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Abstract

Regular exercise and a physically active lifestyle have favorable effects on health. Several issues 

related to this theme are addressed in this report. A comment on the requirements of personalized 

exercise medicine and in-depth biological profiling along with the opportunities that they offer is 

presented. This is followed by a brief overview of the evidence for the contributions of genetic 

differences to the ability to benefit from regular exercise. Subsequently, studies showing that 

mutations in TP53 influence exercise capacity in mice and humans are succinctly described. The 

evidence for effects of exercise on endothelial function in health and disease also is covered. 

Finally, changes in cardiac and skeletal muscle in response to exercise and their implications for 

patients with cardiac disease are summarized. Innovative research strategies are needed to define 

the molecular mechanisms involved in adaptation to exercise and to translate them into useful 

clinical and public health applications.
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A. Introduction

As physical activity (PA) energy expenditure has diminished and sedentary pursuits have 

increased, a number of physical and psychosocial ailments related to inactivity have become 

manifest. The phenomenon was first documented by the seminal studies of Morris et al. 

(1,2) on occupational PA and risk of coronary heart disease (CHD) in London public 

transportation workers in the 1950s. Since then, a large number of epidemiological studies 

have confirmed that PA level and cardiorespiratory fitness (CRF) are associated with the 

risk of mortality, morbidities, and the risk factor profile for common chronic diseases (3–

11). Moreover, a body of data from randomized, controlled exercise interventions and other 

experimental studies has established that regular exercise produces favorable changes in 

commonly recognized risk factors for cardiovascular disease (CVD), type 2 diabetes, and 

other conditions (12–16).

The health benefits of a physically active lifestyle are typically evaluated with reference to 

mean response of a given risk factor or outcome to an exercise program. This approach fails 

to recognize that there are considerable inter-individual differences in responses to any 

exercise program (17,18).

Issues related to this overarching theme organized around five topics are addressed in the 

present report. First, a brief expose of the requirements of personalized exercise medicine 

and of in-depth biological profiling is presented. This is followed by a summary of the 

evidence for the contributions of genetic differences to the ability to benefit from regular 

exercise. Third, studies showing that mutations in TP53 influence exercise capacity in mice 

and humans are succinctly described. This is followed by a section on the evidence for the 

effects of acute and regular exercise on endothelial function in healthy individuals and 

patients with CVD. Finally, the changes in cardiac and skeletal muscle in response to regular 

exercise and their implications for patients with cardiac disease are summarized.

B. Genomic implications for PA

The completion of the Human Genome Project and the subsequent expansion of genetic 

studies to genome-wide association studies (GWASs) and whole genome and whole exome 

sequencing have led to a new era in genetics. Though still in its infancy, personalized 

genomics and related personal omics profiling, encompassing epigenomics, 

pharmacogenomics, transcriptomics, proteomics, metabolomics, and antibody profiling, will 

allow for the deep biological profiling of humans in the face of PA.

1. Personalized genomics and beyond

Previous investigators have examined in a clinical context the whole genome sequence of an 

apparently healthy individual (19) and provided personalized results. Common disease 

variants were interpreted and estimated effect sizes aggregated to provide an estimate of the 
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future risk of developing common diseases such as diabetes, CHD, hypertension, or 

osteoporosis. In addition, the genome was evaluated for evidence of rare variants associated 

with rare diseases associated with potential increased risk of sudden death, fracture, or 

metabolic disease. Evaluation of the whole genome sequence also allowed for elucidation of 

genetic differences, which may predispose to adverse or differential drug responses. Further 

work demonstrated the incremental value of phasing genomic information among a family 

to improve interpretability (20). Evaluation of common disease risk alleles showed that 

common alleles, as expected, can be differentially dispersed among family members so that 

high- and low-risk offspring may be seen from average-risk individuals, even in the absence 

of new genetic variation. Similarly, without targeted genotyping, individual family members 

who carry risk alleles of manifest rare diseases can be easily inferred.

Integrated personal omics profiling using a combination of genomic, transcriptomic, 

proteomic, metabolomics, and antibody profiling has been described in an apparently 

healthy individual (21). Repeated measures of metabolic, antibody, and transcript profiles 

allowed time-resolved discrimination of subject-environment interactions and identification 

of novel processes associated with changes in health status. Furthermore, cross-sample and 

cross-platform validation improved confidence of variant calls and in many cases proved the 

direct effects of genomic variants on transcript and proteomic profiles. While the extent of 

omic profiling demonstrated by Chen et al. has not been achieved at a cohort or population 

scale, the opportunities and limitations of multiscale phenotyping have yet to be fully 

evaluated. Efficient data reduction methods and validation to improve inference and 

causality will be required to allow omics profiling to reach common usage. Integrating 

genomic and omics profiling into research, clinical practice, and PA will require continued 

improvements in the efficiency of data generation as well as further optimization of nascent 

bioinformatics tools.

2. Genomic implications for PA and exercise training

Prior and current research on the genetics of exercise training is covered in other sections of 

this report. Findings from many disease-oriented GWASs, spanning for example obesity, 

diabetes, atherosclerosis, lung disease, psychiatric disorders, and neuromuscular disease 

[cataloged in (22)], may have implications for exercise training and health effects of PA. 

Exploring the interactions of these disease-associated variants with exercise (lifetime or 

recent burden) as a covariate may uncover heretofore unappreciated correlations. 

Comprehensive phenotypic and genetic information as available or under development in 

large population studies (China Kadoorie Biobank, Million Veteran Program, Women’s 

Health Initiative, etc.) may uncover further genetic variants with impacts on physical 

activity-related health.

In the realm of PA research and therapies, whole exome and genome sequencing and omics 

profiling will allow deep profiling of an individual’s genetic makeup that may impact the 

tolerance, effects, and performance expected from pursuing PA or training, in addition to 

tracking of the biological changes that occur with activity and intentional exercise. This 

personalization would be in line with the knowledge that considerations must be taken of the 

Bouchard et al. Page 3

Prog Cardiovasc Dis. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



individual’s response to different types of training and doses when recommending or 

prescribing exercise (23).

Integrated personal omics profiling has the potential to inform effects of PA on health, 

training regimen selection, and athletic performance. This would start with focused 

interpretation of pertinent variants across the whole genome, including both rare and 

common variation. An athletic genome interpretation could delineate rare variants with 

negative or positive effects, such as a truncated erythropoietin receptor (24) suggesting 

inborn advantage in endurance sports or mutations associated with underlying 

cardiomyopathy, which if present could lead to restriction from athletic activity (25). In all 

individuals, common variants will impact disease risk and athletic potential; delineation of 

the impact and effect of these variants is and will be the subject of many ongoing and future 

studies. Integration of rare and common risk alleles will allow the generation of a complete 

genetic profile as it pertains to PA. This profile will give an integrated view of the person’s 

intrinsic base CRF level, response to PA, and physiological potential.

Athletic personal omics profiling would facilitate monitoring over time and integrate 

biological information with change in physiological states (e.g., activity intensity, duration, 

response to training or performance level). This could include proteomic, transcriptomic, 

and metabolomic analyses during a period of training or recovery. Certainly ascertainment 

of time- and tissue-resolved expression, protein, and metabolic programs would be critical 

for inferring biological causality. Novel insights could be gained by comparing the omic 

response to different exercise regimes. A reductionist approach would search for nonrandom 

patterns, either correlated patterns over time or single outlier events concordant across 

datatypes. Correlation network-based analytic methods would allow data congregation and 

facilitate identification of key nodal regulators (26). Analyses may for example show that 

training volume correlate with the translation or turnover of mitochondrial proteins, or that 

only training sessions of extremely high intensity will potentiate transcript and protein levels 

of skeletal muscle contractile and calcium-handling proteins. For the individual, these 

analyses could provide an explanatory model as to whether a specific regime was effective. 

For exercise scientists, these data could prove invaluable in exploring the coordinated 

molecular adaptations associated with exercise training.

Combining integrated personal omics profiles from a cohort of athletes could provide a 

larger catalogue to inform personalized training. Even though training load and performance 

level differs, the data and results from athletes may also be applicable to approaches for PA 

in the general population. A compendium of integrated omics profiles may be useful to 

predict the best choice of exercise on a personalized basis, without the need to perform 

extensive or repeated exercise testing of every individual.

C. Genetics and response to regular exercise

Human variation in responsiveness to regular exercise was first recognized more than 30 

years ago (27). In a series of experiments conducted with groups of sedentary young (18 to 

30 years) men and women, it was shown that there were large interindividual differences in 

trainability for CRF as assessed by maximal oxygen uptake (VO2Max) and submaximal 
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exercise capacity, skeletal muscle oxidative potential, and adipose tissue lipid mobilization 

and storage markers (17,28–31). Subsequently, variation in trainability was appropriately 

quantified by the HERITAGE Family Study, in which 742 healthy, sedentary subjects 

followed a highly standardized, laboratory-based endurance-training program for 20 weeks. 

For example, the average increase in VO2Max was about 400 mL O2 with a standard 

deviation of about 200. The training responses varied from no change to increases of more 

than 1000 mL O2 per minute (18,32,33). The same pattern of variation was evident for 

several other training response traits (32,34).

In experimental studies with pairs of monozygotic (MZ) twins, it was established that 

individual differences in trainability were not randomly distributed, with consistently more 

variance in training responses between pairs of MZ twins than between brothers or sisters 

(within pairs) (30,35,36). Four twin studies performed with exercise programs that differed 

in duration, intensity, and control over dietary intake revealed that there was a strong 

genotype–training interaction effect contributing to variation in trainability (30,31,36–38). 

These observations were confirmed In the 99 families of European descent who were part of 

HERITAGE: the increase in VO2Max showed 2.5 times more variance between families than 

within families. A model-fitting analytical procedure yielded a maximal heritability estimate 

of 47% for VO2Max response level (18).

Genome-wide linkage analysis was used in HERITAGE to find genomic regions harboring 

genes implicated in the response to exercise training. Quantitative trait loci (QTLs) for 

training-induced changes in submaximal exercise (50 W) stroke volume and heart rate were 

found on chromosomes 10p11 and 2q33.3–q34, respectively (39,40). The QTL on 10p11 for 

the gains in stroke volume was narrowed down to a 7 Mb region. Among the linkage-

positive families, the strongest associations were found with single nucleotide 

polymorphisms (SNPs) in the kinesin family member 5B (KIF5B) gene locus (41). 

Resequencing of KIF5B revealed several sequence variants. The SNP with the strongest 

association modified the KIF5B promoter activity in cell-based systems. Furthermore, 

inhibition and overexpression studies in C2C12 cells showed that changes in KIF5B 

expression level altered mitochondrial localization and biogenesis; KIF5B inhibition led to 

diminished biogenesis and perinuclear accumulation of mitochondria, while overexpression 

enhanced mitochondrial biogenesis (41).

A QTL for the changes in exercise heart rate at 50 W (HR50) on chromosome 2q33.3-q34 

was localized within a 10 Mb region (42). The strongest evidence of association was 

detected with two SNPs located in the 5′-region of the cAMP responsive element binding 

protein 1 (CREB1) gene locus (P=1.6 × 10−5). The most significant SNP explained almost 

5% of the variance in HR50 response, and the common allele homozygotes and 

heterozygotes had about 57% and 20%, respectively, greater decreases in HR50 than the 

minor allele homozygotes. Furthermore, one of these SNPs located about 2.6 kb upstream of 

the first exon of CREB1 was shown to modify promoter activity in vitro; the A-allele, which 

was associated with a blunted HR50 response, showed significantly greater promoter 

activity in a C2C12 cell model than the G-allele.
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A GWAS of VO2Max training response was undertaken with more than 320,000 SNPs in 

HERITAGE (43). No SNP reached a genome-wide level of significance, likely because of 

the limited sample size of this exercise intervention study. A total of 39 individual SNPs 

were associated with the VO2Max training response at P<1.5 × 10−4. The strongest evidence 

of association (P=1.3 × 10−6) was observed with a SNP located in the first intron of the acyl-

CoA synthetase long-chain family member 1 (ACSL1) gene. When all 39 SNPs were 

analyzed simultaneously in multivariate regression models, 16 SNPs accounted for 45% of 

the variance in VO2Max trainability, a value comparable to the heritability estimate of 47% 

reported previously in HERITAGE (18). A predictor score was constructed using all 21 

SNPs that entered in the final regression model. Each SNP was coded based on the number 

of high-VO2Max training response alleles. While the theoretical range of the score was from 

zero (no beneficial alleles) to 42 (two copies of the beneficial alleles at all 21 loci), the 

observed scores ranged from 7 to 31. The difference in VO2Max training response between 

those with the lowest (9 or less, N = 36, mean = +221 mL/min) and the highest (19 or more, 

N = 52, mean = +604 mL/min) scores was 383 mL/min. It is essential that these 

observations be the focus of replication studies.

D. Single-gene TP53 mutation contributing to the determination of exercise 

capacity

The growing complexity with which tumor protein 53 (p53), encoded by the TP53 gene in 

humans, regulates the mitochondria has recently been highlighted by the delineation of a 

specific molecular mechanism by which it translocates into the mitochondria (44,45). p53 

can affect mitochondrial function not only through its activities as a nuclear transcription 

factor but also by its direct presence in the organelle (Figure 1A) (46,47). The physiological 

significance of basal levels of p53 in promoting respiration in cell lines has been confirmed 

using mouse models. The absence of p53 in p53−/− (null state) mice results in significant 

depletion of mitochondrial DNA (mtDNA) in skeletal muscle and reduces endurance 

exercise capacity, both at baseline and with training (Figure 1B) (47–49).

Germline mutations of TP53 in humans causes Li-Fraumeni syndrome (LFS), a condition 

characterized by the early onset of a variety of cancers (50). As it is well established that 

skeletal muscle mitochondrial biogenesis contributes to improving exercise capacity, we 

speculated that LFS patients may have alterations in oxidative metabolism affecting 

exercise. Using P-31 magnetic resonance spectroscopy (31P-MRS), we noninvasively 

monitored the recovery kinetics of skeletal muscle phosphocreatine (PCr) levels after 

exercise as a measure of mitochondrial oxidative phosphorylation capacity (51,52). The 

sensitivity of this in vivo measure of mitochondrial function was especially useful because 

LFS is a rare disease. It would have been difficult to enroll the large numbers of patients 

required to demonstrate significant alterations in exercise capacity by standard treadmill 

testing, which can be affected by various factors including age, gender, CRF, and 

motivation.

Using a modified foot exercise apparatus, the recovery kinetics of PCr was monitored in the 

tibialis anterior muscle of noncarriers and carriers of LFS TP53 mutations after its partial 

depletion by submaximal exercise (52). We unexpectedly observed a shorter PCr recovery 
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time constant (median value was 22% shorter compared to noncarriers), suggesting that 

individuals carrying an alteration in their TP53 gene had increased capacity for oxidative 

phosphorylation (Figure 1C). Within the group of individuals carrying TP53 mutations, the 

PCr recovery time constant was inversely correlated to VO2 at ventilatory threshold, 

validating the 31P-MRS technique as a measure of aerobic exercise capacity (52). We 

confirmed this in vivo finding of increased skeletal muscle oxidative metabolism in the LFS 

family participants by demonstrating higher mitochondrial respiration and biogenesis in 

their blood cells and skeletal muscle myoblasts. To further support the human data, we 

utilized a mouse model with the knock-in of a human LFS TP53 mutation to demonstrate a 

doubling of its running distance on a treadmill and increased mitochondrial biogenesis. 

Under conditions of genetic and environmental homogeneity, this constituted powerful 

evidence that an amino acid variation of a single gene can markedly affect exercise 

phenotype.

In summary, the study provides proof of principle that the genetic alteration of TP53 can 

contribute to determining individual exercise capacity in humans. Two important points 

need to be emphasized. Although LFS is considered to be a rare disease, its true prevalence 

remains unknown. We have examined only 10 LFS mutations out of more than 700 different 

reported germline TP53 sequence variations, not all of which are known to cause Li-

Fraumeni syndrome (IARC TP53 database version R17). Whether the results of our pilot 

study are generally applicable to other LFS mutations remains to be determined. Secondly, 

the decrease in exercise capacity in a p53−/− mice model (null state) contrasts with the 

reported increase in exercise capacity in mice with a knock-in LFS mutation. Our 

investigations show that specific mutant p53 proteins can retain their mitochondrial 

biogenesis activity despite losing the cell cycle regulatory functions of wild-type p53 (52). 

This was further underscored at the post-transcriptional level whereby mutated p53 can 

retain its ability to translocate into the mitochondria and preserve mitochondrial genomic 

DNA integrity, as well as possibly contributing to ATP synthase assembly (45,53). With 

these observations, significant questions remain unanswered including whether non-LFS 

sequence variants of TP53 can also play a role in mitochondrial biogenesis and exercise 

capacity and how the upregulation of mitochondrial activities by specific LFS mutations 

affects cancer development.

E. The importance of PA for vascular wall health

Sedentary lifestyle is a risk factor for CVD and is preceded by deleterious structural and 

functional changes within the vascular endothelium (54). Endothelial cells regulate vascular 

tone by releasing a number of soluble mediators, including nitric oxide (NO) and other 

vasoactive compounds (55). Imbalances between pro- and antioxidants result in increased 

production of reactive oxygen species, impaired NO bioavailability, and enhanced 

production of contracting factors that reduce endothelium-dependent vasodilation (56). 

Since blood flow-induced shear stress is a major stimulus to vasodilation, perturbed flow or 

low shear stress is thought to be a primary mechanism by which endothelial function is 

altered with a sedentary lifestyle. Interestingly, a large majority of clinical and experimental 

studies suggest that habitual PA increases NO bioavailability and reduces oxidative stress 
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(57), which underscores the overall importance of exercise and other forms of PA for 

enhancing vascular health through the endothelium.

1. Effects of acute exercise on endothelial function

Exercise training has been closely linked to lower morbidity and mortality rates from CHD 

(58). Habitual PA has also been shown to improve peripheral vascular endothelial function 

(59). Paradoxically, studies have demonstrated that acute aerobic exercise reduces 

endothelial function measured as brachial artery flow-mediated dilation (FMD) among 

overweight and obese inactive subjects while regularly active obese individuals experience 

increases in FMD (60). Furthermore, certain exercise modes (i.e., weight lifting) can induce 

sizeable, yet transient increases in arterial pressure that are known to reduce endothelial 

function in people who are unaccustomed to exercise (61,62). Jurva et al. observed impaired 

vascular endothelial function following a weight lifting episode in sedentary individuals but 

not in trained weightlifters (61). In another set of studies, Phillips et al. demonstrated 

impairments in brachial artery FMD among physically inactive subjects following acute 

hypertension induced by a relatively short weight lifting bout (63).

In light of these data, it is important to understand the exact mechanism(s) by which chronic 

exercise provides protection against acute exercise-related impairments in vascular function. 

In addition, these studies highlight the importance of investigating the ways in which other 

CVD risk factors (i.e., obesity) can impact endothelial responses to exercise. Indeed, 

recently Currie et al. (64) showed that high-intensity interval exercise acutely improved 

FMD in patients with CHD, making it important to consider how the dose, intensity, and 

disease status may impact endothelial responses to acute exercise.

2. Effects of exercise training on mechanisms of endothelial function

Promotion of PA and exercise prescription are important components of CVD prevention 

and endothelial function. Exercise training promotes specific morphological and functional 

adaptations within the vascular wall that increase capacity to respond to physical stressors 

(65). While the mechanism(s) by which PA alters endothelial function have not been fully 

elucidated, several studies have shown a role for exercise intensity on the propensity for 

improved vascular health. Studies by Goto et al. found that moderate-intensity (50% 

VO2Max) aerobic exercise (but not high-intensity at 75% VO2Max) augments endothelium-

dependent vasodilation in the forearm through increased production of NO (66). 

Interestingly, the effects of exercise training do not typically enhance vascular smooth 

muscle function, suggesting that the endothelium is the key modulator of exercise-related 

vascular effects (66,67).

The augmentation of NO bioavailability induced by increased vascular shear stress and 

blood flow during exercise may be related to increased activity and expression of endothelial 

NO synthase. Hambrecht et al. performed one of the first studies highlighting such 

beneficial effects of aerobic exercise training during cardiac rehabilitation and demonstrated 

improvements in endothelial function (68) and increased endothelial nitric oxide synthase 

expression in blood vessels of patients after 4 weeks of cardiac rehabilitation (69). Further 

studies have included similar interventions that reduced NADPH oxidase generation of 

Bouchard et al. Page 8

Prog Cardiovasc Dis. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



reactive oxygen species in the vascular wall of patients participating in cardiac rehabilitation 

(70).

Recently, high-intensity interval training has shown promise in improving endothelial 

function compared to continuous aerobic exercise training (71), and there appears to be 

beneficial effects of alternative modes of exercise (i.e., waltz dancing) on improving 

endothelial function in heart failure (HF) patients (72). The mechanism of the improved 

endothelium-dependent dilation is not entirely clear. For example, in addition to NO, the 

reactive oxygen species H2O2 may be an important player in exercise-induced vascular 

relaxation (73). Increased H2O2 generation can compensate for decreased NO during CVD, 

suggesting a rapid switch between H2O2 and NO vasodilators (74). Previously, we found a 

similar switch from NO to H2O2 mechanisms involved in the acetylcholine vasodilation of 

isolated resistance arteries from habitually active subjects after acute exertion (75). In 

sedentary individuals, the dilation following acute exertion is severely reduced (75). Since 

exercise also upregulates antioxidant defense mechanisms to minimize oxidative stress (76), 

these data indicate substantial differences in the mechanisms for endothelium-dependent 

vasodilation after an acute stressor such as exercise.

Regardless of the intensity (i.e., low, moderate, or high), exercise training is associated with 

reduced risk for the development of CVD and subsequent events (58). However, it is well 

recognized that cardiovascular events are more likely to occur during or soon after vigorous 

exercise (77). In terms of athletic populations engaged in high-intensity exercise training, 

there appears to be a protection from endothelial dysfunction induced by acute exertion (63). 

The beneficial effects of exercise on endothelial function represent a sort of “paradox” 

where on the one hand chronic exercise maintains endothelial function but on the other hand 

acute, sudden exertion greatly impairs endothelial function. Indeed, the mechanism of this 

paradox (NO vs. other vasodilators) may represent an important risk marker in populations 

without overt CVD.

F. Cellular discoveries and implications for clinical practice

Exercise intolerance is the hallmark of patients with CVD. This physical limitation has been 

associated with a constellation of pathophysiological alterations. Cardiac dysfunction causes 

sympathetic nervous exacerbation and increases in the renin-angiotensin system. These 

neurohumoral changes provoke intense peripheral vasoconstriction. In the skeletal muscle, 

the reduction in blood flow supply causes proinflammation and oxidative stress, as well as 

imbalances in muscle protein synthesis and degradation. This skeletal myopathy explains, in 

great part, the exercise intolerance in patients with cardiac dysfunction.

Cell and molecular studies have immensely extended the knowledge regarding the effects of 

exercise training on CVD, especially facing both the cardiac muscle and skeletal muscle.

Exercise training improves the balance of myocardial Ca2+ handling during the cardiac 

cycle. Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2 (SERCA2), phospho-Ser16-

phospholamban, and phospho-Thr17-phospholamban expression are all increased by 

exercise training. Na+/Ca2+ exchanger and phosphatase 1 expression are restored in 

exercise-trained HF mice (78). Exercise training decreases heart weight and cardiomyocyte 
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width, which has been attributed to the reduction in nuclear calcineurin/nuclear factor of 

activated T-cells (NFAT) and transcription factor GATA-4 expression and translocation 

(79). Calcineurin is a Ca2+/calmodulin-dependent phosphatase that dephosphorylates 

members of NFAT transcription factor family (NFATc3) in the cytoplasm. The result of 

such nuclear translocation is the activation of hypertrophic genes. Cardiac failure is often 

preceded by mitochondrial dysfunction and cytosolic protein quality control disruption. 

Exercise training restores cardiac mitochondrial function, proteasomal activity, and protein 

quality control, which contributes to the improvement in cardiac function (80) (Figure 2).

During the past decade, several studies have provided evidence that exercise training 

provokes significant changes in the skeletal muscle in HF. Exercise training significantly 

reduces muscle sympathetic nerve activity and increases muscle blood flow at rest and 

during exercise in HF patients (81,82). The increase in muscle blood flow is essential for not 

only the reduction in proinflammation and oxidative stress, but also for the improvement in 

imbalance of muscle protein synthesis and degradation. Reductions in tumor necrosis factor-

α (TNF-α) and in interleukin (IL) IL-6 and IL-1β gene expression in skeletal muscle have 

been demonstrated in exercise-trained HF patients (83). In addition, exercise training 

reduces skeletal muscle lipid hydroperoxidation and protein carbonylation in animal models 

of HF, which contributes to the restoration in the ubiquitin-proteasome system, the major 

proteolytic pathway (84,85). Exercise training significantly decreases ubiquitinated proteins 

and chymotrypsin-like proteasome activity in HF mice (85). On the other hand, exercise 

training increases insulin-like growth factor 1 (IGF-1) levels and reduces myostatin levels in 

the skeletal muscle in HF patients (86,87). Altogether, these changes demonstrate that 

exercise training improves muscle protein synthesis and degradation balance, which 

substantially contributes to the amelioration in skeletal myopathy in HF (Figure 3).

The changes in cardiac and skeletal muscles provoked by exercise training have important 

clinical implications. They improve functional capacity and quality of life in patients 

suffering of HF. In addition, muscle sympathetic nerve activity and muscle blood flow are 

independent predictors of mortality in patients with HF (88). Thus, nonpharmacological 

therapy based on exercise training should be strongly recommended in the treatment of 

patients with CVD.

G. Summary and conclusions

There is overwhelming evidence that regular exercise and PA have beneficial effects on 

disease prevention when considered at a population level and in a public health context. 

Some of the exercise-associated cardioprotective and other health benefits are well known, 

and the mechanisms underlying them have been the topics of recent reviews (89,90). 

Skeletal muscle adaptation to exercise plays an important role in disease prevention, and 

molecular events taking place as a result of exposure to exercise are beginning to be better 

understood (91). As this short review has emphasized, individual differences in 

responsiveness play an important role in the magnitude of the benefits accrued from regular 

exercise. Even though we have made significant progress in acquiring technologies that are 

necessary to probe genomic features and metabolic pathways and systems responsible for 

the individuality of adaptation to exercise, and despite the progress made to date in defining 
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these genomic markers and pathways (43,92), creative research strategies are needed to 

define the molecular mechanisms involved and to translate them into useful clinical and 

public health applications.
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ACSL1 Acyl-CoA synthetase long-chain family member 1

CREB1 cAMP responsive element binding protein 1

CHD Coronary heart disease

CRF Cardiorespiratory fitness

CVD Cardiovascular disease

GWAS Genome-Wide Association Studies

FMD Flow-mediated dilation

HF Heart failire

HR50 Heart rate at 50 W

IGF-1 Insulin-like growth factor 1

IL Interleukin

KIF5B Kinesin family member 5B

LFS Li-Fraumeni syndrome

mtDNA Mitochondrial DNA

MZ Monozygotic

NO Nitric oxide

NFAT Nuclear calcineurin/nuclear factor of activated T-cells

31P-MRS P-31 magnetic resonance spectroscopy

PA Physical activity

PCr Phosphocreatine

QTL Quantitative trait loci

SERCA2 Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2

SNPs Single nucleotide polymorphisms
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TNF-α Tumor necrosis factor-α

p53 Tumor protein 53

VO2Max Maximal oxygen consumption
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Figure 1. 
(A) Mechanisms and in vivo effects of tumor protein 53 (p53) regulation of mitochondrial 

function. p53 can regulate mitochondrial function through both its nuclear transcriptional 

target genes (such as SCO2, TFAM, FDXR, AIF, and p53R2 [RRM2B]) and its various post-

translational interactions with proteins found inside the mitochondria (such as TFAM, 

POLG, and SSB). p53 can translocate into the mitochondria utilizing the disulfide relay 

system that depends on respiration and CHCHD4 and by binding to RECQL4 which has a 

mitochondrial targeting sequence. p53 promotes mitochondrial biogenesis activities such as 

respiratory complex I and IV assembly via AIF and SCO2, respectively, and ATP synthase 

formation. Mitochondrial genomic DNA (mtDNA) maintenance and repair can be mediated 

by the physical interaction of p53 with proteins found in the matrix such as TFAM, POLG, 

and SSB. These activities of p53 are likely to function in concert with a host of other factors 

to determine human exercise capacity. (B) The presence of p53 in p53+/+ versus p53−/− 

mice had a marked effect in improving the respiratory exchange ratio (RER, a marker of 

aerobic metabolic capacity) during treadmill running after exercise training. This 

phenomenon observed in p53−/− mice (null state with no p53 expression) should be 

distinguished from that in mice expressing mutated p53, such as in the Li-Fraumeni 

syndrome (LFS) mouse model. (C) Skeletal muscle mitochondrial function can be 

noninvasively assessed in vivo using P-31 magnetic resonance spectroscopy (31P-MRS). The 

recovery kinetics of phosphocreatine (PCr) levels in skeletal muscle after exercise-induced 

depletion can serve as an indicator of mitochondrial oxidative phosphorylation capacity. PCr 
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recovery was faster in individuals carrying LFS mutations (LFS TP53) compared to 

noncarrier and healthy volunteer subjects (Controls).

AIF = apoptosis-inducing factor 1; CHCHD4 = mitochondrial intermembrane space import 

and assembly protein 40; FDXR = NADPH:adrenodoxin oxidoreductase, mitochondrial; 

p53R2 = p53-inducible ribonucleotide reductase small subunit 2 homolog; POLG = DNA 

polymerase subunit gamma-1; RECQL4 = ATP-dependent DNA helicase Q4; SCO2 = 

cytochrome oxidase deficient homolog 2; SSB = lupus La protein; TFAM = transcription 

factor A, mitochondrial;
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Figure 2. 
Exercise training effects on cardiac muscle in HF. SERCA2 = sarcoplasmic reticulum Ca2+ 

ATPase; phospho-Ser(16)-PLN = phospho-Ser16-phospholamban; phospho-Thr(17)-PLN = 

phospho-Thr17-phospholamban; NCX = Na+/Ca2+ exchanger; PP1 = phosphatase 1; NFAT 

= nuclear factor of activated T-cells.
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Figure 3. 
Exercise training effects on skeletal muscle in HF. TNF-α = tumor necrosis factor− α; IL−6 

= interleukin−6; IL−1β = interleukin−1β; and IGF−1 = insulin-like growth factor−1.
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