amara et al., 2007). Muscle efficiency depends on the provision of a carbon 

source, such as glucose and fatty acids (Kennedy et al., 2014), and interventions 

that affect carbon source (e.g., CR) accelerate the removal process of damaged 

proteins and organelles (Lopez-Lluch and Navas, 2016; Yang et al., 2016). CR diet 

containing either fish oil or lard as the main fat elicits differential pattern of 

mitochondrial vs. peroxisomal fatty acid oxidation in mice, with greater mitochondrial 

activity with fish oil diet and higher peroxisomal activity with lard (Lopez-Dominguez 

et al., 2016). Unexpectedly, CR-fed mice supplemented with lard lived significantly 

longer than mice on CR that were maintained on fish oil (Lopez-Dominguez et al., 

2015).   

The mitochondrial respiratory chain encompasses four multiprotein complexes 

(complexes I to IV) that are connected by two mobile electron transporters: 

coenzyme Q and cytochrome c. Respiratory chain complexes are synthesized and 

assembled by the coordination of mtDNA and nuclear genomes, except complex II 

and the electron transporters that depend only on the nuclear genome. This 

assembly of respiratory chain complexes is highly regulated by energy requirements 

as well as by cellular and mitochondrial homeostasis. High-energy electrons move 

from either NADH or FADH2 to oxygen through ‘complex I-complex III-complex IV’ or 

‘complex II-complex III-complex IV’, respectively, to generate the mitochondrial 

membrane potential that drives ATP synthesis. The complexes are not randomly 

distributed in the inner mitochondrial membrane but, instead, are assembled in 

dynamic supercomplexes (Esther Lapuente-Brun et al., 2013), which provide 
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mitochondrial efficiency especially in high-energy dependent tissues like skeletal 

muscle (Genova and Lenaz, 2014, 2015). Interestingly, moderate aerobic exercise in 

humans remodels the assembly profile of supercomplexes in skeletal muscle to 

provide higher repiratory efficiency (Greggio et al., 2016). 

Complex I in mitochondria encompasses the NADH dehydrogenase (ubiquinone), 

which accepts electrons from the Krebs cycle electron carrier NADH during aerobic 

cellular respiration. The breakdown of glucose and its conversion to pyruvate 

constitutes the major pathway of glucose metabolism known as glycolysis. The entry 

of pyruvate into the Krebs cycle requires conversion to acetyl-CoA. Insulin increases 

entry of glucose into muscle and adipose tissue by inducing the translocation of 

GLUT4, a high-affinity glucose transporter, from the endosomal compartment to the 

plasma membrane. The trafficking of GLUT4 in insulin-responsive cells involves 

activation of the PI3-kinase/AKT module (Lizcano and Alessi, 2002); however, a PI3-

kinase-independent pathway provides a second route for GLUT4 recruitment to the 

plasma membrane in which the insulin receptor catalyzes the Casitas B-lineage 

Lymphoma (Cbl) phosphorylation and association with the adaptor protein CAP to 

facilitate the translocation of GLUT4-containing vesicles into lipid rafts at the plasma 

membrane (Richter and Hargreaves, 2013). These alternative mechanisms that 

guarantee glucose supply to skeletal muscle are further supported by recent 

evidence showing the differential contribution of Rab guanosine triphosphatase-

activating proteins in the translocation of GLUT4, with AS160 being selective for 

insulin stimulation and TBC1D1 for exercise (Stockli et al., 2015). 

The pathways described above are regulated by nutrient availability and 

environmental stress, both of which producing a unique survival response. Nuclear 

factor (erythroid-derived 2)-like 2 (Nrf2) transcription factor coordinates the response 



 

	   46	  

to oxidative stress by regulating the expression of antioxidant enzymes (Zhang, 

2006), and formation of a complex between Nrf2 and FOXO3a improves stress 

response gene regulation (Siendones et al., 2014). Although the Nrf2-dependent 

antioxidant response in skeletal muscle decreases with age (Done et al., 2016; 

Sachdeva et al., 2014), exercise training induces expression of two Nrf2 target 

genes, namely mitochondrial transcription factor (TFAM) and nuclear respiratory 

factor 1 (NRF-1) in mouse skeletal muscle (Merry and Ristow, 2016). Pulmonary 

rehabilitation exercises improve the adaptation of oxidative phosphorylation in 

skeletal muscles in patients with chronic obstructive pulmonary disease via induction 

of TFAM and PGC1α (Jarosch et al., 2016). The report of Jarosch et al. (2016) and 

many others highlight the fact that mitochondrial signaling plays a functional role in 

promoting exercise efficiency. Both NRF-1 and PGC1α stimulate human telomere 

transcription in response to exercise via AMPK activation, connecting telomere 

protection in aging with metabolism (Diman et al., 2016). Increase in the ADP/ATP 

ratio that follows physical activity induces AMPK activity in muscle, and, in so doing, 

regulates the β-oxidation capacity of muscle and mitochondrial biogenesis (Winder et 

al., 1997; Zong et al., 2002). The decrease in AMPK activity that occurs with age 

(Reznick et al., 2007) could explain the mitochondrial dysfunction and energy 

imbalance observed in old skeletal muscles (ILopez-Otin et al., 2013; Kennedy et al., 

2014; Lopez-Otin et al., 2016).  

 

 

 

 

 



 

	   47	  

 

Exercise promotes muscle homeostasis in aging   

The beneficial effects of physical activity on skeletal muscle and mitochondrial 

function have been confirmed by both proteomics and metabolomics analyzes. 

When comparing frail elderly with healthy older subjects, there are significant 

differences in their adaptive mechanisms to prolonged resistance exercise training 

(Fazelzadeh et al., 2016). Because each type of skeletal muscle fibers shows a 

differential response to the types of exercises (Capitanio et al., 2015), it raises the 

question of the importance of establishing a personalized exercise program for the 

elderly. Physical activity programs are one of the most plastic interventions available 

that can be tailored for the specific needs of each individual.  

In Figure 4, we present a schema depicting the impact of exercise on the functional 

and structural adaptations of skeletal muscle. 
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Both strength and flexibility exercises build muscles and keep the body nimble, thus 

facilitating everyday activities even in old age. Studies have shown that exercise and 

CR prevent or delay the onset of sarcopenia in animal models (mice to monkeys) 

and humans (de Cabo et al., 2014) by inducing changes in muscle bioenergetics 

through improved coordination in the utilization of lipid and glucose as sources of 

Figure 4. With age, there are defects in neuromuscular junctions and the number 

of satellite cells. A narrowing of muscle fibers and deposition of extracellular 

matrix (ECM) contribute also to poor neuromuscular activity, which is controlled 

by neuronal, mechanical, metabolic, and hormonal inputs. 
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energy. The systemic response to exercise brings clear changes in several 

metabolic markers such as insulin, irisin, glucose, and triglycerides (Clark-Matott et 

al., 2015). Human longitudinal studies like the Baltimore Longitudinal Study of Aging 

(BLSA) at the National Institute on Aging have investigated muscle fitness and 

disability of healthy individuals and people suffering from different disorders 

(www.blsa.nih.gov). In addition, transgenic mouse strains with specific manipulation 

of genes required for the mitochondrial respiratory chain have been created and 

tested for alterations in their rates of aging (Garcia-Corzo et al., 2013; Ross et al., 

2013). Moreover, nutritional interventions such as CR and the use of CR-mimetics, 

including resveratrol, rapamycin, and metformin have shown improvement in muscle 

strength and functional capabilities in mice (de Cabo et al., 2014).  

Frequent and regular physical exercise has clear anti-aging effects through the 

reduction in morbidity and mortality risks (Neufer et al., 2015). Exercise mainly 

affects skeletal muscle by modulating key metabolic pathways (Bowen et al., 2015; 

Cartee et al., 2016) and it is also the only intervention to successfully prevent 

sarcopenia (Glass and Roubenoff, 2010). Most tissues and organs are  affected by 

the pleiotropic effects of exercise both at the metabolomic and transcriptomic levels 

(Fontana et al., 2010). Studies in mice have reported exercise-mediated 

improvement in mitochondrial function through mitophagy and mitochondrial 

biogenesis (Hood et al., 2015; Overmyer et al., 2015), and moderate-intensity 

aerobic exercise in old humans increases mainly complex I and the reaarangement 

of supercomplexes in the form of I+III(2)+IV, as an adaptation to energy demand 

(Greggio et al., 2016). Exercise also enhances memory via cathepsin B release 

(Moon et al., 2016). Depending on its intensity, exercise can mimic the beneficial 
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effects of CR and fasting by regulating similar signaling pathways and processes (de 

Cabo et al., 2014; Hord et al., 2016; Lopez-Otin et al., 2016; Sharples et al., 2015). 

Muscle dysfunction and sarcopenia are associated with a decline in the efficiency 

of muscle regeneration driven by muscle stem cells (satellite cells) (Alway et al., 

2014) (Schiaffino et al., 2013). The negative impact of aging on the regulation of 

satellite cells causes a significant reduction in human skeletal muscle plasticity 

(Snijders et al., 2015). However, exercise increases the number and activation of 

satellite cells and their capacity to partially differentiate into myotubes with proper 

structure and function (Cisterna et al., 2016). Some of the mechanisms involved in 

sarcopenia are dependent on the negative regulation of satellite cells by the TGFβ 

pathway (Dumont et al., 2015). Growth differentiation factor-11 (GDF11) and 

myostatin (GDF8) are members of the  TGFβ superfamily that bind the activin type II 

receptor to mediate downstream activation of Smad2/Smad3 complex (McPherron et 

al., 2009). Defective regeneration of damaged muscle during aging correlates with 

increased GDF11 expression (Egerman et al., 2015; Zhou et al., 2016).  

Neuromuscular junction (NMJ) is a synapse site between the terminal branch of 

motoneurons and skeletal muscle fiber. It is a complex and highly adaptive structure 

that loses some of its properties with age (Deschenes et al., 2013; Gault and 

Willems, 2013) (Figure 4). The mechanisms involved in age-mediated NMJ 

degeneration are poorly understood; however, muscular dystrophies and sarcopenia 

share defects in NMJ through structural and molecular alterations that involve 

numerous factors (Gonzalez-Freire et al., 2014). Controversies abound on the 

effects of exercise in NMJ structure and function due mainly to the variety of 

experimental protocols used in the published studies (Krause Neto et al., 2015). 

However, there is agreement about the specificity of exercise in NMJ’s pre- and 
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post-synaptic endplate remodeling, which affects specific muscles such as plantaris, 

but not extensor digitorum longus, through the increase in age-associated slow-

twitch myofibers and decrease in the percentage of fast-twitch myofibers 

(Deschenes et al., 2016; Deschenes et al., 2015). As a consequence of exercise 

training in rats, there is increased formation of acetylcholinesterase tetramers in 

NMJ, which represents a mechanism for optimal synaptic transmission (Blotnick and 

Anglister, 2016). More research and use of additional animal models are key for 

better understanding of the role of exercise in the prevention and treatment of NMJ 

defects that contribute to age-associated muscle wasting and dysfunction. 
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Perspectives 

Exercise includes different levels of intensity, duration, and frequency. 

Resistance exercise is basically anaerobic by nature with short duration and high 

intensity that is aimed at increasing muscle mass and strength. Conversely, an 

aerobic or endurance exercise takes place for a long period, with variable intensities 

and low resistance (Cartee et al., 2016). There are evidence that both types of 

exercise have positive benefits in the elderly, but no information is available yet on 

the impact of age (old vs. young) with regard to the pleiotropic effects of exercise on 

glucose and/or lipid metabolism, insulin resistance, and signaling pathways. The 

genetic and epigenetic basis of each individual opens the possibility of a 

personalized exercise prescription for health improvement, as some seniors show 

blunted adaptation to a particular mode of exercise that is likely due to differences in 

physiological reserve over time (Cartee et al., 2016) or expression of specific genetic 

variants with strong influence in exceptional longevity (Sebastiani et al., 2013; 

Sebastiani and Perls, 2012).  

Exercise training improves physical fitness and activity levels and other important 

clinical outcomes, such as health-related quality of life and post-operative morbidity, 

in hospitalized rectal cancer patients (EMPOWER trial) (Loughney et al., 2016). 

Moreover, aerobic training prevents muscle atrophy in patients who were 

immobilized post-surgery or after suffering different diseases (Souza et al., 2014). 

Although there is clear evidence on the health benefits of exercise, the accumulated 

information is not consistent in terms of frequency, willfulness, and intensity to 

provide a definitive translational protocol to the bedside, in metabolic disorders, and 

aging (Zierath and Wallberg-Henriksson, 2015).  
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Both aerobic and anaerobic exercises can induce permanent or transitory 

adjustments in the organism, but there is a differential response of individuals (Osler 

et al., 2015). Additionally, most of the training programs include both aerobic and 

anaerobic sets of exercises, giving intermediate benefits (Fyfe et al., 2014). The 

differential response must be exhaustively studied in a simple isogenic model of 

young and old animals, by determining the molecular and biochemical markers 

affected by each type of exercise. A personalized physical exercise approach during 

or after treatment of patients has provided a more sustainable impact on the physical 

activity level in breast cancer patients than the usual care, suggesting that the 

rehabilitation program should be personalized (Baumann et al., 2016). Personalized 

self-management program including exercise has been also used to increase active 

prevention in musculoskeletal disorders (Lanhers et al., 2016), and exercise 

interventions in clinical trials have raised positive results by 67% on quality of life 

outcomes of prostate cancer patients (Menichetti et al., 2016). Various ‘omics’ 

approaches should be also included to identify similarities and differences of the 

cross-talk among tissues and organs and elucidate the molecular mechanisms 

implicated in the beneficial outcomes of exercise (Tanaka et al., 2016). Circulating 

microRNAs associated to different types of exercise have been proposed as useful 

biomarkers of physical performance capacity and training adaptation (Polakovicova 

et al., 2016).  
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Concluding Remarks 

The specificity of various types of exercise is potentially translatable not only for the 

elderly, but also for people suffering of metabolic diseases, obesity, and 

mitochondrial disorders. The establishment of an individualized exercise program 

could be a valid therapeutic option in the prevention or delay of muscle dysfunction 

and wasting in aging and immobilized patients.  
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RESULTS  

 

Effect of different types of exercises in skeletal muscle of young and old mice 

All results presented in this section are derived from animal experimentation in mice. 

After animals were shipped from the National Institute on Aging (NIA) Aged Rodent 

Colony and received at the NIA animal facility, after which each mouse was 

examined and evaluated during a 5-day period to ensure its health status and 

capability to join the physical activity protocols. None of the mice from the young and 

old cohorts were excluded from the study as no illness was reported during the 

preliminary observation/evaluation process.  

Because the mice were subjected to a continuous daily stress for thirty 

consecutive days, the trained NIA veterinary team assessed their well-being 

throughout the study and any incident was prompty reported and dealt with. For 

instance, only one animal from the old group was reported as “sick” and diagnosed 

with dermatitis around the right ear. After two days of treatment with Triple Antibiotic 

Ointment (Dr. Sheffields, Sheffield Pharmaceuticals, New London, CT, USA), this 

mouse completely recovered.  During the course of the study, all animals enjoyed 

good health and consumed their regular amount of food and water. 

This study was based upon the use of two different physical exercise 

protocols as highlighted in Materials and Methods: An acute exercise at very high 

intensity and short duration, and chronic exercise with moderate intensity and long-

term duration. Although both types of exercise produced added stress on the 

animals, the chronic exercise group in both the young and old cohorts of mice saw a 

progressive reduction of that daily stress, while young and old mice in the acute 

exercise group experienced persistent stress throughout the duration of the study, as 



 

	   57	  

evidenced by a more aggressive/nervous behavior when handled during the training 

sessions.  

Food consumption and body weight trajectory are the two parameters that 

change the most when something goes wrong. We monitored both parameters 

throughout the study and observed food consumption values similar to those 

reported in other projects in Dr. de Cabo’s lab using mice of similar age and genetic 

background. Old animals consumed between 2.5-3 g of food per day, while the 

younger mice ate between 3-3.5 g of food daily. No significant differences in food 

consumption were noted when mice were exposed to either type of exercise when 

compared to sedentary controls.   

In the next section, we would like to present morphometric data analysis 

specifically designed to measure the individual physical condition of the mice after 

the training period.  

 

Body composition 

Both types of exercise did not induce changes in body weight, lean-to-fat ratio, 

%lean mass, or %fat tissue in young mice after 1 month of training. (Figures 1A-1D) . 

Interestingly,  what we observed was a reduction in the variability of the exercise 

groups when we analized the lean:fat ratio, compared with the sedentary controls. 

(Figure 1D). 
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Figure 1. Body weight (BW) and body composition in young animals. None of the two 

different training promoted any changes in BW (A), lean-to-fat ratio (B), %lean (C) or %fat 

(D). (n=9/group) 
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However, there was a trend toward lower body weight in trained old mice following 

the anaerobic exercise and a significant body weight reduction with aerobic exercise 

(Figure 2A). A similar pattern was noted when looking at the lean-to-fat ratio (Figure 

2B). While the percent change in lean mass was not impacted by exercise in old 

animals (Figure 2C), the percent change in fat content trended lower following 

anaerobic exercise and reached statistical significance in old mice after aerobic 

exercise (Figure 2D). Of note is the large change in variability in the ratios of lean to 

fat fat content in trained mice compared to sedentary controls. 
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Figure 2. Body weight (BW) and body composition in old mice. Both kind of 

exercises promoted a decrease in BW, especially in chronic group/aerobic group 

(A). This decrease in BW was due to marked decrease in fat (D) leading to an 

improved lean/fat ratio as a marker of fitness (B). No changes in lean mass was 

observed (C). (n=9/group) *p<0.05  
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Physical performance test 

Twelve hours after completion of the training protocol, mice were submitted to the 

wire hang and grip strength tests as markers of muscle response to exercise.  

 The wire hang test, also known as wire suspension latency test, hang test or 

body suspension, measures forelimb muscle strength of the mouse.  While being 

unchanged in young animals (Figure 3A), wire hang capacity was significantly 

increased in old mice subjected to aerobic/chronic training compared with sedentary, 

control mice (Figure 3B).  A trend toward greater wire hang capacity was also 

observed in old mice after anaerobic/acute exercise training (Figure 3B). With regard 

to grip strength, old mice on either type of exercise showed a trend toward greater 

lifting power and stamina than control animals (Figure 3C). In contrast, exercised 

young mice showed no gain in muscle strength (Figure 3D). These two tests 

demonstrated the benefits of both types of exercise in improving muscle 

performance of old mice. 
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Figure 3. (A) Wire hang latency in young mice. *p<0.05 versus sedentary controls. (B) 

Wire Hang test in old animals. (C, D) Grip Strength test, measured in Newtons/g of 

body weight, in the old (C) and young (D) cohorts of mice after one month of training 

with both types of exercise. (n=9/group). 
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Energy balance in metabolic cages 

Respirometry represents a group of techniques specially designed for getting 

metabolic rate estimates. All experimental groups of mice were put in metabolic 

chambers for 72 hours (2 consecutives 12-h light/12-h dark cycles, discarding the 

first and the last 12h which is the acclimation time) with free access to food and 

water, and several parameters, including heat production and spontaneous 

locomotor activity, were measured. The maximum oxygen consumption rate (VO2) 

and the maximum CO2 release (VCO2) determine the maximum aerobic capacity. 

Here, young mice submitted to both acute and chronic exercises showed a decrease 

of both VO2 and VCO2 values,  especially with chronic exercise (Figures 4A and 4B). 

In contrast, old mice on acute/anaerobic exercise had the lowest VO2 and VCO2 

levels compared to sedentary controls, as both the control and aerobic/chronic 

exercise groups displayed similar VO2 and VCO2 rates (Figures 4C and 4D).  
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Figure 4. Metabolic measures using CLAMS system. VO2 (A) and CO2 (B) levels in young mice 

versus sedentary controls. VO2 (C) and CO2 (D) levels in old mice versus control animals. 

(n=9/group). 

A B 

C D 

2000

2500

3000

3500

0 50 100 150 200
INTERVAL

VO
2

GROUP
Acute Exercise

Chronic Exercise

Control



 

	   65	  

 

 The Respiratory Exchange Ratio (RER) expresses the VCO2/VO2 ratio and 

can be viewed as a marker of aerobic activity. There was a trend toward lower RER 

in young mice undergoing acute and chronic exercises, while old mice on 

acute/anaerobic training had significantly lower RER (Figure 5A). We did not observe 

changes in RER in old animals under aerobic/chronic exercise compared to 

sedentary controls (Figure 5B).  

The total activity in the “X” axis, also termed XTOT, remained the same in all 

groups of mice suggesting that daily physical activity/performance did not modify the 

basal locomotor activity in young or old animals (Figures 5C and 5D). 
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Figure 5. (A) Respiratory exchange ratio (RER) in young animals. (B) Respiratory 

exchange ratio (RER) in old animals. (C) Total activity in the ‘x’ axis is defined as 

XTOT in young animals. (D) Total activity XTOT in old animals (n=9/group).  
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Serum Markers 

One of the main objectives of this work was to assess whether physical exercise can 

be used as an intervention to improve healthspan.  At the conclusion of the one-

month training protocol, mice were rested for 12 h with free access to food ad libitum 

and water and then sacrificed for the collection of blood and various organs and 

tissues for further analysis. Circulating glucose, lactate, and insulin levels were 

measured and the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) 

index was calculated from fasting blood glucose and insulin.  

In young animals on both types of exercise, there were no significant 

alterations in the levels of circulating glucose (Figure 6A) or plasma lactate (Figure 

6B) after a 6-hour fasting period. Moreover, fasted insulin levels remained constant 

irrespective of the type of exercise (Figure 6C), which translated into an HOMA-IR 

index that was similar to that of sedentary mice (Figure 6D). 
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Figure 6. After 6 hours fasting, serum markers in young animals after one 

month of acute and chronic exercise. (A) glucose; (B) Lactate; (C) Insulin; 

and (D) HOMA-IR index. (n=9/group) AU, Arbitrary Units 
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Fasting glucose levels were significantly lower in old mice trained in both types of 

exercise (Figure 7A), although the aerobic/chronic training provided greater benefits. 

No effect of exercise on lactate (Figure 7B) or insulin (Figure 7C) levels was noted in 

the old mice.  However,  nonsignificant effect of exercise was observed with regard 

to the HOMA-IR index (Figure 7D). All measurements were taken after fasting for 6 

hours. 
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Figure 7. Serum markers in old animals after one month of acute and chronic 

exercise after 6 hours fasting. (A) Glucose; (B) Lactate; (C) Insulin; and (D) 

HOMA-IR index. *, p<0.05 vs Control (n=9/group). AU, Arbitrary Units. 
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Muscle contraction and insulin pathways 

Major pathways in skeletal muscle are activated in response to exercise due to the 

rise in AMP levels, which results from the consumption of ATP and subsequent 

activation of the AMP kinase (AMPK) pathway. There are two upstream components 

implicated in AMPK activation, namely LKB1 and CAMKK. LKB1 is a serine-

threonine kinase that directly phosphorylates and activates AMPK while CaMKK, 

known as calcium/calmodulin-dependent protein kinase kinase 2, has been shown to 

activate AMPK in response to increases in intracellular Ca(2+) levels. 

Immunoblot analysis was performed using extracts prepared from skeletal 

muscle of mice that were at rest for 12 h after completing a one-month exercise 

training under anaerobic/acute or aerobic/chronic conditions. The results indicated 

that chronic exercise was associated with significant increase in the amount of LKB1 

and CaMKK proteins in the gastrocnemius muscle of young mice (Figures 8A and 

8B), together with an upregulation in the levels of AMPK (Figure 8C). There was no 

change in the abundance of these proteins in response to an acute exercise 

compared to muscle of sedentary animals. 
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Figure 8. Protein levels of some components of the muscle contraction pathway in 

young animals. Extracts of gastrocnemius muscle were separated by SDS-PAGE and 

immunoblotted using primary antibodies specific for LKB1 (A), Calmodulin kinase 

kinase (CamKK) (B) and AMP kinase (AMPK) (C). Quantitation was performed by 

densitometry. ****, p<0.0001 vs Control; **, p<0.01 vs Control; ++++, p<0.001 vs acute 

exercise; ++, p<0.01 vs acute exercise (n=9/group). AU=Arbitrary Units. 
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In old mice, muscle LKB1 levels were significantly increased in response to both 

types of exercise (Figure 9A), while only chronic exercise significantly improved the 

abundance of CAMKK2 (Figure 9B). In turn, AMPK level was significantly higher in 

skeletal muscle after chronic exercise (Figure 9C).  

 Expression of key components of the insulin signaling pathway showed a 

different response to acute and chronic exercises in gastrocnemius of young mice 

(Figures 10A-10E). For instance, chronic exercise was associated with increases in 

the levels of the insulin receptor β-subunit (IR-β) and those of downstream 

intermediates, including the insulin receptor substrate 1 (IRS-1), phosphatidylinositol 

3-kinase (PI3K, a protein interactor of IRS-1), protein kinase B (AKT) and mTOR. No 

effect of acute exercise was observed. 
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Figure 9. Protein levels of some components of the muscle contraction pathway in old 

animals. Quantitative measurement of immunoblots was performed by densitometry 

looking at LKB1 (A), CaMKK (B), and AMPK (C) levels. **, p<0.01 vs Control; *, p<0.05 vs 

Control (n=9/group). AU=Arbitrary Units. 
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Old mice performing both types of exercise exhibited significant increases in the 

abundance of IR-β protein in muscle, with the chronic/aerobic exercise causing the 

strongest effect (Figure 11A). Significant accumulation of IRS-1 was only observed 

with acute exercise while the amount of PI3K protein was found to be significantly 

higher with chronic/aerobic training compared to the sedentary control old mice 

(Figure 11B-11C). Both types of exercise had significant positive impact on AKT 

levels but  upregulation in mTOR protein occured only with chronic/aerobic exercise 

(Figure 11D-11E). Taken together, these results demonstrate an age-specific 

adaptation to the two types of exercise in the expression of key signaling 

intermediates implicated in skeletal muscle function. In fact, the levels of AMPK and 

AKT/mTOR in muscle were only responsive to aerobic/chronic exercise in young 

mice, while being positively impacted by both types of exercise in old animals. 
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Figure 10. Protein levels of some components of the insulin pathway in young animals. 

Immunoblot analysis was performed on extracts from gastrocnemius muscle using primary 

antibodies specific for the insulin receptor β-subunit (A), Insulin receptor substrate 1 (IRS-

1)(C), the IRS-1 substrate PI3K (B), protein kinase B (AKT) (E) and mTOR (D). *, p<0.05 vs 

Control; **, p<0.01 vs Control; +, p<0.05 vs acute exercise; ++, p<0.01 vs acute exercise 

(n=9/group). AU, Arbitrary Units. 
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Figure 11. Protein levels of some components of the insulin pathway in old animals. (A) IR-β 

subunit; (B) PI3k; (C) IRS-1; (D) mTOR; (E) Akt. ****, p<0.0001 vs Control; **, p<0.01 vs 

Control; *, p<0.05 vs Control; +, p<0.05 vs acute exercise; ++, p<0.01 vs acute exercise 

(n=9/group). AU, Arbitrary Units. 
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Expression of facilitative glucose transporters (GLUT) 

One hallmark feature of the insulin signaling pathway is the increase in glucose 

incorporation into target tissues via the facilitative glucose transporter GLUT4. The 

levels of GLUT4 and that of the insulin-independent GLUT1 remained unchanged 

after acute exercise in muscle of young mice; however, chronic exercise induced a 

significant upregulation of GLUT4 and drop in GLUT1 levels (Figures 12A and 12B). 

In the muscle of old mice subjected to both types of exercise, there was a significant 

increase in the amount of GLUT4 and significant reduction in GLUT1 levels (Figures 

12C and 12D). 
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Figure 12. Protein levels of glucose transporters in young and old mice. Immunoblotting 

was performed using muscle extracts of young (A and B) and old (C and D) mice subjected 

to two types of exercise. (A, C) GLUT4; (B, D) GLUT1. ****, p<0.0001 vs Control; ***, 

p<0.001 vs Control *, p<0.05 vs Control (n=9/group). AU, Arbitrary Units. 
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Glucose metabolism: glycolysis 

Following its cellular uptake, glucose is rapidly phosphorylated by members of the 

hexokinase family, including hexokinase II (HKII), and converted to glucose 6-

phosphate, which then enters the glycolytic pathway. Phosphofructokinase (PFKL) 

and pyruvate kinase M2 isoform (PKM2) are among the key enzymes involved in the 

generation of pyruvate from glucose 6-phosphate.  

Immunoblot analysis revealed a significant upregulation in HKII levels in 

skeletal muscle of young mice undergoing both acute and chronic exercises (Figure 

13A). No effect on PFKL levels was found (Figure 13B), while the abundance of 

muscle PKM2 was significantly higher only with chronic exercise compared to 

sedentary control mice (Figure 13C). 

It is interesting that the gastrocnemius muscle of old mice responded 

favorably to both types of exercise, with significant increases in HKII, PFKL, and 

PKM protein levels. Acute exercise was a stronger stimulus for HKII induction 

(Figure 13D), while PFKL and PKM abundance was more responsive to chronic 

exercise (Figures 13E and 13F).  
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Figure 13. Protein levels of some enzymes from the glycolysis pathway in gastrocnemius 

muscle of young and old animals. Immunoblotting was performed using primary antibodies 

specific for hexokinase II (HKII), phosphofructokinase enzyme (PFKL), and pyruvate kinase 

M2 isoform (PKM). ****, p<0.0001 vs Control; ***, p<0.001 vs Control; **, p<0.01 vs Control *, 

p<0.05 vs Control;  #, p<0.05 vs chronic exercise (n=9/group). AU, Arbitrary Units. 

Young Cohort 

Contro
l

Acu
te

Chro
nic

0

100

200

300

400

500

HKII

A
rb

itr
ar

y 
U

ni
ts

** *

A 

Co
nt
ro
l

Ac
ut
e

Ch
ro
ni
c

0

50

100

150

200

250

GLUT4

A
U

***

**

 

Contro
l

Acu
te

Chro
nic

0

100

200

300

400

A
rb

itr
ar

y 
U

ni
ts

*
PFKLB 

Co
nt
ro
l

Ac
ut
e

Ch
ro
ni
c

0

50

100

150

200

250

GLUT4

A
U

***

**

 

C 

Co
nt
ro
l

Ac
ut
e

Ch
ro
ni
c

0

100

200

300

400

PKM

A
U

****

Chronic
Acute
Control

Co
nt
ro
l

Ac
ut
e

Ch
ro
ni
c

0

50

100

150

200

250

GLUT4

A
U

***

**

PKM 

PFKL 

HKII 

Old Cohort 

Co
ntr
ol

Ac
ute

Ch
ro
nic

0

200

400

600

HKII

A
U

***
#

D 

* 

 

Co
nt
ro
l

Ac
ut
e

Ch
ro
nic

0

100

200

300

400

PFKL

A
U

****
****

E  

Co
nt
ro
l

Ac
ut
e

Ch
ro
ni
c

0

50

100

150

200

PKM

A
U

** ****

F 
PKM 

PFKL 

HKII 



 

	   82	  

Lipid metabolism 

In addition to glycolysis, skeletal muscle bioenergetics depends also on β-oxidation 

of fatty acids.  Among the key players in this pathway include the plasma membrane 

fatty acid translocase CD36, carnitine palmitoyl transferase I (CPTIb) located at the 

outer mitochondria membrane, carnitine palmitoyl transferase II (CPTII) present at 

the inner mitochondria membrane, the mitochondrial acetyl-CoA acyl-transferase 2 

(ACAA2), and the mitochondrial short chain hydroxyacyl-CoA dehydrogenase 

(HADHSC).  

There was a trend toward lower CD36 protein levels in exercised muscle of 

young mice (Figure 14A). The amount of CPTIb was significantly higher in response 

to both types of exercise (Figure 14B), while CPTII and ACAA2 levels were 

refractory to any exercise regimen (Figures 14C and 14D). HADHSC is a component 

of the fatty acid oxidation pathway that was induced only by chronic exercise in the 

skeletal muscle of young mice (Figure 14E). 

 No significant change in CD36 transporter was observed in old animals under 

any type of exercise (Figure 15A). However, exercise had a positive, significant 

influence on the amount of CPTI, with chronic exercise eliciting the strongest effect 

(Figure 15B). CPTII, ACAA2, and HADHSC  protein levels remained unchanged in 

exercised muscle of old mice (Figures 15C-15E). 
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Figure 14. Protein levels of some of the beta oxidation enzymes in gastrocnemius muscle of 

young animals. Muscle extracts were immunoblotted using primary antibodies specific for CD36 

(A), CPT1b (B), CPT II (C), ACAA2 (D) and HADHSC (E). ****, p<0.0001 vs Control; **, p<0.01 vs 

Control; *, p<0.05 vs Control; ++, p<0.01 vs acute exercise (n=9/group). AU, Arbitrary Units. 
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Figure 15. Protein levels of some of the beta oxidation enzymes in gastrocnemius 

muscle of old animals. See Legend of Figure 15 for further details. ****, p<0.0001 vs 

Control; ***, p<0.001 vs Control (n=9/group). AU, Arbitrary Units. 
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Mitochondrial complexes 

The exercise-induced increase in the rates of metabolism in the old mice suggests 

an adaptive mechanism that leads to an induction of mitochondrial aerobic 

respiration and greater respiratory chain efficiency.  

 Mitochondrial respiratory chain contains four multiprotein complexes that drive 

electrons to oxygen (complexes I-IV) which, when combined with the ATP synthase 

present in complex V, leads to the generation of ATP. The mitochondrial oxidative 

phosphorylation (OXPHOS) reaction occurs as follows: Complex I, known as 

NADH:ubiquinone oxidoreductase, is responsible for the oxidation of NADH and 

transfer of high-energy electrons to coenzyme Q. Complex II, also known as 

succinate:ubiquinone oxidoreductase, is a component of the tricarboxylic acid cycle 

supporting the transfer of electrons from succinate to coenzyme Q through FADH2 

nucleotide. Complex III, decylubiquinol: cytochrome C oxidoreductase, catalyzes the 

reduction of cytochrome c from CoQH2, and complex IV, known as cytochrome C 

oxidase, converts molecular oxygen (O2) to water with electrons from the reduced 

form of cytochrome c. The transfer of electrons between complexes I and III (I+III) 

and complexes II and III (II+III) requires functional mitochondrial complex activities 

and adequate coenzyme Q levels in the electron chain. 
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Figure 16. (A)Protein levels of some subunits of the mitochondrial complexes were assessed in 

gastrocnemius muscle of young mice by western immunoblotting. The primary antibodies used 

were raised against NDUFB8 (complex I), SDBH (complex II), UQCR2 (complex III), MTCO1 

(complex IV), and ATP5A (complex V) (n=9/group).(B) Citrate synthase activity measured in 

µmol/min/mg protein (n=5/group) (C) Mitochondrial Complexes activity normalized by CS activity. 

***, p<0.001 vs Control; *, p<0.05 vs Control; ###, p<0.001 vs chronic exercise; ##, p<0.01 vs 

chronic exercise; and #, p<0.05 vs chronic exercise. (n=5/group). AU, Arbitrary Units. 

%activ./U.CS, %activity/Citrate Synthase. 
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Extracts of gastrocnemius muscle were immunoblotted with antibodies specific for 

unique protein components of each mitochondrial complex. These include: NDUFB8 

(complex I), SDBH (complex II), UQCR2 (complex III), MTCO1 (complex IV), and 

ATP5A (complex V). Higher abundance of NDUFB8, UQCR2, MTCO1, and ATP5A 

proteins was observed in gastrocnemius muscle of young mice on acute exercise 

(Figure 16A), while accumulation of SDBH, a constituent of the FADH2-dependent 

complex II, was only responsive to chronic exercise. 

The Krebs cycle enzyme citrate synthase is a well-accepted marker of 

mitochondrial mass that is routinely used to normalize mitochondrial complex 

activities (I-IV). The significant reduction in citrate synthase activity measured in vitro 

(see Methods) in response to both types of exercise (Figure 16B) was consistent 

with lower mitochondria number in muscle. Normalization of various mitochondrial 

complex activities to that of citrate synthase revealed significantly higher complex I, 

III and IV activites and a trend toward upregulated complex I+III activity with acute 

exercise, while chronic exercise slightly increased complex II and II+III activities in 

muscle of young mice (Figure 16C). 
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Figure 17. (A) Protein levels of some subunits of the mitochondrial complexes were assessed in 

muscle of old mice by western immunoblotting.  See legend of Figure 16 for further details. (B) 
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In skeletal muscle of old mice, we observed an accumulation of NDUFB8 protein 

with acute exercise, suggestive of greater use of glucose catabolism, whereas the 

increased level of SDBH protein after chronic exercise indicated the need for fatty 

acid metabolism. The abundance of proteins associated with complexes III-V was 

not affected by exercise (Figure 17A). A significant reduction in citrate synthase 

activity indicated the decrease in mitochondrial mass of old mice performing both 

types of exercise (Figure 17B). A trend toward higher complex I and I+III activities 

was found with acute exercise, without beneficial effect on the other complex 

activities (Figure 17C). Mice on chronic exercise exhibited a trend for higher complex 

II and II+III activities (Figure 17C). Thus, it appears that both young and old mice 

have a preference toward glucose or lipid metabolism for their bioenergetics needs 

based on the type of exercise performed (acute versus chronic).  

 

SDH staining of mitochondria 

Succinate Dehydrogenase (Complex II in the mitochondrial respiratory chain or just 

SDH) is in control of the oxidation of succinate to fumarate. To estimate the relative 

SDH activity of individual fresh-frozen cryosectioned muscle fibers, a very simple 

enzymatic reaction is required. This reaction can be very useful to determine 

changes in the overall oxidative capacity of skeletal muscle cells. Data suggest an 

improvement in both muscle fiber cell integrity, stiffness and oxidative capacity after 

one month training in both acute and chronic groups in old mice versus control.  
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SDH STAINING OLD ANIMALS 

SDH STAINING YOUNG ANIMALS 
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Mitochondrial dynamics 

Mitochondrial dynamics is defined as a series of processes aimed at increasing the 

recycling and efficiency of the organelle through fusion/fission, mitophagy, and 

biogenesis. Here, several markers of mitochondrial dynamics were selected for 

further analysis and these included: 1) Voltage-dependent anion-selective channel 

protein 1 (VDAC1), an outer mitochondrial membrane protein that belongs to the 

porin family of proteins; 2) Fis1, which promotes mitochondrial fission and acts as an 

upstream factor for mitophagy; and 3) microtubule-associated protein 1A/1B-light 

chain 3 (LC3), which exists as an inactive (LC3I) and active (LC3II) form. LC3I has 

an exposed carboxy-terminal glycine that is conjugated to phosphatidylethanolamine 

to form LC3II, which is tightly bound to the autophagosomal membranes and can be 

used as an autophagic marker protein. Lastly, the transcriptional coactivator PGC-1α 

was also chosen because of its key role in mitochondrial biogenesis.  

The abundance of PGC-1α protein increased in response to both types of 

exercise (Figure 19A). The significant increase in the ratio of active/inactive forms of 

LC3 under chronic exercise (Figure 19B) indicated the expansion of autophagosomal 

activity as an adaptive mechanism to exercise. Fis1, which appeared responsive to 

both types of exercise (Figure 19C), was accompanied by a ~5% reduction in muscle 

VDAC1 levels after aerobic/chronic exercise (Figure 19D). These results indicated a 

control of mitochondrial health through the activation of mitochondrial recycling and 

elimination of unhealthy organelles. 
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Figure 1. Levels of some of the proteins involved in mitochondrial dynamics in 

gastrocnemius muscle of young animals. Immunoblotting was performed using specific 

primary antibodies raised against PGC-1a (A), the autophagosome marker LC3 (B), 

Fis1 (C), and VDAC (D). **, p<0.01 vs Control; *, p<0.05 vs Control (n=9/group). AU, 

Arbitrary Units. 
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Figure 2. Levels of some of the proteins involved in mitochondrial dynamics in 

gastrocnemius muscle of old mice. See legend of Figure 19 for further details. **, 

p<0.01 vs Control; *, p<0.05 vs Control (n=9/group). AU, Arbitrary Units. 
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Similar to the responses found in young animals, old mice exhibited significant 

reduction in VDAC protein but with accumulation in Fis1, LC3 II/LC3 I ratio, and 

PGC-1α after chronic exercise (Figures 20A-20D).  With acute exercise, only the 

level of Fis1 protein was significantly impacted in muscle of old mice.  

 

 

Altogether, these results indicate an adaptive response to exercise in both 

young and old mice at the level of mitochondrial health and bioenergetics. With 

aerobic/chronic exercise, mice preferentially use fatty acids while those on 

anaerobic/acute exercise rely mostly on glucose utilization.  
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DISCUSSION 

 

There is wide evidence of the strong positive impact of regulated physical activity on 

human health and longevity, particularly affecting skeletal muscle, metabolic 

homeostasis and brain function (López-Otín, 2016; Moon et al 2016; Cartee et al 

2016). Mitochondrial dysfunction that can lead to sarcopenia has been clearly 

established as a hallmark of aging (López-Otín et al 2013; Kennedy et al 2014; 

González-Freire et al 2015). Reduced muscle mass and limited mobility of elderly 

could be prevented by exercise, which is used as an intervention to extend 

healthspan. However, physical exercise includes highly variable protocols that could 

potentially cause very diverse physiological effects on humans. Energy expenditure 

in young recreationally trained individuals varies depending on the followed 

resistance training protocols. Maximum energy expenditure is higher in moderate-

load whereas energy expenditure rate turns to be higher in heavy-load instead, 

indicating the relevance of the exercise protocol design for particular physical 

conditions, which are usually found in old people (Roberson et al., 2017). 

In order to better understand the response of skeletal muscle to exercise, we have 

designed an approach in which either young (5 months) or old (24 months) C57BL6 

mice are trained every day under either acute/anaerobic exercise or chronic/aerobic 

exercise for 4 weeks. Measurements carried out in metabolic chambers confirm the 

aerobic and anaerobic nature of the designed exercises, which were further 

supported by changes in metabolites profile in plasma as lower lactate in aerobic 

exercise. As it was expected, young mice body composition and muscle strength 

were unaffected by both types of exercises. Benefits, instead, were clearly observed 

in old animals that experienced a decrease in body weight associated to fat loss 
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under both conditions and increased muscle strength after chronic exercise 

measured by the wire hang test. These results confirm the positive effect of exercise 

in the fitness of aged animals (Cantee et al 2016). The chronic exercise effect on fat 

loss described here in old mice could be an important clue to body weight control in 

obese humans by exercise. A systematic review recently published shows a 

significant impact of aerobic exercise, but not resistance exercise, on reducing 

visceral fat in obese adults with type 2 diabetes, but further studies are still needed 

to clarify the effect of exercise modalities on ectopic fat, independent of weight loss 

(SABAG). It has been shown that endurance exercise has no consequence on lean 

mass, as we have observed here for chronic exercise. However, in combination with 

high protein diet, this kind of exercise has positive effect on fat loss without 

decreasing lean mass in obese old adults (Verreijen et al., 2017), which validates the 

aerobic/chronic exercise as an alternative option on lean mass protection in elderly.  

 

At the molecular level, we observed that both AMPK and insulin pathways were 

activated in young and old animals in response to chronic/aerobic exercise, but not 

to acute. AMPK and insulin pathways activation are expected to be the consequence 

of the increase of AMP, a sensor of high catabolic activity and reduced nutrient 

availability in mice muscle (Houtkooper et al., 2012)(Houtkooper et al 2012; Lee et al 

2016). AMPK activation mainly under chronic exercise significantly increased insulin 

sensitivity; we have observed increased significant components in muscle of old 

cohort. AMPK activation and insulin sensitivity are connected by the activation of 

heat shock protein beta-1 chaperone (Yuan et al., 2017). Interestingly, 

acute/anaerobic exercise induced different responses associated to age. Insulin 

pathway elements remained unaltered in muscle of young mice whereas some of the 
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components showed activation in old mice muscle as well as a trend to increase of 

elements of the AMPK pathway. Our observations are supported by other studies 

where old rats muscle show regulation of the AMPK pathway and autophagy 

elements  inked to an increase of muscle strength after nine weeks of resistance 

exercise(Tanaka et al., 2016). More recently, it has been also shown that long-term 

resistance exercise can cause muscle hypertrophy in young rats by the activation of 

AKT/mTOR pathway but restricting autophagy-induced catabolism (Kwon I. et al 

2017).  

Insulin/IGF-1 signaling pathways are profoundly affected in aging. In fact,  insulin 

resistance is among the accepted aging hallmarks, being  essential to maintain 

cellular/tissue homeostasis and  required for the effectiveness of calorie restriction or 

its mimetics on  the aging process (Barzilai et al. 2012; de Cabo et al. 2014). It is 

interesting that acute exercise activates insulin pathway in old mice’s muscle that 

ends in the activation of mTORC1 as an energy sensor through the increase in 

oxidative metabolism, mitochondrial biogenesis, and mitochondrial DNA content 

(Cunningham et al., 2007; Laplante and Sabatini, 2012). Acute exercise, through 

mTOR activation, could be a putative therapeutic approach for  prevention and/or 

treatment of muscle wasting disorders, due to its role in protein synthesis (Dickinson 

et al., 2011; Ham et al., 2016). 

The activation of insulin pathway by chronic/aerobic exercise in aged animals and by 

acute exercise in old mice corresponded with the increase of the levels of insulin-

dependent GLUT4 transporter and the decrease of insulin-independent GLUT1. This 

observation was not true for young mice trained with acute exercise. The 

translocation of GLUT4 from the endosomal compartment to the plasma membrane 

involves activation of the PI3-kinase/AKT module (Lizcano and Alessi, 2002), but 
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GLUT4 recruitment into lipid rafts of the plasma membrane can also be mediated by 

a PI3-kinase-independent pathway through the phosphorylation of Cbl and its 

association with the adaptor protein CAP to facilitate the translocation of GLUT4-

containing vesicles (Richter and Hargreaves, 2013). This alternative mechanism that 

guarantee glucose supply to skeletal muscle are further supported by the differential 

contribution of Rab guanosine triphosphatase-activating proteins in the translocation 

of GLUT4 with the participation of AS160 after insulin stimulation and TBC1D1 after 

exercise (Stockli et al., 2015). 

In our model, the activation of insulin pathway and GLUT4 translocation to the 

plasma membrane would indicate a need of an increase of glycolysis to promote 

energy recovery and redox balance. These results were observed in old mice 

muscles activated by both acute/anaerobic and chronic/aerobic exercises, and in 

young animals only by chronic exercise, which can be explained by the activation of 

mTOR that, besides the control of protein synthesis, it also participates in the 

upregulation of genes encoding glycolytic enzymes involved in the anaerobic ATP 

production in muscle (Hudson et al., 2002). The effect of acute/anaerobic exercise 

on glycolysis and aerobic metabolism depends on the intensity and duration of the 

exercise. Acute exercise (sprint/Wingate test) in well-trained male adults induced 

higher glycolysis compared to the either phosphocreatine or aerobic bioenergetics 

mechanisms after one bout, and tends to equilibrate after consecutive bouts 

(Franchini et al., 2016) which emphasize the importance of glucose metabolism after 

acute exercise recovery of muscle bioenergetics.  

Mitochondria, as the major producer of ATP through oxidative phosphorylation, tend 

to loss functionality in aging (López-Otín et al 2013; Kennedy et al 2014; González-

Freire et al.2015), which can be due to the decrease of mitochondria plasticity as a 
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response to environment conditions including exercise and nutrient availability (de 

Cabo et al. 2014; López-Lluch and Navas, 2016; López-Dominguez et al 2016). As a 

consequence, the in vivo muscle capacity during aging due to mitochondria 

bioenergetics varies among muscle types and exercise protocols (Kent and 

Fitzgerald, 2016). We have observed here the activation of mechanistic TOR 

complex (mTORC), which also drives hypoxia-inducible factor 1α (HIF1α) 

transcription factor synthesis and translocation to nucleus, contributing to control 

oxygen homeostasis, glucose metabolism, and muscle cell survival under calorie 

restriction (Fontana et al., 2010). In this case, mitochondrial homeostasis and 

efficiency is achieved and we speculate if any of the exercises studied here could 

mimic calorie restriction. In our study, mitochondrial mass regulation  was activated 

by both types of exercises in both young and old mice through the activation of 

autophagy marker LC3II, leading to a significant decrease of mitochondrial mass, as 

determined by mitochondrial outer-membrane VDAC1 level and, in only acute 

exercise, citrate synthase activity. Mitochondrial fusion has been described to protect 

from autophagy, and fission would represent a  mechanism to isolate organelle 

portions that need to be degraded (Rambold et al 2011). Our results suggest a 

selective degradation of inefficient or unnecessary mitochondria to increase muscle 

energetic. This is in agreement with works in which the activation of AMPK is linked 

to mitochondrial fission caused by exercise (Toyama et al 2016).In line with these 

results, we have observed an increased expression of PGC1α, a transcriptional 

coactivator involved in mitochondria biogenesis, that would  contribute build up more 

efficient mitochondria, similarly to what it is observed in calorie restriction and 

mimetics as resveratrol (González-Freire, 2015; López-Lluch et al 2006; Baur et al 

2006; Lagouge et al 2006).  
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Altogether, these results suggest exercise without lean mass loss could work as a 

calorie restriction mimetic, improving muscle health and strength independent on the 

age it is executed. 

Exercise has been observed to modulate respiratory chain efficiency in old people 

and increase muscle health (Greggio et al 2017; Cartee et al 2016).  A differential 

effect of acute/anaerobic exercise was observed on the mitochondria adaptation 

compared to aerobic/chronic exercise in both young and old mice skeletal muscle. 

Acute exercise clearly induced the NADH-dependent respiratory chain pathway by 

increasing levels of subunits from complexes I, III and IV in young mice, and just 

complex I in old mice, which were confirmed by the analysis of complexes activities. 

Mitochondrial respiratory complexes dynamically associate in response to energetic 

demands (Lapuente-Brun 2013…) Activation of complex I dependent pathway has 

been linked to the  improvement of mitochondrial efficiency by triggering respirasome 

remodeling (Genova and Lenaz, 2015), as it has been recently demonstrated in 

human skeletal muscle of old individuals after mild endurance exercise (Greggio et 

al. 2017). Further investigations are needed to better understand whether 

mitochondrial complexes undergo remodeling in our model. 

Glucose intake in skeletal muscle induced by exercise happens through diverse 

signaling pathways to guarantee glucose availability. Among them insulin-dependent 

conditions contribute to maintain activity during higher demand of energy (Sylow et 

al., 2017). The integration of different pathways during exercise fits with the results 

obtained here because at least AMPK and insulin pathways are simultaneously 

activated contributing to aged muscle glycolysis and NADH-dependent aerobic 

respiration. 
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On the other hand, chronic/aerobic exercise only induced the activation of both 

expression and enzyme activity of complex II, which receives electrons from 

succinate via the reduced form of flavin adenine dinucleotide (FADH2). Although 

these two respiratory chain pathways (NADH- and FADH2-dependent) are acting 

together, it is evident that one of them can be mainly selected as a consequence of 

singular complex dysfunction or specific nutrient availability (Lapuente-Brun et al 

2013; Guaras et al. 2016). A molecule of glucose generates a NADH/FADH2 ratio of 

5 but a fatty acid such as palmitate generates a NADH/FADH2 ratio of 2 (Speijer, D. 

2011), which would indicate that acute/anaerobic exercise is selecting glucose-

dependent muscle bioenergetics during recovery while chronic/aerobic exercise 

would mainly induce fatty acid dependent respiratory pathway. It has been shown 

that moderate exercise, but with no specification of intensity, increased both insulin-

stimulated glucose disposal and NADH and fatty acid oxidation in skeletal muscle of 

overweight older adults but not calorie restriction (Menshikova et al. 2017), which 

support our opinion of the necessity of specific exercise conditions for higher age 

benefits.  

The activation of complex II is complemented with the increased expression of fatty 

acid oxidation components induced by chronic exercise that increase fatty acids 

availability in muscle mitochondria. It has been propose that obese individuals would 

benefit from interventions that increase the skeletal muscle mitochondrial capacity to 

oxidize fatty acids (Holloway et al 2009), and conditions of patients with disorders of 

muscle fatty oxidation can be improved by a specific combination of physical 

exercise and  dietary interventions (Vissing, J. 2016). It is interesting that 

phytochemicals used to activate fat loss have cooperative effects with moderately 

intense exercise in the activation of fatty acid oxidation, contributing to further boost 
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of fat loss and weight control in obese individuals (Kim et al. 2016). 

Our results confirm that both type of exercise studied here induces young muscle 

recovery showing high plastic response whereas old muscles show diminished 

bioenergetics capacity (Lopez-Otin et al., 2016; Sylow et al., 2017), and physical 

activity might improve it through either glucose catabolism after acute/anaerobic 

exercise or fatty acid catabolism after chronic/aerobic exercise.  
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CONCLUSIONS 

 

[ There is a differential response to anaerobic or aerobic exercise in muscle 

function and recovery  

 

[ Age affects the stage on insulin and AMPK pathways in skeletal muscle, 

which are activated at different levels in young and old animals. 

 

[ Aerobic exercise increased insulin-dependent glucose uptake by GLUT4 

through both AMPK and insulin pathways in young mice but anaerobic 

exercise failed to show this effect. 

 

[ Both aerobic and anaerobic exercises increased insulin-dependent glucose 

uptake by GLUT4 through the activation of both AMPK and insulin pathways 

in old mice. 

 

[ Exercise increased glycolysis in all  mice independent of age or type of 

activity,  indicating the necessity of the rapid bioenergetics requirement of 

skeletal muscle during recovery.after exercising 

 

[ Mitochondria turnover,  respiratory chain  components and enzyme activities 

indicated that exercises induced a more efficient mitochondria but this effect 

was most evident through aerobic exercise in old mice. 
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[ Aerobic exercise induced a shift to higher use of fatty acids as energy source 

while anaerobic exercise induced the use of glucose as the main source of 

energy, being most evident  in young mice. 

 

[ Skeletal muscle from old mice showed a higher demand of fatty acid  as a fuel 

after aerobic exercise and a higher requirement of glucose fuel after 

anaerobic exercise. 

 

  



 

	   107	  

 
 
 
 
 
 
 
 
 
 
 
 
 

MATERIALS & 
METHODS   



 

	   108	  

 
Materials and Methods 

Animal model and study design 

Animal procedures, housing, and diets were in accordance with the guidelines 

issued by the Intramural Research Program of the National Institutes of Health 

(Animal Study Protocol 415-TGB-2018). Male C57BL/6J mice at either 5 months 

(young group) or 24 months (old group) of age were obtained from the National 

Institute on Aging (NIA) Aged Rodent Colony (Charles Rivers Laboratories, 

Germantown, MD, USA). The mice were kept on a standard mouse diet (house chow 

2018SX, Envigo, Frederick, MD, USA) with ad libitum access to food and water. 

Mice were group-housed (up to 4 mice per cage) in conventional micro-isolator 

cages (Lab Products, Seaford, DE, USA) on a light:dark 12:12-h schedule and 

maintained between 20–22 °C at 50% humidity. One week prior to the beginning of 

the study, mice were single-housed to allow for their acclimatization to social 

isolation. Mice were randomized to one of three experimental groups, namely 

sedentary control (no exercise, n=9 young, n=9 old), acute exercise (n=9 young, n=9 

old) and chronic exercise (n=9 young, n=9 old). Exercise protocols and study design 

are shown in Figure 1.  

 

Several measurements (e.g., body composition by nuclear magnetic resonance, 

metabolic cages, and circulating levels of glucose, lactate and insulin in fed and 

fasted states) were performed at baseline and then again at 4 weeks post-training. 

At the conclusion of the study, mice were euthanized by cervical dislocation and 

tissues were collected for further analysis.  
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OLD	  GROUP	  24mo	  
n=27	  
wef 

Figure	  3.	  Study	  Design 
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Exercise Protocol 

The protocol design in this work was aimed at identifying adaptive responses of 

young (5 months) and old (24 months) mice to either anaerobic or aerobic training.  

Anaerobic or resistance exercise is by nature an exhaustive physical activity, while 

aerobic exercise addresses endurance physical activity. After a thorough review of 

the literature, we designed the two radically different exercise protocols and selected 

tests such as the measure of circulating lactate levels immediately after exercise and 

of VO2 max while on a metabolic treadmill to validate the type of exercise performed. 

Ultimately, future studies should aim to translate the potential beneficial effects 

observed in mice by either type of exercise in the elderly population. 

 

Mice were trained daily between 5-6pm for 4 consecutive weeks using an exercise 

treadmill (Columbus Instruments, Columbus, OH, USA). Two exercise protocols 

were chosen: An acute/anaerobic exercise composed of three short runs (2 min 

each) at 27m/min with a one-minute recovery (5m/min) between bouts and a 

chronic/aerobic exercise consisting of a simple long term run (45min) at 13m/min. 

The control mice did no exercise but, instead, were brought to the room where the 

exercise was performed every day to ensure the same stress adaptation for all mice. 

Moreover, mice were handled every day to lower stress by simulating tail bleeding 

and exposing them to the treadmill without running. 
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Assessment of muscle function/motor behavior 

Grip Strength 

 

Wire hang 

Wire hang, also known as wire suspension latency test, hang test or body 

suspension, measures forelimb muscle strength of the mouse. Basically, the test 

consists at measuring the length of time before a mouse hanged on a wire falls. The 

test is considered complete if the mouse is still hanging after 60 seconds. 

 

Lactate and glucose measurements 

The mouse tail end was snipped in order to obtain a couple of drops of blood. Only a 

single drop of blood is required for the measure of lactate using Lactate Plus Meter 

and Strips. (NOVA Biomedical, Walthman, MA, USA). In brief, the strip is inserted in 

the reader and a drop of blood is deposited onto the strip. The system takes up to 15 

seconds to give the values in mmol/L. 

 Blood glucose levels were obtained using Breeze 2 Blood Glucose Meter and 

Strips (Bayer HealthCare AG, Leverkusen, Germany) according to standardized 

laboratory protocols. Values are given in mmol/L. 

 

Insulin measurements 

The mouse tail end was snipped in order to obtain a couple of drops of blood. After 

blood collection using Screw Cap Micro 1.1mL tube (VWR, Radnor, PA, USA) tubes 

were centrifuged at 14,000RPM for 20min at 4°C. After spinning them, serum was 

collected and stored. Levels of serum insulin were measured using the Ultra-
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Sensitive Mouse Insulin ELISA kit (Crystal Chem, Downers Grove, IL, USA) 

according to the manufacturer’s protocol.  

 

Body composition 

Nuclear magnetic resonance (NMR) data was obtained using a Bruker's 

Minispec Whole Body Composition Analyzer LF90 (BRUKER, Billerica, MA, USA). 

This device acquires and analyzes Time Domain-NMR signals from all protons in the 

entire sample volume and measures fat, free body fluid and lean tissue content.  

 

Homeostatic model assessment of insulin Resistance. HOMA2-IR calculation  

Insulin resistance was calculated from fasted glucose and insulin values using the 

HOMA2-IR Calculator software available from the Oxford Centre for Diabetes, 

Endocrinology and Metabolism, Diabetes Trials Unit website (http://www.dtu. 

ox.ac.uk).  

 

In vivo metabolic assessment 

Mouse metabolic rate was assessed by indirect calorimetry in open-circuit oxymax 

chambers using the Comprehensive Lab Animal Monitoring System (CLAMS; 

Columbus Instruments, Columbus, OH, USA). Mice were single housed with ad 

libitum access to water and food, and maintained at 20–22 °C under a 12:12-h 

light:dark cycle (light period 0600–1800). All mice were acclimatized to monitoring 

cages for 3–6 h prior to recording. Sample air was dried and passed through an 

oxygen sensor for determination of oxygen content. Oxygen consumption was 

determined by measuring oxygen concentration in air entering the chamber 

compared with air leaving the chamber. The sensor was calibrated against a 
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standard gas mix containing defined quantities of oxygen, carbon dioxide and 

nitrogen. Constant airflow (0.5 L/min) was drawn through the chamber and 

monitored by a mass- sensitive flow meter. The concentrations of oxygen and 

carbon dioxide were monitored at the inlet and outlet of the sealed chambers to 

calculate oxygen consumption. Measurement in each chamber was recorded for 30 

s at 30-min intervals for a total of 60 h. Movement (both horizontal and vertical) was 

also monitored.  

 

Tissue collection 

Following four weeks of exercise and collection of measures, mice rested for 12 h 

and then were euthanized by cervical dislocation. A midline laparotomy was 

performed and blood (up to 1mL) was obtained from the inferior vena cava. Brain, 

lungs, heart, liver, kidneys, spleen, pancreas, adipose tissue and skeletal muscle 

were excised, weighed and quickly freeze-stored for further analysis.  

 

Total protein extraction, electrophoresis, and western blot analysis.  

Muscle protein extracts were prepared by homogenizing 50mg of fresh tissue in 1mL 

of RIPA buffer (Boston BioProducts, Boston, MA, USA) containing 50 mM Tris-HCl, 

150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS, pH 7.4 ± 0.2, 

and supplemented with commercially available cocktails of phosphatase, protease 

and deacetylase inhibitors (Sigma-Aldrich, St Louis, MO, USA) (Table 1) using the 

TissueLyser II (Qiagen, Germantown, MD, USA). Total protein content was 

quantified using the Bradford assay (#500-0006, Biorad, Carlsbad, CA, USA) and 

absorbance was measured using a microplate spectrophotometer reader (xMark, 

Biorad). Equal amounts (10 ug) of each sample were electrophoresed using 4-15% 
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Criterion TGX Gel 26 Well (#5671085, Biorad) using the system of Laemmli and 

transferred to ImmunoBlot nitrocellulose membranes (#1704271, Biorad). The 

proteins were detected using Amersham ECL Prime Western Blotting Detection 

Reagent chemiluminescence kit (GE Healthcare, Laurel, MD, USA) according to the 

manufacturer’s instructions. Membranes were developed using Amersham Imager 

600 for high-resolution digital imaging of protein and DNA samples in gels and 

membranes (GE Healthcare). Proteins levels were normalized using Ponceau S 

solution (#P7170, Sigma-Aldrich) as a loading control. Detailed information about 

primary and secondary antibodies can be found in Table 2 and Table 3, respectively.  

 

Table 1. Lysis cocktail for protein homogenization.  

 

  

Description Vendor Dilution 
TSA (Trichostatin A) Sigma T1952 1:500 
PMSF (Phenylmethanesulfonyl fluoride) Sigma P7626 1:1,000 
Protease Inhibitor Cocktail Sigma P8340-5ML 1:100 
Phosphatase Inhibitor Cocktail 2 Sigma P5726-5ML 1:100 

Phosphatase Inhibitor Cocktail 3 Sigma P0044-5ML 1:100 

1M Nicotinamide Sigma 47865-U 1:100 
5M Sodium butyrate Sigma 303410-100G 1:10,000 
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Table 2. Primary antibodies used in this study.  

Name	   Host	   Vendor	   Serial	  #	   Milk/BSA	   Dilution	  
LC3B Rabbit Cell signaling 2775S Milk 5% 1:1000 
PGC-1α Rabbit Abcam ab54481 Milk 5% 1:1000 
AMPK Rabbit Cell signaling 2532S Milk 5% 1:1000 
GLUT4 Rabbit Abcam ab654 BSA 3% 1:1000 
HKII Rabbit Cell signaling 2867S Milk 5% 1:1000 
PFK Rabbit Cell signaling 8175S Milk 5% 1:1000 
PKM1 Rabbit Abcam ab38237 Milk 5% 1:1000 
FIS1 Rabbit Santa-Cruz SC-98900 Milk 5% 1:1000 
AKT Rabbit Cell signaling 9272S Milk 5% 1:1000 
OXPHOS 
Rodent Cocktail  Mouse Abcam ab110413 Milk 5% 1:1000 

GLUT1 Rabbit Santa-Cruz SC-7903 BSA 3% 1:1000 
mTOR Rabbit Cell signaling 2972S Milk 5% 1:1000 
LKB1 Rabbit Cell signaling 3047S Milk 5% 1:1000 
IRS1 Rabbit Cell signaling 2382S Milk 5% 1:1000 
IR β-subunit Rabbit Cell signaling 3025S Milk 5% 1:1000 
PI3K Rabbit Cell signaling 4263S Milk 5% 1:1000 
CamKK Rabbit Abcam ab174289 Milk 5% 1:1000 

CPT I Rabbit Lifespan 
Biosciences 

LS-
C12435 

Milk 5% 1:1000 

CPT II Rabbit Santa-Cruz SC-20671 Milk 5% 1:1000 
VDAC1/Porin Rabbit Abcam ab15895 Milk 5% 1:1000 
CD36 Rabbit Santa-Cruz SC-9154 Milk 5% 1:1000 
ACAA2 Mouse Abcam ab140529 Milk 5% 1:1000 
HADHSC Goat Santa-Cruz SC-74650 Milk 5% 1:1000 

 

 
 

Table 3. Secondary antibodies used in this study.   

Name	   Vendor	   Serial	  #	   Milk/BSA	   Dilution	  
Bovine anti-rabbit IgG-HRP Santa-Cruz sc-2370 Milk 5% 1:5000 
Bovine anti-goat IgG HRP Santa-Cruz sc-2350 Milk 5% 1:5000 
Bovine anti-mouse IgG HRP Santa-Cruz sc-2371 Milk 5% 1:5000 
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Determination of ETC activities 

For ETC activity determinations, 50mg of skeletal muscle tissue was homogenised in 

1 mL of Buffer A (MOPS 20mM, Sucrose 0,5M) and 40µg of digitonin (Sigma-

Aldrich, St Louis, MO, USA) were added for each 2ug of total protein. After that 

samples were incubated at 4ºC during 5min and centrifuged at 4ºC during 3 min at 

5000 x g. 

Pellet was resuspended in 1.5mL of buffer B (Buffer A + EDTA 1mM) and 

centrifuged at 4ºC during 3 min at 10.000 x g. The final pellet was resuspended in a 

200µL volume of KP buffer 20mM pH7.4. Samples were sent to Selten Diagnosis 

services for measurements of the activity of the ETC elements.  

 
Histology 

Gastrocnemius muscle was quickly dissected and fixed in a block using Tissue Tek 

(VWR, Radnor, PA, USA) and Isopentane (Sigma-Aldrich, St Louis, MO, USA). After 

fixation, samples were stored at -80ºC. Hematoxylin & eosin and succinate 

dehydrogenase (SDH) staining were performed according to standardized histology 

protocols by Histoserv, Inc. (Germantown, MD, USA) 

 

Statistics 

Unless otherwise specified, data are presented as mean ± SEM. Analyses were 

performed using Excel 2016 for Mac (Microsoft, Redmond, WA, USA) and Prism 7.0 

(GraphPad Software, Inc., San Diego, CA, USA). The in vivo metabolic assessment 

analyses were implemented in R (The R Development Core Team) from scratch 

using the reference guide given. Comparisons between groups were performed 

using Student’s t test or one-way ANOVA with LSD or Tukey’s-HSD post-hoc tests 

as specified. P values less than 0.05 were considered significant.
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