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R E S U M E N

Efectos pleiotrópicos del ejercicio físico en el envejecimiento saludable 

El envejecimiento es un proceso multifactorial que afecta a todos los órganos y sistemas del organismo. 
Aunque la reducción de la capacidad física asociada al envejecimiento es, hasta la fecha, inevitable, la prác-
tica de hábitos de vida sanos y de la actividad física pueden reducir la incidencia de varias de las enferme-
dades asociadas al envejecimiento. En esta revisión recapitulamos los diferentes efectos del envejecimiento 
sobre el organismo y presentamos las nuevas evidencias que demuestran cómo el ejercicio es capaz de 
mejorar la fisiología celular en las personas mayores. Además, se indican los mediadores moleculares im-
plicados en el efecto del ejercicio sobre la progresión del envejecimiento.
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A B S T R A C T

Aging is a multifactorial process that affects all the organs and systems of the organism. Although the 
decline of physiological capacity associated with aging is, to date, unavoidable, practice of healthy life 
habits and physical activity can reduce the incidence of several aging-related diseases. In the present review 
we recapitulate the different effects of aging on the organism and show the new evidences that demonstrate 
how exercise is able to improve cell physiology in aged people. Moreover, the molecular mediators involved 
in the effect of exercise on aging progression are indicated. 
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Introduction

Aging is a process, not a disease, which starts just after birthday. Even 

after conception, the developing organism starts a series of mechanisms 

that can affect positively or negatively further development including 

late years of life. These mechanisms are linked to the resistance of the 

organism to the decrease of the efficiency of physiological systems 

associated with aging. Scientific and clinical evidences demonstrate that 

the aging process can be accelerated by the malfunction of some genes 

such as Werner gene (Werner syndrome)1 or the Lamin A gene 

(Hutchinson-Gilford progeria syndrome)2 that causes progeria, a disease 

that produces rapid aging and begins in childhood. These evidences 

demonstrate that aging depends in part of the accurate function of key 

proteins encoded by these genes. Furthermore, several other evidences 

demonstrate that the deregulation of the metabolism in the organism 

also plays an important role in aging process and diseases bases in 

mutations in key components of cell metabolism ended in early death or 

senescence-like processes. 

It is very difficult to disconnect the process of aging from the effect 

that some age-related diseases produce in the organism. In most cases, 

some diseases such as neurodegenerative diseases or metabolic-related 

diseases such as diabetes or obesity are aggravated during aging but also 

accelerate the aging process. 

Although to date we cannot stop the aging process, we can improve 

health during last years of live of individuals. In this sense, increasing 

body of evidences has point to life habits as key factors that affect 

physiological activities during the last years. Among these life habits, 

nutrition, social activity and especially physical activity play an important 

role in the prevention of the impairment of age-related disease 

improving the activity and independence of individuals, in sum, their 

healthy aging. Thus, the aim of the present revision is to highlight the 

role of exercise at late years in the life. 

Deleterious effect of aging on organism’s physiology and 

beneficial effects of exercise

As a general phenomenon, aging affects all the organs and systems of 

the human being. Basically all the cells of the organism are losing their 

physiological capacities and become unable to maintain a functional 

equilibrium. This is the cause by which, although aging is not a disease, 

the progression of the incapability of cells and tissues increase the 

possibility to develop aging-related diseases.

In the following sections we will review the effects of aging on organs 

and systems and the most recent discoveries that demonstrate that the 

practice of physical activity even in old people is beneficial to maintain 

the capacity of the specific organs and also the whole organism. 

Sarcopenia and frailty

Sarcopenia, the degenerative decrease in muscle mass and strength, is 

one of the main degenerative processes occurring during aging. During 

sarcopenia, muscle is replaced by fat and by connective tissue increasing 

fibrosis. Then, this progressive loss of muscle mass is directly responsible 

of the impaired mobility and higher frailty in the elderly. Furthermore, 

muscle injury linked to sarcopenia is accompanied by macrophage 

infiltration and increase of cytokine expression that resembles a 

systemic inflammation in muscle3. 

Although muscle loss linked to sarcopenia is multifactorial4, one of 

the most important risk factors for sarcopenia is sedentarism. Then, it is 

clear that, in an opposite way, the practice of exercise must be one of the 

main factors to maintain muscle mass and improve strength during 

aging. It seems that one of the main factors involved in atrophy of muscle 

fibers accompanying sarcopenia is the increase in dysfunctional 

mitochondria. Following the mitochondrial theory of aging, the 

accumulation of dysfunctional mitochondria during aging due to a 

higher oxidative damage and a lower mitochondrial turnover by 

decreasing mitophagy is responsible of the main physiological 

dysfunction that accumulates in aged people5. Furthermore, a recent 

study performed in a transgenic mouse showing a higher ratio of 

mutations in mitochondrial DNA due to the presence of a proofreading-

deficient version of the mitochondrial DNA polymerase gamma, 

demonstrated a higher incidence of sarcopenia in these animals. 

Sarcopenia was affected by the deficit in mitochondrial activity due to 

anomalous assembly of functional electronic transport chain complexes 

that reduces oxidative phosphorylation although without increasing 

oxidative stress in these animals6. Another mouse model lacking the 

cytosolic version of the superoxide dismutase antioxidant enzyme 

(SOD1), shows high levels of oxidative damage and an accelerated 

sarcopenia. In this case, sarcopenia is also accompanied by a decline in 

mitochondrial bioenergetics, higher mitochondrial-dependent apoptosis 

and higher levels of reactive oxygen species (ROS)7. 

In a very recent review, Parise et al5 show that resistance exercise 

improve mitochondrial phenotype in aged skeletal muscle increasing 

the number of functional fibers and the proportion of functional 

mitochondria in these fibers. Moreover, endurance exercise has been 

able to prevent mitochondrial DNA depletion and mutations in a 

transgenic mouse showing higher ratio of mutation due to abnormalities 

in DNA polymerase gamma8. These studies demonstrate that endurance 

exercise is able to maintain mitochondrial remodeling improving 

bioenergetics and increasing the capacity of muscle fibers. Thus, a 

correct turnover of mitochondria during aging permitting balanced 

bioenergetics equilibrated with the necessities of the organism is 

important to avoid sarcopenia in the elderly. 

However, the type of exercise and the amount must be clearly fixed 

for each individual depending on its specific characteristics because an 

inadequate exercise must produce deleterious effects on muscle due to 

increases in oxidative stress-induced damage9. 

Osteogenesis

As in the case of sarcopenia, bone mass also shows involution with 

aging. Physical activity, even at low frequency, is able to increase bone 

mass and reduce the bone loss associated with age10. Furthermore, the 

decrease of estrogens after menopause is one of the responsible factors 

of bone loss in women since bone remodeling depends in part of 

estrogen receptor alpha11. As exercise is able to stimulate this receptor, 

the combination of exercise with estrogen therapy in postmenopausal 

women would maintain higher bone mass during aging. 

Insulin resistance, obesity and diabetes

Sedentarism is one of the main causes of the epidemic increase of 

obesity and metabolic syndrome and its related risks as cardiovascular 

diseases, type 2 diabetes, hypertension, and other diseases including 

cancer12. One of the main factors involved in the impairment of the 
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production and reduction in the levels of testosterone in serum whereas 

these levels recover after a recovery period of low-level exercise 

practice27. This effect has is known as the «exercise-hypogonadal male 

condition» and the causes are not clear but it seems that the hypothalamic-

pituitary-testicular regulatory axis suffers a readjustment due to chronic 

endurance exercise28. These results indicate that physical activity is 

important to maintain estrogen levels in the organism but it must be 

indicated at a correct level for each age. The balance between beneficial 

and detrimental effects of high levels of estrogens in the organism must 

be considered in old people to plan a specific training protocol depending 

on the age and the specific characteristics of the person.

Another important issue is concerning the adrenal hormones such as 

dehydroepiandrosterone (DHEA) and DHEA-sulfate. These secretory 

products of the adrenal gland dramatically decline with aging. Due to 

the cardioprotective, antiobesity, antidiabetic and immuno-stimulatory 

effects of DHEA, its age-related decline must be one of the most 

important factors in senescence29. Thus, it has been suggested that 

restoration of DHEA levels to young adult levels may have beneficial 

effects on age-related diseases. Most of the studies performed in aged 

people have been focused on the effect of DHEA together with exercise 

in patients showing different diseases. In fact, few recent works indicate 

that exercise increase the levels of DHEA30,31 although other have not 

found changes in older but do in young adults32. Further, other studies 

have found that DHEA can be metabolized in muscle to locally increase 

the levels of testosterone33. Knowing the effects of steroids on muscle 

and several other organs, increase of DHEA by exercise could be one of 

the main factors involved in healthy aging. However, the mechanism by 

which exercise is able to increase DHEA remains to be clarified. 

Immune senescence and inflamm-aging

One of the most known processes affected by aging is immunity. Immune 

system suffers reduction of its capacity even at lower years of the life. As 

a clear mark of the effect of aging, the innate immune system, based on 

non-specific response against pathogens increases whereas the 

adaptative system based on lymphocyte activity and antigen-dependent 

response, is reduced during aging. In this way, the inflammatory response 

increases during aging and produces several auto-immune diseases 

such as systemic arthritis, diabetes, lupus and other diseases and also 

increase the risk for infectious diseases and tumorgenesis. As a chronic 

disease, the increase of pro-inflammatory response in the organism 

during aging has been named as inflamm-aging34. 

Some studies have shown that physical exercise does not result in 

major restoration of the senescent immune system in humans35. 

However, people that practice exercise for long time seem to have a 

relatively better preserved immune system. However, newer studies 

performed on clinical relevant models such as the response to vaccines 

and novel antigens that decreases due to immunosenescence, suggest 

that exercise can be used as therapy for restoring immune function in 

the elderly36. Long-term exercise protocols have been reported to 

improve antibody titer, T-cell function, macrophage response and 

alterations in the cytokine balance, pro-inflammatory cytokines and 

naive/memory cell ratio. These results indicate a general positive effect 

of exercise on immune system36. 

As inflammation increases during aging, exercise training has been 

considered as treatment against chronic inflammation in the elderly37. In 

fact, several of the diseases linked to aging have been related to the 

increase of inflammatory cytokines such as C-reactive proteins and 

homeostasis of the whole organism associated to obesity and diabetes is 

insulin resistance. Aging is accompanied in most of the cases by the 

increase of insulin resistance mainly because physical inactivity13 and by 

the prevalence of the metabolic syndrome14. Insulin resistance perturbs 

the use of glucose by muscle and adipose tissue and produces the 

accumulation of fat in other parts of the organism such as liver impairing 

the activity of this organ. Further, insulin resistance aggravates several 

other processes including atherogenesis, dyslipidemia, increase of 

visceral adiposity, etc. 

The practice of both aerobic and resistive exercise modifies body 

composition and is one of the main therapies to avoid obesity and increase 

insulin sensitivity in the whole organism even in older adults15-18. Short-

term exercise has been able to improve pancreatic beta-cell function and 

ameliorate insulin resistance in old people19. However, it has been recently 

shown that training significantly improves insulin sensitivity in muscle in 

control and diabetic patients20 although mitochondrial ROS release 

tended to be higher in diabetic patients, indicating a putative problem of 

re-adaptation of mitochondria in these patients. 

As in the case of sarcopenia, mitochondria activity seems to be 

importantly involved in the onset of insulin resistance in diabetes and 

aging21. Although it is unclear whether exercise can prevent, reverse or 

delay the onset of insulin sensitivity, several evidences and studies 

indicate that exercise may reverse insulin resistance by affecting 

mitochondrial activity22. 

Exercise and hormones

Estrogen and other hormones production decrease during aging. In 

addition to its known effect on sexual cycle and activity, estrogens are 

important effectors that affect several other activities in the organisms. 

They affect bone remodeling, muscle mass maintenance, lipid deposition, 

prevent neurodegeneration and some kind of cancer, etc. Then, the 

maintenance of estrogen hormones above a determined level can be 

important to preserve tissue activity during aging. 

Postmenopausal women show a clear decline of hormone levels that 

not only affects estradiol but also testosterone levels. This decline would 

affect physical capacity since it has been demonstrate that sex and 

estrogen may attenuate the indices of post-exercise muscle damage and 

enhance muscle contractile properties23. Once again, some studies have 

demonstrated the effect of estrogens on mitochondrial capacity for 

oxidative phosphorylation at the same time that decrease production of 

ROS indicating that mitochondrial decline with aging can be also 

reduced by maintaining higher levels of estrogens during aging, 

especially in women24. Then, the reduction of estrogens levels during 

aging would be one of the main factors involving in the decrease of 

physical capacity during aging. 

Several studies have been developed to determine the effect of 

exercise on estrogens levels. Although a fist hypothesis would indicate 

higher levels of hormones after exercise, a recent study have shown that 

sexual hormones such as estradiol or testosterone show an inverse 

association with physical activity during menopausal transition25. 

However, in general, most of the studies have demonstrated that exercise 

is able to induce an increase in circulating androgens in both sexes. This 

effect is observed after both, resistance and endurance acute exercise26. 

However, in the cases of chronic training, the picture is less clear and, in 

some cases, exercise can lead to a decrease in circulating androgens. 

On the other hand, it has been demonstrate in men that the practice 

of long-term intensive training produce deleterious effects on semen 
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reduce the risk of progressing or hypertension and improve endothelium-

dependent dilatation in the aorta and resistance arteries of the heart. 

Moreover, short-term training is able to increases endothelial function 

in coronary conduit arteries46. In a study performed on middle-aged 

men during 33 years of physical training, the results demonstrated that 

exercise produced a favorable effect on cardiovascular system during 

aging reducing loss of oxygen uptake, no rise in resting blood pressure 

and not changes in body composition47. Moreover, chronic exercise also 

reduces the deficiency in the autonomic nervous system controlling 

cardiovascular system48 and maintains the morphology and 

morphometry and number of cardiac neurons in Wistar rats49. 

Regeneration of endothelial tissue also decreased during aging. 

Circulating endothelial progenitor cells (EPCs) contribute to the integrity 

of the endothelium and its function whereas cardiac stem cells (CSCs) 

can differentiate into cardiomyocytes, endothelial or smooth muscle 

cells in the heart. During aging, both EPCs and CSCs suffer a reduction in 

their number and functional capacity50. It has been suggested that 

regular physical activity can increase the activity of these cells during 

aging maintaining a higher ratio of cardiovascular tissues regeneration. 

This higher capacity of endothelial function can also improve neurological 

activity by increasing the metabolic support of some brain regions 

increasing regional capillary density51. 

Neurological effects of exercise

Although with a different sense that the currently known, the Roman 

poet Decimus Iunius Iuvenalis (Juvenal), wrote the sentence «mens sana 

in corpore sano» in its Satire X. The current use of this sentence is related 

to the beneficial effects of exercise on brain and several studies have 

demonstrate that the practice of exercise, especially in aged people, can 

produce beneficial effects on brain activity and delay the progression of 

known age-related neurodeficiencies such as Parkinson’s or Alzheimer’s 

diseases. In a recent revision, Dishman et al, indicate that recent 

evidences are accumulating about the protective benefits of physical 

activity in neurological diseases that aggravate during aging such as 

Parkinson’s disease, Alzheimer’s disease, and ischemic stroke52. In a 

recent work carried out with a significant human population it has been 

reported that the incidence rate of dementia in aged population 

practicing exercise almost 3 times per week was significantly lower 1.3% 

vs. 1.97% than in sedentary population53. 

However, the main problem is to determine what kind of exercise 

and intensity is better to increase brain performance, memory or 

different brain activities. In a recent work Colcombe et al have reported 

that aerobic fitness training but not stretching and toning training affect 

brain volume in both gray and white matter and then, enhancing central 

nervous system function54. 

Hippocampus is the main brain region involved in memory. Recently, 

Kramer group has shown that there is a triple relationship between 

higher levels of aerobic fitness, higher hippocampal volume and better 

memory function55. Exercise enhances proliferation of neural stem cells 

increasing neuronal reparation. At the same time exercise is able to 

increase neurite growth and the survival of neuronal progenitor cells in 

mice dentate gyrus of hippocampus56. Furthermore, continued exercise 

reduces the age-dependent decline in adult neurogenesis57. These results 

have demonstrated that the practice of physical activity might contribute 

to higher cerebral capacity during aging by increasing neurogenesis 

even in adults although the effect has been higher in young that in old 

animals58. 

other cytokines: metabolic syndrome and diabetes, osteoporosis, 

cardiovascular disease including atherosclerosis, hypertension, etc. In 

some cases, the cause and the consequence of this inflammatory process 

are confusing. For example, the accumulation of adipose tissue in obesity 

contributes to the production of TNF-α, IL-6, IL-1 receptor antagonist 

and C-reactive protein38 whereas this pro-inflammatory status may 

contribute to insulin-resistance that produces fat accumulation. Studies 

performed in rats, have demonstrated that the practice of moderate 

exercise is enough to significantly reduce the inflammatory levels in 

these animals39. Recent studies have also demonstrated that the practice 

of mixed exercise, aerobic and resistive, in obese people together with 

the maintenance of diary activity produces a significant anti-

inflammatory effect on these patients40. However, other studies indicate 

that resistance exercise training is able to reduce pro-inflammatory 

markers whereas aerobic exercise does not produce any effect41. As a 

mechanism of action it has been postulated that TNF-α is one of the 

responsible of insulin resistance. Exercise stimulates the production of 

IL-6 by muscle fibers that would stimulate the presence of anti-

inflammatory cytokines such as IL1-ra and IL-10 in circulation that 

would inhibit the production of TNF-α. Decrease of TNF-α levels would 

then reduce its effect on insulin resistance38 decreasing several of the 

deleterious effects related to higher levels of glucose in blood such as 

adipogenesis, atherosclerosis or liver adiposity. 

Besides the increasing body of evidences indicating that the practice 

of exercise, even in older adults, improves immune system activity42, the 

mechanism by which this effect is produced remains to be elucidates. In 

some cases36, it has been suggested that hormones regulate the activity 

of the immune system43. In fact, the imbalance that is produced during 

aging in the ratio between cortisol and DHEA can be one of the factors 

involved in immunosenescence since they show opposite effects 

on immune function being DHEA immunostimulatory and cortisol 

immunoinhibitory. The increase of DHEA levels found in people that 

practice exercise30 indicates that this would be the cause of the 

improvement in immune response found in active people. 

Cardiovascular system

Aging also affects cardiovascular system that result in alterations in 

cardiovascular physiology affecting mechanical and structural properties 

of the vascular wall. These modifications lead to the loss of arterial 

elasticity and an increase in stiffness of the arterial system. Arterial 

compliance is also reduced in aging-related disease states such as 

hypertension or diabetes44. Even more, coronary artery disease occurs 

with increasing frequency as age increases. The loss of elasticity results 

in increased overload on the left ventricle, increase in systolic blood 

pressure, and left ventricular hypertrophy and other changes in the left 

ventricular wall that prolong relaxation of the left ventricle in diastole. 

Furthermore, atrial pacemaker cells suffer a dropout resulting in the 

decrease in intrinsic heart rate. Finally, cardiac skeleton suffers 

calcification in the base of the aortic valve and β-adrenergic receptor 

reduces their responsiveness to neurotransmitters45. All these changes 

produce systolic hypertension, diastolic dysfunction and heart failure, 

defects in atrio-ventricular conduction and aortic valve calcification, all 

diseases have been seen in the elderly45. 

There are several evidences that demonstrate a positive effect of 

exercise on cardiovascular dysfunction associated with aging or age-

related diseases. Most of the clinical trials confirm that lifestyle 

interventions (dietary modification and increased physical activity) 
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function and regulates muscle activities improving cell response66 and 

reducing insulin resistance. 

The response of the organism to environmental agents characterized 

by a low dose stimulation of beneficial effects whereas high doses 

produce toxic and also deleterious effects is called hormesis67. As in the 

case of ischemia, dietary restriction or low doses of phytochemicals, 

exercise also induces mild stress in the organism inducing stress-

dependent signals that activate kinases, deacetylases and transcription 

factors such as Nrf-2 or NF-kB that increase the amount of protective 

and antioxidant proteins and the activity of reparation systems all kind 

of biomolecules including DNA and proteins. Long-term exercise training 

induces manganese-SOD (MnSOD) in heart of senescent rats68. The 

effect of exercise is not only focused on muscle but also can affect other 

organs such as kidney where exercise increase antioxidant defenses and 

decreases oxidative stress by activating Nrf-2-dependent mechanisms69. 

Or in the case of vascular system where the practice of exercise increases 

SOD activity, downregulates NADPH oxidase activity and reduces 

oxidative stress70 improving endothelial function in the whole organism 

and cardiovascular system. This effect also involved protein turnover 

that removes and replaces damaged proteins avoiding one of the main 

causes of physiological impairment found in aging71. 

Concluding remarks

Several evidences indicate that maintaining physical activity at older 

ages would produce beneficial effects in the whole organism reducing 

the deleterious effects of physiological decline associated with aging 

and improving healthy aging. The practice of exercise is able to maintain 

cell physiology at higher levels improving the capacity of cells to 

eliminate damage in lipids, proteins and DNA. Maintenance of a balanced 

turnover of biomolecular components of cells would permit a higher 

capacity of cells, tissues and organs. Furthermore, mitochondria are also 

a key component in the improvement of body capacity induced by 

exercise or by caloric restriction that has demonstrated its positive effect 

on life-span. As the key component in cell bioenergetics, the maintenance 

of a balanced activity of mitochondria at older ages would be a key 

component in the increase of organs and systems activity during aging. 

The discovery of the molecular mechanisms involved in the effect of 

exercise or dietary restriction on healthy aging would permit us to 

design new therapies based on nutrition, pharmacology and exercise to 

increase the capacity of people during last years of the life. These 

therapies not only will affect humans as individuals but also will produce 

a higher social impact reducing the considerable cost of the treatments 

of chronic aging-related diseases. 

Acknowledgements

This work was supported by DEP2005-00238-C04-04 and DEP2009-

12019 grants of the Ministerio de Ciencia e Innovación and by the 

IMD2010SC0002 grant of the Consejería de Turismo, Comercio y Deporte 

de la Junta de Andalucía. 

References

1. Davis T, Wyllie FS, Rokicki MJ, Bagley MC, Kipling D. The role of cellular 
senescence in Werner syndrome: toward therapeutic intervention in hu-
man premature aging. Ann N Y Acad Sci. 2007;1100:455-69. 

The mechanism by which exercise improves brain activity is not 

completely clear. Although only few factors have been already discovered, 

it have been demonstrated that exercise increases the levels of insulin 

growth factor-1 (IGF-1) in brain and this factor enhances the production 

of neurotrophic factors such as brain derived neurotrophic factor (BDNF). 

BDNF is one of the main factors involved in the complex activity of brain. 

Very interestingly, caloric restriction, the dietary manipulation able to 

increase both, mean life-span and maximum life, also affects both, 

IGF-1 and BDNF in brain59. BDNF is a factor that protects against 

neurodegeneration and modifies neuronal plasticity60. As in other 

systems involved in the decline of physiological activity during aging, 

BDNF also affects mitochondrial activity modifying brain metabolism61. 

Molecular mechanisms involved in the effect of exercise on 

aging

To explain how exercise produces the above described protective effects 

on aging we have to focus on the main factors involved in aging. However, 

to date there is not a theory that is generally accepted to explain aging. 

We know that accumulation of damage along life and the incapacity to 

remove damaged components of cells and tissues is directly related to 

the malfunction of cells and the deterioration of physiological functions 

that aggravates during aging. However, the main cause is not clear 

although oxidative stress and the effect of oxidized macromolecules 

seem to be one of the more accepted mechanisms. As mitochondria are 

the main ROS producers in the cell, growing dysfunction of mitochondria 

could explain most of the problems occurring during aging62. 

Experiments carried out in mouse demonstrate that exercise is able 

to reduce the incidence of mitochondrial mutations that induce 

accumulation of dysfunctional mitochondria. Recently, several papers 

indicate that the exercise-dependent induction of mitochondrial 

biogenesis in muscle is able to protect muscle against mitochondrial 

damages8,63. Several factors are involved in mitochondrial biogenesis. 

They can be clustered in three main groups: ubiquitous transcription 

factors (SP1, YY1, CREB, MEF-2/E-Box), nuclear respiratory factors (NRF-

1, -2, MT1- to -4) and co-activators (PGC-1α, 1B and PRC)62. Other factors 

are also involved in the metabolic adaptation to fasting and energy 

requirements such as peroxisome proliferator activated receptor (PPAR) 

that together with PGC-1α increase mitochondrial biogenesis. 

The most recent results indicate that PGC-1α is required for training-

induced prevention of the decline in mitochondrial activity and 

expression of antioxidant enzymes in skeletal muscle64. Among the 

molecular components involved in mitochondrial turnover we found 

PGC-1α as common component. Biogenesis of new mitochondria is 

stimulated by the PGC-1α-NRF1 pathway. PGC-1α is the first stimulator 

of mitochondrial biogenesis whereas NRF1 is an intermediate 

transcription factor which stimulates the synthesis of transcription 

factor A mitochondrial (TFAM). In mitochondria TFAM activates the 

duplication of mitochondrial DNA molecules. One of the reasons by 

which mitochondria activity decreases during aging is because this 

pathway is impaired65. Since aerobic exercise is able to activate 

mitochondriogenesis in young animals, activation of this system would 

be one of the mechanisms by which exercise increases muscle capacity 

and improves physiology of other organs during aging 

The modulation of mitochondrial activity is also related to the 

improvement of insulin resistance found after the practice of exercise. 

Regulation of the AKT/mTOR pathway by exercise improves endothelial 

́́



G. López-Lluch and P. Navas / Rev Andal Med Deporte. 2011;4(2):77-8382

31. Cumming DC, Brunsting LA, 3rd, Strich G, Ries AL, Rebar RW. Reproductive 
hormone increases in response to acute exercise in men. Med Sci Sports 
Exerc. 1986;18:369-73.

32. Aldred S, Rohalu M, Edwards K, Burns V. Altered DHEA and DHEAS respon-
se to exercise in healthy older adults. J Aging Phys Act. 2009;17:77-88.

33. Aizawa K, Iemitsu M, Maeda S, Otsuki T, Sato K, Ushida T, et al. Acute exer-
cise activates local bioactive androgen metabolism in skeletal muscle. Ste-
roids. 2010;75:219-23.

34. Giunta S. Exploring the complex relations between inflammation and 
aging (inflamm-aging): anti-inflamm-aging remodelling of inflamm- 
aging, from robustness to frailty. Inflamm Res. 2008;57:558-63.

35. Bruunsgaard H, Pedersen BK. Special feature for the Olympics: effects of 
exercise on the immune system: effects of exercise on the immune system 
in the elderly population. Immunol Cell Biol. 2000;78:523-31.

36. Kohut ML, Senchina DS. Reversing age-associated immunosenescence via 
exercise. Exerc Immunol Rev. 2004;10:6-41.

37. Nicklas BJ, Brinkley TE. Exercise training as a treatment for chronic inflam-
mation in the elderly. Exerc Sport Sci Rev. 2009;37:165-70.

38. Petersen AM, Pedersen BK. The anti-inflammatory effect of exercise. J Appl 
Physiol. 2005;98:1154-62.

39. Belotto MF, Magdalon J, Rodrigues HG, Vinolo MA, Curi R, Pithon-Curi TC, 
et al. Moderate exercise improves leucocyte function and decreases infla-
mmation in diabetes. Clin Exp Immunol. 2010;162:237-43.

40. Balducci S, Zanuso S, Nicolucci A, Fernando F, Cavallo S, Cardelli P, et al. 
Anti-inflammatory effect of exercise training in subjects with type 2 diabe-
tes and the metabolic syndrome is dependent on exercise modalities and 
independent of weight loss. Nutr Metab Cardiovasc Dis. 2010;20:608-17.

41. Donges CE, Duffield R, Drinkwater EJ. Effects of resistance or aerobic exer-
cise training on interleukin-6, C-reactive protein, and body composition. 
Med Sci Sports Exerc. 2010;42:304-13.

42. Senchina DS, Kohut ML. Immunological outcomes of exercise in older 
adults. Clin Interv Aging. 2007;2:3-16.

43. Buford TW, Willoughby DS. Impact of DHEA(S) and cortisol on immune 
function in aging: a brief review. Appl Physiol Nutr Metab. 2008;33:429-
33.

44. Jani B, Rajkumar C. Ageing and vascular ageing. Postgrad Med J. 2006;
82:357-62.

45. Cheitlin MD. Cardiovascular physiology-changes with aging. Am J Geriatr 
Cardiol. 2003;12:9-13.

46. Yung LM, Laher I, Yao X, Chen ZY, Huang Y, Leung FP. Exercise, vascular wall 
and cardiovascular diseases: an update (part 2). Sports Med. 2009;39:45-
63.

47. Kasch FW, Boyer JL, Schmidt PK, Wells RH, Wallace JP, Verity LS, et al. Age-
ing of the cardiovascular system during 33 years of aerobic exercise. Age 
Ageing. 1999;28:531-6.

48. Wichi RB, De Angelis K, Jones L, Irigoyen MC. A brief review of chronic exer-
cise intervention to prevent autonomic nervous system changes during the 
aging process. Clinics. 2009;64:253-8.

49. Gama EF, Santarem JM, Liberti EA, Jacob Filho W, Souza RR. Exercise chan-
ges the size of cardiac neurons and protects them from age-related neuro-
degeneration. Ann Anat. 2010;192:52-7.

50. Thijssen DH, Torella D, Hopman MT, Ellison GM. The role of endothelial 
progenitor and cardiac stem cells in the cardiovascular adaptations to age 
and exercise. Front Biosci. 2009;14:4685-702.

51. Anderson BJ, Greenwood SJ, McCloskey D. Exercise as an intervention for 
the age-related decline in neural metabolic support. Front Aging Neurosci. 
2010;2:30.

52. Dishman RK, Berthoud HR, Booth FW, Cotman CW, Edgerton VR, Fleshner 
MR, et al. Neurobiology of exercise. Obesity. 2006;14:345-56.

53. Larson EB, Wang L, Bowen JD, McCormick WC, Teri L, Crane P, et al. Exercise 
is associated with reduced risk for incident dementia among persons 65 
years of age and older. Annals Intern Med. 2006;144:73-81.

54. Colcombe SJ, Erickson KI, Scalf PE, Kim JS, Prakash R, McAuley E, et al. Ae-
robic exercise training increases brain volume in aging humans. J Gerontol. 
2006;61:1166-70.

55. Erickson KI, Prakash RS, Voss MW, Chaddock L, Hu L, Morris KS, et al. Aero-
bic fitness is associated with hippocampal volume in elderly humans. Hi-
ppocampus. 2009;19:1030-9.

56. Wu CW, Chang YT, Yu L, Chen HI, Jen CJ, Wu SY, et al. Exercise enhances the 
proliferation of neural stem cells and neurite growth and survival of neu-
ronal progenitor cells in dentate gyrus of middle-aged mice. J Appl Physiol. 
2008;105:1585-94.

57. Kronenberg G, Bick-Sander A, Bunk E, Wolf C, Ehninger D, Kempermann G. 
Physical exercise prevents age-related decline in precursor cell activity in 
the mouse dentate gyrus. Neurobiol Aging. 2006;27:1505-13.

58. Kim YP, Kim H, Shin MS, Chang HK, Jang MH, Shin MC, et al. Age-dependen-
ce of the effect of treadmill exercise on cell proliferation in the dentate 
gyrus of rats. Neurosci Lett. 2004;355:152-4.

59. Fontán-Lozano A, López-Lluch G, Delgado-García JM, Navas P, Carrión AM. 
Molecular bases of caloric restriction regulation of neuronal synaptic plas-
ticity. Mol Neurobiol. 2008;38:167-77.

2. Domínguez-Gerpe L, Araújo-Vilar D. Prematurely aged children: molecular 
alterations leading to Hutchinson-Gilford progeria and Werner syndromes. 
Curr Aging Sci. 2008;1:202-12. 

3. Peake J, Della Gatta P, Cameron-Smith D. Aging and its effects on inflam-
mation in skeletal muscle at rest and following exercise-induced muscle 
injury. Am J Physiol. 2010;298:R1485-95.

4. Jensen GL. Inflammation: roles in aging and sarcopenia. J Parenter Enteral 
Nutr. 2008;32:656-9.

5. Parise G, De Lisio M. Mitochondrial theory of aging in human age-related 
sarcopenia. Interdiscip Top Gerontol. 2010;37:142-56.

6. Hiona A, Sanz A, Kujoth GC, Pamplona R, Seo AY, Hofer T, et al. Mitochon-
drial DNA mutations induce mitochondrial dysfunction, apoptosis and sar-
copenia in skeletal muscle of mitochondrial DNA mutator mice. PloS One. 
2010;5:e11468.

7. Jang YC, Lustgarten MS, Liu Y, Muller FL, Bhattacharya A, Liang H, et al. In-
creased superoxide in vivo accelerates age-associated muscle atrophy 
through mitochondrial dysfunction and neuromuscular junction degene-
ration. FASEB J. 2010;24:1376-90.

8. Safdar A, Bourgeois JM, Ogborn DI, Little JP, Hettinga BP, Akhtar M, et al. 
Endurance exercise rescues progeroid aging and induces systemic mito-
chondrial rejuvenation in mtDNA mutator mice. Proc Natl Acad Sci USA. 
2011; in press.

9. Puente-Maestu L, Lázaro A, Tejedor A, Camano S, Fuentes M, Cuervo M, et 
al. Effects of exercise on mitochondrial DNA content in skeletal muscle of 
patients with COPD. Thorax. 2011;66:121-7.

10. Schoutens A, Laurent E, Poortmans JR. Effects of inactivity and exercise on 
bone. Sports Med. 1989;7:71-81.

11. Chilibeck PD, Cornish SM. Effect of estrogenic compounds (estrogen or 
phytoestrogens) combined with exercise on bone and muscle mass in ol-
der individuals. Appl Physiol Nutr Metab. 2008;33:200-12.

12. Dwyer T, Magnussen CG, Schmidt MD, Ukoumunne OC, Ponsonby AL, Rai-
takari OT, et al. Decline in physical fitness from childhood to adulthood 
associated with increased obesity and insulin resistance in adults. Diabetes 
Care. 2009;32:683-7.

13. Amati F, Dube JJ, Coen PM, Stefanovic-Racic M, Toledo FG, Goodpaster BH. 
Physical inactivity and obesity underlie the insulin resistance of aging. Dia-
betes Care. 2009;32:1547-9.

14. Fulop T, Tessier D, Carpentier A. The metabolic syndrome. Pathologie-Bio-
logie. 2006;54:375-86.

15. Ryan AS. Insulin resistance with aging: effects of diet and exercise. Sports 
Med. 2000;30:327-46.

16. Ryan AS. Exercise in aging: its important role in mortality, obesity and in-
sulin resistance. Aging Health. 2010;6:551-63.

17. Ryan AS, Pratley RE, Goldberg AP, Elahi D. Resistive training increases insu-
lin action in postmenopausal women. J Gerontol. 1996;51:M199-205.

18. Ryan DH. Diet and exercise in the prevention of diabetes. Int J Clin Pract 
Suppl. 2003;134:28-35.

19. Bloem CJ, Chang AM. Short-term exercise improves beta-cell function and 
insulin resistance in older people with impaired glucose tolerance. J Clin 
Endocrinol Metabol. 2008;93:387-92.

20. Hey-Mogensen M, Hojlund K, Vind BF, Wang L, Dela F, Beck-Nielsen H, et al. 
Effect of physical training on mitochondrial respiration and reactive oxy-
gen species release in skeletal muscle in patients with obesity and type 2 
diabetes. Diabetologia. 2010;53:1976-85.

21. Ritz P, Berrut G. Mitochondrial function, energy expenditure, aging and in-
sulin resistance. Diabetes Metabol. 2005;31 Spec No 2:5S67-73.

22. Lanza IR, Nair KS. Muscle mitochondrial changes with aging and exercise. 
Am J Clin Nutr. 2009;89:467S-71.

23. Enns DL, Tiidus PM. The influence of estrogen on skeletal muscle: sex mat-
ters. Sports Med. 2010;40:41-58.

24. Duckles SP, Krause DN, Stirone C, Procaccio V. Estrogen and mitochondria: 
a new paradigm for vascular protection? Molec Interv. 2006;6:26-35.

25. Schmitz KH, Lin H, Sammel MD, Gracia CR, Nelson DB, Kapoor S, et al. As-
sociation of physical activity with reproductive hormones: the Penn Ova-
rian Aging Study. Cancer Epidemiol Biomarkers Prev. 2007;16:2042-7.

26. Enea C, Boisseau N, Fargeas-Gluck MA, Diaz V, Dugue B. Circulating andro-
gens in women: exercise-induced changes. Sports Med. 2011;41:1-15.

27. Safarinejad MR, Azma K, Kolahi AA. The effects of intensive, long-term 
treadmill running on reproductive hormones, hypothalamus-pituitary-
testis axis, and semen quality: a randomized controlled study. J Endocrinol. 
2009;200:259-71.

28. Hackney AC. Effects of endurance exercise on the reproductive system of 
men: the «exercise-hypogonadal male condition». J Endocrinol Invest. 
2008;31:932-8.

29. Von Muhlen D, Laughlin GA, Kritz-Silverstein D, Barrett-Connor E. The De-
hydroepiandrosterone And WellNess (DAWN) study: research design and 
methods. Contemp Clin Trials. 2007;28:153-68.

30. Ravaglia G, Forti P, Maioli F, Pratelli L, Vettori C, Bastagli L, et al. Regular 
moderate intensity physical activity and blood concentrations of endoge-
nous anabolic hormones and thyroid hormones in aging men. Mech Aging 
Develop. 2001;122:191-203.

́́



G. López-Lluch and P. Navas / Rev Andal Med Deporte. 2011;4(2):77-83 83

protein metabolism by improving endothelial function and Akt/mamma-
lian target of rapamycin signaling. Diabetes. 2007;56:1615-22.

67. Mattson MP. Hormesis defined. Ageing research reviews. 2008;7:1-7.
68. Lawler JM, Kwak HB, Kim JH, Suk MH. Exercise training inducibility of Mn-

SOD protein expression and activity is retained while reducing prooxidant 
signaling in the heart of senescent rats. Am J Physiol. 2009;296:R1496-
502.

69. George L, Lokhandwala MF, Asghar M. Exercise activates redox-sensitive 
transcription factors and restores renal D1 receptor function in old rats. 
Am J Physiol. 2009;297:F1174-80.

70. Durrant JR, Seals DR, Connell ML, Russell MJ, Lawson BR, Folian BJ, et al. 
Voluntary wheel running restores endothelial function in conduit arteries 
of old mice: direct evidence for reduced oxidative stress, increased supe-
roxide dismutase activity and down-regulation of NADPH oxidase. J Phy-
siol. 2009;587:3271-85.

71. Vaanholt LM, Speakman JR, Garland Jr., T, Lobley GE, Visser GH. Protein 
synthesis and antioxidant capacity in aging mice: effects of long-term vo-
luntary exercise. Physiol Biochem Zool. 2008;81:148-57.

60. Duan W, Guo Z, Jiang H, Ware M, Mattson MP. Reversal of behavioral and 
metabolic abnormalities, and insulin resistance syndrome, by dietary res-
triction in mice deficient in brain-derived neurotrophic factor. Endocrino-
logy. 2003;144:2446-53.

61. Markham A, Cameron I, Franklin P, Spedding M. BDNF increases rat brain 
mitochondrial respiratory coupling at complex I, but not complex II. Europ 
J Neurosci. 2004;20:1189-96.

62. López-Lluch G, Irusta PM, Navas P, de Cabo R. Mitochondrial biogenesis and 
healthy aging. Exp Gerontol. 2008;43:813-9.

63. Wenz T, Díaz F, Hernández D, Moraes CT. Endurance exercise is protective 
for mice with mitochondrial myopathy. J Appl Physiol. 2009;106:1712-9.

64. 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.

65. Viña J, Gómez-Cabrera MC, Borrás C, Froio T, Sanchís-Gomar F, Martínez-
Bello VE, et al. Mitochondrial biogenesis in exercise and in ageing. Adv 
Drug Deliv Rev. 2009;61:1369-74.

66. Fujita S, Rasmussen BB, Cadenas JG, Drummond MJ, Glynn EL, Sattler FR, et 
al. Aerobic exercise overcomes the age-related insulin resistance of muscle 

́́


