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INTRODUCTION 
 

The natural aging process is carried out by a 

progressive loss of homeostasis entailing a variety of 

physiological changes in the function of cells and 

tissues. To systematically dissect the biological aging 

process, Lopez-Otin et al. characterized nine major 

hallmarks of aging that are divided as primary 

(genomic instability, telomere attrition, epigenetic 

alterations and loss of proteostasis), antagonistic 

(deregulated nutrient-sensing, mitochondrial dys-

function and cellular senescence), and integrative 

hallmarks (stem cell exhaustion and altered 

intercellular communication). Due to their functional 

characteristics, primary hallmarks are considered 

causes of damage, antagonistic hallmarks are responses 

to damage while the integrative hallmarks reflect the 

end results of the first two categories [1]. The 
interconnectivity between the different hallmarks 

provides a systematic approach to evaluate inter-

ventions that target aging at a cellular level. 

Exercise is a lifestyle intervention with known 

antiaging effects capable of counteracting several of the 

hallmarks of aging including senescence and age-

associated inflammation [2–4]. We propose that 5’ 

adenosine monophosphate-activated protein kinase 

(AMPK) can orchestrate many of the antiaging effects 

of exercise through its regulation of diverse cellular 

pathways in the setting of energetic stress [5]. 

Activating AMPK is sufficient to extend lifespan in 

many organisms. It is naturally activated in response to 

muscle contraction and nutrient depletion, both of 

which are components of exercise [6]. Whereas most of 

the studies supporting AMPK as an antiaging strategy 

are based in animal models, the use of metformin (an 

AMPK activator) in clinical trials (TAME) as an 

antiaging drug is based on its capacity to delay heart 

disease, cancer, cognitive decline and death in people 

with diabetes [7]. These results suggest that the 

antiaging effects of AMPK are also relevant in humans, 

but the molecular mechanisms underlying these effects 

remain to be determined. 
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ABSTRACT 
 

The natural aging process is carried out by a progressive loss of homeostasis leading to a functional decline in 
cells and tissues. The accumulation of these changes stem from a multifactorial process on which both external 
(environmental and social) and internal (genetic and biological) risk factors contribute to the development of 
adult chronic diseases, including type 2 diabetes mellitus (T2D). Strategies that can slow cellular aging include 
changes in diet, lifestyle and drugs that modulate intracellular signaling. Exercise is a promising lifestyle 
intervention that has shown antiaging effects by extending lifespan and healthspan through decreasing the 
nine hallmarks of aging and age-associated inflammation. Herein, we review the effects of exercise to 
attenuate aging from a clinical to a cellular level, listing its effects upon various tissues and systems as well as 
its capacity to reverse many of the hallmarks of aging. Additionally, we suggest AMPK as a central regulator of 
the cellular effects of exercise due to its integrative effects in different tissues. These concepts are especially 
relevant in the setting of T2D, where cellular aging is accelerated and exercise can counteract these effects 
through the reviewed antiaging mechanisms. 
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Type 2 diabetes (T2D), a condition that integrates these 

concepts, is considered a disease of aging, affecting 30 

million people in the United States, most of whom are 

over the age of 50 [8]. Mortality risk is 50% higher in 

people with T2D with doubled medical costs and lost 

work and wages per year. Additionally, longevity and 

healthspan are impaired by its associated health 

complications including blindness, kidney failure, heart 

disease, stroke and amputations. 

 

From a pathophysiological point of view, accelerated 

cellular aging plays a role in T2D. Studies have shown 

that people with T2D have shorter telomeres and 

mitochondrial DNA depletion [9] and at a cellular level 

the following tissues display markers of the hallmarks 

of aging: endothelium [10, 11], collagen [12], 

pancreatic β-cells [13] and muscle [14, 15]. Many of 

these can worsen metabolic control and contribute to the 

development of cardiovascular complications. 

 

Exercise is known to be an effective lifestyle intervention 

for T2D since it improves metabolic control. However, 

to consider the effects of exercise from a cellular  

aging point of view is a conceptual change in how 

physical activity is envisioned as a therapeutic tool for 

diabetes. 

 

Herein, the antiaging effects of exercise are reviewed 

from a tissue and cellular level, its effects upon the 

individual hallmarks of aging and how AMPK can 

integrate many of these effects. Finally, these concepts 

are applied to the setting of T2D to provide a novel 

view of how this disease can be approached from a 

cellular aging perspective. 

 

Definitions and search criteria 
 

This review follows the guidelines of exercise and 

physical activity for older adults from the American 

College of Sports Medicine [16] where exercise  

is defined as planned, structured and repetitive 

movement to improve or maintain one or more 

components of physical fitness. Sedentary living is 

defined as a way of living or lifestyle that requires 

minimal physical activity and encourages inactivity 

through limited choices, disincentives and/or structural 

or financial barriers. 

 

The aim of the present review paper is to survey  

the literature related to exercise and its association  

with longevity and aging. The rationale for conducting 

this review is that aging is often accompanied by 

declining cellular homeostasis which is crucial to  

the development of chronic diseases, but lifestyle 

interventions can slow down its effects. The literature 

was surveyed on MEDLINE through freely accessible 

PubMed as a search engine for the terms: “exercise”, 

“longevity” and “aging”; the most relevant studies were 

included as they related to the 9 hallmarks of aging. 

Additional searches were performed to elucidate the 

potential role of AMPK activation upon the hallmark of 

aging. Studies from animal models, human, meta-

analysis and bibliographic reviews were consulted and 

cited accordingly. 

 

Exercise as an antiaging strategy 
 

The aging process affects longevity and health span 

which are influenced by both genetic and environmental 

factors [17]. To systematize its study, Holloszy defined 

primary and secondary aging. Primary aging refers to 

the inevitable deterioration of cellular structure and 

function, independent of disease and environment such 

as hearing and visual loss. However, secondary aging 

refers to physiological changes influenced by disease 

and environmental factors, they are not inevitable and 

can be accelerated by sedentary lifestyle or delayed by 

exercise [18]. Examples of secondary aging include 

insulin resistance, lessened skeletal mass and function, 

decline of components of the immune system and of 

cognitive function [19]. 

 

The complex relationship between factors that are 

accelerated by a sedentary lifestyle and those that are 

solely due to age, has been successfully addressed in 

various reviews [19, 20]. These studies highlight the 

importance of studying aging in physically active 

individuals, ideally in longitudinal studies across the life 

course of an individual such that the confounding effect 

of sedentary behavior in the loss of functionality during 

aging is avoided. As an example, a landmark 21-year 

longitudinal study at Stanford that followed runners and 

compared them with a sedentary group, found that those 

who exercise had a significantly lower risk of dying 

(15%) during that time frame than the sedentary group 

(34%) while also having reduced disabilities [21]. It is 

unclear whether the beneficial effects of exercise in this 

study were due to a delay in secondary aging or to 

countering of the effects of sedentarism. 

 

Regardless of this limitation, numerous studies have 

shown that maintaining a minimum quantity and quality 

of exercise improves cardiorespiratory fitness and 

muscle function, flexibility and balance [22]. Current 

guidelines recommend a minimum of 150 min/week of 

moderate intensity aerobic activity for maximum 

longevity benefits, with higher duration and intensity 

increasing cardiovascular and metabolic effects. It has 

been estimated that performing three to five times the 

recommended physical activity (450-750 min/week) 

reaches the maximal healthspan benefit that can be 

achieved with endurance exercise. Strength training 



 

www.aging-us.com 14524 AGING 

should be added to minimize loss of muscle mass that is 

characteristic of aging and disease [23]. 

 

The beneficial effects of exercise upon longevity and 

health span are also evident in individuals that have a 

genetically determined longevity, such as centenarians. 

In this unique population, the decline in lung function 

and sarcopenia can be counteracted by exercise 

programs which increase their physical capacity and 

health span [24]. 

 

When compared with other interventions directed  

at slowing aging, such as caloric restriction, some 

studies have shown that in mice, exercise lacks the 

adverse outcomes that were observed with time 

restricted feeding (lean mass and cardiovascular 

maladaptation) [25] and should therefore be a first line 

choice as an antiaging strategy. Additionally, it is 

currently unclear whether caloric restriction has a 

positive effect in humans. Current research is 

exploring intermittent fasting as an alternative with 

beneficial antiaging effects at a cellular level in 

animals and humans [26, 27]. 

 

The effects of exercise upon different organs and 

systems and its contribution to longevity and health 

span have been summarized in Figure 1 and Table 1. 

Cardiopulmonary 

Cardiovascular (CV) disease is a major cause of 

mortality worldwide and sedentary lifestyle highly 

contributes to CV disease burden. Cardiorespiratory 

fitness, as measured by maximal oxygen uptake (VO2 

max), is a strong and independent predictor of all-cause 

mortality [28] and improvement of CV health can be 

achieved through frequent physical activity and 

exercise. Even a generally active daily life, without 

regular exercise, is positively associated with CV health 

and longevity in older adults [29]. 
 

However, appropriate volume and intensity are essential 

to maximally benefit from exercise interventions as 

excessive exercise is counteractive [30]. Several 

publications reviewed in [31] have studied marathon 

runners as examples of strenuous and endurance 

exercise. There is general consensus that vigorous 

exercise, acutely and transiently, increases the risk of 

sudden cardiac death but only in individuals with 

underlying cardiac disease. Additionally, several studies 

have measured cardiac enzymes in runners after 

completing a marathon and have shown that a subset of 

them display elevation of cardiac enzyme creatine 

kinase, troponins and natriuretic peptides, suggesting 

myocardial injury. Elevation of these markers correlated 

with younger age, presence of cardiovascular risk 

 

 
 

Figure 1. Effects of exercise upon the aging process of different organs and systems. Created in BioRender. 
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factors, running inexperience, increased exercise 

duration and intensity as well as dehydration. 

Additionally, it has been shown that prolonged exercise 

(>2000 min/week) correlates with a higher prevalence 

of atherosclerotic plaques. However, the composition of 

these plaques was more benign with fewer mixed 

plaques and more plaques with only calcification, which 

might explain the increased longevity of endurance 

athletes even in the presence of atherosclerotic plaques 

[32]. Overall, exercise is beneficial to cardiovascular 

health, and proper training techniques that allow for the 

proper cardiac adaptations to long-term exercise, also 

named athlete’s heart, can counteract the transient 

increased CV risk linked to prolonged and strenuous 

exercise. 

 

The effect of exercise amongst the population with 

established CV events is also beneficial. After a 

myocardial infarction, exercise has been shown to 

prevent future complications, improve the quality of life 

and longevity of patients [33]. Amongst older adults 

with heart failure and preserved ejection fraction, 

exercise training is the most effective intervention to 

improve functional outcomes. In a mouse model of this 

disease, RNASeq of explanted hearts showed that 

exercise reversed age-related pathways such as those 

that correlated with cell cycle [34]. 

 

One of the mechanisms by which exercise mediates 

CV benefits is by enhancing the function of endo-

thelial progenitor cells, which play a role repairing 

endothelial injuries. With age, progenitor cells have 

been shown to dysfunction; exercise increases 

expression of CXCR4 and phosphorylation of JAK-2 

thus improving progenitor cell functional capacity 

[35]. Additionally, exercise decreases age-associated 

vascular endothelial oxidative stress, improves 

vascular endothelial function [36] and increases 

hematopoietic stem cells, markers of neo-

vascularization and vascular repair [37]. 

 

Muscle/bone/skin 

Loss of muscle mass is characteristic of aging and it 

starts to decline after 25-30 years of age such that by 80 

years 40% of muscle mass has been lost [38, 39]. This 

is thought to contribute to a wide array of age associated 

pathologies such as frailty, weakness, loss of function, 

metabolic syndrome, cancer, Alzheimer’s and 

Parkinson’s disease [39–41], and is believed to be 

secondary to the loss of myokines (muscle-derived 

growth factors and cytokines) that modulate systemic 

physiology. 

 
Progressive skeletal muscle wasting is known as 

sarcopenia and is characterized by a decrease in muscle 

cross-sectional area due to reduction fiber number and 

its atrophy [42]. A number of mechanisms underlying 

this process have been proposed, being correlated with 

the primary and antagonistic hallmarks of aging, 

including loss of mitochondrial density and instability 

of its DNA (mtDNA) [43]. Another aspect suspected to 

play a role is failure of adaptive responses to contractile 

activity, such as the ability to clear reactive oxygen 

species. A study using mice lacking the Cu, Zn 

superoxide dismutase showed an accelerated, age-

related loss of muscle mass and function which 

correlated to chronic exposure to increased oxidant 

activity [44]. 

 

Regular physical activity is the only efficient 

intervention to prevent and treat this age-associated 

degeneration. Aerobic endurance training improves 

peak oxygen consumption by 10-15% while resistance 

training increases muscle strength and mass. On a 

mechanistic level, exercise reduces sarcopenia by 

decreasing inflammation and increasing anabolism and 

protein synthesis [45]. Additionally, activation of 

peroxisome proliferator-activated receptor gamma 

(PGC-1α) improves muscle endurance, mitochondrial 

remodeling and enhanced balance and motor 

coordination in animal models [46]. 

 

Bone is another tissue profoundly affected by secondary 

aging. Loss of bone mass and strength characterize the 

aging process predisposing to the onset of osteoporosis 

and fractures. Exercise interventions are a long-term 

strategy to maximize bone mass and delay the onset of 

osteoporosis. These interventions need to include 

weight-bearing activities to generate bone formation 

and delay telomere shortening and modification of 

DNA methylation [47]. 

 

Skin, a component of the integumentary system, is also 

affected by secondary aging which deteriorates its 

structure compromising its function as a barrier, healing 

and making it prone to disease. Endurance exercise 

attenuates age-associated changes to skin in humans and 

mice partly through IL15, which acts as a regulator of 

mitochondrial function in aging skin. Upregulation of 

IL15 is thought to occur through activation of muscle 

AMPK, a central regulator of metabolism, therefore the 

elimination of muscle AMPK causes a deterioration of 

skin structure [48]. 

 

Peripheral and central nervous systems 

Chronological aging is associated with a decline in 

cognitive, memory and executive functions as well as a 

decline in peripheral nervous system such as 

neuromuscular junctions. Some of these changes are 
thought to be due to primary aging and are therefore not 

amenable to interventions; however, a subset of age-

related changes is thought to be due to secondary aging 
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Table 1. Effects of exercise on human and animal models of aging. 

Variable (organ or system) Observation References 

Longevity and healthspan • Decreased risk of death [21, 22] 

Cardiopulmonary • Improved maximal oxygen uptake (↑VO2 max) 

• Improved atherosclerotic plaque composition (calcification 

only) 

• Prevention of post-MI complications 

• Improved functional outcome in patients with heart failure 

with preserved ejection fraction 

• Improved progenitor cell functional capacity 

• Decreased endothelial oxidative stress, improves vascular 

endothelial function 

• Increased hematopoietic stem cells 

[28, 32–37] 

Muscle/bone/skin • Prevention of age-associated muscle degeneration 

• Reduced physical disability 

• Reduced sarcopenia 

• Improved muscle endurance 

• Enhanced balance and motor coordination 

• Improved skin structure 

• Increased bone formation, decrease osteoporosis 

[45, 47, 48] 

Peripheral and central 

nervous systems 

• Improved executive function and memory 

• Prevention of Alzheimer disease and other 

neurodegenerative diseases 

• Improved neurogenesis, neurotrophins, growth factors and 

synaptic markers 

• Decreased inflammation 

• Restoration of retinal ganglion cells 

• Preservation of neuromuscular junctions 

• Relaxation, decreased anxiety and depression 

[49–58] 

Metabolism and glucose 

control 

• Decrease peripheral insulin resistance 

• Decreased insulin secretion 

• Increased glucagon, gluconeogenesis and fatty acid 

metabolism 

• Decreased A1c 

• Increased insulin-independent glucose uptake 

Reviewed in [62] 

 

and therefore is influenced by sedentary lifestyle and 

exercise. 

 

High levels of exercise have been associated with better 

executive function and memory in cross-sectional and 

longitudinal analyses [49]. In fact, regular physical 

activity is one of the few interventions capable of 

preventing Alzheimer’s disease and other age-

associated neurodegenerative disorders [50]. This 

benefit relates to exercise’s ability to increase the 

endurance of cells and tissues to oxidative stress, and to 

increase vascularization, energy metabolism and 

neurotrophin synthesis, all of which play a role in 

neurogenesis, memory and brain plasticity. Additional 

mechanisms of exercise action on the central nervous 

system are increased neurotrophins, growth factors and 

synaptic markers coupled with a reduction in 

inflammation [51–55]. 

 

Retinal ganglion cells (RGCs) which become vulnerable 

to injury with advancing age with resultant impaired 

vision, are also restored by exercise in mice. This is due 

to sustained levels of brain-derived neurotrophic factor 

(BDNF) levels in the retina underscoring the role of this 

critical factor in maintaining retinal health during aging 

of animal models [56]. 

 

Within the peripheral nervous system, neuromuscular 

junctions modify their structure with age. These 

changes are characterized by axonal swellings, 

sprouting, synaptic detachment, partial or complete 

withdrawal of axons from some postsynaptic sites and 
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fragmentation of the postsynaptic specialization. 

However, one month of voluntary exercise in 22-mo-old 

mice reversed age-related synaptic changes with no 

change on motor neuron number or muscle fiber 

turnover [57]. 

 

Additionally, the psychological effects of exercise are 

profound and include relaxation and alleviation of 

anxiety and depression. These effects are strong 

enough that exercise can turn into an addiction [58]. 

Given its effectiveness and safety, it should be 

considered a first line of choice to treat many 

psychological ailments among the elderly, including 

insomnia. 

 

Metabolism and glucose control 

Secondary aging is associated with the development of 

insulin resistance, increased adiposity, and 

accumulation of ectopic lipid deposits in tissues and 

organs; all of which contribute to metabolic dysfunction 

[59] increasing the risk of T2D. 

 

Several metabolic alterations accumulate over time 

along with a reduction in physical fitness, suggesting 

the existence of a "metabolic clock" that influences 

aging. The main features of the "westernized" lifestyle 

(hypercaloric nutrition and sedentary behavior) 

accelerate the metabolic decline of secondary aging 

factors, such as insulin resistance, while the 

promotion of metabolic fitness leads to health span 

extension [60]. 

 

The beneficial effects of exercise upon glucose 

metabolism are well known and have been thoroughly 

studied [61], converting increase physical activity in 

one of the pillars of the treatment of T2D. The human 

body reacts to an acute bout of exercise by decreasing 

insulin secretion and increasing circulating glucagon, 

leading to improved insulin sensitivity and decreased 

glycosylated hemoglobin [62]. However, exercise as 

an antiaging strategy in the context of T2D is novel 

and could add to its known beneficial metabolic 

effects. 

 

In summary, exercise has shown to have beneficial 

antiaging effects of many human organs and tissues 

either by reversing some of the aging phenotypes or by 

delaying their appearance (Figure 1 and Table 1). 

 

Signaling pathways through which exercise 

mediates anti-aging effects 
 

The consequences of exercise on the aging of specific 
organs and tissues can be studied at a cellular 

perspective and structured based on the changes it has 

upon the hallmarks of aging. 

Primary hallmarks 

Genomic instability 

Age is characterized by the accumulation of lesions in 

the DNA and defects in the nuclear architecture leading 

to genomic instability. These are the result of 

exogenous (physical, chemical and biological agents) 

and endogenous factors (DNA replication errors, 

spontaneous hydrolytic reactions and reactive oxygen 

species) [63] that result in mutations, translocations, 

chromosomal gain and losses, telomere shortening and 

gene disruption. 

 

Exercise minimizes these lesions, partly through: 

reduction of the age-associated 8-hydroxy-2'-

deoxyguanosine (8-OHdG) [64], increased activity of 

DNA repair, resistance to oxidative stress in proteins, 

and nuclear factor kappa B (NF-kB) and PGC-1α 

signaling [64–66]. 

 

Telomere attrition 

Telomeres protect the integrity of chromosomal DNA 

during cellular division but are particularly susceptible 

to age-related deterioration [67]. Studies have 

demonstrated a direct correlation between telomere 

length and life expectancy, stress, DNA damage and 

onset of age-related diseases. Various genetic and 

environmental factors, such as diet, physical activity, 

obesity and stress, are known to influence health and 

longevity as well as telomere dynamics. 

 

Exercise is able to increase telomere length through 

changes in telomerase activity, inflammation, oxidative 

stress and skeletal muscle satellite cell content. Long-

term exercise can activate telomerase reverse 

transcriptase (TERT) in leukocytes and also upregulate 

protective and DNA repair regulator proteins (such as 

telomeric repeat-binding factor 2 and Ku protein). This 

has important physiological consequences since a 

positive correlation has been shown between muscle 

regeneration processes and telomere length in older 

adults [68]. 

 

Epigenetic alterations 

Exercise is capable of inducing widespread epigenetic 

changes. General loss of histones, imbalanced histone 

modifications, transcriptional deregulations, changes in 

heterochromatin, breakdown of nuclear lamina, as well 

as DNA and histone methylation, are characteristics of 

aging [69]. 

 

Physical activity increases DNA methylation, causes 

histone modifications and induces miRNA in muscle, 

brain and the cardiovascular system. Acute aerobic 
exercise decreases methylation of PGC-1α, 

mitochondrial transcription factor (TFAM), MEF2A, 

citrate synthase (CS) and pyruvate hydrogenase kinase 
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isozyme (PDK4) [70]. In addition, aerobic-induced 

SIRT-1 downregulates p53, PGC-1α and NF-kB via its 

deacetylase activity [71, 72]. Chronic moderate aerobic 

exercise reduces inflammation through a decrease of 

pro-inflammatory cytokines (IL-1b and IL18) that is 

mediated by methylation of pro-inflammatory 

apoptosis-associated speck-like protein caspase (ASC) 

gene [73]. 

 

Loss of proteostasis 

Some age-related diseases are linked to impaired 

protein homeostasis – known as proteostasis. Cell 

autophagy is one of the mechanisms for degradation and 

recycling of damaged macromolecules and organelles, 

and its alteration can lead to disease. Although human 

data are still scarce, muscle autophagy markers are up-

regulated after exercise training in older women [74] 

and could underlie the promotion of health span and 

longevity. 

 

The target of rapamycin complex 1 (TORC1) - a central 

kinase involved in protein translation- is a negative 

regulator of autophagy and so may be an effector of 

exercise. TORC-1 is downregulated by exercise through 

modulation of IGF-1, Akt/mTOR, and Akt/FoxO3a 

signaling. This cascade has been shown to prevent loss 

of muscle mass and strength [75, 76]. Additionally, the 

protective effect of chronic exercise on diabetes-

induced muscle atrophy is partly due to decreased 

muscle autophagy [77]. 

 

Antagonistic hallmarks 

Deregulated nutrient-sensing 

Deregulation of nutrient sensing pathways have been 

extensively involved in age-related phenotypes, and 

their downregulation is one of the most effective 

strategies to extend lifespan and health span. As humans 

age, the loss of muscle mass occurs due to acute 

changes in net protein balance, particularly in the 

myofibrillar protein fraction [78, 79], and exercise 

regulates the nutrient sensing pathways. 

 

Insulin like growth factor (IGF-1) acts as a key link 

between mechanical contraction and protein synthesis 

since it is acutely stimulated and promotes ribosomal 

biogenesis and translation to form new myofibril proteins. 

During exercise the mechanical loading and contraction 

cause the local release of IGF1 which activates IGF and 

leads to to muscle protein synthesis [80]. 

 

Another exercise-regulated nutrient sensing pathway is 

AMPK, which is activated in response to decreased 

intracellular ATP and changes in the NAD+/NADH 
ratio. Its function is to preserve ATP by inhibiting  

both biosynthetic and anabolic pathways while 

simultaneously stimulating catabolic pathways to re-

establish cellular energy stores. The increased 

concentration of Ca2+ during muscle contraction can 

also directly activate AMPK and is implicated in the 

regulation of numerous intracellular proteins that 

mediate cellular transduction, including kinase C, 

calcineurin, and CaMKs [81–83]. Both AMPK and 

CaMKII lead to PGC-1α activation, a member of a 

family of transcriptional coactivators that regulate 

mitochondrial biogenesis [84] (Figure 2). 

 

Oxidative stress is yet another mechanism through 

which exercise can regulate nutrient sensing by 

producing sestrins and activating the MAPK cascade 

[85], a family of intracellular signaling that include the 

extracellular signal regulated kinase 1 and 2 (ERK1/2), 

the c-Jun NH2- terminal kinase (JNK) and p38 [86]. 

Activation of this pathway leads to the inhibition 

mTOR complex 1 (mTORC1) [87] and activation of 

PGC-1α [88]. 

 

Mitochondrial dysfunction 

The accumulation of mitochondrial damage due to 

ROS generated from the electron transport chain is the 

base of the mitochondrial theory of aging first 

proposed by Harman [89]. It postulates that the 

oxidative damage to mtDNA affects cellular 

replication and transcription, altering the functionality 

of mitochondrial proteins. 

 

It has been known for a long time that exercise 

increases mitochondrial content in skeletal muscle [90]. 

Additionally, it can attenuate mitochondrial 

dysfunction through recovery of oxidative capacity and 

the activity of electron transport chain protein 

complexes [90, 91]. In agreement with this, endurance 

athletes showed absence of age-related decline in 

mitochondrial oxidative capacity and elevated 

expression of mitochondrial proteins, mtDNA and 

mitochondrial transcription factors [92]. In mtDNA 

mutator mice, which exhibit an accelerated aging 

phenotype, a 5-month aerobic exercise program 

promoted systemic mitochondrial biogenesis, prevented 

mtDNA depletion and mutations, increased 

mitochondrial oxidative capacity and respiratory chain 

assembly. These changes restored mitochondrial 

morphology and blunted pathological levels of 

apoptosis in multiple tissues [93]. 

 

Regular exercise has a profound beneficial effect on 

human mitochondrial function and biogenesis, partly 

mediated by PGC-1α upregulation. Phosphorylation of 

PGC-1α drives the production of fibronectin type III 

domain-containing protein 5 (FNDC5), followed by its 
cleavage to generate irisin [94–96], which can be 

secreted, activated and transported to multiple tissues to 

exert its beneficial effects. 



 

www.aging-us.com 14529 AGING 

Cellular senescence 

Cellular senescence is characterized by lack of cellular 

proliferation in response to stressors and secretion of an 

array of proteins specific to each cell type. This array of 

proteins known as senescence-associated secretory 

phenotype (SASP) is part of the aging hallmark of 

altered intercellular communication. 

 

Cellular senescence is linked to other mechanisms of 

aging. ROS accumulation in mitochondria leads to 

single-strand DNA breaks that accumulate in telomere 

regions and result in telomere shortening and premature 

cellular senescence. Senescence has been linked to 

numerous age-related chronic diseases and risk factors, 

such as T2D [13, 97, 98]. Exercise enhances telomere 

length and reduces the expression of apoptosis 

regulators (such as cell cycle checkpoint kinase 2, 

p16INK4a, and P53) shedding light on the beneficial 

impact of exercise on senescence [68]. 

Expression of p16INK4a, a marker and effector of 

senescence, in cellular fractions of human whole blood 

exponentially increased with chronological age and 

associated significantly with sedentary life style [99]. In 

addition, p16INK4a expression correlated with plasma 

interleukin-6 (IL-6) concentration, a marker of human 

frailty. Exercise induces increased IL-6 derived from 

muscle which has anti-inflammatory properties, 

whereas paradoxically, IL-6 resulting from TNF or 

NFkB activation relates to aging phenotypes [100]. In a 

senescence rat model, exercise suppresses senescence 

markers and down-regulates inflammatory mediators by 

reducing gamma glutamyltranspeptidase activity and 

levels of p53, p21, and IL-6 [101]. 

 

In some settings, exercise-induced senescence is 

beneficial, such as the appearance of fibro-adipogenic 

progenitors in response to muscle damage, and leads to 

regenerative inflammation [102]. 

 

 
 

Figure 2. AMPK as an effector node on the effects of exercise upon the different hallmarks of aging. AMP, adenosine 
monophosphate; AMPK, AMP- activated protein kinase; ATP, adenosine triphosphate; AGEs, advanced glycation end-products; FoxO3, 
Forkhead Box O3; LKB1, Liver kinase B1; mTOR, mammalian target of rapamycin; mTORC1, mTOR complex 1; NAD+, Nicotinamide adenine 
dinucleotide; NADH, Reduced Nicotinamide adenine dinucleotide; NFkB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; 
NRF2, Nuclear factor erythroid 2-Related Factor 2; p53, Tumor suppressor protein 53; PGC-1, peroxisome proliferator-activated receptor 
gamma; SIRT1, Silent information regulator. Created in BioRender. 



 

www.aging-us.com 14530 AGING 

Integrative hallmarks 

Stem cell exhaustion 

A decline in the regenerative potential of tissues is 

expected with age. Specifically, a decline in satellite cells 

results in impaired repair of muscle fibers while decreased 

hematopoietic stem cells leads to immunosenescence 

[103–105]. Exercise is one of the most potent stimuli for 

the migration of stem cell subsets from their home tissue 

to impaired ones for later regeneration. It increases the 

number and differentiation of satellite cells type II fibers 

[106]. In addition, exercise activates pluripotent cell 

progenitors in several tissues, including mesenchymal and 

neural stem cells leading to improved brain regenerative 

capacity and cognitive ability [107]. 

 

Altered intercellular communication 

Pro-inflammatory tissue, damage accumulation, 

cumulative dysfunction of the immune system and 

elevated levels of pro-inflammatory cytokines secretion 

underlie the development of inflammaging, a pro-

inflammatory phenotype associated with progressive 

aging that affects intercellular communication [108]. 

This is characterized by the activation of the NOD-like 

receptor protein 3 (NLRP3) and elevation of IL-1b, 

tumor necrosis factor-a (TNF-α) and interferons [108, 

109]. Exercise downregulates this inflammatory 

response through AUF1 [110], a decay factor 

implicated in maintenance of telomere length by TERT 

modulation [111]. 

 

Moreover, exercise further suppresses inflammation via 

IL-6 released from muscle [112]. Recent studies support 

the notion that IL-6 can activate pathways that have 

insulin-sensitizing effects [113, 114] by activating 

AMPK in skeletal muscle, leading to increased glucose 

uptake and translocation of the glucose transporter 

GLUT4 from intracellular compartments to the plasma 

membrane [115]. Chronic moderate exercise increases 

methylation levels of the pro-inflammatory apoptosis-

associated speck-like protein caspase (ASC) gene that 

controls secretion of IL-1β and IL-18 in leukocytes 

[73]. Exercise also controls age-related increases of  

pro-inflammatory cytokines thereby preventing 

accumulation of misfolded proteins [1, 116]. 

 

In summary, exercise attenuates all hallmarks of aging 

through different molecular pathways and effectors that 

seem independent and disconnected. We hypothesize 

there must be molecular regulatory nodes able to 

coordinate these responses and that AMPK can play 

such a role. 

 

AMPK as a central regulator 
 

We propose that activation of AMPK plays a 

significant integrative role impacting the primary, 

secondary and integrative hallmarks of aging in 

response to exercise. In muscle, AMPK is a long 

known exercise effector that is activated by increased 

AMP/ATP and NAD+/NADH ratio [117]. Mammalian 

AMPK is a heterotrimeric complex with α, β, and γ 

subunits. Mechanistically, AMP interacts with 

AMPK’s γ subunit, facilitating activation of the α 

subunit by upstream regulatory kinases such as LKB1. 

In parallel, the increase in NAD+/NADH causes 

activation of silent information regulator 1 (SIRT1) 

deacetylase activating LKB1. 

 

Thus cellular energy balance effectively controls 

cellular responses via an integrated signaling network 

mediated by AMPK [118], which phosphorylates its 

downstream targets and is able to attenuate the 

hallmarks of aging [119, 120] (Figure 2). Below is a list 

of the main effectors of AMPK and their actions upon 

the hallmarks of aging. 

 

PGC-1α 

PGC-1α is a critical regulator of gene transcription that 

controls energy homeostasis and is involved in 

mitochondrial biology [121]. In mouse skeletal muscle 

cells, PGC-1α mediates the conversion of IIb fibers into 

mitochondria-rich type IIa and I fibers [122]. Although 

PGC-1α mediated conversion has not been directly 

shown across species, type IIa fibers in humans have the 

highest concentration of PGC-1a [123, 124], which 

could support a parallel mechanism. In addition, PGC-

1α activation by AMPK has shown to act as a regulator 

of human telomere transcription via telomeric repeat-

containing RNA (TERRA), important for telomere 

integrity [125]. 

 

Some of the effects of PGC-1α are mediated through its 

inhibition of NFκB. Ablation of PGC-1α led to 

activation of NFκB and upregulated pro-inflammatory 

cytokines [126] while increased expression of PGC-1α 

inhibited NFκB signaling in aortic smooth muscle and 

endothelial cells [127]. These observations suggest that 

AMPK controls NFκB activation and that deficiency of 

AMPK signaling during aging disturbs energy 

metabolism and enhances inflammation (Figure 2). 

 

Nuclear factor erythroid 2-related factor 2 (Nrf2) 

Nrf2 is a basic leucine zipper protein involved in 

regulation of antioxidant proteins that protect against 

oxidative damage triggered by injury and inflammation. 

Studies using AICAR (an AMP analog and AMPK 

activator) showed stimulated expression of Nrf2 and 

upregulation of glutathione peroxidase 7 (Gpx7), 

leading to suppression of cellular senescence and SASP 
[128]. In addition, activation of Gpx7 via Nrf2 delayed 

cellular attrition related to stem cell aging [128, 129] 

(Figure 2). 
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Crosstalk between AMPK activated signaling pathways 

is demonstrated by inhibition of Nrf2 by the p65 

component of NFκB complex through kelch-like ECH-

associated protein 1 (Keap1). This crosstalk can have an 

additive effect upon decreased cellular senescence and 

stem cell maintenance (Figure 2). 

 

FoxO3a 

Activation of the FoxO3a axis by AMPK increased stress 

resistance in long-lived animals [118]. By mediating 

epigenetic and transcriptional changes, FoxO3, a member 

of the FOXO subfamily of forkhead transcription factors, 

is able to mediate the effects of therapeutic interventions 

on age-related diseases and promote healthy aging [120]. 

Target genes of the AMPK-FoxO3 pathway include 

uncoupling protein UCP2 and GAD45a, which are 

involved in defense against oxidative stress and DNA 

damage leading to longevity [130] (Figure 2). 

 

P53 

Tumor protein P53 regulates the cell cycle and functions 

as a tumor suppressor. The effects of exercise-activated 

AMPK upon P53 are complex, with both activating and 

inhibiting effects. AMPK activation has been shown to 

induce phosphorylation of P53 and lead to cell cycle 

arrest. This promotes cellular survival in response to 

glucose deprivation (as might occur during exercise), 

however these cells can rapidly reenter the cell cycle upon 

glucose restoration. However, persistent activation of 

AMPK leads to accelerated P53-dependent cellular 

senescence, underscoring the importance of the timing 

and pulsatility of AMPK activation [131]. Interestingly, 

acute exercise has also been shown to decrease nuclear 

P53 directly or through upregulation of Nrf2 leading to 

inactivation of P53-P21Cip1 and P16INK4a-RB signaling 

pathways [118, 132]. Due to these varied effects in vitro, 

it has been difficult to elucidate the in vivo functional role 

of P53 during aging. It is likely that the response partly 

depends on its cellular localization as well as the duration 

and intensity of the stimulus. 

 

FoxO and P53 

When activated simultaneously by AMPK, P53 and 

FoxO can induce the expression of sestrins, a family of 

highly conserved stress-response proteins with 

oxidoreductase activity that can protect cells from 

oxidative stress. Loss of sestrins has been linked to age 

related pathologies such as mitochondrial dysfunction, 

muscle degeneration and lipid accumulation. These 

effects are attributed to increased TOR activity and the 

associated decrease in autophagic uptake (Figure 2). 

These pathologies were prevented by the activation of 

AMPK by AICAR and the inhibition of TOR by 
rapamycin [133]. Thus, sestrins are suggested as part of 

a negative feedback loop through mTOR signaling that 

operates via the activation of AMPK [118]. 

mTOR 

Serine/threonine protein kinase mTOR was identified in 

mammalian cells as a target of the antiproliferative 

molecule rapamycin [134]. It participates in the 

formation of two protein complexes called mTORC1 

and mTORC2, known be sensitive and insensitive to 

rapamycin, respectively [135]. Phosphorylation and 

activation of AMPK leads to inhibition of mTORC1 

through v-ATP-ase-AXIN/LKB1, which leads to 

increased lifespan in C. elegans [136]. 

 

Whereas autophagy declines during aging, AMPK 

activation can restore it by inducing the dissociation of 

mTORC1 from the ULK1 complex, directly binding 

and phosphorylating ULK1, an autophagy-initiating 

kinase, with the result of stimulating autophagy. [137]. 

Furthermore, the direct inhibition of mTORC1 by 

AMPK can have effects similar to nutrient depletion 

[120] (Figure 2). 

 

Autophagy and protein synthesis inhibition mediated by 

downregulation of mTOR have direct effects on 

proteostasis. In a mouse model of Parkinson’s disease, 

AMPK activation reversed behavioral impairments, 

reduced α-synuclein accumulation and enhanced LC3-

II-mediated autophagy in dopaminergic neurons [138, 

139]. AMPK-activation has also been shown to rescue 

misfolding and trafficking of rhodopsin, highlighting 

the AMPK role against impairment in proteostasis [140] 

(Figure 2). 

 

Advanced glycation end products (AGEs) 

AMPK-activation can also exert antiaging effects 

through inhibiting the effects of AGEs [141]. AGEs, 

major inflammatory mediators in macrophages, affect 

the progression of age-related atherosclerosis and 

diabetes and inhibit AMPK activity through allosteric 

competitive binding to its AMP-binding site in the γ 

subunit [142]. However, AMPK activation inhibits 

AGEs-induced inflammatory response in murine 

macrophages [143]. These findings show bidirectional 

modulation between these two pathways that can be 

shifted through environmental factors to enhance 

protective mechanisms against genotoxic stress. 

 

In summary, AMPK activation through exercise can 

impact all the hallmarks of aging through different 

signaling pathways as summarized in Figure 2 and can 

act as a signaling node capable of orchestrating many of 

the effects of exercise on the health span of different 

tissues and organs. 

 

Effects of exercise on cellular aging in T2D 
 

T2D is a complex disorder that combines a genetic 

hereditary component and environmental risk factors, 
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such as nutrition and lifestyle. Amongst the risk factors, 

age stands out with most patients being over 60 years 

old. There is evidence of accelerated cellular aging with 

hyperglycemia and in both Type 1 (T1D) and Type 2 

(T2D) diabetes mellitus [11, 144]. 

 

Hyperglycemia increases the hallmarks of aging, such as 

senescence of endothelial cells in atherosclerotic lesions 

and telomere shortening [10]. The exposure of 

endothelial progenitor cells to high glucose 

concentrations increased cellular senescence in aortas of 

a streptozotocin-induced diabetes model [11], strength-

ening the association among hyperglycemia, diabetes and 

senescence [10]. Additionally, increased mitochondrial 

DNA depletion and increased aging of collagen have also 

been reported in patients with T2D [9, 12]. 

 

Pancreatic β-cells, which play a crucial role in the 

development of T2D, have also been shown to undergo 

cellular senescence in the setting of insulin resistance 

[145], T2D and high body mass index (BMI). Senolysis 

(the specific removal of senescence cells either 

pharmacologically or through transgenic models) 

improved insulin secretion, blood glucose levels and the 

gene identity of the remaining β-cell population [13]. 

Muscle is another tissue impacted by accelerated aging 

during diabetes as evidenced by accelerated loss of 

strength and mitochondrial dysfunction in T1D [14, 15]. 

Skin biopsies obtained from subjects of different ages 

demonstrated that the onset of cellular senescence 

occurred earlier in people with juvenile diabetes and in 

subjects genetically predisposed to diabetes [144]. 

Additionally, premature senescence has been observed 

in endothelial colony-forming cells in the cord blood of 

infants from mothers with diabetes [146]. These data 

suggest T2D as a disease where cellular aging is 

accelerated, and therefore is a pathology in need of 

strategies that can broadly impact aging at the molecular 

level. 

 

Exercise and physical activity are already cornerstones 

in the metabolic management of T2D [147]. 

Randomized trials have shown that lifestyle inter-

ventions including 150 minute of physical activity per 

week, combined with diet-induced weight loss, reduced 

the risk of T2D by 58% in an at-risk population [148, 

149]. Increasing physical activity in adults with T2D 

resulted in complete remission of the disease in 11.5% 

of subjects within the first year of intervention and an 

additional 7% had partial or complete remission of type 

2 diabetes after 4 years [150]. 

 

The benefits are mainly related to exercise improving 

blood glucose levels through both a reduction of 

peripheral insulin resistance [151–153] and its capacity  

to induce insulin-independent glucose uptake [154]. 

Depending on whether the exercise is acute or chronic, 

the activated pathways in muscle are different (Figure 3). 

 

 
 

Figure 3. Exercise activated pathways in muscle capable of contributing to improved metabolic control in T2D. AMP, 

adenosine monophosphate; AMPK, AMP- activated protein kinase; ATP, adenosine triphosphate; Ca2+, divalent cation calcium; CaMKs, 
calcium/calmodulin dependent protein kinases; GLUT4, glucose transporter type 4; LKB1, liver kinase B1; PGC-1, peroxisome proliferator-
activated receptor gamma; ROS, reactive oxygen species. Created in BioRender. 
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Acute exercise is able to promote translocation of 

GLUT4 to the plasma membrane through at least two 

signaling pathways, one involves AMPK and the second 

an increase of intracellular Ca2+. Muscle cell contraction 

is ATP-dependent and an acute exercise bout increases 

AMP levels, activating the AMPK signaling pathway 

and leading the fusion of GLUT-4 containing vesicles 

with the plasma membrane [155, 156] (Figure 3). 

 

Muscle contraction increases ROS generation due to 

high oxygen consumption that takes place during 

mitochondrial activity, in fact, superoxide generation in 

skeletal muscle increases about 50-100-fold during 

exercise [157, 158]. ROS have been reported to inhibit 

plasma membrane Ca2+ATPase activity indirectly by 

formation of reactive aldehydes. Hence, ROS would 

hinder Ca2+ removal from the cell and encourage 

intracellular Ca+2 accumulation. Muscle contraction can 

also directly increase intracellular Ca2+, which promotes 

the membrane translocation of GLUT-4 [81]. 

 

Chronic exercise increases the number and activity of 

mitochondria in muscle [159], which counteracts the 

reported decrease in size, function and integrity of 

mitochondria in people with T2D [160], and decreases 

the expression of PGC-1α, a marker of mitochondrial 

biogenesis [161]. Furthermore, skeletal muscle 

mitochondrial dysfunction has been linked with insulin 

resistance and can have implications on inflammation, 

senescence, autophagy and retrograde nuclear 

signaling [162]. 
 

In summary, exercise activates molecular signals that 

can bypass defects in insulin signaling in skeletal 

muscle and increase skeletal muscle mitochondria, 

which are associated with improved insulin sensitivity 

in skeletal muscle and therefore improve aging-

associated effects of T2D. 
 

Summary, perspective and limitations 
 

Exercise is an effective strategy to prevent aging and 

enhance longevity and health span both on a clinical 

and a cellular level due to its capacity to modulate all 

nine hallmarks of aging. Additionally muscle, one of the 

main systemic effectors of exercise, is recognized as an 

endocrine organ that produces and releases myokines, 

implying a complex cross talk between muscles and 

other tissues. The AMPK pathway (Figure 2), a well-

known mediator of exercise effects in muscle could be 

activated in different tissues and drive many of the 

health-promoting and lifespan-extending capabilities of 

exercise. We propose that it is a central effector node 

able to impact the hallmarks of aging and integrate the 

effects of exercise on many tissues. T2D, a disease in 

which cellular aging is accelerated in several tissues, is 

an ideal candidate to further understand the antiaging 

effects of exercise (Figure 4). 

 

 
 

Figure 4. Conceptual overview. Created in BioRender. 
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This review has several limitations. As mentioned, the 

lack of deleterious effects of a sedentary lifestyle 

upon aging during exercise can sometimes be 

confused with antiaging effects of exercise. This 

conundrum can only be solved if aging studies are 

carried out in non-sedentary older populations. 

Unfortunately this rarely occurs and should be 

considered while interpreting the cited studies. 

Another limitation is the cross-sectional design of 

studies comparing an exercised and a sedentary 

population in spite of the knowledge that the rate of 

aging varies considerably amongst individuals. The 

ideal design for aging studies is a longitudinal follow 

up of non-sedentary individuals; this is rarely feasible 

due to constraints of time and resources. 

 

Although every attempt was made to include the most 

relevant studies for each subject, the vastness of 

publications in this area means that some important 

work may have been unintentionally omitted. We 

encourage readers to further their searches on specific 

subjects that have specially interested them. 

 

We propose that future studies should address the 

effects of exercise on tissues which are not considered 

its direct targets but do show accelerated aging in T2D, 

such as pancreatic β-cells. In these, the role of AMPK 

and its physiological control will become especially 

significant as exercise is considered a cellular antiaging 

strategy. 

 

AUTHOR CONTRIBUTIONS 
 

P.V.C. and C.A.M. conceptualized, researched and 

wrote/edited the manuscript and figures. 

 

ACKNOWLEDGMENTS 
 

We would like to thank Susan Bonner-Weir for 

proofreading the manuscript and the reviewers for their 

comments and suggestions which significantly 

improved the scope and perspective of this review. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

FUNDING 
 

This study was supported by Institutional Startup Funds 

to C.A.M. (Joslin Diabetes Center), the Richard  

and Susan Smith Family Foundation and by the 

Coordenação de Aperfeiçoamento de Pessoal de Nível 

Superior - Brasil (CAPES) - Finance Code 001 to 

P.V.C. 

REFERENCES 
 
1. López-Otín C, Blasco MA, Partridge L, Serrano M, 

Kroemer G. The hallmarks of aging. Cell. 2013; 
153:1194–217. 

 https://doi.org/10.1016/j.cell.2013.05.039 
PMID:23746838 

2. Garatachea N, Pareja-Galeano H, Sanchis-Gomar F, 
Santos-Lozano A, Fiuza-Luces C, Morán M, Emanuele E, 
Joyner MJ, Lucia A. Exercise attenuates the major 
hallmarks of aging. Rejuvenation Res. 2015; 18:57–89. 

 https://doi.org/10.1089/rej.2014.1623 
PMID:25431878 

3. Woods JA, Wilund KR, Martin SA, Kistler BM. Exercise, 
inflammation and aging. Aging Dis. 2012; 3:130–40. 

 PMID:22500274 

4. Chen XK, Yi ZN, Wong GT, Hasan KM, Kwan JS, Ma AC, 
Chang RC. Is exercise a senolytic medicine? A 
systematic review. Aging Cell. 2021; 20:e13294. 

 https://doi.org/10.1111/acel.13294 PMID:33378138 

5. Burkewitz K, Zhang Y, Mair WB. AMPK at the nexus of 
energetics and aging. Cell Metab. 2014; 20:10–25. 

 https://doi.org/10.1016/j.cmet.2014.03.002 
PMID:24726383 

6. Apfeld J, O’Connor G, McDonagh T, DiStefano PS, 
Curtis R. The AMP-activated protein kinase AAK-2 links 
energy levels and insulin-like signals to lifespan in C. 
elegans. Genes Dev. 2004; 18:3004–09. 

 https://doi.org/10.1101/gad.1255404 PMID:15574588 

7. Bannister CA, Holden SE, Jenkins-Jones S, Morgan CL, 
Halcox JP, Schernthaner G, Mukherjee J, Currie CJ. Can 
people with type 2 diabetes live longer than those 
without? A comparison of mortality in people initiated 
with metformin or sulphonylurea monotherapy and 
matched, non-diabetic controls. Diabetes Obes Metab. 
2014; 16:1165–73. 

 https://doi.org/10.1111/dom.12354 PMID:25041462 

8. Koopman RJ, Mainous AG 3rd, Diaz VA, Geesey ME. 
Changes in age at diagnosis of type 2 diabetes mellitus 
in the United States, 1988 to 2000. Ann Fam Med. 
2005; 3:60–63. 

 https://doi.org/10.1370/afm.214 PMID:15671192 

9. Monickaraj F, Aravind S, Gokulakrishnan K, 
Sathishkumar C, Prabu P, Prabu D, Mohan V, 
Balasubramanyam M. Accelerated aging as evidenced 
by increased telomere shortening and mitochondrial 
DNA depletion in patients with type 2 diabetes. Mol 
Cell Biochem. 2012; 365:343–50. 

 https://doi.org/10.1007/s11010-012-1276-0 
PMID:22411737 

10. Kuki S, Imanishi T, Kobayashi K, Matsuo Y, Obana M, 
Akasaka T. Hyperglycemia accelerated endothelial 

https://doi.org/10.1016/j.cell.2013.05.039
https://pubmed.ncbi.nlm.nih.gov/23746838
https://doi.org/10.1089/rej.2014.1623
https://pubmed.ncbi.nlm.nih.gov/25431878
https://pubmed.ncbi.nlm.nih.gov/22500274
https://doi.org/10.1111/acel.13294
https://pubmed.ncbi.nlm.nih.gov/33378138
https://doi.org/10.1016/j.cmet.2014.03.002
https://pubmed.ncbi.nlm.nih.gov/24726383
https://doi.org/10.1101/gad.1255404
https://pubmed.ncbi.nlm.nih.gov/15574588
https://doi.org/10.1111/dom.12354
https://pubmed.ncbi.nlm.nih.gov/25041462
https://doi.org/10.1370/afm.214
https://pubmed.ncbi.nlm.nih.gov/15671192
https://doi.org/10.1007/s11010-012-1276-0
https://pubmed.ncbi.nlm.nih.gov/22411737


 

www.aging-us.com 14535 AGING 

progenitor cell senescence via the activation of p38 
mitogen-activated protein kinase. Circ J. 2006; 
70:1076–81. 

 https://doi.org/10.1253/circj.70.1076 PMID:16864945 

11. Yokoi T, Fukuo K, Yasuda O, Hotta M, Miyazaki J, 
Takemura Y, Kawamoto H, Ichijo H, Ogihara T. 
Apoptosis signal-regulating kinase 1 mediates cellular 
senescence induced by high glucose in endothelial 
cells. Diabetes. 2006; 55:1660–65. 

 https://doi.org/10.2337/db05-1607 PMID:16731828 

12. Hamlin CR, Kohn RR, Luschin JH. Apparent accelerated 
aging of human collagen in diabetes mellitus. Diabetes. 
1975; 24:902–04. 

 https://doi.org/10.2337/diab.24.10.902 PMID:170154 

13. Aguayo-Mazzucato C, Andle J, Lee TB Jr, Midha A, 
Talemal L, Chipashvili V, Hollister-Lock J, van Deursen J, 
Weir G, Bonner-Weir S. Acceleration of β Cell Aging 
Determines Diabetes and Senolysis Improves Disease 
Outcomes. Cell Metab. 2019; 30:129–42.e4. 

 https://doi.org/10.1016/j.cmet.2019.05.006 
PMID:31155496 

14. Monaco CM, Gingrich MA, Hawke TJ. Considering Type 
1 Diabetes as a Form of Accelerated Muscle Aging. 
Exerc Sport Sci Rev. 2019; 47:98–107. 

 https://doi.org/10.1249/JES.0000000000000184 
PMID:30653028 

15. Kalyani RR, Metter EJ, Egan J, Golden SH, Ferrucci L. 
Hyperglycemia predicts persistently lower muscle 
strength with aging. Diabetes Care. 2015; 38:82–90. 

 https://doi.org/10.2337/dc14-1166 PMID:25392294 

16. Chodzko-Zajko WJ, Proctor DN, Fiatarone Singh MA, 
Minson CT, Nigg CR, Salem GJ, Skinner JS, and 
American College of Sports Medicine. American 
College of Sports Medicine position stand. Exercise and 
physical activity for older adults. Med Sci Sports Exerc. 
2009; 41:1510–30. 

 https://doi.org/10.1249/MSS.0b013e3181a0c95c 
PMID:19516148 

17. Zenin A, Tsepilov Y, Sharapov S, Getmantsev E, 
Menshikov LI, Fedichev PO, Aulchenko Y. Identification 
of 12 genetic loci associated with human healthspan. 
Commun Biol. 2019; 2:41. 

 https://doi.org/10.1038/s42003-019-0290-0 
PMID:30729179 

18. Holloszy JO. The biology of aging. Mayo Clin Proc. 
2000; 75:S3–8. 

 PMID:10959208 

19. Lazarus NR, Lord JM, Harridge SD. The relationships 
and interactions between age, exercise and 
physiological function. J Physiol. 2019; 597:1299–309. 

 https://doi.org/10.1113/JP277071  
PMID:30422311 

20. Booth FW, Laye MJ, Roberts MD. Lifetime sedentary 
living accelerates some aspects of secondary aging. J 
Appl Physiol (1985). 2011; 111:1497–504. 

 https://doi.org/10.1152/japplphysiol.00420.2011 
PMID:21836048 

21. Chakravarty EF, Hubert HB, Lingala VB, Fries JF. 
Reduced disability and mortality among aging runners: 
a 21-year longitudinal study. Arch Intern Med. 2008; 
168:1638–46. 

 https://doi.org/10.1001/archinte.168.15.1638 
PMID:18695077 

22. Gremeaux V, Gayda M, Lepers R, Sosner P, Juneau M, 
Nigam A. Exercise and longevity. Maturitas. 2012; 
73:312–17. 

 https://doi.org/10.1016/j.maturitas.2012.09.012 
PMID:23063021 

23. Pedersen BK. Which type of exercise keeps you young? 
Curr Opin Clin Nutr Metab Care. 2019; 22:167–73. 

 https://doi.org/10.1097/MCO.0000000000000546 
PMID:30640736 

24. Venturelli M, Schena F, Richardson RS. The role of 
exercise capacity in the health and longevity of 
centenarians. Maturitas. 2012; 73:115–20. 

 https://doi.org/10.1016/j.maturitas.2012.07.009 
PMID:22883374 

25. Schafer MJ, Mazula DL, Brown AK, White TA, Atkinson 
E, Pearsall VM, Aversa Z, Verzosa GC, Smith LA, 
Matveyenko A, Miller JD, LeBrasseur NK. Late-life time-
restricted feeding and exercise differentially alter 
healthspan in obesity. Aging Cell. 2019; 18:e12966. 

 https://doi.org/10.1111/acel.12966 PMID:31111669 

26. Henderson YO, Bithi N, Link C, Yang J, Schugar R, 
Llarena N, Brown JM, Hine C. Late-life intermittent 
fasting decreases aging-related frailty and increases 
renal hydrogen sulfide production in a sexually 
dimorphic manner. Geroscience. 2021. [Epub ahead of 
print]. 

 https://doi.org/10.1007/s11357-021-00330-4 
PMID:33675469 

27. Dong TA, Sandesara PB, Dhindsa DS, Mehta A, Arneson 
LC, Dollar AL, Taub PR, Sperling LS. Intermittent 
Fasting: A Heart Healthy Dietary Pattern? Am J Med. 
2020; 133:901–07. 

 https://doi.org/10.1016/j.amjmed.2020.03.030 
PMID:32330491 

28. Strasser B, Burtscher M. Survival of the fittest: VO2max, 
a key predictor of longevity? Front Biosci (Landmark 
Ed). 2018; 23:1505–16. 

 https://doi.org/10.2741/4657  
PMID:29293447 

29. Ekblom-Bak E, Ekblom B, Vikström M, de Faire U, 
Hellénius ML. The importance of non-exercise physical 

https://doi.org/10.1253/circj.70.1076
https://pubmed.ncbi.nlm.nih.gov/16864945
https://doi.org/10.2337/db05-1607
https://pubmed.ncbi.nlm.nih.gov/16731828
https://doi.org/10.2337/diab.24.10.902
https://pubmed.ncbi.nlm.nih.gov/170154
https://doi.org/10.1016/j.cmet.2019.05.006
https://pubmed.ncbi.nlm.nih.gov/31155496
https://doi.org/10.1249/JES.0000000000000184
https://pubmed.ncbi.nlm.nih.gov/30653028
https://doi.org/10.2337/dc14-1166
https://pubmed.ncbi.nlm.nih.gov/25392294
https://doi.org/10.1249/MSS.0b013e3181a0c95c
https://pubmed.ncbi.nlm.nih.gov/19516148
https://doi.org/10.1038/s42003-019-0290-0
https://pubmed.ncbi.nlm.nih.gov/30729179
https://pubmed.ncbi.nlm.nih.gov/10959208
https://doi.org/10.1113/JP277071
https://pubmed.ncbi.nlm.nih.gov/30422311
https://doi.org/10.1152/japplphysiol.00420.2011
https://pubmed.ncbi.nlm.nih.gov/21836048
https://doi.org/10.1001/archinte.168.15.1638
https://pubmed.ncbi.nlm.nih.gov/18695077
https://doi.org/10.1016/j.maturitas.2012.09.012
https://pubmed.ncbi.nlm.nih.gov/23063021
https://doi.org/10.1097/MCO.0000000000000546
https://pubmed.ncbi.nlm.nih.gov/30640736
https://doi.org/10.1016/j.maturitas.2012.07.009
https://pubmed.ncbi.nlm.nih.gov/22883374
https://doi.org/10.1111/acel.12966
https://pubmed.ncbi.nlm.nih.gov/31111669
https://doi.org/10.1007/s11357-021-00330-4
https://pubmed.ncbi.nlm.nih.gov/33675469
https://doi.org/10.1016/j.amjmed.2020.03.030
https://pubmed.ncbi.nlm.nih.gov/32330491
https://doi.org/10.2741/4657
https://pubmed.ncbi.nlm.nih.gov/29293447


 

www.aging-us.com 14536 AGING 

activity for cardiovascular health and longevity. Br J 
Sports Med. 2014; 48:233–38. 

 https://doi.org/10.1136/bjsports-2012-092038 
PMID:24167194 

30. Eijsvogels TM, Molossi S, Lee DC, Emery MS, Thompson 
PD. Exercise at the Extremes: The Amount of Exercise 
to Reduce Cardiovascular Events. J Am Coll Cardiol. 
2016; 67:316–29. 

 https://doi.org/10.1016/j.jacc.2015.11.034 
PMID:26796398 

31. Eijsvogels TM, Fernandez AB, Thompson PD. Are There 
Deleterious Cardiac Effects of Acute and Chronic 
Endurance Exercise? Physiol Rev. 2016; 96:99–125. 

 https://doi.org/10.1152/physrev.00029.2014 
PMID:26607287 

32. Aengevaeren VL, Mosterd A, Braber TL, Prakken NH, 
Doevendans PA, Grobbee DE, Thompson PD, Eijsvogels 
TM, Velthuis BK. Relationship Between Lifelong 
Exercise Volume and Coronary Atherosclerosis in 
Athletes. Circulation. 2017; 136:138–48. 

 https://doi.org/10.1161/CIRCULATIONAHA.117.02783
4 PMID:28450347 

33. Moraes-Silva IC, Mostarda CT, Silva-Filho AC, Irigoyen 
MC. Hypertension and Exercise Training: Evidence 
from Clinical Studies. Adv Exp Med Biol. 2017; 
1000:65–84. 

 https://doi.org/10.1007/978-981-10-4304-8_5 
PMID:29098616 

34. Roh JD, Houstis N, Yu A, Chang B, Yeri A, Li H, Hobson 
R, Lerchenmüller C, Vujic A, Chaudhari V, Damilano F, 
Platt C, Zlotoff D, et al. Exercise training reverses 
cardiac aging phenotypes associated with heart failure 
with preserved ejection fraction in male mice. Aging 
Cell. 2020; 19:e13159. 

 https://doi.org/10.1111/acel.13159 PMID:32441410 

35. Xia WH, Li J, Su C, Yang Z, Chen L, Wu F, Zhang YY, Yu 
BB, Qiu YX, Wang SM, Tao J. Physical exercise 
attenuates age-associated reduction in endothelium-
reparative capacity of endothelial progenitor cells by 
increasing CXCR4/JAK-2 signaling in healthy men. Aging 
Cell. 2012; 11:111–19. 

 https://doi.org/10.1111/j.1474-9726.2011.00758.x 
PMID:22018014 

36. Pierce GL, Donato AJ, LaRocca TJ, Eskurza I, Silver AE, 
Seals DR. Habitually exercising older men do not 
demonstrate age-associated vascular endothelial 
oxidative stress. Aging Cell. 2011; 10:1032–37. 

 https://doi.org/10.1111/j.1474-9726.2011.00748.x 
PMID:21943306 

37. Thijssen DH, Vos JB, Verseyden C, van Zonneveld AJ, 
Smits P, Sweep FC, Hopman MT, de Boer HC. 
Haematopoietic stem cells and endothelial progenitor 

cells in healthy men: effect of aging and training. Aging 
Cell. 2006; 5:495–503. 

 https://doi.org/10.1111/j.1474-9726.2006.00242.x 
PMID:17081158 

38. Janssen I, Heymsfield SB, Wang ZM, Ross R. Skeletal 
muscle mass and distribution in 468 men and women 
aged 18-88 yr. J Appl Physiol (1985). 2000; 89:81–88. 

 https://doi.org/10.1152/jappl.2000.89.1.81 
PMID:10904038 

39. Lexell J, Taylor CC, Sjöström M. What is the cause of 
the ageing atrophy? Total number, size and proportion 
of different fiber types studied in whole vastus lateralis 
muscle from 15- to 83-year-old men. J Neurol Sci. 
1988; 84:275–94. 

 https://doi.org/10.1016/0022-510x(88)90132-3 
PMID:3379447 

40. Saini A, Faulkner S, Al-Shanti N, Stewart C. Powerful 
signals for weak muscles. Ageing Res Rev. 2009; 
8:251–67. 

 https://doi.org/10.1016/j.arr.2009.02.001 
PMID:19716529 

41. Demontis F, Piccirillo R, Goldberg AL, Perrimon N. The 
influence of skeletal muscle on systemic aging and 
lifespan. Aging Cell. 2013; 12:943–49. 

 https://doi.org/10.1111/acel.12126 PMID:23802635 

42. Verdijk LB, Koopman R, Schaart G, Meijer K, Savelberg 
HH, van Loon LJ. Satellite cell content is specifically 
reduced in type II skeletal muscle fibers in the elderly. 
Am J Physiol Endocrinol Metab. 2007; 292:E151–57. 

 https://doi.org/10.1152/ajpendo.00278.2006 
PMID:16926381 

43. Hiona A, Sanz A, Kujoth GC, Pamplona R, Seo AY, Hofer 
T, Someya S, Miyakawa T, Nakayama C, Samhan-Arias 
AK, Servais S, Barger JL, Portero-Otín M, et al. 
Mitochondrial DNA mutations induce mitochondrial 
dysfunction, apoptosis and sarcopenia in skeletal 
muscle of mitochondrial DNA mutator mice. PLoS One. 
2010; 5:e11468. 

 https://doi.org/10.1371/journal.pone.0011468 
PMID:20628647 

44. Vasilaki A, van der Meulen JH, Larkin L, Harrison DC, 
Pearson T, Van Remmen H, Richardson A, Brooks SV, 
Jackson MJ, McArdle A. The age-related failure of 
adaptive responses to contractile activity in skeletal 
muscle is mimicked in young mice by deletion of Cu,Zn 
superoxide dismutase. Aging Cell. 2010; 9:979–90. 

 https://doi.org/10.1111/j.1474-9726.2010.00635.x 
PMID:20883524 

45. Aguirre LE, Villareal DT. Physical Exercise as Therapy for 
Frailty. Nestle Nutr Inst Workshop Ser. 2015; 83:83–92. 

 https://doi.org/10.1159/000382065  
PMID:26524568 

https://doi.org/10.1136/bjsports-2012-092038
https://pubmed.ncbi.nlm.nih.gov/24167194
https://doi.org/10.1016/j.jacc.2015.11.034
https://pubmed.ncbi.nlm.nih.gov/26796398
https://doi.org/10.1152/physrev.00029.2014
https://pubmed.ncbi.nlm.nih.gov/26607287
https://doi.org/10.1161/CIRCULATIONAHA.117.027834
https://doi.org/10.1161/CIRCULATIONAHA.117.027834
https://pubmed.ncbi.nlm.nih.gov/28450347
https://doi.org/10.1007/978-981-10-4304-8_5
https://pubmed.ncbi.nlm.nih.gov/29098616
https://doi.org/10.1111/acel.13159
https://pubmed.ncbi.nlm.nih.gov/32441410
https://doi.org/10.1111/j.1474-9726.2011.00758.x
https://pubmed.ncbi.nlm.nih.gov/22018014
https://doi.org/10.1111/j.1474-9726.2011.00748.x
https://pubmed.ncbi.nlm.nih.gov/21943306
https://doi.org/10.1111/j.1474-9726.2006.00242.x
https://pubmed.ncbi.nlm.nih.gov/17081158
https://doi.org/10.1152/jappl.2000.89.1.81
https://pubmed.ncbi.nlm.nih.gov/10904038
https://doi.org/10.1016/0022-510x(88)90132-3
https://pubmed.ncbi.nlm.nih.gov/3379447
https://doi.org/10.1016/j.arr.2009.02.001
https://pubmed.ncbi.nlm.nih.gov/19716529
https://doi.org/10.1111/acel.12126
https://pubmed.ncbi.nlm.nih.gov/23802635
https://doi.org/10.1152/ajpendo.00278.2006
https://pubmed.ncbi.nlm.nih.gov/16926381
https://doi.org/10.1371/journal.pone.0011468
https://pubmed.ncbi.nlm.nih.gov/20628647
https://doi.org/10.1111/j.1474-9726.2010.00635.x
https://pubmed.ncbi.nlm.nih.gov/20883524
https://doi.org/10.1159/000382065
https://pubmed.ncbi.nlm.nih.gov/26524568


 

www.aging-us.com 14537 AGING 

46. Gill JF, Santos G, Schnyder S, Handschin C. PGC-1α 
affects aging-related changes in muscle and motor 
function by modulating specific exercise-mediated 
changes in old mice. Aging Cell. 2018; 17:e12697. 

 https://doi.org/10.1111/acel.12697 PMID:29067788 

47. Santos L, Elliott-Sale KJ, Sale C. Exercise and bone 
health across the lifespan. Biogerontology. 2017; 
18:931–46. 

 https://doi.org/10.1007/s10522-017-9732-6 
PMID:29052784 

48. Crane JD, MacNeil LG, Lally JS, Ford RJ, Bujak AL, Brar 
IK, Kemp BE, Raha S, Steinberg GR, Tarnopolsky MA. 
Exercise-stimulated interleukin-15 is controlled by 
AMPK and regulates skin metabolism and aging. Aging 
Cell. 2015; 14:625–34. 

 https://doi.org/10.1111/acel.12341 PMID:25902870 

49. Gaertner B, Buttery AK, Finger JD, Wolfsgruber S, 
Wagner M, Busch MA. Physical exercise and cognitive 
function across the life span: Results of a nationwide 
population-based study. J Sci Med Sport. 2018; 
21:489–94. 

 https://doi.org/10.1016/j.jsams.2017.08.022 
PMID:28919495 

50. Radak Z, Hart N, Sarga L, Koltai E, Atalay M, Ohno H, 
Boldogh I. Exercise plays a preventive role against 
Alzheimer’s disease. J Alzheimers Dis. 2010; 
20:777–83. 

 https://doi.org/10.3233/JAD-2010-091531 
PMID:20182027 

51. Cho J, Shin MK, Kim D, Lee I, Kim S, Kang H. Treadmill 
Running Reverses Cognitive Declines due to Alzheimer 
Disease. Med Sci Sports Exerc. 2015; 47:1814–24. 

 https://doi.org/10.1249/MSS.0000000000000612 
PMID:25574797 

52. Cotman CW, Berchtold NC. Exercise: a behavioral 
intervention to enhance brain health and plasticity. 
Trends Neurosci. 2002; 25:295–301. 

 https://doi.org/10.1016/s0166-2236(02)02143-4 
PMID:12086747 

53. Cotman CW, Berchtold NC, Christie LA. Exercise builds 
brain health: key roles of growth factor cascades and 
inflammation. Trends Neurosci. 2007; 30:464–72. 

 https://doi.org/10.1016/j.tins.2007.06.011 
PMID:17765329 

54. Llorens-Martín M, Torres-Alemán I, Trejo JL. Growth 
factors as mediators of exercise actions on the brain. 
Neuromolecular Med. 2008; 10:99–107. 

 https://doi.org/10.1007/s12017-008-8026-1 
PMID:18286390 

55. Vaynman SS, Ying Z, Yin D, Gomez-Pinilla F. Exercise 
differentially regulates synaptic proteins associated to 
the function of BDNF. Brain Res. 2006; 1070:124–30. 

 https://doi.org/10.1016/j.brainres.2005.11.062 
PMID:16413508 

56. Chrysostomou V, Galic S, van Wijngaarden P, Trounce 
IA, Steinberg GR, Crowston JG. Exercise reverses age-
related vulnerability of the retina to injury by 
preventing complement-mediated synapse elimination 
via a BDNF-dependent pathway. Aging Cell. 2016; 
15:1082–91. 

 https://doi.org/10.1111/acel.12512 PMID:27613664 

57. Valdez G, Tapia JC, Kang H, Clemenson GD Jr, Gage FH, 
Lichtman JW, Sanes JR. Attenuation of age-related 
changes in mouse neuromuscular synapses by caloric 
restriction and exercise. Proc Natl Acad Sci USA. 2010; 
107:14863–68. 

 https://doi.org/10.1073/pnas.1002220107 
PMID:20679195 

58. Vina J, Sanchis-Gomar F, Martinez-Bello V, Gomez-
Cabrera MC. Exercise acts as a drug; the 
pharmacological benefits of exercise. Br J Pharmacol. 
2012; 167:1–12. 

 https://doi.org/10.1111/j.1476-5381.2012.01970.x 
PMID:22486393 

59. Akasaki Y, Ouchi N, Izumiya Y, Bernardo BL, Lebrasseur 
NK, Walsh K. Glycolytic fast-twitch muscle fiber 
restoration counters adverse age-related changes in 
body composition and metabolism. Aging Cell. 2014; 
13:80–91. 

 https://doi.org/10.1111/acel.12153 PMID:24033924 

60. López-Otín C, Galluzzi L, Freije JM, Madeo F, 
Kroemer G. Metabolic Control of Longevity. Cell. 
2016; 166:802–21. 

 https://doi.org/10.1016/j.cell.2016.07.031 
PMID:27518560 

61. Ryder JW, Chibalin AV, Zierath JR. Intracellular 
mechanisms underlying increases in glucose uptake in 
response to insulin or exercise in skeletal muscle. Acta 
Physiol Scand. 2001; 171:249–57. 

 https://doi.org/10.1046/j.1365-201x.2001.00827.x 
PMID:11412137 

62. Savikj M, Zierath JR. Train like an athlete: applying 
exercise interventions to manage type 2 diabetes. 
Diabetologia. 2020; 63:1491–99. 

 https://doi.org/10.1007/s00125-020-05166-9 
PMID:32529411 

63. Hoeijmakers JH. DNA damage, aging, and cancer. N 
Engl J Med. 2009; 361:1475–85. 

 https://doi.org/10.1056/NEJMra0804615 
PMID:19812404 

64. Radák Z, Naito H, Kaneko T, Tahara S, Nakamoto H, 
Takahashi R, Cardozo-Pelaez F, Goto S. Exercise 
training decreases DNA damage and increases DNA 
repair and resistance against oxidative stress of 

https://doi.org/10.1111/acel.12697
https://pubmed.ncbi.nlm.nih.gov/29067788
https://doi.org/10.1007/s10522-017-9732-6
https://pubmed.ncbi.nlm.nih.gov/29052784
https://doi.org/10.1111/acel.12341
https://pubmed.ncbi.nlm.nih.gov/25902870
https://doi.org/10.1016/j.jsams.2017.08.022
https://pubmed.ncbi.nlm.nih.gov/28919495
https://doi.org/10.3233/JAD-2010-091531
https://pubmed.ncbi.nlm.nih.gov/20182027
https://doi.org/10.1249/MSS.0000000000000612
https://pubmed.ncbi.nlm.nih.gov/25574797
https://doi.org/10.1016/s0166-2236(02)02143-4
https://pubmed.ncbi.nlm.nih.gov/12086747
https://doi.org/10.1016/j.tins.2007.06.011
https://pubmed.ncbi.nlm.nih.gov/17765329
https://doi.org/10.1007/s12017-008-8026-1
https://pubmed.ncbi.nlm.nih.gov/18286390
https://doi.org/10.1016/j.brainres.2005.11.062
https://pubmed.ncbi.nlm.nih.gov/16413508
https://doi.org/10.1111/acel.12512
https://pubmed.ncbi.nlm.nih.gov/27613664
https://doi.org/10.1073/pnas.1002220107
https://pubmed.ncbi.nlm.nih.gov/20679195
https://doi.org/10.1111/j.1476-5381.2012.01970.x
https://pubmed.ncbi.nlm.nih.gov/22486393
https://doi.org/10.1111/acel.12153
https://pubmed.ncbi.nlm.nih.gov/24033924
https://doi.org/10.1016/j.cell.2016.07.031
https://pubmed.ncbi.nlm.nih.gov/27518560
https://doi.org/10.1046/j.1365-201x.2001.00827.x
https://pubmed.ncbi.nlm.nih.gov/11412137
https://doi.org/10.1007/s00125-020-05166-9
https://pubmed.ncbi.nlm.nih.gov/32529411
https://doi.org/10.1056/NEJMra0804615
https://pubmed.ncbi.nlm.nih.gov/19812404


 

www.aging-us.com 14538 AGING 

proteins in aged rat skeletal muscle. Pflugers Arch. 
2002; 445:273–78. 

 https://doi.org/10.1007/s00424-002-0918-6 
PMID:12457248 

65. Gomez-Cabrera MC, Domenech E, Viña J. Moderate 
exercise is an antioxidant: upregulation of 
antioxidant genes by training. Free Radic Biol Med. 
2008; 44:126–31. 

 https://doi.org/10.1016/j.freeradbiomed.2007.02.001 
PMID:18191748 

66. Leick L, Lyngby SS, Wojtaszewski JF, Pilegaard H. PGC-
1alpha is required for training-induced prevention of 
age-associated decline in mitochondrial enzymes in 
mouse skeletal muscle. Exp Gerontol. 2010; 45:336–42. 

 https://doi.org/10.1016/j.exger.2010.01.011 
PMID:20085804 

67. Blackburn EH, Greider CW, Szostak JW. Telomeres and 
telomerase: the path from maize, Tetrahymena and 
yeast to human cancer and aging. Nat Med. 2006; 
12:1133–38. 

 https://doi.org/10.1038/nm1006-1133 
PMID:17024208 

68. Werner C, Fürster T, Widmann T, Pöss J, Roggia C, 
Hanhoun M, Scharhag J, Büchner N, Meyer T, 
Kindermann W, Haendeler J, Böhm M, Laufs U. Physical 
exercise prevents cellular senescence in circulating 
leukocytes and in the vessel wall. Circulation. 2009; 
120:2438–47. 

 https://doi.org/10.1161/CIRCULATIONAHA.109.86100
5 PMID:19948976 

69. Sen P, Shah PP, Nativio R, Berger SL. Epigenetic 
Mechanisms of Longevity and Aging. Cell. 2016; 
166:822–39. 

 https://doi.org/10.1016/j.cell.2016.07.050 
PMID:27518561 

70. Barrès R, Yan J, Egan B, Treebak JT, Rasmussen M, Fritz 
T, Caidahl K, Krook A, O’Gorman DJ, Zierath JR. Acute 
exercise remodels promoter methylation in human 
skeletal muscle. Cell Metab. 2012; 15:405–11. 

 https://doi.org/10.1016/j.cmet.2012.01.001 
PMID:22405075 

71. Ntanasis-Stathopoulos J, Tzanninis JG, Philippou A, 
Koutsilieris M. Epigenetic regulation on gene 
expression induced by physical exercise. J 
Musculoskelet Neuronal Interact. 2013; 13:133–46. 

 PMID:23728100 

72. Kaliman P, Párrizas M, Lalanza JF, Camins A, 
Escorihuela RM, Pallàs M. Neurophysiological and 
epigenetic effects of physical exercise on the aging 
process. Ageing Res Rev. 2011; 10:475–86. 

 https://doi.org/10.1016/j.arr.2011.05.002 
PMID:21624506 

73. Nakajima K, Takeoka M, Mori M, Hashimoto S, Sakurai 
A, Nose H, Higuchi K, Itano N, Shiohara M, Oh T, 
Taniguchi S. Exercise effects on methylation of ASC 
gene. Int J Sports Med. 2010; 31:671–75. 

 https://doi.org/10.1055/s-0029-1246140 
PMID:20200803 

74. Wohlgemuth SE, Lees HA, Marzetti E, Manini TM, 
Aranda JM, Daniels MJ, Pahor M, Perri MG, 
Leeuwenburgh C, Anton SD. An exploratory analysis 
of the effects of a weight loss plus exercise program 
on cellular quality control mechanisms in older 
overweight women. Rejuvenation Res. 2011; 
14:315–24. 

 https://doi.org/10.1089/rej.2010.1132 
PMID:21631380 

75. Luo L, Lu AM, Wang Y, Hong A, Chen Y, Hu J, Li X, Qin 
ZH. Chronic resistance training activates autophagy 
and reduces apoptosis of muscle cells by modulating 
IGF-1 and its receptors, Akt/mTOR and Akt/FOXO3a 
signaling in aged rats. Exp Gerontol. 2013; 48:427–36. 

 https://doi.org/10.1016/j.exger.2013.02.009 
PMID:23419688 

76. Kim YA, Kim YS, Oh SL, Kim HJ, Song W. Autophagic 
response to exercise training in skeletal muscle with 
age. J Physiol Biochem. 2013; 69:697–705. 

 https://doi.org/10.1007/s13105-013-0246-7 
PMID:23471597 

77. Lee Y, Kim JH, Hong Y, Lee SR, Chang KT, Hong Y. 
Prophylactic effects of swimming exercise on 
autophagy-induced muscle atrophy in diabetic rats. 
Lab Anim Res. 2012; 28:171–79. 

 https://doi.org/10.5625/lar.2012.28.3.171 
PMID:23091517 

78. Kumar V, Selby A, Rankin D, Patel R, Atherton P, 
Hildebrandt W, Williams J, Smith K, Seynnes O, Hiscock 
N, Rennie MJ. Age-related differences in the dose-
response relationship of muscle protein synthesis to 
resistance exercise in young and old men. J Physiol. 
2009; 587:211–17. 

 https://doi.org/10.1113/jphysiol.2008.164483 
PMID:19001042 

79. Wall BT, Gorissen SH, Pennings B, Koopman R, Groen 
BB, Verdijk LB, van Loon LJ. Aging Is Accompanied by a 
Blunted Muscle Protein Synthetic Response to Protein 
Ingestion. PLoS One. 2015; 10:e0140903. 

 https://doi.org/10.1371/journal.pone.0140903 
PMID:26536130 

80. Barclay RD, Burd NA, Tyler C, Tillin NA, Mackenzie RW. 
The Role of the IGF-1 Signaling Cascade in Muscle 
Protein Synthesis and Anabolic Resistance in Aging 
Skeletal Muscle. Front Nutr. 2019; 6:146. 

 https://doi.org/10.3389/fnut.2019.00146 
PMID:31552262 

https://doi.org/10.1007/s00424-002-0918-6
https://pubmed.ncbi.nlm.nih.gov/12457248
https://doi.org/10.1016/j.freeradbiomed.2007.02.001
https://pubmed.ncbi.nlm.nih.gov/18191748
https://doi.org/10.1016/j.exger.2010.01.011
https://pubmed.ncbi.nlm.nih.gov/20085804
https://doi.org/10.1038/nm1006-1133
https://pubmed.ncbi.nlm.nih.gov/17024208
https://doi.org/10.1161/CIRCULATIONAHA.109.861005
https://doi.org/10.1161/CIRCULATIONAHA.109.861005
https://pubmed.ncbi.nlm.nih.gov/19948976
https://doi.org/10.1016/j.cell.2016.07.050
https://pubmed.ncbi.nlm.nih.gov/27518561
https://doi.org/10.1016/j.cmet.2012.01.001
https://pubmed.ncbi.nlm.nih.gov/22405075
https://pubmed.ncbi.nlm.nih.gov/23728100
https://doi.org/10.1016/j.arr.2011.05.002
https://pubmed.ncbi.nlm.nih.gov/21624506
https://doi.org/10.1055/s-0029-1246140
https://pubmed.ncbi.nlm.nih.gov/20200803
https://doi.org/10.1089/rej.2010.1132
https://pubmed.ncbi.nlm.nih.gov/21631380
https://doi.org/10.1016/j.exger.2013.02.009
https://pubmed.ncbi.nlm.nih.gov/23419688
https://doi.org/10.1007/s13105-013-0246-7
https://pubmed.ncbi.nlm.nih.gov/23471597
https://doi.org/10.5625/lar.2012.28.3.171
https://pubmed.ncbi.nlm.nih.gov/23091517
https://doi.org/10.1113/jphysiol.2008.164483
https://pubmed.ncbi.nlm.nih.gov/19001042
https://doi.org/10.1371/journal.pone.0140903
https://pubmed.ncbi.nlm.nih.gov/26536130
https://doi.org/10.3389/fnut.2019.00146
https://pubmed.ncbi.nlm.nih.gov/31552262


 

www.aging-us.com 14539 AGING 

81. Wright DC, Hucker KA, Holloszy JO, Han DH. Ca2+ 
and AMPK both mediate stimulation of glucose 
transport by muscle contractions. Diabetes. 2004; 
53:330–35. 

 https://doi.org/10.2337/diabetes.53.2.330 
PMID:14747282 

82. Raney MA, Turcotte LP. Evidence for the involvement 
of CaMKII and AMPK in Ca2+-dependent signaling 
pathways regulating FA uptake and oxidation in 
contracting rodent muscle. J Appl Physiol (1985). 2008; 
104:1366–73. 

 https://doi.org/10.1152/japplphysiol.01282.2007 
PMID:18309092 

83. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-
activated protein kinase: ancient energy gauge 
provides clues to modern understanding of 
metabolism. Cell Metab. 2005; 1:15–25. 

 https://doi.org/10.1016/j.cmet.2004.12.003 
PMID:16054041 

84. Cheng CF, Ku HC, Lin H. PGC-1α as a Pivotal Factor in 
Lipid and Metabolic Regulation. Int J Mol Sci. 2018; 
19:3447. 

 https://doi.org/10.3390/ijms19113447 
PMID:30400212 

85. Powers SK, Duarte J, Kavazis AN, Talbert EE. Reactive 
oxygen species are signalling molecules for skeletal 
muscle adaptation. Exp Physiol. 2010; 95:1–9. 

 https://doi.org/10.1113/expphysiol.2009.050526 
PMID:19880534 

86. Gomez-Cabrera MC, Borrás C, Pallardó FV, Sastre J, Ji 
LL, Viña J. Decreasing xanthine oxidase-mediated 
oxidative stress prevents useful cellular adaptations to 
exercise in rats. J Physiol. 2005; 567:113–20. 

 https://doi.org/10.1113/jphysiol.2004.080564 
PMID:15932896 

87. Lee JH, Budanov AV, Karin M. Sestrins orchestrate 
cellular metabolism to attenuate aging. Cell Metab. 
2013; 18:792–801. 

 https://doi.org/10.1016/j.cmet.2013.08.018 
PMID:24055102 

88. Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, 
Rosenberg PB, Williams RS, Yan Z. Exercise stimulates 
Pgc-1alpha transcription in skeletal muscle through 
activation of the p38 MAPK pathway. J Biol Chem. 
2005; 280:19587–93. 

 https://doi.org/10.1074/jbc.M408862200 
PMID:15767263 

89. Harman D. THE FREE RADICAL THEORY OF AGING: 
EFFECT OF AGE ON SERUM COPPER LEVELS. J Gerontol. 
1965; 20:151–53. 

 https://doi.org/10.1093/geronj/20.2.151 
PMID:14284786 

90. Holloszy JO. Biochemical adaptations in muscle. Effects 
of exercise on mitochondrial oxygen uptake and 
respiratory enzyme activity in skeletal muscle. J Biol 
Chem. 1967; 242:2278–82. 

 PMID:4290225 

91. Gollnick PD, Saltin B. Significance of skeletal muscle 
oxidative enzyme enhancement with endurance 
training. Clin Physiol. 1982; 2:1–12. 

 https://doi.org/10.1111/j.1475-097x.1982.tb00001.x 
PMID:7201906 

92. Lanza IR, Short DK, Short KR, Raghavakaimal S, Basu R, 
Joyner MJ, McConnell JP, Nair KS. Endurance exercise 
as a countermeasure for aging. Diabetes. 2008; 
57:2933–42. 

 https://doi.org/10.2337/db08-0349 PMID:18716044 

93. Safdar A, Bourgeois JM, Ogborn DI, Little JP, Hettinga 
BP, Akhtar M, Thompson JE, Melov S, Mocellin NJ, 
Kujoth GC, Prolla TA, Tarnopolsky MA. Endurance 
exercise rescues progeroid aging and induces systemic 
mitochondrial rejuvenation in mtDNA mutator mice. 
Proc Natl Acad Sci USA. 2011; 108:4135–40. 

 https://doi.org/10.1073/pnas.1019581108 
PMID:21368114 

94. Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A, 
Stadheim HK, Gulseth HL, Birkeland KI, Jensen J, 
Drevon CA. The effects of acute and chronic exercise 
on PGC-1α, irisin and browning of subcutaneous 
adipose tissue in humans. FEBS J. 2014; 281:739–49. 

 https://doi.org/10.1111/febs.12619 PMID:24237962 

95. Xu B. BDNF (I)rising from exercise. Cell Metab. 2013; 
18:612–14. 

 https://doi.org/10.1016/j.cmet.2013.10.008 
PMID:24206660 

96. Moreno-Navarrete JM, Ortega F, Serrano M, Guerra E, 
Pardo G, Tinahones F, Ricart W, Fernández-Real JM. 
Irisin is expressed and produced by human muscle and 
adipose tissue in association with obesity and insulin 
resistance. J Clin Endocrinol Metab. 2013; 98:E769–78. 

 https://doi.org/10.1210/jc.2012-2749  
PMID:23436919 

97. Fomison-Nurse I, Saw EE, Gandhi S, Munasinghe PE, 
Van Hout I, Williams MJ, Galvin I, Bunton R, Davis P, 
Cameron V, Katare R. Diabetes induces the activation 
of pro-ageing miR-34a in the heart, but has differential 
effects on cardiomyocytes and cardiac progenitor cells. 
Cell Death Differ. 2018; 25:1336–49. 

 https://doi.org/10.1038/s41418-017-0047-6 
PMID:29302057 

98. Soundararajan A, Prabu P, Mohan V, Gibert Y, 
Balasubramanyam M. Novel insights of elevated 
systemic levels of bisphenol-A (BPA) linked to poor 
glycemic control, accelerated cellular senescence and 

https://doi.org/10.2337/diabetes.53.2.330
https://pubmed.ncbi.nlm.nih.gov/14747282
https://doi.org/10.1152/japplphysiol.01282.2007
https://pubmed.ncbi.nlm.nih.gov/18309092
https://doi.org/10.1016/j.cmet.2004.12.003
https://pubmed.ncbi.nlm.nih.gov/16054041
https://doi.org/10.3390/ijms19113447
https://pubmed.ncbi.nlm.nih.gov/30400212
https://doi.org/10.1113/expphysiol.2009.050526
https://pubmed.ncbi.nlm.nih.gov/19880534
https://doi.org/10.1113/jphysiol.2004.080564
https://pubmed.ncbi.nlm.nih.gov/15932896
https://doi.org/10.1016/j.cmet.2013.08.018
https://pubmed.ncbi.nlm.nih.gov/24055102
https://doi.org/10.1074/jbc.M408862200
https://pubmed.ncbi.nlm.nih.gov/15767263
https://doi.org/10.1093/geronj/20.2.151
https://pubmed.ncbi.nlm.nih.gov/14284786
https://pubmed.ncbi.nlm.nih.gov/4290225
https://doi.org/10.1111/j.1475-097x.1982.tb00001.x
https://pubmed.ncbi.nlm.nih.gov/7201906
https://doi.org/10.2337/db08-0349
https://pubmed.ncbi.nlm.nih.gov/18716044
https://doi.org/10.1073/pnas.1019581108
https://pubmed.ncbi.nlm.nih.gov/21368114
https://doi.org/10.1111/febs.12619
https://pubmed.ncbi.nlm.nih.gov/24237962
https://doi.org/10.1016/j.cmet.2013.10.008
https://pubmed.ncbi.nlm.nih.gov/24206660
https://doi.org/10.1210/jc.2012-2749
https://pubmed.ncbi.nlm.nih.gov/23436919
https://doi.org/10.1038/s41418-017-0047-6
https://pubmed.ncbi.nlm.nih.gov/29302057


 

www.aging-us.com 14540 AGING 

insulin resistance in patients with type 2 diabetes. Mol 
Cell Biochem. 2019; 458:171–83. 

 https://doi.org/10.1007/s11010-019-03540-9 
PMID:31004310 

99. Liu Y, Sanoff HK, Cho H, Burd CE, Torrice C, Ibrahim JG, 
Thomas NE, Sharpless NE. Expression of p16(INK4a) in 
peripheral blood T-cells is a biomarker of human aging. 
Aging Cell. 2009; 8:439–48. 

 https://doi.org/10.1111/j.1474-9726.2009.00489.x 
PMID:19485966 

100. Brandt C, Pedersen BK. The role of exercise-induced 
myokines in muscle homeostasis and the defense 
against chronic diseases. J Biomed Biotechnol. 2010; 
2010:520258. 

 https://doi.org/10.1155/2010/520258 
PMID:20224659 

101. Huang CC, Chiang WD, Huang WC, Huang CY, Hsu MC, 
Lin WT. Hepatoprotective Effects of Swimming 
Exercise against D-Galactose-Induced Senescence Rat 
Model. Evid Based Complement Alternat Med. 2013; 
2013:275431. 

 https://doi.org/10.1155/2013/275431 
PMID:23843869 

102. Saito Y, Chikenji TS, Matsumura T, Nakano M, Fujimiya 
M. Exercise enhances skeletal muscle regeneration by 
promoting senescence in fibro-adipogenic 
progenitors. Nat Commun. 2020; 11:889. 

 https://doi.org/10.1038/s41467-020-14734-x 
PMID:32060352 

103. Shaw AC, Joshi S, Greenwood H, Panda A, Lord JM. 
Aging of the innate immune system. Curr Opin 
Immunol. 2010; 22:507–13. 

 https://doi.org/10.1016/j.coi.2010.05.003 
PMID:20667703 

104. Janzen V, Forkert R, Fleming HE, Saito Y, Waring MT, 
Dombkowski DM, Cheng T, DePinho RA, Sharpless NE, 
Scadden DT. Stem-cell ageing modified by the cyclin-
dependent kinase inhibitor p16INK4a. Nature. 2006; 
443:421–26. 

 https://doi.org/10.1038/nature05159 
PMID:16957735 

105. Rossi DJ, Bryder D, Seita J, Nussenzweig A, 
Hoeijmakers J, Weissman IL. Deficiencies in DNA 
damage repair limit the function of haematopoietic 
stem cells with age. Nature. 2007; 447:725–29. 

 https://doi.org/10.1038/nature05862 PMID:17554309 

106. Verdijk LB, Gleeson BG, Jonkers RA, Meijer K, 
Savelberg HH, Dendale P, van Loon LJ. Skeletal muscle 
hypertrophy following resistance training is 
accompanied by a fiber type-specific increase in 
satellite cell content in elderly men. J Gerontol A Biol 
Sci Med Sci. 2009; 64:332–39. 

 https://doi.org/10.1093/gerona/gln050 
PMID:19196907 

107. Fiuza-Luces C, Delmiro A, Soares-Miranda L, González-
Murillo Á, Martínez-Palacios J, Ramírez M, Lucia A, 
Morán M. Exercise training can induce cardiac 
autophagy at end-stage chronic conditions: insights 
from a graft-versus-host-disease mouse model. Brain 
Behav Immun. 2014; 39:56–60. 

 https://doi.org/10.1016/j.bbi.2013.11.007 
PMID:24239952 

108. Salminen A, Kaarniranta K, Kauppinen A. 
Inflammaging: disturbed interplay between 
autophagy and inflammasomes. Aging (Albany NY). 
2012; 4:166–75. 

 https://doi.org/10.18632/aging.100444 
PMID:22411934 

109. Green DR, Galluzzi L, Kroemer G. Mitochondria and 
the autophagy-inflammation-cell death axis in 
organismal aging. Science. 2011; 333:1109–12. 

 https://doi.org/10.1126/science.1201940 
PMID:21868666 

110. Lai RY, Ljubicic V, D’souza D, Hood DA. Effect of 
chronic contractile activity on mRNA stability in 
skeletal muscle. Am J Physiol Cell Physiol. 2010; 
299:C155–63. 

 https://doi.org/10.1152/ajpcell.00523.2009 
PMID:20375275 

111. Pont AR, Sadri N, Hsiao SJ, Smith S, Schneider RJ. 
mRNA decay factor AUF1 maintains normal aging, 
telomere maintenance, and suppression of 
senescence by activation of telomerase transcription. 
Mol Cell. 2012; 47:5–15. 

 https://doi.org/10.1016/j.molcel.2012.04.019 
PMID:22633954 

112. Keller C, Keller P, Giralt M, Hidalgo J, Pedersen BK. 
Exercise normalises overexpression of TNF-alpha in 
knockout mice. Biochem Biophys Res Commun. 2004; 
321:179–82. 

 https://doi.org/10.1016/j.bbrc.2004.06.129 
PMID:15358232 

113. Carey AL, Steinberg GR, Macaulay SL, Thomas WG, 
Holmes AG, Ramm G, Prelovsek O, Hohnen-Behrens C, 
Watt MJ, James DE, Kemp BE, Pedersen BK, Febbraio 
MA. Interleukin-6 increases insulin-stimulated glucose 
disposal in humans and glucose uptake and fatty acid 
oxidation in vitro via AMP-activated protein kinase. 
Diabetes. 2006; 55:2688–97. 

 https://doi.org/10.2337/db05-1404 PMID:17003332 

114. Febbraio MA, Hiscock N, Sacchetti M, Fischer CP, 
Pedersen BK. Interleukin-6 is a novel factor mediating 
glucose homeostasis during skeletal muscle 
contraction. Diabetes. 2004; 53:1643–48. 

https://doi.org/10.1007/s11010-019-03540-9
https://pubmed.ncbi.nlm.nih.gov/31004310
https://doi.org/10.1111/j.1474-9726.2009.00489.x
https://pubmed.ncbi.nlm.nih.gov/19485966
https://doi.org/10.1155/2010/520258
https://pubmed.ncbi.nlm.nih.gov/20224659
https://doi.org/10.1155/2013/275431
https://pubmed.ncbi.nlm.nih.gov/23843869
https://doi.org/10.1038/s41467-020-14734-x
https://pubmed.ncbi.nlm.nih.gov/32060352
https://doi.org/10.1016/j.coi.2010.05.003
https://pubmed.ncbi.nlm.nih.gov/20667703
https://doi.org/10.1038/nature05159
https://pubmed.ncbi.nlm.nih.gov/16957735
https://doi.org/10.1038/nature05862
https://pubmed.ncbi.nlm.nih.gov/17554309
https://doi.org/10.1093/gerona/gln050
https://pubmed.ncbi.nlm.nih.gov/19196907
https://doi.org/10.1016/j.bbi.2013.11.007
https://pubmed.ncbi.nlm.nih.gov/24239952
https://doi.org/10.18632/aging.100444
https://pubmed.ncbi.nlm.nih.gov/22411934
https://doi.org/10.1126/science.1201940
https://pubmed.ncbi.nlm.nih.gov/21868666
https://doi.org/10.1152/ajpcell.00523.2009
https://pubmed.ncbi.nlm.nih.gov/20375275
https://doi.org/10.1016/j.molcel.2012.04.019
https://pubmed.ncbi.nlm.nih.gov/22633954
https://doi.org/10.1016/j.bbrc.2004.06.129
https://pubmed.ncbi.nlm.nih.gov/15358232
https://doi.org/10.2337/db05-1404
https://pubmed.ncbi.nlm.nih.gov/17003332


 

www.aging-us.com 14541 AGING 

 https://doi.org/10.2337/diabetes.53.7.1643 
PMID:15220185 

115. O’Neill HM. AMPK and Exercise: Glucose Uptake and 
Insulin Sensitivity. Diabetes Metab J. 2013; 37:1–21. 

 https://doi.org/10.4093/dmj.2013.37.1.1 
PMID:23441028 

116. Koga H, Kaushik S, Cuervo AM. Protein homeostasis 
and aging: The importance of exquisite quality 
control. Ageing Res Rev. 2011; 10:205–15. 

 https://doi.org/10.1016/j.arr.2010.02.001 
PMID:20152936 

117. Viollet B, Lantier L, Devin-Leclerc J, Hebrard S, 
Amouyal C, Mounier R, Foretz M, Andreelli F. 
Targeting the AMPK pathway for the treatment of 
Type 2 diabetes. Front Biosci (Landmark Ed). 2009; 
14:3380–400. 

 https://doi.org/10.2741/3460 PMID:19273282 

118. Salminen A, Kaarniranta K. AMP-activated protein 
kinase (AMPK) controls the aging process via an 
integrated signaling network. Ageing Res Rev. 2012; 
11:230–41. 

 https://doi.org/10.1016/j.arr.2011.12.005 
PMID:22186033 

119. Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-
Corsi P. Circadian control of the NAD+ salvage 
pathway by CLOCK-SIRT1. Science. 2009; 324:654–57. 

 https://doi.org/10.1126/science.1170803 
PMID:19286518 

120. Kulkarni AS, Gubbi S, Barzilai N. Benefits of Metformin 
in Attenuating the Hallmarks of Aging. Cell Metab. 
2020; 32:15–30. 

 https://doi.org/10.1016/j.cmet.2020.04.001 
PMID:32333835 

121. Jäger S, Handschin C, St-Pierre J, Spiegelman BM. 
AMP-activated protein kinase (AMPK) action in 
skeletal muscle via direct phosphorylation of  
PGC-1alpha. Proc Natl Acad Sci USA. 2007; 
104:12017–22. 

 https://doi.org/10.1073/pnas.0705070104 
PMID:17609368 

122. Lin J, Wu H, Tarr PT, Zhang CY, Wu Z, Boss O, Michael 
LF, Puigserver P, Isotani E, Olson EN, Lowell BB, 
Bassel-Duby R, Spiegelman BM. Transcriptional co-
activator PGC-1 alpha drives the formation of slow-
twitch muscle fibres. Nature. 2002; 418:797–801. 

 https://doi.org/10.1038/nature00904 
PMID:12181572 

123. Russell AP, Feilchenfeldt J, Schreiber S, Praz M, 
Crettenand A, Gobelet C, Meier CA, Bell DR, Kralli A, 
Giacobino JP, Dériaz O. Endurance training in humans 
leads to fiber type-specific increases in levels of 
peroxisome proliferator-activated receptor-gamma 

coactivator-1 and peroxisome proliferator-activated 
receptor-alpha in skeletal muscle. Diabetes. 2003; 
52:2874–81. 

 https://doi.org/10.2337/diabetes.52.12.2874 
PMID:14633846 

124. Gouspillou G, Sgarioto N, Norris B, Barbat-Artigas S, 
Aubertin-Leheudre M, Morais JA, Burelle Y, Taivassalo 
T, Hepple RT. The relationship between muscle fiber 
type-specific PGC-1α content and mitochondrial 
content varies between rodent models and humans. 
PLoS One. 2014; 9:e103044. 

 https://doi.org/10.1371/journal.pone.0103044 
PMID:25121500 

125. Diman A, Boros J, Poulain F, Rodriguez J, Purnelle M, 
Episkopou H, Bertrand L, Francaux M, Deldicque L, 
Decottignies A. Nuclear respiratory factor 1 and 
endurance exercise promote human telomere 
transcription. Sci Adv. 2016; 2:e1600031. 

 https://doi.org/10.1126/sciadv.1600031 
PMID:27819056 

126. Baker RG, Hayden MS, Ghosh S. NF-κB, inflammation, 
and metabolic disease. Cell Metab. 2011; 13:11–22. 

 https://doi.org/10.1016/j.cmet.2010.12.008 
PMID:21195345 

127. Kim HJ, Park KG, Yoo EK, Kim YH, Kim YN, Kim HS, Kim 
HT, Park JY, Lee KU, Jang WG, Kim JG, Kim BW, Lee IK. 
Effects of PGC-1alpha on TNF-alpha-induced MCP-1 
and VCAM-1 expression and NF-kappaB activation in 
human aortic smooth muscle and endothelial cells. 
Antioxid Redox Signal. 2007; 9:301–07. 

 https://doi.org/10.1089/ars.2006.1456 
PMID:17184171 

128. Fang J, Yang J, Wu X, Zhang G, Li T, Wang X, Zhang H, 
Wang CC, Liu GH, Wang L. Metformin alleviates 
human cellular aging by upregulating the endoplasmic 
reticulum glutathione peroxidase 7. Aging Cell. 2018; 
17:e12765. 

 https://doi.org/10.1111/acel.12765  
PMID:29659168 

129. Pavlidou T, Marinkovic M, Rosina M, Fuoco C, 
Vumbaca S, Gargioli C, Castagnoli L, Cesareni G. 
Metformin Delays Satellite Cell Activation and 
Maintains Quiescence. Stem Cells Int. 2019; 
2019:5980465. 

 https://doi.org/10.1155/2019/5980465 
PMID:31249600 

130. Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang K, 
Blanchard D, Gygi SP, Brunet A. An AMPK-FOXO 
pathway mediates longevity induced by a novel 
method of dietary restriction in C. elegans. Curr Biol. 
2007; 17:1646–56. 

 https://doi.org/10.1016/j.cub.2007.08.047 
PMID:17900900 

https://doi.org/10.2337/diabetes.53.7.1643
https://pubmed.ncbi.nlm.nih.gov/15220185
https://doi.org/10.4093/dmj.2013.37.1.1
https://pubmed.ncbi.nlm.nih.gov/23441028
https://doi.org/10.1016/j.arr.2010.02.001
https://pubmed.ncbi.nlm.nih.gov/20152936
https://doi.org/10.2741/3460
https://pubmed.ncbi.nlm.nih.gov/19273282
https://doi.org/10.1016/j.arr.2011.12.005
https://pubmed.ncbi.nlm.nih.gov/22186033
https://doi.org/10.1126/science.1170803
https://pubmed.ncbi.nlm.nih.gov/19286518
https://doi.org/10.1016/j.cmet.2020.04.001
https://pubmed.ncbi.nlm.nih.gov/32333835
https://doi.org/10.1073/pnas.0705070104
https://pubmed.ncbi.nlm.nih.gov/17609368
https://doi.org/10.1038/nature00904
https://pubmed.ncbi.nlm.nih.gov/12181572
https://doi.org/10.2337/diabetes.52.12.2874
https://pubmed.ncbi.nlm.nih.gov/14633846
https://doi.org/10.1371/journal.pone.0103044
https://pubmed.ncbi.nlm.nih.gov/25121500
https://doi.org/10.1126/sciadv.1600031
https://pubmed.ncbi.nlm.nih.gov/27819056
https://doi.org/10.1016/j.cmet.2010.12.008
https://pubmed.ncbi.nlm.nih.gov/21195345
https://doi.org/10.1089/ars.2006.1456
https://pubmed.ncbi.nlm.nih.gov/17184171
https://doi.org/10.1111/acel.12765
https://pubmed.ncbi.nlm.nih.gov/29659168
https://doi.org/10.1155/2019/5980465
https://pubmed.ncbi.nlm.nih.gov/31249600
https://doi.org/10.1016/j.cub.2007.08.047
https://pubmed.ncbi.nlm.nih.gov/17900900


 

www.aging-us.com 14542 AGING 

131. Jones RG, Plas DR, Kubek S, Buzzai M, Mu J, Xu Y, 
Birnbaum MJ, Thompson CB. AMP-activated protein 
kinase induces a p53-dependent metabolic 
checkpoint. Mol Cell. 2005; 18:283–93. 

 https://doi.org/10.1016/j.molcel.2005.03.027 
PMID:15866171 

132. Saleem A, Adhihetty PJ, Hood DA. Role of p53 in 
mitochondrial biogenesis and apoptosis in skeletal 
muscle. Physiol Genomics. 2009; 37:58–66. 

 https://doi.org/10.1152/physiolgenomics.90346.2008 
PMID:19106183 

133. Lee JH, Budanov AV, Park EJ, Birse R, Kim TE, Perkins 
GA, Ocorr K, Ellisman MH, Bodmer R, Bier E, Karin M. 
Sestrin as a feedback inhibitor of TOR that prevents 
age-related pathologies. Science. 2010; 327:1223–28. 

 https://doi.org/10.1126/science.1182228 
PMID:20203043 

134. Sabatini DM, Erdjument-Bromage H, Lui M, Tempst P, 
Snyder SH. RAFT1: a mammalian protein that binds to 
FKBP12 in a rapamycin-dependent fashion and is 
homologous to yeast TORs. Cell. 1994; 78:35–43. 

 https://doi.org/10.1016/0092-8674(94)90570-3 
PMID:7518356 

135. Cetrullo S, D’Adamo S, Tantini B, Borzi RM, Flamigni F. 
mTOR, AMPK, and Sirt1: Key Players in Metabolic 
Stress Management. Crit Rev Eukaryot Gene Expr. 
2015; 25:59–75. 

 https://doi.org/10.1615/critreveukaryotgeneexpr.201
5012975 PMID:25955819 

136. Chen J, Ou Y, Li Y, Hu S, Shao LW, Liu Y. Metformin 
extends C. elegans lifespan through lysosomal 
pathway. Elife. 2017; 6:e31268. 

 https://doi.org/10.7554/eLife.31268 PMID:29027899 

137. Mizushima N. The role of the Atg1/ULK1 complex in 
autophagy regulation. Curr Opin Cell Biol. 2010; 
22:132–39. 

 https://doi.org/10.1016/j.ceb.2009.12.004 
PMID:20056399 

138. Lu M, Su C, Qiao C, Bian Y, Ding J, Hu G. Metformin 
Prevents Dopaminergic Neuron Death in MPTP/P-
Induced Mouse Model of Parkinson’s Disease via 
Autophagy and Mitochondrial ROS Clearance. Int J 
Neuropsychopharmacol. 2016; 19:pyw047. 

 https://doi.org/10.1093/ijnp/pyw047  
PMID:27207919 

139. Yan Q, Han C, Wang G, Waddington JL, Zheng L, Zhen 
X. Activation of AMPK/mTORC1-Mediated Autophagy 
by Metformin Reverses Clk1 Deficiency-Sensitized 
Dopaminergic Neuronal Death. Mol Pharmacol. 2017; 
92:640–52. 

 https://doi.org/10.1124/mol.117.109512 
PMID:29025968 

140. Athanasiou D, Aguila M, Opefi CA, South K, 
Bellingham J, Bevilacqua D, Munro PM, Kanuga N, 
Mackenzie FE, Dubis AM, Georgiadis A, Graca AB, 
Pearson RA, et al. Rescue of mutant rhodopsin traffic 
by metformin-induced AMPK activation accelerates 
photoreceptor degeneration. Hum Mol Genet. 2017; 
26:305–19. 

 https://doi.org/10.1093/hmg/ddw387  
PMID:28065882 

141. Chung MM, Nicol CJ, Cheng YC, Lin KH, Chen YL, Pei D, 
Lin CH, Shih YN, Yen CH, Chen SJ, Huang RN, Chiang 
MC. Metformin activation of AMPK suppresses AGE-
induced inflammatory response in hNSCs. Exp Cell 
Res. 2017; 352:75–83. 

 https://doi.org/10.1016/j.yexcr.2017.01.017 
PMID:28159472 

142. Chaudhuri J, Bains Y, Guha S, Kahn A, Hall D, Bose N, 
Gugliucci A, Kapahi P. The Role of Advanced Glycation 
End Products in Aging and Metabolic Diseases: 
Bridging Association and Causality. Cell Metab. 2018; 
28:337–52. 

 https://doi.org/10.1016/j.cmet.2018.08.014 
PMID:30184484 

143. Zhou Z, Tang Y, Jin X, Chen C, Lu Y, Liu L, Shen C. 
Metformin Inhibits Advanced Glycation End Products-
Induced Inflammatory Response in Murine 
Macrophages Partly through AMPK Activation and 
RAGE/NF κ B Pathway Suppression. J Diabetes Res. 
2016; 2016:4847812. 

 https://doi.org/10.1155/2016/4847812 
PMID:27761470 

144. Goldstein S, Moerman EJ, Soeldner JS, Gleason RE, 
Barnett DM. Diabetes mellitus and genetic 
prediabetes. Decreased replicative capacity of 
cultured skin fibroblasts. J Clin Invest. 1979; 63:358–
70. 

 https://doi.org/10.1172/JCI109311 PMID:429558 

145. Sone H, Kagawa Y. Pancreatic beta cell senescence 
contributes to the pathogenesis of type 2 diabetes in 
high-fat diet-induced diabetic mice. Diabetologia. 
2005; 48:58–67. 

 https://doi.org/10.1007/s00125-004-1605-2 
PMID:15624098 

146. Ingram DA, Lien IZ, Mead LE, Estes M, Prater DN, Derr-
Yellin E, DiMeglio LA, Haneline LS. In vitro 
hyperglycemia or a diabetic intrauterine environment 
reduces neonatal endothelial colony-forming cell 
numbers and function. Diabetes. 2008; 57:724–31. 

 https://doi.org/10.2337/db07-1507 PMID:18086900 

147. Goodyear LJ, Chang PY, Sherwood DJ, Dufresne SD, 
Moller DE. Effects of exercise and insulin on mitogen-
activated protein kinase signaling pathways in rat 
skeletal muscle. Am J Physiol. 1996; 271:E403–08. 

https://doi.org/10.1016/j.molcel.2005.03.027
https://pubmed.ncbi.nlm.nih.gov/15866171
https://doi.org/10.1152/physiolgenomics.90346.2008
https://pubmed.ncbi.nlm.nih.gov/19106183
https://doi.org/10.1126/science.1182228
https://pubmed.ncbi.nlm.nih.gov/20203043
https://doi.org/10.1016/0092-8674(94)90570-3
https://pubmed.ncbi.nlm.nih.gov/7518356
https://doi.org/10.1615/critreveukaryotgeneexpr.2015012975
https://doi.org/10.1615/critreveukaryotgeneexpr.2015012975
https://pubmed.ncbi.nlm.nih.gov/25955819
https://doi.org/10.7554/eLife.31268
https://pubmed.ncbi.nlm.nih.gov/29027899
https://doi.org/10.1016/j.ceb.2009.12.004
https://pubmed.ncbi.nlm.nih.gov/20056399
https://doi.org/10.1093/ijnp/pyw047
https://pubmed.ncbi.nlm.nih.gov/27207919
https://doi.org/10.1124/mol.117.109512
https://pubmed.ncbi.nlm.nih.gov/29025968
https://doi.org/10.1093/hmg/ddw387
https://pubmed.ncbi.nlm.nih.gov/28065882
https://doi.org/10.1016/j.yexcr.2017.01.017
https://pubmed.ncbi.nlm.nih.gov/28159472
https://doi.org/10.1016/j.cmet.2018.08.014
https://pubmed.ncbi.nlm.nih.gov/30184484
https://doi.org/10.1155/2016/4847812
https://pubmed.ncbi.nlm.nih.gov/27761470
https://doi.org/10.1172/JCI109311
https://pubmed.ncbi.nlm.nih.gov/429558
https://doi.org/10.1007/s00125-004-1605-2
https://pubmed.ncbi.nlm.nih.gov/15624098
https://doi.org/10.2337/db07-1507
https://pubmed.ncbi.nlm.nih.gov/18086900


 

www.aging-us.com 14543 AGING 

 https://doi.org/10.1152/ajpendo.1996.271.2.E403 
PMID:8770036 

148. Pan XR, Li GW, Hu YH, Wang JX, Yang WY, An ZX, Hu 
ZX, Lin J, Xiao JZ, Cao HB, Liu PA, Jiang XG, Jiang YY, 
et al. Effects of diet and exercise in preventing 
NIDDM in people with impaired glucose tolerance. 
The Da Qing IGT and Diabetes Study. Diabetes Care. 
1997; 20:537–44. 

 https://doi.org/10.2337/diacare.20.4.537 
PMID:9096977 

149. Tuomilehto J, Lindström J, Eriksson JG, Valle TT, 
Hämäläinen H, Ilanne-Parikka P, Keinänen-
Kiukaanniemi S, Laakso M, Louheranta A, Rastas M, 
Salminen V, Uusitupa M, and Finnish Diabetes 
Prevention Study Group. Prevention of type 2 
diabetes mellitus by changes in lifestyle among 
subjects with impaired glucose tolerance. N Engl J 
Med. 2001; 344:1343–50. 

 https://doi.org/10.1056/NEJM200105033441801 
PMID:11333990 

150. Gregg EW, Chen H, Wagenknecht LE, Clark JM, 
Delahanty LM, Bantle J, Pownall HJ, Johnson KC, 
Safford MM, Kitabchi AE, Pi-Sunyer FX, Wing RR, 
Bertoni AG, and Look AHEAD Research Group. 
Association of an intensive lifestyle intervention 
with remission of type 2 diabetes. JAMA. 2012; 
308:2489–96. 

 https://doi.org/10.1001/jama.2012.67929 
PMID:23288372 

151. Björntorp P, Fahlén M, Grimby G, Gustafson A, Holm J, 
Renström P, Scherstén T. Carbohydrate and lipid 
metabolism in middle-aged, physically well-trained 
men. Metabolism. 1972; 21:1037–44. 

 https://doi.org/10.1016/0026-0495(72)90034-0 
PMID:5080088 

152. LeBlanc J, Nadeau A, Richard D, Tremblay A. Studies 
on the sparing effect of exercise on insulin 
requirements in human subjects. Metabolism. 1981; 
30:1119–24. 

 https://doi.org/10.1016/0026-0495(81)90057-3 
PMID:7026972 

153. Richter EA, Mikines KJ, Galbo H, Kiens B. Effect of 
exercise on insulin action in human skeletal muscle. J 
Appl Physiol (1985). 1989; 66:876–85. 

 https://doi.org/10.1152/jappl.1989.66.2.876 
PMID:2496078 

154. Horton ES. Role and management of exercise in 
diabetes mellitus. Diabetes Care. 1988; 11:201–11. 

 https://doi.org/10.2337/diacare.11.2.201 
PMID:3289869 

155. Stanford KI, Goodyear LJ. Exercise and type 2 
diabetes: molecular mechanisms regulating glucose 

uptake in skeletal muscle. Adv Physiol Educ. 2014; 
38:308–14. 

 https://doi.org/10.1152/advan.00080.2014 
PMID:25434013 

156. Merrill GF, Kurth EJ, Hardie DG, Winder WW. AICA 
riboside increases AMP-activated protein kinase, fatty 
acid oxidation, and glucose uptake in rat muscle. Am J 
Physiol. 1997; 273:E1107–12. 

 https://doi.org/10.1152/ajpendo.1997.273.6.E1107 
PMID:9435525 

157. Kanter M. Free radicals, exercise and antioxidant 
supplementation. Proc Nutr Soc. 1998; 57:9–13. 

 https://doi.org/10.1079/pns19980004  
PMID:9571703 

158. Urso ML, Clarkson PM. Oxidative stress, exercise, and 
antioxidant supplementation. Toxicology. 2003; 
189:41–54. 

 https://doi.org/10.1016/s0300-483x(03)00151-3 
PMID:12821281 

159. Meex RC, Schrauwen-Hinderling VB, Moonen-Kornips 
E, Schaart G, Mensink M, Phielix E, van de Weijer T, 
Sels JP, Schrauwen P, Hesselink MK. Restoration of 
muscle mitochondrial function and metabolic 
flexibility in type 2 diabetes by exercise training is 
paralleled by increased myocellular fat storage and 
improved insulin sensitivity. Diabetes. 2010; 59:572–
79. 

 https://doi.org/10.2337/db09-1322  
PMID:20028948 

160. Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, 
Kashyap S, Miyazaki Y, Kohane I, Costello M, Saccone 
R, Landaker EJ, Goldfine AB, Mun E, et al. Coordinated 
reduction of genes of oxidative metabolism in humans 
with insulin resistance and diabetes: Potential role of 
PGC1 and NRF1. Proc Natl Acad Sci USA. 2003; 
100:8466–71. 

 https://doi.org/10.1073/pnas.1032913100 
PMID:12832613 

161. Mu J, Brozinick JT Jr, Valladares O, Bucan M, Birnbaum 
MJ. A role for AMP-activated protein kinase in 
contraction- and hypoxia-regulated glucose transport 
in skeletal muscle. Mol Cell. 2001; 7:1085–94. 

 https://doi.org/10.1016/s1097-2765(01)00251-9 
PMID:11389854 

162. Jang JY, Blum A, Liu J, Finkel T. The role of 
mitochondria in aging. J Clin Invest. 2018; 
128:3662–70. 

 https://doi.org/10.1172/JCI120842  
PMID:30059016 

https://doi.org/10.1152/ajpendo.1996.271.2.E403
https://pubmed.ncbi.nlm.nih.gov/8770036
https://doi.org/10.2337/diacare.20.4.537
https://pubmed.ncbi.nlm.nih.gov/9096977
https://doi.org/10.1056/NEJM200105033441801
https://pubmed.ncbi.nlm.nih.gov/11333990
https://doi.org/10.1001/jama.2012.67929
https://pubmed.ncbi.nlm.nih.gov/23288372
https://doi.org/10.1016/0026-0495(72)90034-0
https://pubmed.ncbi.nlm.nih.gov/5080088
https://doi.org/10.1016/0026-0495(81)90057-3
https://pubmed.ncbi.nlm.nih.gov/7026972
https://doi.org/10.1152/jappl.1989.66.2.876
https://pubmed.ncbi.nlm.nih.gov/2496078
https://doi.org/10.2337/diacare.11.2.201
https://pubmed.ncbi.nlm.nih.gov/3289869
https://doi.org/10.1152/advan.00080.2014
https://pubmed.ncbi.nlm.nih.gov/25434013
https://doi.org/10.1152/ajpendo.1997.273.6.E1107
https://pubmed.ncbi.nlm.nih.gov/9435525
https://doi.org/10.1079/pns19980004
https://pubmed.ncbi.nlm.nih.gov/9571703
https://doi.org/10.1016/s0300-483x(03)00151-3
https://pubmed.ncbi.nlm.nih.gov/12821281
https://doi.org/10.2337/db09-1322
https://pubmed.ncbi.nlm.nih.gov/20028948
https://doi.org/10.1073/pnas.1032913100
https://pubmed.ncbi.nlm.nih.gov/12832613
https://doi.org/10.1016/s1097-2765(01)00251-9
https://pubmed.ncbi.nlm.nih.gov/11389854
https://doi.org/10.1172/JCI120842
https://pubmed.ncbi.nlm.nih.gov/30059016

