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PREFACE

This volume in the series Progress in Molecular Biology and Translational Science

is devoted to the mechanisms regulating molecular and cellular adaptation to

acute and chronic exercise in a variety of settings. Progress in Molecular Biology

and Translational Science provides a forum for discussion of new discoveries,

approaches, and ideas in molecular biology which is what we aimed for in

the development of the volume. We believe that it is a timely contribution

to our understanding of exercise biology. We have been fortunate in being

able to secure contributions from leading scientists and most major labora-

tories that are actively engaged in the study of the molecular mechanisms at

play when people and other living organisms are physically active. The pub-

lication is particularly timely as it occurs just a few months after the leader-

ship of the National Institutes of Health announced that the Common Fund

of NIH will support a 6-year plan to uncover the molecular transducers of

adaptation to physical activity in various tissues and organs.

As the editor of the volume, I am extremely pleased by the distinguished

panel of authors that was assembled for the publication. Sixty-one authors

and coauthors from seven countries have contributed to the volume.

I am very grateful for their willingness to participate in this effort.

I would like to express my gratitude to them not only for their outstanding

science but also for the timely delivery of their contributions. They have

been a delight to work with. Unfortunately, some topics had to be left

out due to the page number limitation but the vast majority of the relevant

topic found a home in the volume.

The leadership of the PMBTS publication series and the staff at Elsevier

have been a delight to work with. I would like to express my thanks to Dr.

Michael Conn, Editor of the PMBTS serial, from Texas Tech University

Health Sciences Center who supported the concept of having a full volume

dedicated to the molecular biology of adaptation to exercise. I also benefited

greatly from the support of Mary Ann Zimmerman, Acquisition Editor, and

Helene Kabes, Senior Editorial Project Manager, all at the Elsevier publish-

ing house. I also want to recognize the diligent work of Roshmi Joy, Project

Manager in the Book Publishing Division at Elsevier. They were all very

supportive at various stages of the development of the publication, and

I would like to express my most sincere thanks to them.
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Finally, I would not have been able to undertake the task of serving as

editors for this volume without the outstanding and competent support ini-

tially of Allison Templet and then later of Robin Post of the Pennington

Biomedical Research Center. They worked diligently with each author

in order to ensure that the instructions were well understood by the contrib-

uting authors and that their manuscripts met all the requirements of the pub-

lisher. During the last phase of the production of the volume, Robin worked

diligently on complex scientific material with a dedication to excellence that

made a difference in our ability to deliver a high-quality volume. I feel

greatly indebted to both of them. However, if errors are later discovered

in the volume, they are entirely my responsibility.

CLAUDE BOUCHARD

July 2015
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CHAPTER ONE

Adaptation to Acute and Regular
Exercise: From Reductionist
Approaches to Integrative Biology
Claude Bouchard1
Human Genomics Laboratory, Pennington Biomedical Research Center, Baton Rouge, Louisiana, USA
1Corresponding author: e-mail address: bouchac@pbrc.edu
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Abstract

This chapter serves as an introduction to the volume focused on the molecular and cel-
lular regulation of adaptation to acute and chronic exercise exposure. It begins with a
definition of the overall content of the “sedens–physical activity–exercise training–
fitness” domain. One conclusion from this brief overview is that past and current studies
have primarily dealt with very limited subsets of the traits and parameters of interest to
exercise biologists. Molecular and cellular studies have focused more on adaptation to
exercise and less on variable levels of cardiorespiratory fitness even though the latter is a
powerful indicator of current and future health status and longevity. In this regard,
molecular profiling of intrinsic versus acquired cardiorespiratory fitness would seem
to be an area of research deserving more attention. Although molecular and cellular
studies are clearly reductionist by nature, they constitute the primary material allowing
systems biology to draw inferences about pathways, networks, and systems. Integrative
physiology can be substantially enriched by taking advantage of the findings and les-
sons from molecular studies and systems biology approaches. DNA sequence variation
within and between populations as well as recent advances in the definition of the func-
tional elements in the human and other genomes offer unique opportunities to pursue
new andmore powerful molecular studies, and to reconcile reductionist and integrative
approaches.

Progress in Molecular Biology and Translational Science, Volume 135 # 2015 Elsevier Inc.
ISSN 1877-1173 All rights reserved.
http://dx.doi.org/10.1016/bs.pmbts.2015.07.009
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1. INTRODUCTION

All tissues and organs of the human body are affected by exercise par-

ticularly when it is energetically demanding and sustained. There is an abun-

dant literature on the metabolic and physiological changes taking place in

response to acute endurance, high intensity, and resistance exercise even

thoughmuch remains to be learned. Similarly, there is a growing body of data

regarding adaptation of tissues, organs, and systems to regular exercise and

exercise training, particularly with respect to endurance and resistance train-

ing. Although impressive advances have been made on the general topic of

adaptation to exercise, there are still big gaps in knowledge that deserve our

attention.One critical gap in the foundational body of knowledge of exercise

biology is the limited understanding of the universe of molecular transducers

involved in the regulation of adaptation to all forms of acute and chronic

exercise and of the molecular pathways and networks associated with the

health benefits of being physically active. There are many other gaps in

knowledge and a few are of particular interest and are highlighted here.

One blatant weakness is that exercise biology studies by and large cover

only a fraction of the sedens–physical activity–exercise–fitness domain.

Figure 1 provides a schematic overview of the multiple dimensions of this

domain. Included in the diagram are the sedens–physical activity–exercise

training continuum, the fitness traits, the exercise exposure dimensions,

Figure 1 Schematic description of the sedentary behavior, physical activity level, exer-
cise training, and fitness domain with its multiple dimensions and some of its
implications.

2 Claude Bouchard
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the periods of life, health outcomes and aging, and the levels at which exer-

cise biology scientists are investigating adaptation to acute and chronic expo-

sures to exercise. When considering the global domain, it becomes apparent

that exercise biology has thus far mainly focused on limited subsets of con-

ditions and has fallen short of having comprehensively covered the multiple

forms of exercise and fitness that deserve to be thoroughly investigated in

multiple settings and a variety of clinical conditions. For instance, we know

little regarding the impact of spontaneous physical activity or acute and

chronic exposure to low-intensity exercise on multiple tissues and organs.

One obvious conclusion from this quick overview is that the to-do-list of

exercise biology research is extraordinarily long.

A specific area deserving more research is that of the general topic of the

cellular and molecular adaptation to acute and chronic exposures to all types

of exercise.1 As this volume illustrates, we have some understanding of the

cellular and molecular mechanisms associated with adaptation to some

exercise exposures. But it is also clear from the numerous chapters, each

contributed by world-class experts on a given topic, that we have gaping

holes regarding our knowledge of these mechanisms and how they operate

in multiple tissues and organs. Since the physiological responses to acute

exercise exposure and to exercise training are often organ specific,2 defining

the mechanisms underlying tissue and organ specificity should shed light on

the molecular pathways associated with adaptation, maladaptation, or health

benefits. Importantly, even when some of the molecular mechanisms of

adaptation to exercise have been evidenced, they have generally been

investigated under a limited set of exercise conditions such as high-intensity

exercise training or moderate exercise level meeting the current physical

activity guidelines3 and mainly in young adults of European descent. Thus,

there is a need for a massive effort designed to uncover the molecular and

cellular mechanisms underlying tissue and organ adaptation to all forms of

exercise, particularly in light of the importance of regular exercise for the

prevention of common diseases—including diabetes, cardiovascular dis-

eases, cancer, and dementia—and premature death as well as healthy aging.

The same conclusion seemed to have been reached recently by the

leadership of the U.S. National Institutes of Health when they made public

their new physical activity initiative to be funded by the Common Fund

over a six-year period (2016–2022). The focus of this major effort will be

to identify the populations of molecular transducers of adaptation to exercise

in various tissues and organs using a combination of human and animal

model studies.

3Exercise and Integrative Biology



2. SEDENTARY TIME, PHYSICAL ACTIVITY, AND FITNESS

The topic of sedentary behavior, low physical activity level, and low

cardiorespiratory fitness is one that we have addressed in greater details

recently.3a Professors Jeremy Morris (London bus drivers and conductors)

andRalph Paffenbarger (San Francisco Longshoremen andHarvardUniver-

sity Alumni studies) made the seminal observation that the level of physical

activity on the job or during leisure time was inversely associated with mor-

tality rates.4–9 These observations have been repeated multiple times in large

studies focusing on middle-aged adults as well as older people.10,11 Prospec-

tive epidemiological studies have established over the last 60 years or so that

the lower death rates resulting from a physically active lifestyle were seen for

all-cause, cardiovascular, and cancer mortality. Regular exercise translates

into multiple wide-ranging health benefits such that it has been defined

by some as the equivalent of a “polypill” with favorable pleiotropic effects

on all organs and systems.12

On the other hand, a number of studies reported in the last decade have

highlighted the fact that sedentary behavior was also associated with mortal-

ity rates, with the most sedentary individuals exhibiting higher death rates.

The first population study to focus on this question was a dose–response pro-

spective study of participants of the 1981 Canada Fitness Survey, and it rev-

ealed a graded relationship between amount of sitting time and all-cause and

cardiovascular mortality.13 When the groups with the highest and lowest

amount of daily sitting time were compared, the reduction in risk of death

associated with less sitting time was about 15–20%, a risk reduction effect

that persisted after adjustment for leisure time physical activity and body

mass index. This observation has been confirmed in subsequent cohort stud-

ies from around the world.

Sedentary behavior and physical activity level have strong influences on

mortality rates but so does cardiorespiratory fitness. This was well illustrated

by reports from the laboratory of Professor Steven Blair based on the Aer-

obic Center Longitudinal Study starting in the 1980s.14 The main findings

from a series of papers published by Blair and colleagues are that low cardio-

respiratory fitness, as estimated by time on a treadmill test to exhaustion, was

associated with higher all-cause, cardiovascular, and cancer death rates and

that this association was found to be present in overweight, diabetic, hyper-

tensive, or hypercholesterolemic adults.14 Interestingly, the same trend is

observed in older adults in whom the powerful risk reduction impact of
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cardiorespiratory fitness on mortality was observed among male veterans

from 65 to 90 years of age.15

In summary, a high altitude review of the evidence accumulated thus far

strongly suggests that low cardiorespiratory fitness, low physical activity

level, and increasing sedentary behavior are powerful predictors of all-cause,

cardiovascular, and perhaps cancer mortality. These observations have con-

siderable implications for the research agenda on exercise molecular mech-

anisms. Much energy is currently devoted to discovering the signaling

pathways and molecular regulation of gene expression in relevant tissues

(especially skeletal muscle) in response to acute and chronic exposure to

exercise, particularly aerobic and resistance exercise. In contrast, little atten-

tion is being paid to tissue and organ molecular profiling of low versus mod-

erate versus high cardiorespiratory fitness with the aim of discovering some

of the molecular mechanisms at play in the relation between fitness, disease

prevention, and longevity. Although the basic notion of targeting cardiore-

spiratory fitness for molecular studies appears to be simple on the surface, it

would be in fact a complex undertaking for a number of reasons. For

instance, it should be rather easy to identify adults with targeted cardiorespi-

ratory fitness levels among subjects of existing long-term prospective

cohorts, but accessibility of tissues, beyond skin, muscle, adipose tissue,

blood, feces, and urine poses a major problem. A thorough molecular explo-

ration should ideally include not only these tissues but also heart, lung, liver

pancreas, kidney, bone, and brain to name but the most obvious ones. The

only reasonable way to overcome this critical limitation would be to perform

the same molecular and cellular studies on animal models. In this regard,

there is solid evidence that the relationship between cardiorespiratory fitness

and mortality rates described in humans is also observed in rodents. In a

recent study, it was reported that, in rats kept sedentary all their life, those

with a high intrinsic cardiorespiratory fitness, as measured by the distance

they could run on a treadmill, lived 28–45% longer than the rats with a

low cardiorespiratory fitness.16

One critical topic to address would be that of untangling the intrinsic and

acquired component of the cardiorespiratory fitness phenotype at the indi-

vidual level. An adult has an intrinsic level of cardiorespiratory fitness which

can be observed in a direct manner by measuring maximal oxygen uptake

adjusted for body mass and body composition in people who have a life his-

tory of being sedentary. For instance, among 174 sedentary young adult

males, 17–35 years of age, measured twice (on separate days) for VO2max

at baseline in the HERITAGE Family Study, the mean value was 41 mL
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O2/kg/min with an SD of 8 mL (Fig. 2A). The distribution of VO2max

scores was almost perfectly Gaussian, which implies that about 7% had a

VO2max/kg of 29 mL or less (1.5 SD below the mean) and the same per-

centage exhibited a cardiorespiratory fitness level about 53 mL/kg and

more, an extraordinary degree of heterogeneity in such a fundamental bio-

logical property among people who are confirmed sedentary with no signif-

icant amount of exercise training in their past. These data clearly show that

there is a substantial fraction of sedentary adults who maintains a relatively

high VO2max despite the fact that they do not engage in any exercise pro-

gram. Actually, some sedentary young adults maintain a VO2max of 55 mL

O2/kg/min and more, a level of cardiorespiratory fitness that is even out of

reach to many exercisers.

The importance of cardiorespiratory fitness from a biological point of

view and the complexity of its interpretation with regard to mortality rates

are augmented by the fact that the sedens level of VO2max can be improved

in most people by appropriate behavior, i.e., regular physical activity and

especially exercise training. To illustrate this point, let us use again the same

174 young adult males of HERITAGE. They were trained for 20 weeks and

achieved what we can call perfect adherence to the exercise training proto-

col. Maximal oxygen uptake was measured twice before the exercise pro-

gram and twice again posttraining, i.e., 24 and 72 h after the last exercise

session. The gains in VO2max (expressed in % of baseline) are illustrated

in Fig. 2B. We note from the figure that the mean gain calculated from

Figure 2 Distribution of VO2max/kg body weight values in 174 sedentary men, 17–35
years of age, from the HERITAGE Family Study (A). Distribution of the VO2max changes in
% of baseline levels in response to a standardized endurance training program of
20 weeks in the same sedentary subjects (B).
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the increase in mL O2 was 16% with an SD of 9% with a distribution of

scores clearly skewed to the right, i.e., skewed in the direction of the high

gainers in response to the same exercise prescription. This extraordinary

range of training responses occurred in spite of the fact that the program

was fully standardized and that adherence to the exercise sessions, which

were all performed in the laboratory under constant supervision, was

deemed excellent. A substantial fraction of this group increased their indi-

cator of cardiorespiratory fitness by 40% and more, whereas a large number

gained 10% and less.

Personal characteristics, such as age and gender, are exerting major influ-

ences on intrinsic fitness level (sedens VO2max) and on the absolute response

(delta mL O2) to an exercise program but not on the gains expressed in per-

centage of pretraining baseline level as the percentage VO2max gain is the

same on average in men and women and does not vary across age

groups.17–19 Ethnicity, defined here as blacks versus whites, is not contrib-

uting to either the intrinsic VO2max level adjusted for body mass and body

composition or its trainability when expressed as a percentage of baseline

level.17 The intrinsic cardiorespiratory fitness level adjusted for age, gender,

body mass, and body composition is characterized by a heritability compo-

nent of the order of 50%.20 Similarly, the trainability of VO2max, expressed

in terms of gains in mL O2, has a heritability level of about 45%.
19 Interest-

ingly, there is no correlation between baseline, intrinsic fitness level and its

trainability, with an r2 (�100) of the order of 1%.17,19

The above observations raise many questions concerning the interpreta-

tion of the strong association between cardiorespiratory fitness level and

mortality rate in prospective studies. They are too numerous to be all listed

here but a number of examples will suffice to illustrate how critical the gen-

eral topic of cardiorespiratory fitness, health, and longevity is to those with

an interest in the study of the exercise biology and particularly the molecular

basis of the causal relation between regular exercise and cardiorespiratory

fitness. What are the biological differences between low and high fitness

groups in molecular profiling at the level of the cardiovascular system, brain,

lung, liver, kidneys, skeletal muscle, and adipose tissue?What are the molec-

ular mechanisms accounting for the mortality rate difference between low

and high cardiorespiratory fitness groups? Can the link between cardiorespi-

ratory fitness and mortality rate in sedentary adults or in active adults be

defined in terms of genomic, epigenomic, gene expression, and protein

abundance differences in key tissues? What are the contributions to the

fitness–mortality relationship of the sedentary levels of secreted myokines
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and adipokines, regulation of apoptosis, autophagy, stem cell populations,

and subsets of miRNAs? An overarching question would be whether per-

sons with a high intrinsic cardiorespiratory fitness level enjoy lower mortal-

ity rates comparable to those with more modest intrinsic fitness level but

who are exercising regularly? If so, what are the molecular mechanisms driv-

ing these relationships to better health and longevity and are they identical in

both groups?

3. REDUCTIONISM, SYSTEMS BIOLOGY, AND
INTEGRATIVE PHYSIOLOGY

From time to time, we hear that integrative physiology is what we

should focus on and that reductionist approaches are not contributing mean-

ingful advances to our understanding of the adaptation of living organisms,

especially humans, to acute and chronic exercise. Such views are not

extremely frequent but they have been expressed by some of the most

respected scientists in the field. For instance, Michael Joyner from the Mayo

Clinic has provocatively affirmed that molecular biology and omics technol-

ogies have so far failed to deliver and asked whether physiology has the

potential to fill the intellectual void left by reductionists.21 According to

him, reductionism is replete with “heroic narratives” and progress typically

arising from reductionist research strategies is equivalent to “mirages,”

which are said to be stalling progress in physiology. Obviously, Joyner wants

to provoke a debate and is pushing the limit in his expose of physiology as an

antidote to molecular physiology.21 But the basic question remains: Are the

advances in our understanding of the molecular physiology of adaptation to

exercise disconnected from progress in integrative biology? One could argue

that the opposite is actually taking place. This volume provides an array of

examples illustrating the fact that the science flows bidirectionally, i.e., from

whole organism physiology to molecular studies and back to tissues, organs,

and systems for further validation and potentially translational opportunities.

Molecular physiologists are particularly aware of the central observation

that biological regulation of a given trait operates as a complex, multifacto-

rial, and widely distributed system in all mammalian organisms. Adaptation

to any behavior change or an environmental stimulus is in the end an inte-

gration of multiple mechanisms that are interactive, flexible, and redundant,

the latter reflecting epistasis, pleiotropism, or independent mechanisms that

come into play in response to upstream signaling events or feedback path-

ways. What reductionist scientists are guilty of is simply of trying to
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understand subsets of the molecular events taking place when whole-body

changes occur with an acute or repeated exposure to exercise or other stim-

uli. I would venture to say that exercise molecular biologists as a group are of

this school of thought and share the view that “every adaptation is an

integration.”22

It is difficult to understand how criticizing those who devote expertise,

time, and energy to the study of the molecular mechanisms of adaptation to

exercise can enhance our collective quest for the truth. One of the important

advances of the last couple of decades has been the emergence of the field of

“systems biology,” which aims at integrating all the evidence generated at

the molecular level into pathways, networks, and systems, which is simply

and clearly a recognition by even hard core reductionists that adaptation can

ultimately be understood only by attempting integration. One can perhaps

conclude that system biology is likely to fail as it is still too close to the

molecular and the omics.21 An alternative view would simply recognize that

systems biology aims at integrating the molecular evidence and that it con-

stitutes a critical platform upon which integrative physiology and precision

medicine will ultimately have a chance to thrive. One can only imagine how

much stronger would the integrative physiology of exercise become if we

had a comprehensive understanding of all molecular events taking place

in response to acute and chronic exposure to exercise.

A productive path was laid out in a review by Greenhaff and Har-

greaves23 in which they recognize that molecular approaches, systems biol-

ogy, and integrative physiology are conceptually different but they all strive

for the same goal even though they rely on variable theoretical frameworks,

technologies, and designs. Reductionist approaches are absolutely essential if

we are to gain an in-depth understanding of the mechanisms by which the

human organism as a whole adapts to the demands of acute and chronic

exposure to exercise. One needs only to consult recent review papers on

the molecular mechanisms driving the adaptation of skeletal muscle to acute

and chronic exercise to develop a sense of excitement on the multitude of

opportunities that the advances brought about largely by technologically

intensive reductionist approaches represent for exercise biology.24,25 This

reality is clearly recognized by the American Physiological Society, the

advocate-in-chief organization for integrative physiology, which advertises

quite visibly on its website that APS stands for “Integrating the Life Sciences

from Molecule to Organism,” a position that should be sufficient to stop all

dissenting voices about the merit of reductionist approaches. In this regard,

the advances of the last 15 years on the coding and noncoding sequences and
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other features of the human genome have paved the way for a more pro-

found understanding of the molecular regulation of adaptation in the

broad sense.

4. GENOMIC AND ENCODE FACTS: A GOLD MINE FOR
EXERCISE BIOLOGY

A powerful reason for the widespread use of reductionist approaches

in the study of human variation for any traits, including those of interest to

exercise biology, is that the human genome is extremely complex and can-

not be apprehended by simple holistic methods and models. With the com-

pletion of the Human Genome Project, which gave us most of the sequence

of the human genome and subsequently of the genomes of common animal

models for the study of health and disease, the stage was set for exciting

advances in our understanding of regulation at the molecular level.26,27 Fur-

ther progress in our knowledge of the complexity of the human genomewas

stimulated by the International HapMap and the 1000 Genomes Project

which focused on sequence differences within and between populations

and on patterns of human variation in the genome.28,29 Since 2003, a large

number of laboratories and scientists have been engaged in a massive effort to

identify all the functional elements in the human genomic sequence. The

effort is known as ENCODE, the Encyclopedia of DNA Elements. In

2012, in a series of papers published in Nature and other leading journals,

ENCODE reported on functional products of the human genome.30 More

recently, the consortium presented evidence that combinations of biochem-

ical, evolutionary, and genetic evidence provided complementary and more

powerful evidence on the functionality of genomic regions.31

Among the most remarkable features that are of relevance to reduction-

ist, systems biology, and integrative approaches in exercise biology, we will

emphasize here just a few. Even though only about 1% of the human

genome sequence encodes the estimated 20,687 protein-coding genes,

80% of the genome is transcribed and participates in the regulation of these

genes and other cellular events. The human genome harbors almost 3 mil-

lion protein-binding sites along its DNA. The 1800 or so transcription fac-

tors have been shown to bind at DNA sites representing about 8% of the

genome. ENCODE along with other efforts has revealed that there are

about 8800 small RNAs and more than 9600 long RNAs being transcribed

in at least one type of cells. About 1000 of these small RNAs are known to be

functionally relevant miRNAs. Many of these RNAs participate in the

10 Claude Bouchard



regulation of transcription and translation. Onemore set of numbers to show

the complexity of the molecular regular regulation at the cellular level:

humanDNA encodes about 70,000 promoter regions and 400,000 enhancer

regions, which can be at substantial genomic distance from the genes they

are known to regulate. In brief, a whole web of regulatory molecules and

DNA-binding sequences are involved in what can only be defined as a com-

plex, widely distributed regulation of less than 21,000 protein-coding genes

and other cellular functions.

In addition to the organizational complexity of the human genome, one

needs to appreciate also the impact of variability in DNA sequence among

people on biology in general and adaptation to exercise in particular. For

instance, there are more than 40 million common single nucleotide poly-

morphisms (SNPs) in which the variant allele has a frequency of at least

1% in one human population. Whole-genome sequencing in thousands

of individuals has shown that any given person carries from 3 to 4 million

common SNPs. Among the latter, more than 10,000 translate into non-

synonymous nucleotide changes, about 100 result in premature stop codons,

more than 250 are loss-of-function variants, and up to 100 are DNA variants

previously known to be disease causing even though the individuals carrying

them do not exhibit such diseases at this point in time. Among other critical

genomic features, any given individual carries more than 200 in-frame inser-

tions or deletions, in excess of 1000 copy number variants at repeated DNA

segments longer than 450 base pairs and even more polymorphisms in the

number of copies for shorter repeats. One other source of variability: any

given person carries as much as 500,000 rare variants that may be unique

to the individual or the individual’s family or pedigree.32 In contrast to com-

mon polymorphisms, rare variants may exhibit larger effect sizes on the biol-

ogy or the trait of interest. One striking example of the importance of rare

variants for exercise biology is that of the Finnish skier legend, Aero Antero

Matyranta, who won five gold medals, four silver medals, and three bronze

medals at Olympic Games and World Championships in cross-country ski-

ing events in the 1960s. It was shown that he had over the years hemoglobin

levels in the range of 200–230 g/L with hematocrit around 68%.33 Reports

have documented that he had primary familial and congenital polycythemia

due to a mutation in the erythropoietin (EPOR) gene. The EPORmutation

resulted in a truncation of 70 C-terminal amino acids of the gene. The G to

A transition converted the TGG triplet encoding tryptophan to a TAG stop

codon. In the Finnish pedigree composed of about 200 relatives, 29 were

shown to harbor the same EPORmutation.34 It appears that he was the only
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one among all affected relatives whowas able to compete at the international

level in endurance events. He may have been the only one for which com-

plex cellular regulatory systems allowed him to benefit from a very high

oxygen-carrying capacity while not being unduly clinically affected by his

polycythemia.

5. ABOUT THE CONTENT OF THE VOLUME

The volume is organized around 21 chapters. Chapters 2–4 focus on

the molecular and cellular regulation of carbohydrates, lipids, and proteins,

respectively, in relation to acute and chronic exposure to exercise. Chapter 5

reviews the evidence for mitochondrial biogenesis and degradation leading

to expansion of the mitochondrial reticulum in response to repeated expo-

sure to exercise. Chapter 6 covers the topic of the molecular regulation in

skeletal muscle of the response to endurance exercise, while Chapter 7

focuses on the regulation of skeletal muscle hypertrophy. Chapter 8 deals

with regulation of adipose tissue metabolism in response to exercise.

Chapter 9 addresses the same issue but for the liver and hepatic metabolism.

Chapter 10 covers the topics of exercise and the regulation of angiogenesis

and vascular biology. Chapter 11 reviews the regulation of the response to

exercise of bone, ligaments, cartilage, tendon, myotendinous junctions, and

connective tissue. Chapter 12 covers the regulation of endocrine hormones

and exercise. Chapter 13 is focused on the regulation of myokines,

adipokines, and adipomyokines in adaptation to exercise. Chapter 14

reviews the topic of the regulation of inflammatory response and exercise.

Chapter 15 deals with exercise and the regulation of immune functions.

Chapter 16 examines the evidence for the role of exercise in the regulation

of neurogenesis and brain functions. Chapter 17 addresses the rapidly evolv-

ing science of the changes taking place in leukocytes and skeletal muscle

apoptosis and autophagy in response to acute and chronic endurance and

resistance exercise. Chapter 18 provides an extensive summary of the rapidly

growing evidence for a role of stem cell recruitment and biology in adap-

tation to exercise. Chapter 19 deals with the role of genomic and epi-

genomic markers in the complex regulation of gene expression when

meeting the demands of acute and chronic exercise. Chapter 20 examines

what is known about the emerging science of microRNAs in the adaptation

to exercise. Finally, Chapter 21 was given the task of addressing the topic of

exercise as the equivalent of a “polypill” against a number of common

chronic ailments and it provides a broad coverage of this exciting concept.
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6. SUMMARY AND CONCLUSIONS

In this chapter, a number of issues related to the content of the volume

are raised. An attempt is made at defining the global field represented by the

sedens–physical activity–exercise training–fitness domain. One major con-

clusion arising from the brief discussion of the topic is that many dimensions

of this conceptual domain are not addressed in past and current portfolios of

scientific research. Two behavioral traits (sedentary behavior and physical

activity level) and one state (cardiorespiratory fitness) have been widely con-

sidered in studies pertaining to health indicators and longevity. A powerful

predictor of health status and longevity is cardiorespiratory fitness but it is

also one of the most challenging to investigate. In this regard, inherent car-

diorespiratory fitness (in the sedentary state) and acquired fitness seem to be

both important but no study has thus far attempted to identify their specific

contributions in humans.

Molecular and cellular biologists are keenly aware that biological regu-

lation is widely distributed and that adaptation is the result of an integration

of multiple signals and mechanisms that are interactive, flexible, and redun-

dant. Thus, opposing the science done at the ground level (reductionist

approaches) against that performed on whole organisms (integrative physi-

ology) is not likely to be a productive exercise as integrative physiology can

only develop better and more powerful models when it incorporates all

lines of evidence. We posit here that molecular studies, systems biology,

and integrative physiology are intimately connected and ought to be seen

as components of a comprehensive human biology research enterprise.With

the growing completeness of the human genome sequence and understand-

ing of the functional elements of the nonprotein coding sequences, as pro-

gressively revealed by the ENCODE project, it is an exciting time to be

involved in the study of the molecular regulation of adaptation to acute

and chronic exercise exposure. The last section of the chapter outlines

the main topics covered by the other 20 chapters of the volume.
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Abstract

Carbohydrates are the preferred substrate for contracting skeletal muscles during high-
intensity exercise and are also readily utilized during moderate intensity exercise. This
use of carbohydrates during physical activity likely played an important role during the
survival of early Homo sapiens, and genes and traits regulating physical activity, carbo-
hydrate metabolism, and energy storage have undoubtedly been selected throughout
evolution. In contrast to the life of early H. sapiens, modern lifestyles are predominantly
sedentary. As a result, intake of excessive amounts of carbohydrates due to the easy and
continuous accessibility to modern high-energy food and drinks has not only become
unnecessary but also led to metabolic diseases in the face of physical inactivity.
A resulting metabolic disease is type 2 diabetes, a complex endocrine disorder charac-
terized by abnormally high concentrations of circulating glucose. This disease now
affects millions of people worldwide. Exercise has beneficial effects to help control
impaired glucose homeostasis with metabolic disease, and is a well-established tool
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to prevent and combat type 2 diabetes. This chapter focuses on the effects of exercise
on carbohydrate metabolism in skeletal muscle and systemic glucose homeostasis. We
will also focus on the molecular mechanisms that mediate the effects of exercise to
increase glucose uptake in skeletal muscle. It is now well established that there are dif-
ferent proximal signaling pathways that mediate the effects of exercise and insulin on
glucose uptake, and these distinct mechanisms are consistent with the ability of exercise
to increase glucose uptake in the face of insulin resistance in people with type 2 dia-
betes. Ongoing research in this area is aimed at defining the precise mechanism by
which exercise increases glucose uptake and insulin sensitivity and the types of exercise
necessary for these important health benefits.

ABBREVIATIONS
ADP adenosine diphosphate

AICAR aminoimidazole-4-carboxamide ribonucleoside

AMP adenosine monophosphate

AMPK AMP-activated protein kinase

AS160 Akt substrate of 160 kDa

ATP adenosine triphosphate

CaMKII Ca2+/calmodulin-dependent protein kinase II

GLUT4 glucose transporter type 4

LKB1 liver kinase B1

MIRKO muscle-specific insulin receptor knockout mice

PAS phospho-Akt-substrate

Pi inorganic phosphate

Rab ras homologous from brain

SNARK sucrose nonfermenting AMPK-related kinase

1. INTRODUCTION

The unique ability of humans to perform endurance running has likely

contributed to the evolution of Homo sapiens from other primates.1 High

levels of physical activity were required in order to evade predators as well

as to obtain food. To maintain these high levels of physical activity, the

working skeletal muscles require increased substrates for generation of aden-

osine triphosphate (ATP). A major substrate for the working muscles is car-

bohydrates, with one source being in the muscle itself in the form of

glycogen, and another source glucose coming from the blood. The break-

down of glycogen from the muscle (glycogenolysis) and the regulation of

glucose uptake into the muscle from the blood are highly regulated pro-

cesses, and in this chapter, current knowledge on these functions will be

discussed.
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Since carbohydrate utilization promotes human survival, genes and traits

regulating carbohydrate metabolism during exercise and energy storage have

been selected throughout evolution.2 However, current lifestyles are pre-

dominantly sedentary, which coupled with the intake of excessive amounts

of carbohydrates, has led tometabolic diseases such as type 2 diabetes. On the

other hand, exercise has beneficial effects on carbohydrate metabolism, and

as a result, exercise is a well-established tool to prevent and combat type 2

diabetes. The molecular mechanisms that mediate the effects of exercise to

increase skeletal muscle glucose uptake and increase insulin sensitivity in

healthy people and people with type 2 diabetes will also be discussed.

2. CARBOHYDRATE UTILIZATION DURING REST
AND EXERCISE

At rest, the energy used by the human body is predominantly derived

from the oxidation of carbohydrates and fats. Blood glucose, plasma-free

fatty acids, muscle glycogen, and intramuscular triglycerides are major sub-

strate sources for energy production in skeletal muscles.3,4 The contribution

of proteins to the pool of usable energy is very limited, as amino acid oxi-

dation is usually strictly adjusted to the intake of amino acids.

At rest, ingestion of carbohydrates results in insulin release from the pan-

creas, and the ensuing increase in plasma insulin concentrations has a myriad

of metabolic effects. One important effect of insulin is to promote glucose

transport into skeletal muscle. Insulin also suppresses fatty acid release from

adipose tissue while increasing fat storage by activation of lipoprotein

lipase.5,6 Intake of physiologically normal carbohydrate levels has no impact

on adipose tissue levels via de novo lipogenesis,7 suggesting that the human

body can accommodate intake of relatively large amounts of carbohydrates

without a need to store carbohydrates as fat.

The contraction of skeletal muscles during physical exercise results in an

increased energy demand for the muscle. The challenge for the working

muscle is to increase production of ATP, and several cellular processes func-

tion to meet this need. Accordingly, metabolic pathways that oxidize both

carbohydrates and fat need to be activated simultaneously.3,4 Intensity, dura-

tion, and type of exercise determine the mechanisms through which this

extra energy is supplied.

The enzyme ATPase facilitates the breakdown of ATP to ADP+

inorganic phosphate (Pi) to generate energy for rapid use; however, only

a small amount of ATP is present within the muscle cells.8 An additional

but even smaller source of stored energy is creatine phosphate, which can
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be resynthesized to ATP by the enzyme creatine kinase to replenish depleted

ATP levels. Thus, the major sources of energy during exercise are carbohy-

drates and fats. Sources of carbohydrates for the muscle include blood

glucose, muscle glycogen, and liver glycogen.9

Glucose and glycogen are converted to glucose-6-phosphate before they

can be used to generate energy. One fate of glucose-6-phosphate is conver-

sion to lactic acid, which results in the formation of three molecules of ATP

per glycogen molecule or two molecules of ATP per glucose molecule

(anaerobic glycolysis). The ATP generated by anaerobic glycolysis is not

large enough to sustain continued muscle activity for long durations. With

submaximal exercise, oxygen uptake increases, and within several minutes, a

steady state is reached. This steady state indicates that the aerobic processes

are supplying the majority of energy required by the contracting muscles.

Aerobic generation of ATP from the glucose molecule is many times more

efficient than the anaerobic reaction of glycolysis. During the aerobic reac-

tion of glycolysis, glycogen is converted to pyruvic acid, which is then

converted to acetyl-CoA and utilized for ATP production in the Krebs cycle

within the mitochondria. Although the primary fuels contributing to oxida-

tive metabolism during exercise are fats and carbohydrates, under extreme

conditions amino acids can also be used as source of substrate oxidation.9

In the fasted state and during low intensity exercise, the bulk of energy

required by the muscle is provided by oxidation of free fatty acids that are

predominantly derived from the plasma.10 When exercise increases to a

moderate level of intensity (60–70% VO2 peak), the source of fatty acids

for oxidation also includes intramuscular triglyceride. Although both sources

of fatty acids contribute to the energy needs of the muscle, even when com-

bined they are not sufficient to meet the energy demand. Therefore, during

moderate intensity exercise about half of the total energy derived is from

oxidation of carbohydrates, coming from both muscle glycogen and blood

glucose.11 During high-intensity exercise, the contribution of plasma fatty

acid oxidation becomes even less and carbohydrate oxidation provides

roughly two-thirds of the total energy need. Carbohydrate metabolism is

the preferred source of fuel under these conditions because the rate of

ATP production is two times higher than fatty acids.9

3. MUSCLE GLYCOGEN

As noted above, glycogen is an essential fuel for energy production in

the contracting skeletal muscles. Glycogen is a branched polymer of glucose
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with a mixture of α-1,4 and α-1,6 linkages between glucose units. The liver
has the highest concentration of stored glycogen; however, skeletal muscle,

as a result of its total weight, is the largest reserve of stored glycogen in the

body. Intramuscular glycogen is associated with several organelles including

the sarcolemma, sarcoplasmic reticulum, mitochondria, and myofibrils.3,12

Granules of glycogen, or glycosomes, are also physically associated with sev-

eral proteins including glycogen phosphorylase, phosphorylase kinase, gly-

cogen synthase, glycogenin, protein phosphatases, and adenosine

monophosphate (AMP)-activated protein kinase (AMPK).3,12 The synthesis

of glycogen involves multiples enzymes, and glycogen synthase is the

rate-limiting enzyme. The breakdown of glycogen (glycogenolysis) is also

controlled by a multienzyme system, and this will be discussed in more

detail below.

Glycogen utilization is rapidly initiated at the onset of exercise and

increases exponentially with exercise intensity.13 Regulation of glycogenol-

ysis is very sensitive to the metabolic rate of skeletal muscle during

exercise.14,15 Glycogen phosphorylase is the enzyme responsible for the

rate-limiting step during muscle glycogenolysis.3,16 At rest, glycogen phos-

phorylase exists primarily in the inactive b form, whereas with the onset of

exercise phosphorylase kinase phosphorylates the b form to the active a

form.3 Phosphorylase kinase activation results from elevated calcium levels

and binding of epinephrine to β-adrenergic receptors on the sarcolemma.

Activation of phosphorylase kinase by stimulation of β-adrenergic receptors
on the sarcolemma is mediated by cyclic AMP. Elevated epinephrine levels

increase glycogen phosphorylase activity and glycogenolysis in perfused rat

hind limbs and glycogenolysis in humans during moderate exercise.16,17

Muscle glycogenolysis does not always correlate tightly with levels of

phosphorylase kinase a.18 This suggested that posttranslational factors

enhance the glycogenolytic rate during various intensities of exercise.

Indeed, AMP and adenosine diphosphate (ADP) levels, and increased levels

of Pi can all allosterically regulate activity of the a and b forms of phosphor-

ylase kinase.3With increase exercise duration, there is a decrease in glycogen

availability in parallel with decreased phosphorylase activity, while there is

increased availability of other substrates for oxidation, such as plasma glucose

and free fatty acids.

Muscle fiber type can also be a factor in determining the regulation of

muscle glycogenolysis. During moderate intensity exercise, muscle glyco-

genolysis occurs predominantly in type I muscle fibers. As exercise duration

increases or if exercise intensity increases, type I fibers become depleted and
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increasing amounts of glycogen are degraded in type II muscle fibers. Thus,

as exercise intensity increases, recruitment of type II fibers increases accord-

ingly. With short-term exercise at intensities approaching and exceeding

VO2max, glycogenolysis occurs in all fibers, but the highest rates are in type

II fibers.3

Once muscle glycogen is depleted or near depleted, fatigue sets in, and

exercise capacity is compromised.14,15 Although duration and intensity of

exercise play a role in regulating glycogen breakdown in muscle, diet history

and training status also regulate muscle glycogenolysis during exercise. In

general, increased carbohydrate intake is associated with greater muscle gly-

cogen utilization, whereas increased fat intake results in decreased muscle

glycogen utilization during exercise.3 This attenuation of muscle glycogen-

olysis during exercise following the intake of a high-fat diet appears to be

dependent on metabolic adaptations resulting from the high-fat diet and

independent of muscle glycogen availability, which was similar at the onset

of exercise.19 Following exercise, glycogen synthase is activated and muscle

glycogen concentrations are increased in the resting muscle.20,21 Despite this

increase in resting muscle glycogen levels, muscle glycogenolysis is

decreased during dynamic exercise following short-term endurance train-

ing.22 This decrease in muscle glycogenolysis is contributing to the well

described increases in muscle oxidative capacity.22

4. GLUCOSE TRANSPORT

The other major source of carbohydrate during exercise is circulating

blood glucose. Blood glucose concentrations during exercise are controlled

by a precise regulatory mechanism, and the source of the circulating glucose

is primarily the liver. In the resting state, food consumption also regulates

blood glucose concentrations, and the removal of glucose from the circula-

tion in response to both food consumption and physical exercise is a critical

factor for the maintenance of normal glycemia in humans.

The transport of glucose into skeletal muscle is essential for tissue

homeostasis, and under normal physiologic conditions, the transport process

is rate limiting for glucose utilization.23 Transport occurs by facilitated dif-

fusion, and there is an increase in the maximal velocity of transport without

an appreciable change in the substrate concentration at which glucose trans-

port is half maximal.24 The transport of glucose utilizes specific carrier pro-

teins called glucose transporters, which are a family of structurally related
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proteins that are expressed in a tissue-specific manner.25 In skeletal muscle

from rodents and humans, GLUT4 is the major isoform expressed, whereas

expression of the GLUT1, GLUT5, and GLUT12 isoforms is much

lower.26–28 Studies where there was genetic ablation of GLUT4 in the

skeletal muscles of mice reveal that GLUT4 is necessary for normal rates

of basal, insulin, and exercise-stimulated glucose transport.29,30

The mechanism by which exercise increases glucose transport via the

GLUT4 transporter has been an area of intense investigation for many years.

Likewise, there has been great interest in understanding the mechanism for

the effects of insulin on glucose transport. Early studies using subcellular

fractionation of skeletal muscle tissue,31,32 and more recently work using

in vivo confocal microscopy,33,34 have clearly established that both exercise

and insulin increase glucose transport in skeletal muscle through the trans-

location of GLUT4 from an intracellular compartment to the sarcolemma

and transverse tubules. The GLUT4 translocation process is very complex,

involving numerous cellular processes. In skeletal muscle, the movement of

transporters occurs by the exocytosis, trafficking, docking, and fusion of

GLUT4-containing storage compartment or “vesicles” into the cell-surface

membranes. Our knowledge of the composition, specificity, and trafficking

of GLUT4 vesicles has increased in recent years, although they are still not

fully understood.35 There is good evidence that multiple soluble

N-ethylmaleimide attachment protein receptor (SNARE) proteins regulate

the docking and fusion of GLUT4-containing vesicles. With stimulation

such as exercise, muscle contraction, or insulin, the vesicle-associated

SNARE proteins (v-SNARE), including vesicle-associated membrane

protein-2 (VAMP-2), bind to the target-membrane SNARE proteins

(t-SNARE), which include syntaxin 4 and SNAP23. This complex is

thought to facilitate the fusion of GLUT4-containing vesicles into the

cell-surface membrane. In studies with syntaxin 4 heterozygous-knockout

(KO) mice, syntaxin 4 has been shown to be a major molecule responsible

for the regulation of insulin-stimulated GLUT4 redistribution and glucose

transport in skeletal muscle.36 The roles of the SNARE proteins in exercise-

stimulated GLUT4 translocation are less well understood, although VAMP2

has been shown to translocate to the cell surface in response to exercise.37

When skeletal muscles are stimulated simultaneously by contraction and

insulin treatments, there are additive or partially additive effects on glucose

transport.24,38 Consistent with these findings, the combination of exercise

and insulin can have additive effects on GLUT4 translocation to the
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sarcolemma.38 These data support the concept that there are different mech-

anisms leading to the stimulation of muscle glucose transport by exercise and

insulin.39

5. EXERCISE SIGNALS REGULATING GLUCOSE
TRANSPORT

The intracellular signaling proteins that regulate the increase in

GLUT4 translocation and glucose transport in skeletal muscle with exercise

have also been an area of intensive investigation during the last 10 years.

Since insulin and exercise both stimulate GLUT4 translocation, it has been

hypothesized that there may be similar signaling proteins involved in the

translocation process. Insulin signaling involves the rapid phosphorylation

of the insulin receptor, insulin receptor substrate-1/2 (IRS-1/2) on tyrosine

residues, and the activation of phosphatidylinositol 3-kinase (PI3-K).40,41 In

contrast, exercise does not result in tyrosine phosphorylation of the insulin

receptor and IRS-1, and there is no increase in PI3-K activity.42,43 Addi-

tional evidence that exercise can increase glucose transport in the absence

of insulin signaling comes from a study investigating mice that lack insulin

receptors in skeletal muscle (muscle-specific insulin receptor KO mice;

MIRKO).44,45 While these mice have blunted insulin-stimulated glucose

transport,45 they have normal exercise-stimulated glucose transport.44

Taken together, these studies reveal that insulin and exercise mediate

GLUT4 translocation in skeletal muscle through different proximal signal-

ing mechanisms.

It is well known that a single bout of exercise activates multiple signaling

pathways46–48; however, the precise signaling mechanism that mediates

exercise-stimulated glucose transport is still not fully understood. Muscle

contractile activity results in numerous alterations within the muscle fibers

including changes in energy status (i.e., increased AMP/ATP), increases in

intracellular Ca2+ concentration, increased reactive oxygen species, and

stretching of the muscle fibers. These modifications can activate various sig-

naling cascades, some of which have been implicated in exercise-stimulated

glucose transport49,50 (Fig. 1).

5.1 AMPK and LKB1
AMPK is a heterotrimeric protein composed of a catalytic α-subunit and
regulatory β- and γ-subunits. The α- and β-subunits each exist in two

isoforms (α1, α2 and β1, β2), and the γ-subunit exists in three isoforms
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(γ1, γ2, and γ3). AMPK is activated by phosphorylation by one or more

upstream kinases, including LKB1.52–54

AMPK and LKB1 have been widely studied for their potential role in

exercise-stimulated glucose transport.55 The initial evidence for a role of

AMPK in exercise-stimulated glucose transport came from studies using

the AMP-analog, 5-aminoimidazole-4-carboxamide ribonucleoside

(AICAR).56,57 These studies showed that AICAR increases glucose trans-

port in skeletal muscle,56,57 and similar to muscle contraction, the effects

of AICAR are additive with insulin and PI 3-kinase-independent.56,58 Some

studies have shown that mice overexpressing a dominant negative AMPK

α2 construct in muscle or α1 and α2 KO mice have impaired exercise-

stimulated glucose uptake.24,59–63 In contrast, other studies using mouse
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Figure 1 Exercise and insulin regulation of glucose transport. Proposed model for the sig-
naling pathways mediating exercise- and insulin-induced skeletal muscle glucose trans-
port. Insulin is initiated by binding to its cell service receptor leading to a cascade of
phosphorylation reactions involving IRS-1, PI 3-kinase, and Akt among other proteins.
Exercise works through a proximal signaling mechanism from that is distinct form that
of insulin and is less well defined. It is likely that the proximal exercise signaling mech-
anism has redundancy as number of stimuli have been implicated in this process includ-
ing changes in intracellular Ca2+, the AMP:ATP ratio, generation of reactive oxygen
species, and mechanical stresses. The insulin and exercise signaling pathways are
thought to converge at the level of the Rab GAP proteins TBC1D1 and AS160, which
allow for the release of the GLUT4-containing vesicles from intracellular stores, translo-
cation to the transverse tubules and sarcolemma, and an increase in glucose uptake.
Adapted from Ref. 50.
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models with ablated AMPK activity demonstrate that inhibition of AMPK

has little or no effect on exercise-induced glucose uptake,62,64,65 or exercise-

stimulated glucose uptake in vivo,66 suggesting redundancy in the system.

Therefore, it is still controversial whether AMPK is necessary for

exercise-stimulated glucose uptake.

The role of LKB1 in exercise-stimulated glucose transport is also not

clear. Mice with KO of LKB1 specifically in skeletal muscle have been

shown to have a severe blunting of contraction-stimulated glucose trans-

port.51,67 This decrease in glucose transport could be due to decreased acti-

vation of AMPK and one or more of the AMPK-related kinases that are

substrates of LKB1. One possible LKB1 substrate that may regulate

exercise-stimulate glucose transport is the sucrose-nonfermenting AMPK-

related kinase (SNARK). Decreased SNARK activity in skeletal muscle

was shown to decrease exercise-stimulated glucose transport.68

While contraction-stimulated glucose transport was shown to be

impaired in LKB-1 KO mice51,67 and with decreased SNARK activity,68

another recent study showed that glucose uptake during treadmill running

was similar, if not higher, in LKB-1 KO mice compared to wild-type con-

trols.69 In yet another study, muscle-specific deletion of LKB1 only partially

inhibited exercise-stimulated glucose transport.51 These data suggest that

while AMPK, SNARK, and LKB1 may be important in the regulation of

exercise-stimulated glucose uptake, this system must have a high degree

of redundancy, and it is likely that there are several overlapping signaling

systems that can control exercise-stimulated glucose transport in skeletal

muscle. This theory is consistent with the importance of carbohydrate uti-

lization during exercise for survival.

5.2 Ca2+/Calmodulin-Dependent Protein Kinases
Skeletal muscle contractile activity requires an increase in intracellular Ca2+

concentrations, and some studies have indicated that Ca2+/calmodulin sig-

naling and Ca2+/calmodulin-dependent protein kinases are critical signals

mediating exercise-stimulated glucose transport in skeletal muscle. Incuba-

tion of rat skeletal muscle with the Ca2+/calmodulin inhibitor KN-93

decreased contraction-stimulated glucose transport.70 KN-93 also inhibited

exercise-induced CaMKII phosphorylation in the absence of AMPK inhi-

bition, suggesting that CaMKs regulate glucose transport independently of

AMPK signaling.70,71 These studies also showed that overexpressing a

constitutively active CaMKKα in mouse skeletal muscle increased AMPK
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Thr-172 phosphorylation and skeletal muscle glucose uptake.71 Electropo-

ration of a specific CaMKII inhibitor into mouse tibialis anterior muscle

reduced exercise-stimulated glucose uptake by 30%.72 However, a separate

study found that increases in Ca2+ concentration in muscle caused very little

increase in glucose uptake when the contractile response of the muscle was

impaired.73 These data point to an indirect effect of Ca2+ on muscle glucose

uptake, and the study of calcium signaling in the regulation of exercise-

stimulated glucose transport needs further investigation.

5.3 Downstream Signals Mediating Exercise-Stimulated
Glucose Transport

The signaling proteins downstream in the exercise and insulin signaling

pathways have been proposed to converge at the Rab GAP proteins Akt

substrate of 160 kDa (AS160/TBC1D4) and Tre-2/USP6, BUB2, cdc16

domain family member 1 (TBC1D1). AS160 and TBC1D1 are linked to

GLUT4 translocation via the Rab (ras homologous from brain) proteins.

Rab proteins are members of the Ras small GTPases superfamily74 and have

been shown to be involved in many membrane-trafficking events. Active

Rabs recruit various effector proteins that are involved in vesicle budding,

tethering, and fusion.49,74,75 In addition to the well-established roles of the

Rab proteins, there is evidence that the Rho family GTPase Rac1 is

involved in both insulin- and exercise-stimulated GLUT4 transloca-

tion.76,77 Mice deficient in Rac1 (Rac1 KO) have decreased insulin-

stimulated GLUT4 translocation,71,76 and Rac1 inhibition decreased

contraction-stimulated glucose uptake in mouse skeletal muscle.77

5.4 AS160 and TBC1D1
AS160 was initially demonstrated to regulate insulin-stimulated GLUT4

translocation in 3T3LI adipocytes.78–80 AS160 has numerous phosphoryla-

tion sites, and Rab GAP activity is controlled by phosphorylation. The

best-studied phosphorylation sites are a group of six distinct sites that were

identified as substrates for Akt. These are collectively referred to as phospho-

Akt-substrate (PAS) sites and both insulin and exercise increase AS160

PAS phosphorylation in skeletal muscle.78,81,82 Prolonged exercise in

humans82–84 and rats,78 as well as AICAR, are also known to cause

AS160 PAS phosphorylation. Therefore, in addition to Akt, AMPK has

been shown to phosphorylate AS160.81 Mutation of four PAS sites signifi-

cantly inhibits both insulin- and exercise-induced glucose uptake.85 AS160
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also contains a calmodulin-binding domain, and mutation of this domain

inhibits exercise-, but not insulin-stimulated glucose uptake.86 These data

show that both phosphorylation and calmodulin binding on AS160 are

involved in the regulation of exercise-stimulated glucose uptake. These

data also suggest that while AS160 may serve as a point of convergence

for both insulin- and exercise-dependent signaling in the regulation of

glucose uptake, other proteins may be involved in this regulation of glucose

uptake.

TBC1D1 is another potential molecular link among signaling pathways

converging on GLUT4 translocation in skeletal muscle.78,81,87–91 TBC1D1

and AS160 share 47% overall identity and have several comparable structural

features. TBC1D1 was first identified in adipocytes in culture but has only

very limited expression in this tissue. In contrast, TBC1D1 is highly

expressed in skeletal muscle.89 Insulin increases TBC1D1 PAS phosphory-

lation in skeletal muscle90,92,93 but, unlike AS160, TBC1D1 can regulate

insulin-stimulated glucose transport through a PAS-independent mecha-

nism.92 Mutations of TBC1D1 differentially regulate insulin- and

exercise-stimulated glucose transport in skeletal muscle.92,93 Thus,

TBC1D1 regulates both insulin- and exercise-stimulated glucose transport

in muscle, but through distinct phosphorylation sites. Taken together, these

data demonstrate that AS160 and TBC1D1 are a point of convergence for

the regulation of GLUT4 translocation for insulin- and exercise-stimulated

glucose transport in skeletal muscle.

6. INCREASES IN INSULIN SENSITIVITY FOR GLUCOSE
TRANSPORT AFTER EXERCISE

The effects of an acute bout of exercise on glucose transport are rel-

atively short-lived, returning to baseline typically in �30–40 min. How-

ever, once the acute effects of exercise per se have disappeared, there is a

period characterized by an increased effectiveness of insulin to stimulate glu-

cose transport.94,95 This increase in postexercise insulin sensitivity has been

observed up to 48 h after exercise in humans.96 The mechanisms for

increased insulin sensitivity are not known. Although decreased muscle gly-

cogen concentrations may play a part in exercise-induced increases in insulin

sensitivity, the increased insulin action can occur even after full glycogen

repletion.94 The signaling mechanisms mediating the postexercise increase

in insulin sensitivity are also not known, but similar to the acute effects of

exercise on glucose transport, are not thought to be due to increased activity
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of the insulin receptor or IRS-1.94,95,97 However, we and others have data

suggesting that there is enhanced IRS-2 tyrosine phosphorylation,98,99

Akt phosphorylation44,100,101 and activity,44 Atk substrate of 160 kDa

(AS160) phosphorylation,100 and expression of cytoplasmic SHP2101 in

the postexercise state.

7. EXERCISE TRAINING: IMPACT ON HEALTHY PEOPLE
AND PEOPLE WITH TYPE 2 DIABETES

Regular physical activity leads to numerous adaptations in skeletal

muscle which allow the muscle to more efficiently generate ATP and

become more resistant to fatigue.102 In regards to carbohydrate metabolism,

some of the key adaptations that occur in skeletal muscle with exercise train-

ing include enhanced glucose uptake and increased expression of

GLUT4.103,104 Trained muscles are also characterized by increased concen-

trations of glycogen, which is an important factor in the decreased rates of

fatigue with prolonged exercise. Exercise training causes muscle fiber type

transformation to a more oxidative and perhaps slow phenotype,105–107 and

an increase in mitochondrial activity and content.108–110 In addition, exer-

cise training can increase insulin sensitivity and improve overall glucose

homeostasis,111–113 which are of particular importance for individuals with

metabolic diseases such as type 2 diabetes.

Type 2 diabetes arises from a combination of genetic susceptibility and

environmental factors including physical inactivity and poor nutrition.114

Thus, type 2 diabetes typically develops as individuals become more obese

and less active, leading to insulin resistance, impaired glucose tolerance, and

eventually, the onset of full blown type 2 diabetes. While type 2 diabetes is a

multifactorial disease, it is a disease of altered carbohydrate metabolism on

many levels. In people with type 2 diabetes, insulin levels are normal or high,

but tissues such as liver, skeletal muscle, and adipose tissue become resistant

to insulin. The pancreas compensates by producing large amounts of insulin,

but this stress can eventually lead to pancreatic failure and the need for exog-

enous insulin treatment. The hyperinsulinemic state can result in impaired

glucose transport into the liver, skeletal muscle, and adipose tissue.115 While

type 2 diabetes is usually adult-onset, the number of children and adolescents

afflicted by this disease is dramatically increasing. In fact, there are currently

23.6 million people in the United States, which reflects approximately 8% of

the population that have diabetes, a number that has doubled over the last

15 years and is continuing to increase at epidemic rates.116
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Although these statistics are discouraging, the good news is that regular

physical exercise can delay or prevent the onset of type 2 diabetes.117–120

Studies using randomized trials have found that lifestyle interventions,

which included �150 min of physical activity per week, combined with

diet-induced weight loss, reduced the risk of type 2 diabetes by 58% in

an at-risk population.91,117 Exercise interventions, independent of diet, have

also been shown to be effective for the prevention and the progression of

type 2 diabetes.118 Exercise training in people with type 2 diabetes can

improve blood glucose concentrations, body weight, lipids, blood pressure,

cardiovascular disease, mortality, and overall quality of life.121–127 The Look

AHEAD study has demonstrated that combined weight loss and physical

activity in people with type 2 diabetes causes modest weight loss of approx-

imately 6%, improved glycolated hemoglobin, improved mobility, and

improved kidney function but no improvement in cardiovascular disease

over a 10-year period.121,123,124,126 However, since the level of fitness

was only assessed through year 4 of the study, conclusions on the effects

of fitness level on cardiovascular disease cannot be made.121,123,124,126

Increasing physical activity in adults with type 2 diabetes has been shown

to result in partial or complete remission of type 2 diabetes in 11.5% of sub-

jects within the first year of intervention, and an additional 7% had partial or

complete remission of type 2 diabetes after 4 years of exercise interven-

tion.122 Taken together, all of these data show that the effects of exercise

on carbohydrate metabolism have profound effects on metabolic health,

and this knowledge is important as we work to address the epidemic of type

2 diabetes.
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Abstract

The increased prevalence of hyperlipidemia, hypertriglyceridemia, hypercholesterol-
emia, and fatty liver disease has provided increasingly negative connotations toward
lipids. However, it is important to remember that lipids are essential components
supporting life. Lipids are a class of molecules defined by their inherent insolubility
in water. In biological systems, lipids are either hydrophobic (containing only polar
groups) or amphipathic (possess polar and nonpolar groups). These characteristics lend
lipids to be highly diverse with a multitude of functions including hormone and mem-
brane synthesis, involvement in numerous signaling cascades, as well as serving as a
source of metabolic fuel supporting energy production. Exercise can induce changes

Progress in Molecular Biology and Translational Science, Volume 135 # 2015 Elsevier Inc.
ISSN 1877-1173 All rights reserved.
http://dx.doi.org/10.1016/bs.pmbts.2015.06.017

39

http://dx.doi.org/10.1016/bs.pmbts.2015.06.017


in the lipid composition of membranes that effect fluidity and cellular function, as well
as modify the cellular and circulating environment of lipids that regulate signaling cas-
cades. The purpose of this chapter is to focus on lipid utilization as metabolic fuel in
response to acute and chronic exercise training. Lipids utilized as an energy source dur-
ing exercise include circulating fatty acids bound to albumin, triglycerides stored in
very-low-density lipoprotein, and intramuscular triglyceride stores. Dynamic changes
in these lipid pools during and after exercise are discussed, as well as key factors that
may be responsible for regulating changes in fat oxidation in response to varying exer-
cise conditions.

1. CROSSOVER CONCEPT

In 1994, Brooks and Mercier proposed the “crossover concept” as a

unified theory to describe the dynamic changes in substrate metabolism that

occur during endurance exercise across a range of exercise intensities, nutri-

tional status, gender, age, and prior training status.1 The central tenets to this

model are (1) the primary fuel source at rest is lipid; (2) exercise intensity is

the primary factor that dictates fuel selection during exercise; (3) as exercise

intensity increases beyond 45–65% of VO2max, glycogen and glucose

become the primary fuels, whereas lipid utilization decreases; (4) endurance

training, dietary modification, and energy supply can modify substrate selec-

tion during exercise, but these play a secondary role to the impact of exercise

intensity; and (5) comparisons made among subjects of differing age, gender,

training status, or activities requiring vastly different metabolic rates require

normalization of data to total energy flux. This model was developed as a

compilation of results from several independent studies and has proven to

accurately represent acute exercise substrate metabolism.

2. FAT METABOLISM DURING EXERCISE

2.1 Overview of Whole-Body Fat Oxidation During
Exercise

Fat contributes 90% of the substrate for resting energy expenditure in skeletal

muscle2; however, its resting metabolic activity is relatively low so muscle

receives only �20% of total cardiac output. Alternatively, during maximal

exercise intramuscular oxygen consumption and blood flow to skeletal mus-

cle can increase�30-fold,3,4 representing up to 80% of total cardiac output.

Since maximal exercise can induce a 20-fold increase in whole-body
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metabolic rate and ATP turnover in contracting skeletal muscle can increase

100-fold,5 a dramatic increase in blood flow is necessary to deliver substrates

to meet heightened energy demand.

Substrate preference during exercise varies with intensity. At low exer-

cise intensities (<40% VO2max), lipid is the predominant fuel, and as inten-

sity increases the body relies more heavily on carbohydrates. Maximal fat

oxidation peaks between 45% and 65% VO2max, whereupon the balance

in fuel preference shifts toward carbohydrate. This point is illustrated in

the crossover concept and confirmed in studies measuring fuel utilization

during exercise via respiratory exchange ratio (RER), tracer methodology,

and 13CO2 expiration in the breath which revealed fat oxidation increased

from rest to exercise and peaked at moderate-intensity exercise (45–65%

VO2max), but declined at higher intensities.6 Whole-body fat oxidation

can increase two- to threefold during submaximal exercise (�65%VO2max)

and this is largely driven by adaptations in skeletal muscle as lipid utilization

can increase 5- to 15-fold in this tissue under comparable exercise condi-

tions.7,8 As a result, in vivo studies indicate skeletal muscle accounts for

�55–75% of whole-body fat utilization during submaximal exercise.8 It is

also important to note that during submaximal exercise (�65% VO2max),

the relative contribution of fat toward energy provision progressively rises

as the exercise bout is prolonged beyond 90 min; however, this is not

observed in exercise lasting less than 60 min.8,9 This is believed to contribute

to a “glycogen-sparing” effect during prolonged exercise, but more research

is required to prove this notion.

2.2 Adipose-Derived Free Fatty Acid Utilization During Exercise
2.2.1 Adipose Tissue Lipolysis and Fatty Acid Utilization by Skeletal

Muscle
Lipolysis of adipose tissue is constantly occurring at rest, but �70% of the

liberated fatty acids (FAs) are re-esterified into the adipocyte triglyceride

(TG) pool.10 During the first 10–15 min of exercise, it is not uncommon

to observe a decrease in plasma FA concentrations due to enhanced clear-

ance by skeletal muscle, although this is more prominent at high exercise

intensities.11 However, after this point circulating FA gradually increases

with time due to heightened exercise-induced β-adrenergic outflow to adi-

pose tissue which invokes an approximately threefold increase in lipolysis

and reduces the re-esterification rate to nearly 25% within the first

30 min of moderate-intensity exercise.10 Heightened sympathetic drive

during exercise not only enhances circulation to skeletal muscle but also
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increases adipose tissue blood flow approximately two- to sevenfold.12,13

These adaptations ensure sufficient delivery of lipid fuel to exercising mus-

cle. In support, Turcotte et al.14 showed that, during knee extensor exercise,

the arterial plasma FA concentration increased significantly over time and

this was associated with increased fat uptake and oxidation in skeletal muscle.

However, it is important to mention that the percentage of FA removed by

skeletal muscle decreased over time, which indicates that mobilization of

lipid from adipose tissue exceeds the requirement to meet energy demand.

Circulating FA levels during prolonged low- to moderate-intensity exercise

can reach approximately twofold higher levels than observed at rest,

although this does not generally occur at higher exercise intensities.11,15

Collectively, these data suggest that lipid availability is not likely to be lim-

iting during moderate-intensity exercise.

Peak fat utilization is achieved during moderate-intensity exercise; how-

ever, it is noteworthy that total fat oxidation is reduced at both lower and

higher exercise intensities. Romijn et al.11 provided insight into this phe-

nomenon with a seminal study examining adipose tissue lipolysis and FA

delivery to skeletal muscle at exercise intensities equivalent to 25%, 65%,

and 85% VO2max. At low intensity, fat was the predominant fuel source

and the majority of these lipids were derived from plasma, whereas TG con-

tributed little. Based upon this evidence, it appears that the relative percent

contribution of fat to total substrate oxidation is maximal during low-

intensity exercise and the limitation in fat utilization is in the energy require-

ment of the exercise bout itself. In accordance with the crossover concept,

peak total fat utilization rates were detected at 65% VO2max. As one might

expect, lipolysis and FA delivery to skeletal muscle increased as a function of

exercise intensity up to 65% VO2max. Interestingly, however, despite

increased FA delivery during moderate-intensity exercise, the contribution

of plasma FA to total substrate oxidation was similar to that detected at 25%

VO2max. The authors provided a resolution to this apparent discrepancy as

they determined that, during submaximal exercise, TG catabolism increased

to a level that represented nearly half of the lipid utilized for total fat oxida-

tion. When exercise intensity was increased further to 85% VO2max, TG

stores and plasma-derived FA contributed nearly equally to total fat oxida-

tion; however, there was an overall decrease in the contribution of fat to

total substrate utilization to a point where it represented <50% of the fuel

required to meet the energy demand of high-intensity exercise. While the

decrease in fat oxidation at 85% VO2max could not be explained by alter-

ations in adipose tissue lipolysis, there was a �50% reduction in plasma FA
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levels suggesting lipid re-esterification in adipose tissue increased during

high-intensity exercise.10,11 Interestingly, infusion of intralipid for 2 h at rest

(7.4 U/kg/h) and during exercise at 85% VO2max (15.4 U/mg/h) in order

to match the circulating FA concentrations observed during exercise at 65%

VO2max enhances FA uptake and utilization; however, neither reaches

levels similar to those observed at 65% VO2max.16 Overall, these findings

suggest FA delivery may slightly limit fat oxidation at higher intensities;

however, the molecular mechanisms inherent to skeletal muscle lipid

uptake/metabolism may provide a stronger explanation for the decreased

fat oxidation rates at higher workloads.

2.2.2 Fatty Acid Transporters
While much variability exists, it appears that 60–100% of the FA transported

into muscle during exercise is oxidized and that the amount oxidized

approaches 100% as exercise intensity increases.17 This is seemingly at odds

with evidence showing fat oxidation decreases at high intensity. To recon-

cile this discrepancy, it seems likely that the decrease in fat oxidation at high

intensity is due to decreased FA uptake into muscle. Historically, FA was

believed to traverse the cellular membrane via passive diffusion, but discov-

ery of FA transport proteins supports the concept of facilitated lipid diffu-

sion. As depicted in Fig. 1, three proteins involved in cellular FA

transport have been discovered: FA transporter, cluster of differentiation

36 (FAT/CD36); a plasma membrane-associated fatty acid-binding protein

(FABP-PM); and a class of fatty acid transport proteins (FATP1–6). Fatp

members are self-supporting transporters, whereas Fat/cd36 and Fabp-pm

may work in a cooperative manner.18 These transporters account for

�70% of basal lipid transport and are highly regulated.19 The quantitatively

large proportion of FA uptake mediated by these transporters, in combina-

tion with the fact that they are highly regulated, supports the notion that

exercise-mediated regulation of these transporters modulates fat oxidation

during exercise.

Fat/cd36 and Fabp-pm are most abundant in highly oxidative type

I muscle fibers.20 Training-induced adaptations of FAT/CD36 are inconsis-

tent as total protein content is either unchanged21 or increased22 in response

to moderate-intensity exercise programs. Alternatively, high-intensity

exercise training increases FAT/CD36 protein.23 FABP-PM protein is

consistently higher in skeletal muscle from trained humans.17 Exercise-

induced alterations in FABP-PM regulation in humans may also be related

to exercise intensity as moderate-intensity exercise does not alter protein
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expression,21,22 whereas high-intensity exercise increases protein con-

tent.23,24 While evidence indicates exercise training generally induces

expression of these transporters, it is important to note that these changes

are often subtle and are not consistently reported.While the aforementioned

studies suggest FAT/CD36 and FABP-PM may be subtly responsive to a

chronic training stimulus, most research indicates these transporters are pri-

marily regulated in response to acute exercise. Early studies showed FA

uptake increased 50–75% after contraction and correlated with Fat/cd36

content.18,25 In the basal state, Fat/cd36 and Fabp-pm are found in an intra-

cellular vesicular pool and respond to acute exercise by translocating to the

plasma membrane and this localization is associated with increased FA

Figure 1 Cellular fatty acid uptake and intracellular lipid handling in skeletal muscle.
During moderate-intensity exercise, delivery of lipid (LCFA:albumin and VLDL-TG)
through the circulatory system to skeletal muscle increases. In response, upregulation
of fatty acid transporters at the plasma membrane during exercise increases fatty acid
uptake into skeletal muscle. Additionally, exercise increases lipolysis of intramuscular
triglycerides. Collectively, these actions significantly increase fatty acid delivery to
the mitochondria for use as metabolic fuel during moderate-intensity endurance exer-
cise. Abbreviations: LCFA, long-chain fatty acid; VLDL-TG, very-low-density lipoprotein
triglyceride; FABP-PM, plasma membrane fatty acid-binding protein; FAT/CD36, fatty
acid translocase, cluster of differentiation 36; FATP, fatty acid transport protein;
FABP-C, cytosolic fatty acid-binding protein; ACBP, acyl-CoA-binding protein; IMTG,
intramuscular triglyceride; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive
lipase; MGL, monoacylglycerol lipase; DAG, diacylglycerol; MAG, monoacylglycerol.
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uptake.17 These data suggest FAT/CD36 and FABP-PM likely regulate FA

uptake during exercise; however, it is currently unknown whether the dif-

ferences in fat oxidation at varying exercise intensities can be explained by

differential plasmalemmal localization of these proteins.

Fatp1 and Fatp4 are found in skeletal muscle and are most highly

expressed in type I, oxidative muscle fibers.26 Interestingly, Fatp1 and

Fatp4 have enzymatic activity that converts long-chain FAs (LCFA) to

acyl-CoA thioesters.27 Overexpression of Fatp1 and Fatp4 increases FA

uptake and oxidation; however, the transport capacity of Fatp4 may be

greater in muscle.26 A recent study indicated 8 weeks of variable-intensity

training (45–80% VO2peak) decreased FATP1, whereas an increase in

FATP4 was observed which was associated with enhanced fat oxidation.28

Insulin induces Fatp1 translocation to the plasma membrane29; however,

whether exercise modulates the plasmalemmal localization of either

FATP1 or FATP4 is unknown. Further research is required to uncover

the importance of FATP1 and FATP4 in regulating lipid metabolism in

response to exercise. As progress is made in this area, it should be remem-

bered that the acyl-CoA synthetase activity of both Fatp1 and Fatp4

requires ATP and CoA.30,31 It is possible that during exercise, the availabil-

ity of one or both of these cofactors may become limiting; therefore,

FATP1 and FATP4 activity may be dictated by more than either protein

expression or localization during exercise.

Once lipids enter the cell, they are bound to a cytosolic fatty acid-

binding protein (FABP-C), which reduces cytosolic FA concentrations.

This protects against lipotoxicity and reduces the concentration gradient,

thereby facilitating greater FA uptake. There are at least seven FABP

isoforms expressed in various tissues and all are implicated in intracellular

lipid trafficking.32 Overexpression of FABPs increases FA import, yet

knockouts of specific Fabp isoforms do not generally exhibit a gross pheno-

type due to compensatory upregulation of other Fabp isoforms.With respect

to skeletal muscle, two primary cytosolic lipid carriers have been examined:

FABP-C and acyl-CoA-binding protein (ACBP) (Fig. 1). Both FABP-C

and ACBP mediate intracellular FA transport.17 Fabp-c ablation in mice

reduced FA uptake �45–50% in skeletal muscle.33 Despite the obvious

importance of these proteins in facilitating lipid transport, neither FABP-

C nor ACBP was altered in response to exercise training.17 Overall, there

appears to be little need to expand the intracellular lipid transporter system

because it may already be sufficient to tolerate the increased lipid uptake dur-

ing exercise.
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2.3 Very-Low-Density Lipoprotein Triglyceride Utilization
During Exercise

The majority of circulating lipids are transported within lipoproteins. Lipo-

proteins carry varying amounts of proteins, cholesterol, phospholipids, and

TGs and are classified based on their density. Circulating lipoproteins pro-

vide �10% of total lipid oxidation under normal dietary conditions; how-

ever, this increases to�25% in response to a high-fat diet.7 This is primarily

accounted for by triglycerides carried within very-low-density lipoproteins

(VLDL-TG). TGs are removed from VLDLs by tissue-specific lipoprotein

lipases (LPLs). LPL is bound to the capillary endothelium and hydrolyzes

TGs, thus liberating FA for uptake into the surrounding tissue (Fig. 1). Tis-

sues with high LPL activity include adipose tissue, skeletal muscle, and heart;

however, the regulation of this enzyme is tissue specific. In the fed state, LPL

activity is highest in adipose tissue, thereby facilitating storage. Alternatively,

in states of energy demand, such as fasting and endurance exercise, LPL

activity in adipose tissue is diminished, while skeletal muscle Lpl activity

increases.34,35 Since exercise training also increases capillarization and oxi-

dative capacity of skeletal muscle, upregulation of LPL activity in muscle

could substantially enhance FA delivery via VLDL-TG hydrolysis during

exercise. In this light, VLDL-TG degradation is significantly greater in

trained versus untrained muscle and VLDL-TG turnover increases during

moderate-intensity exercise.36,37 VLDL-TG also provides fuel in the post-

exercise period as the fractional catabolic rate of VLDL-TG is significantly

higher during recovery.37 This effect can be prolonged as significantly ele-

vated VLDL-TG clearance has been found up to 14 h after exercise.38 Glob-

ally, findings suggest VLDL-TG contributes lipid substrates to help meet the

excess energy demands during and after exercise; however, the contribution

of VLDL-TG is likely less than that obtained from circulating FA and intra-

muscular triglyceride (IMTG) stores.

2.4 IMTG Utilization During Exercise
2.4.1 Contribution of IMTG to Exercise Substrate Metabolism
IMTGs are estimated to represent 1–2% of whole-body lipid stores; how-

ever, since they are stored in close proximity with mitochondria and have

high energy density, they provide a readily accessible fuel reserve during

exercise. IMTG content correlates with the oxidative potential of the mus-

cle; thus, oxidative type I fibers can contain threefold greater IMTG than

type II fibers.17 Endurance-trained individuals have elevated IMTG: a
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phenomenon termed the Athlete’s Paradox.39 This phenomenon can occur

in response to as little as 2–8 weeks of endurance training.17 Heightened

IMTG storage in trained muscle appears to translate to greater IMTG uti-

lization during exercise than untrained individuals.40

While circulating lipids are an important fuel source, only �55–65% of

the total FA utilized during submaximal exercise originate from the circu-

lating lipid pool.17 With this in mind, IMTGs can contribute significantly to

fat oxidation during exercise as they provide up to 35–50% of the lipid sub-

strate to support total fat oxidation during exercise at various durations and

intensities.17 The quantitative importance of IMTG is likely highest during

prolonged (>90 min) moderate-intensity exercise as they can provide

�25% of maximal total energy (�50% of total FA used), but they contribute

less during either low- or high-intensity exercise.11,41

Studies examining the response of IMTG content to exercise are wide-

spread, but often report different findings. The discrepancies may be related

to the methodology used to analyze IMTG content pre- and postexercise

and have been discussed in great detail elsewhere.17,40 Regardless, the gen-

eral consensus is that IMTGs are utilized during endurance and resistance

exercise. With respect to endurance exercise, IMTG stores diminish during

prolonged low- to moderate-intensity exercise, but do not change at high

intensity.17,40 The latter findings may help explain the decrease in fat oxi-

dation relative to increased exercise intensity as IMTG hydrolysis may

decline during high-intensity exercise. Collectively, these studies reveal that

IMTG lipolysis can serve as a significant source of metabolic fuel during

exercise.

2.4.2 Skeletal Muscle Lipases
IMTG lipolytic rates during exercise can be 10-fold higher than

re-esterification rates.42 As depicted in Fig. 1, FAs are mobilized from IMTG

through the hydrolytic action of a series of lipase enzymes: adipose triglyc-

eride lipase (ATGL), hormone-sensitive lipase (HSL), andmonoacylglycerol

lipase (MGL). Since Atgl and Hsl account for 98% of the total lipase activity

in skeletal muscle,43 the discussion herein will focus on the activity of these

enzymes as they relate to IMTG utilization during and after exercise.

HSL has historically been considered the primary lipase responsible for

IMTG hydrolysis; however, recent evidence indicates ATGL is critical

for complete IMTG catabolism. ATGL has 10-fold higher substrate speci-

ficity for TGs than diacylglycerides (DAGs), indicating this enzyme catalyzes

the initial step of IMTG hydrolysis.44 Within skeletal muscle, ATGL is
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expressed almost exclusively in oxidative type I fibers, which likely explains

why IMTG stores are reduced after exercise up to �60%, predominantly in

type I fibers.9,45 Eight weeks of endurance training induced a twofold

increase in skeletal muscle ATGL protein which was associated with

decreased IMTG,46 thereby suggesting exercise training enhanced ATGL

activity. ATGL is regulated via protein–protein interactions with compar-

ative gene identification 58 and various perilipin proteins. While investiga-

tion of whether exercise induces alterations in these protein–protein

interactions is in its infancy, several studies are yielding exciting insight into

mechanisms responsible for the exercise-induced increase in ATGL

activity.47–53

HSL has greater specificity for DAGs (10-fold) and cholesteryl (5-fold)

than TGs or monoacylglycerides.17 Moreover, Hsl-deficient mice exhibit

DAG accrual suggesting this enzyme has a primary role in DAG hydrolysis

in vivo.54 Hsl is highest in oxidative type I fibers55 and exercise consistently

elevates enzymatic activity in skeletal muscle.17,40 Increased HSL activity

does not appear to be due to alterations in protein content as endurance

training has no effect on HSL expression.56,57 Instead, exercise primarily

regulates Hsl via posttranslational modification of five different serine phos-

phorylation sites.58 The potential regulation of this enzyme by various sig-

naling cascades offers the advantage of allowing for rapid changes in

enzymatic activity. This has been confirmed in skeletal muscle as HSL activ-

ity increased within 1 min of initiating an exercise bout and enzymatic activ-

ity continues to climb in low- and moderate-intensity exercise until 60 min;

however, beyond this period HSL activity declines.59 The rapid activation

of HSL appears to be even more robust at high-intensity exercise (90%

VO2max), but this is short lived as lipolytic activity begins to decline within

10 min.

2.5 Regulation of Mitochondrial Fatty Acid Oxidation
While adipose tissue lipolysis, cellular FA uptake, and IMTG catabolism can

certainly impact skeletal muscle fat oxidation during exercise, mechanisms

regulating mitochondrial fat oxidation itself are equally likely to dictate

exercise-induced adaptations in substrate utilization. In support, Watt

et al.60 showed long-chain acyl-CoAs in skeletal muscle accumulated during

moderate-intensity exercise and increased with time, indicating FA avail-

ability was sufficient. Additionally, Kiens et al.61 found FA content within

skeletal muscle increased after high-intensity exercise despite decreased
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whole-body fat oxidation, leading the authors to conclude that the decline

in fat oxidation was primarily due to diminished mitochondrial fat oxidation

rather than insufficient substrate provision (delivery, uptake, or lipolysis).

These findings provide compelling evidence supporting the notion that

mechanisms regulating mitochondrial lipid utilization play an important role

in determining fuel selection during exercise.

Maximal fat oxidation rates can vary approximately fivefold during exer-

cise62 and flux through the tricarboxylic acid (TCA) cycle and electron

transport chain (ETC) can increase 70–100-fold during strenuous exercise4

indicating the excess energy demand during exercise can be substantial. To

accommodate increased energy demand during repeated bouts of exercise,

muscle adapts by increasing mitochondrial density. Exercise-induced adap-

tations in mitochondrial capacity provide trained individuals with a more

robust energetic capacity to meet the demands of an exercise bout by

increasing the potential for mitochondrial ATP production, TCA cycle

activity, as well as mobilization, transport, and oxidation of fat.3 These adap-

tations not only contribute to increased exercise capacity but also provide a

system that is more efficient at utilizing lipid-derived substrates. While an

in-depth discussion of exercise-induced mitochondrial adaptations can be

found in a separate chapter within this book, this section will focus on con-

cepts that may modify or regulate mitochondrial fat oxidation in response to

exercise (Fig. 2).

2.5.1 Regulation of Long-Chain Acyl-CoA Synthetase
There are five known isoforms of long-chain acyl-CoA synthetase

(ACSL1–5). Acsl1 appears to be the predominant isoform in skeletal muscle

as muscle-specific Acsl1-deficient mice exhibited a 91% reduction in Acsl

activity, which induced a 60–85% reduction in fat oxidation.63 Muscle-

specific Acsl1 deficiency also leads to limited exercise capacity as these mice

ran only 48% as far as controls. In humans, 10 days of exercise training at 75%

VO2peak increased skeletal muscle Acsl activity, resulting in increased fat

oxidation.64 These data suggest that ACSL activity could regulate fat oxida-

tion during exercise; however, identification of mechanisms regulating

ACSL activity in this context is lacking. With this in mind, it is likely that

ACSL activity is not limiting at moderate-intensity exercise as evidence

indicates FA levels progressively decline, while acyl-CoAs accumulate over

time.60,61 Alternatively, it seems reasonable to predict that the decrease in fat

oxidation during high-intensity exercise may be partly attributable to lim-

itations in ACSL activity. ACSL enzymes require free CoA to convert FA to
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acyl-CoA (Fig. 2), yet free CoA levels can decrease �30–45% after exercise

at 75–90% VO2max.65 Unfortunately, it is difficult to discern whether the

cytosolic pool of free CoA that would be required for ACSL activity is

altered because the majority of cellular CoA is located within the mitochon-

drial matrix.65 Additionally, ACSL enzymes consume two ATP equivalents

to produce acyl-CoA (Fig. 2); thus, it is also possible that ATP levels at the

outer mitochondrial membrane that would be available in close proximity to

ACSL may be limited during high-intensity exercise. Finally, Acsl1 is reg-

ulated by phosphorylation and acetylation66; however, whether these sites

are altered in response to exercise is currently unknown.

Figure 2 Role of the carnitine shuttle in mitochondrial import and export of fatty acids.
Carnitine palmitoyltransferase-1 (CPT-1) converts long-chain acyl-CoA (LCFA-CoA) into
long-chain acylcarnitine (LCFA-carnitine), which subsequently enters the mitochondria
through carnitine–acylcarnitine translocase (CACT). Within the mitochondrial matrix,
carnitine palmitoyltransferase-2 (CPT-2) converts LCFA-carnitine back into LCFA-CoA,
which then enters the β-oxidation pathway for use as metabolic fuel. The ability of car-
nitine to facilitate mitochondrial fatty acid import is essential and supports lipid metab-
olism during exercise. In the event that mitochondrial lipid entry overwhelms the
requirement for metabolic fuel, excess acyl-CoAs generated within the β-oxidative path-
way can be converted into acylcarnitine esters by CPT-2 or carnitine acetyltransferase
(CRAT). The resultant acylcarnitines can then be exported from the mitochondrial
matrix. The ability of carnitine to facilitate the export of excess acyl moieties from
the mitochondrial matrix likely preserves optimal mitochondrial performance during
exercise. Abbreviations: ACSL, long-chain acyl-CoA synthetase; PPi, inorganic
pyrophosphate.
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2.5.2 Regulation of Carnitine Palmitoyltransferase-1—Malonyl-CoA
As shown in Fig. 2, mitochondrial FA entry is a highly regulated process.

First, LCFA must be converted to acyl-CoA by ACSL. As neither LCFAs

nor acyl-CoAs can permeate the inner mitochondrial membrane, acyl-

CoA must be transferred to carnitine palmitoyltransferase-1 (CPT-1).

CPT-1 is associated with the outer mitochondrial membrane and is the

rate-limiting enzyme in fat oxidation. This enzyme catalyzes the exchange

of CoA bound to LCFAs for carnitine within the mitochondrial inter-

membrane space, thus forming an acylcarnitine. Acylcarnitine derivatives

can enter the mitochondria via carnitine/acylcarnitine translocase

(CACT). Once within the mitochondrial matrix, carnitine is removed from

the acyl moiety and exchanged for CoA by a reversible reaction catalyzed by

CPT-2, thus providing an acyl-CoA that can enter β-oxidation.
When mitochondrial substrate supply and cellular energy status are high,

malonyl-CoA is produced. Malonyl-CoA is a potent CPT-1 inhibitor

(Fig. 2); thus, several studies have aimed to determine the relevance of this

regulatory pathway during exercise. Malonyl-CoA levels decrease during

exercise in rodents, which was postulated to contribute to enhanced fat oxi-

dation during exercise.67 Roepstorff et al.68 also found reduced malonyl-

CoA levels in humans at the onset of moderate-intensity exercise (60%

VO2peak); however, the authors concluded this effect was too subtle to

be the primary factor that fine-tunes fat oxidation during exercise. Further

doubt regarding the importance of malonyl-CoA to regulate fat oxidation

during exercise in humans was found when (1) malonyl-CoA content did

not change in muscle in response to moderate-intensity exercise, despite

increased whole-body fat oxidation, and (2) decreases in whole-body fat

oxidation during high-intensity exercise could not be explained by alter-

ations in malonyl-CoA levels.69,70 Globally, these findings suggest that while

alterations in malonyl-CoA content have the potential to regulate CPT-1,

the changes during exercise are likely to be too subtle to have a profound

effect on overall mitochondrial fat oxidation.

2.5.3 Regulation of CPT-1—Carnitine Provision
Since CPT-1 activity requires carnitine (Fig. 2), it is equally possible that free

carnitine availability could impact mitochondrial FA uptake during exercise.

Carnitine content reflects the FA oxidative capacity of the tissue (i.e., oxi-

dative tissues have greater carnitine reserves). Carnitine uptake into skeletal

muscle occurs against a large concentration gradient which results in a

50–100-fold greater concentration within muscle than in the circulation.
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In combination with its large mass, estimates indicate that nearly 95% of the

total carnitine pool within the body lies within skeletal muscle.71 Free car-

nitine does not change during low-intensity exercise (<40% VO2max);

however, beyond this point levels progressively diminish with increasing

intensity and the decrease can be approximately two- to fivefold after heavy

exercise.6,72 Since carnitine is necessary to facilitate mitochondrial FA

uptake, these robust decreases in free carnitine levels led researchers to pre-

dict that free carnitine availability may become limiting as workload

increases, thereby providing a potential explanation for the differences in

fat oxidation observed at varying exercise intensity.

At rest, free carnitine is nearly four- to sixfold more abundant than

acylcarnitines in skeletal muscle.73 During moderate-intensity exercise

(50–65% VO2max), free carnitine levels decline, but still account for greater

than half of the total carnitine pool (free carnitine+acylcarnitines).73 Evi-

dence that carnitine may be limiting was found as provision of supplemental

carnitine for 28 days enhanced fat oxidation duringmoderate-intensity exer-

cise (66% VO2max) in humans.74 Furthermore, 24 weeks of carnitine sup-

plementation significantly increased free carnitine content in skeletal muscle

which was associated with greater preservation of glycogen stores following

50% VO2max exercise, suggesting an increased capacity to facilitate fat oxi-

dation.73 While these studies lend credence to the notion that supplemental

carnitine can enhance fat oxidation during moderate-intensity exercise,

these findings are not universally supported as separate studies providing sup-

plemental carnitine either acutely or for up to 4 weeks did not enhance fat

oxidation.75–78 Currently, it is speculated that enhancing the duration of

carnitine supplementation may facilitate fat oxidation during moderate-

intensity exercise. However, a requirement for extended carnitine supple-

mentation would suggest that the effects would likely be due to chronic

remodeling of metabolic pathways, rather than acute changes in carnitine

status that would modulate substrate selection during submaximal exercise.

Further studies in this area should shed light on this controversy.

While significant controversy remains regarding the importance of

carnitine during submaximal exercise, the role it plays during high-intensity

exercise is somewhat clearer. The decrease in skeletal muscle free carnitine

during high-intensity exercise is substantial. Indeed, at exercise intensities

exceeding 75% VO2max, free carnitine represents <25% of the total carni-

tine pool (free carnitine+acylcarnitines).72,73 Clearly, a substantial portion

of carnitine is sequestered into the acylcarnitine pool during high-intensity

exercise, which may represent enough of a drop in free carnitine to impact
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substrate metabolism. Acetylcarnitine represents �90% of the total

acylcarnitine pool in skeletal muscle and increases in this metabolite far out-

weigh changes in any other acylcarnitine species.41,70,72,73 Moreover,

decline in free carnitine due to excess sequestration in the form of

acetylcarnitine was associated with decreasing fat oxidation in humans when

exercising at 75% VO2max.41 An intramitochondrial enzyme, carnitine

acetyltransferase (CRAT), utilizes free carnitine to convert acetyl-CoA to

acetylcarnitine (Fig. 2). Using genetic manipulation strategies, it was deter-

mined that Crat activity favors glucose oxidation, while limiting fat utiliza-

tion.79,80 Furthermore, through the action of Crat, carnitine is known to

stimulate pyruvate dehydrogenase (PDH) activity in isolated mitochondria

and tissue homogenates.79,80 This concept is supported in vivo as provision of

supplemental carnitine generally increases PDH activity and diminishes lac-

tate accumulation, thus augmenting carbohydrate utilization during high-

intensity exercise.41,73 Collectively, these findings indicate that one of the

primary mechanisms through which carnitine facilitates glucose utilization

during high-intensity exercise is via activation of CRAT, which facilitates

removal of excess acetyl-CoA from the mitochondrial matrix, thus relieving

PDH inhibition.

Through the action of CRAT, intramitochondrial carnitine can modu-

late the acetyl-CoA pool.With this in mind, acetyl-CoA also serves as a sub-

strate for acetylation reactions and a recent study found 388 lysine

acetylation sites on 195 mitochondrial proteins, many of which are enzymes

in the TCA cycle and ETC.81 Alterations in acetylation status can alter sub-

strate selection and hyperacetylation of mitochondrial proteins appears to

limit exercise capacity.82,83 While it is currently unknown as to whether

acetylation of mitochondrial proteins is altered during high-intensity exer-

cise, this is certainly an area worthy of pursuit.

Regardless of the mechanism(s) through which carnitine modulates sub-

strate metabolism during exercise, the substantial decrease in free carnitine

during high-intensity exercise appears to limit fat oxidation. Moreover, this

seems to be a preferential response in order to enhance glucose metabolism,

which offers an interesting paradox regarding the role of carnitine during

exercise at varying intensities. Specifically, this cofactor is essential for

CPT-1 activity and seems to facilitate fat oxidation at low- to moderate-

intensity exercise; however, during high-intensity exercise, carnitine is pref-

erentially utilized by CRAT to enhance glucose utilization via removing

excess acetyl-CoA from the mitochondrial matrix. Mechanisms explaining

how varying exercise intensities can induce a shift in either the enzymatic
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preference of carnitine (CRAT vs. CPT-1) or the subcellular distribution of

the carnitine pool (i.e., intramitochondrial to facilitate CRAT vs.

extramitochondrial to promote CPT-1) that promote this switch in enzy-

matic preference are currently unknown.

3. POSTEXERCISE LIPID METABOLISM

3.1 Lipid Dynamics During Exercise
Adipose tissue lipolysis and FA release into circulation can increase approx-

imately fivefold during moderate-intensity exercise.10,11 This exercise-

induced lipolytic drive can persist 3–6 h into recovery13,84 and the resultant

increase in plasma FA concentrations can last 12–24 h after exercise.85 Addi-

tionally, blood flow remains elevated during the postexercise recovery

phase.12,13 These changes are positively associated with energy expenditure

during exercise, suggesting the postexercise increase in circulating FA is

greatest in response to exercise where high energy demand is incurred.85

IMTG levels continue to decrease after exercise cessation if a low-fat diet

is consumed.86,87 This effect can be quite prolonged as IMTG content can

be significantly lower than resting values 6–30 h after exercise.86 In combi-

nation with increased adipose tissue lipolysis, the heightened IMTG break-

down during recovery likely provides excess lipids to the mitochondria.

Indeed, during the recovery phase heightened oxidation of both circulating

FA and IMTG pools is observed, which facilitates replenishment of muscle

glycogen.3 Muscle glycogen begins to recover immediately, whereas IMTG

restoration begins 2–4 h after exercise cessation.88,89 Dietary factors cer-

tainly impact restoration of these intramuscular energy reserves. For

instance, if a high-carbohydrate, low-fat diet (<20–25% by energy) is con-

sumed after exercise, muscle glycogen is restored quickly, but it can take 3–7

days before IMTGs return to basal levels.86,87 Alternatively, when

moderate- (35–40%) to high- (55–70%) fat diets are consumed after exer-

cise, IMTG levels return to baseline within 12–24 h.90

3.2 Excess Postexercise Oxygen Consumption
Following acute exercise, oxygen consumption (VO2) can remain elevated

above basal levels for several hours. Hill and colleagues developed the oxy-

gen debt hypothesis to describe this phenomenon.91–93 This hypothesis pos-

tulated that an individual incurs an oxygen deficit during exercise that is

associated with lactate formation. To extend this notion, Hill et al. predicted
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that heightened postexercise VO2 represented an oxygen debt that was

incurred to facilitate lactate removal. This concept was modified byMargaria

et al.94 who found a curvilinear decline in VO2 postexercise and proposed

that oxygen debt should be described in terms of an initial, fast (alactacid) and

secondary, slow (lactacid) phase. Unfortunately, this “lactate-centric” model

has proven to be too simplistic as it is now known that a variety of additional

components contribute to elevated VO2 following exercise. As such,

Gaesser and Brooks95 suggested using the more generic phrase “excess post-

exercise oxygen consumption” (EPOC) to describe this phenomenon as it

does not ascribe causality. Within the scope of this umbrella term, it is now

known that mechanisms involved in the early phase of EPOC can be attrib-

uted not only to lactate removal but also include the support of heightened

respiration to replenish oxygen reserves, restore ATP/creatine phosphate

levels, normalize body temperature, and restore fluid balance.96 Alterna-

tively, mechanisms contributing to the secondary, prolonged phase of

EPOC are less well understood. While there are many potential mecha-

nisms, one trait that is commonly found during EPOC is a heavy reliance

on FA as metabolic fuel.

Substrate preference shifts from carbohydrate to lipid in the recovery

phase following exhaustive aerobic exercise. During EPOC, fat oxidation

can remain at�25% of levels reported during exercise and represents greater

than 60% of oxidative metabolism during recovery.97 Logically, this sub-

strate shift facilitates replenishment of glycogen stores; however, the ener-

getic demand needed for glycogen synthesis likely contributes little to

EPOC. A portion of EPOC may be explained by the fact that the energetic

efficiency of oxygen-linked ATP production is lower with fat (�4.1 mol

ATP/mol oxygen) than glucose (�6.3 mol ATP/mol oxygen); therefore,

relatively more lipid is required to replenish energy stores. This substrate

shift is estimated to account for 10–15% of the EPOC observed after exhaus-

tive submaximal exercise.98

The evidence above suggests postexercise lipid catabolism occurs in

excess of that required to simply restore energy and glycogen reserves. Sev-

eral studies now indicate that a large portion of EPOC may be driven by

increased triglyceride/fatty acid (TG/FA) cycling.96 As mentioned earlier,

lipolysis is heightened during postexercise recovery and circulating FA levels

continually rise during this period, suggesting that the liberated FA is in

excess of what is required to meet energy demand. To avoid potentially

lipotoxic FA levels, excess lipids must be re-esterified into the TG pool: a

process known as TG/FA cycling. TG/FA cycling is considered a futile
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cycle since TG stores undergo lipolysis which liberates FA, but the fate of the

FA is simply to be re-esterified back into the TG pool (Fig. 3). The

re-esterification process is initiated by ACSL enzymes, which convert FA

to acyl-CoA at the expense of two ATP equivalents. As such, TG/FA

cycling can be an energy-expensive process and it has been predicted that

the energy cost of this futile cycle can account for a significant portion of

EPOC.96

Figure 3 Energy cost of triglyceride/fatty acid (TG/FA) cycling. During exercise, adipose
triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) activity are heightened,
which increases mobilization of lipids via lipolysis of triglyceride stores (adipose tissue
and IMTG). Heightened lipolysis can be maintained for prolonged periods in the post-
exercise recovery phase when energy demand drops substantially. Since the mobilized
long-chain fatty acids (LCFA) are not utilized as rapidly during the recovery period, they
undergo re-esterification. Together, this phenomenon is referred to as triglyceride/fatty
acid (TG/FA) cycling. Re-esterification of lipids into the TG pool requires conversion
of LCFA to LCFA-CoA via the action of long-chain acyl-CoA synthetase (ACSL). This reac-
tion consumes two ATP equivalents; therefore, TG/FA cycling can be considered an
energy-dependent futile cycle. Abbreviations: IMTG, intramuscular triglyceride; DAG,
diacylglycerol; MAG, monoacylglycerol; MGAT, monoacylglycerol acyltransferase; DGAT,
diacylglycerol acyltransferase.

56 Robert C. Noland



When an EPOC response is elicited, energy expenditure can be elevated

for 12–24 h after exercise cessation. However, the duration and magnitude

of EPOC are highly variable. Some of the primary factors that contribute to

this variability include the duration, intensity, and modality of exercise.

These matters will be discussed below.

3.2.1 EPOC and Exercise Duration
Most studies examining the relationship between EPOC and exercise dura-

tion suggest that postexercise energy expenditure increases in response to

extended exercise duration.96 Bahr98 described a positive linear relationship

between exercise duration and EPOC.Moreover, despite an overall increase

in postexercise energy expenditure, the relative substrate selection during

this period remains similar to shorter duration exercise and still favors lipids.

Interestingly, however, there appears to be a threshold exercise intensity to

elicit this response as studies using exercise protocols<50% VO2max do not

consistently evoke EPOC, regardless of duration.99,100

3.2.2 EPOC and Exercise Intensity
The most consistent and dynamic modulator of EPOC is exercise intensity

as the vast majority of literature indicates that heightened exercise intensity

not only increases the magnitude of EPOC but can also extend the dura-

tion.96 The strength of this relationship is perhaps best depicted by Bahr98

who showed that as exercise intensity increases, a positive curvilinear

increase in EPOC is detected. It appears that an exercise intensity >50%

VO2max is where EPOC begins to increase exponentially. This exercise

intensity threshold (�50–60% VO2max) coincides with the point wherein

the crossover principle predicts that the balance of whole-body fuel metab-

olism begins to shift from lipid toward carbohydrate. As such, it appears that

a portion of the lipid metabolism that is sacrificed during high-intensity

exercise is recovered during the exaggerated EPOC phase.

3.2.3 EPOC and Exercise Modality
The aforementioned studies show a significant EPOC response following

moderate- and high-intensity aerobic exercise. Interval training generally

induces greater EPOC magnitude and duration than continuous aerobic

exercise.96 Likewise, resistance exercise also induces a greater EPOC

response than aerobic exercise, with the greatest response coinciding with

the highest intensity of resistance training.96 However, it must be mentioned

that within the interval and resistance training modalities, the increase in
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lipid metabolism that occurs during EPOC would not be sufficient to com-

pensate for the decrease in lipid oxidation incurred during the high-intensity

phases of the exercise bout itself. Therefore, while these modalities do seem

to incur greater benefit in caloric expenditure during the EPOC phase, total

fat oxidation may actually be lower within these exercise modalities.

While enhanced fat oxidation and energy expenditure during

EPOC offer a potentially intriguing model to maximize fat utilization, it

is important to note that the amount of lipid catabolism that occurs

during EPOC is likely minimal compared to that which would be spent

during exercise. Estimates indicate the energy expenditure during EPOC

may be negligible compared to that which occurs during exercise; thus,

EPOC is unlikely to contribute substantially to overall energy balance

and weight loss.96 As such, if the goal of an exercise program is to maxi-

mize lipid catabolism (i.e., fat loss), it is likely best to partake in moderate-

intensity exercise (45–60% VO2max) that focuses on burning fat during the

exercise bout, rather than trying to maximize lipid utilization during the

EPOC phase.

4. DIETARY FACTORS INFLUENCING EXERCISE FAT
METABOLISM

There is a vast market supported by individuals seeking nutritional

supplements that aid sport performance, and to provide a thorough review

of this field is beyond the scope of this chapter. However, it is pertinent to

provide a brief overview of how common dietary practices influence lipid

metabolism during exercise. Generally speaking, these dietary practices take

advantage of the fact that biological systems adapt to carbohydrate-enriched

diets by enhancing pathways relevant to glucose metabolism, whereas lipid-

enriched diets upregulate fat metabolism pathways. Due to the ability of

these dietary practices to alter the pathways that dictate utilization of the pri-

mary two substrates that provide metabolic fuel during exercise, there is sig-

nificant interest in how each impacts sport performance.

4.1 Carbohydrate Loading
In 1939, Christensen and Hansen reported athletes placed on a high-

carbohydrate diet for 7 days performed better during submaximal exercise

than those that were placed on a high-fat diet for a similar time frame.101

In the 1960s, Bergstrom and colleagues not only showed that a positive asso-

ciation existed between muscle glycogen and submaximal exercise capacity
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but also described that a brief period of carbohydrate restriction followed by a

few days of high carbohydrate loading maximized preexercise muscle glyco-

gen and endurance capacity.102,103 These findings led to a practice that is com-

monly referred to as carbohydrate loading. A traditional carbohydrate loading

regimen includes an intense training period for �2 days that depletes muscle

glycogen, followed by a 3–4-day period immediately prior to competition

where the athlete consumes a carbohydrate-enriched diet (�60–70% total

energy from carbohydrate). This practice “supercompensates” the skeletal

muscle with glycogen stores in order to delay the fatigue commonly associated

with glycogen depletion. While carbohydrate loading has been frequently

shown to improve performance of endurance exercise bouts lasting

>90 min, this dietary practice is minimally effective in altering performance

during either moderate-intensity exercise lasting <60–90 min or high-

intensity exercise.104 Interestingly, the type of carbohydrate consumed (glu-

cose vs. glucose polymer vs. fructose) does not appear to alter glycogen storage

or utilization during exercise105; however, there is evidence indicating that

fructose inhibits fat oxidation to a greater extent than glucose during and after

exercise.106

4.2 Ketogenic Diet (Low-Carbohydrate, High-Fat)
Adipose tissue and intracellular lipid stores overwhelmingly represent the

most abundant fuel reserves in the body that are available to support the

energy demands incurred during exercise. In fact, for all practical purposes,

these endogenous lipids represent a nearly inexhaustible source of metabolic

energy. As such, there is substantial interest in developing strategies to max-

imize lipid utilization during exercise as a strategy to improve performance.

One such strategy that is receiving interest is consumption of a low-

carbohydrate, high-fat diet: commonly referred to as a ketogenic diet.

Due to the high lipid content, coupled with a limited supply of carbohy-

drate, ketogenic diets naturally drive enhanced FA utilization and ketogen-

esis. According to Volek et al.,107 prolonged ketogenic diet consumption

results in a coordinated reprogramming of metabolic systems throughout

the body that ensures optimal supply and utilization of lipid when faced with

a low-carbohydrate environment: a phenomenon known as ketoadaptation.

Moreover, the ketoadaptation principle suggests adopting this dietary prin-

ciple allows humans to adapt to utilize lipid as the primary fuel during sub-

maximal exercise, while simultaneously reducing reliance on glycogen

stores.107
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In agreement with the principles above, it is perhaps predictable that

humans consuming lipid-enriched diets for as little as 3–5 days or up to

4–7 weeks exhibited greater whole-body fat oxidation during exercise than

individuals consuming a carbohydrate-rich diet.6 Indeed, several studies indi-

cate that acute provision of excess lipid prior to or during exercise results in use

of FAs as the primary metabolic fuel during moderate-intensity exhaustive

exercise, whereas carbohydrate use is slowed.106–113 However, it is important

to note that exercise performance in response to short-term exposure to a

ketogenic diet (<6 days) often declines, despite substantially enhancing fat

oxidation.108–111 Alternatively, mounting evidence indicates that prolonged

(>4 weeks) consumption of a low-carbohydrate, ketogenic diet not only

enhances fat utilization but can either maintain or improve exercise perfor-

mance.113–116 One such study performed by Zajac et al.113 compared the

effects of a 4-week ketogenic diet (70% fat, 15% protein, and 15% carbohy-

drate) versus a mixed meal diet (30% fat, 20% protein, and 50% carbohydrate)

on endurance exercise cycling performance. The authors found that the keto-

genic diet increased energy expenditure (higher VO2) and fat utilization

(reduced RER and greater clearance of plasma lipid) during moderate-

intensity exercise. Interestingly, as exercise intensity increased, the ketogenic

diet actually reduced the lactate threshold, thus strengthening the contention

that ketoadaptation limits reliance on glucose during exercise.

Work from Dr. Stephen Phinney’s laboratory has extended our under-

standing of the impact of the ketogenic diet on exercise outcomes by per-

forming studies using a diet that has minimal carbohydrate.114–116 Subjects in

these studies received a 4-week diet modeled after that of the Inuit popu-

lation who consume roughly 85% fat and 15% protein, with minimal

carbohydrate (participants in Dr. Phinney’s studies received<10 g carbohy-

drate per day). At the end of the 4-week dietary intervention, RQ values

indicated that FAs were nearly the sole source of metabolic fuel during

exercise. Interestingly, despite the fact that keto-adapted individuals had

preexercise muscle glycogen levels that were �50% lower than baseline,

their time to exhaustion during a submaximal (65% VO2max) endurance

exercise session was identical to baseline values. These data suggest that

the metabolic adaptations in response to a ketogenic diet are sufficient to

at least maintain endurance capacity during exhaustive submaximal exercise,

while simultaneously maximizing lipid utilization. Equally interesting are

findings indicating keto-adapted individuals exhibit reduced inflammatory

markers and muscle damage after an exercise bout,113,114,117,118 indicating

ketogenic diets may significantly facilitate postexercise recovery.
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Based upon the above information, it seems clear that prolonged con-

sumption of ketogenic diets maximizes fat oxidation, while at least

maintaining exercise performance during submaximal exercise. Indeed, cur-

rent evidence supports the notion that a ketogenic diet may be most bene-

ficial in ultra-endurance athletic endeavors performed at moderate intensity

as it would maximize fat utilization, while limiting the reliance on frequent

carbohydrate ingestion.107 Additionally, ketogenic diets are highly effective

at improving body composition, especially when combined with resistance

training,107,119 while preserving strength and power performance. Alterna-

tively, it is important to note that low-glycemic, ketogenic diets are not

optimal for high-intensity exercise.106,113 This is largely thought to stem

from the fact that the rate of ATP breakdown during high-intensity

(>85% VO2max) endurance exercise is too fast to be adequately matched

by ATP production from FAs; therefore, glucose is required to efficiently

maintain this balance. Also, lipolysis is reduced during high-intensity exer-

cise, thus limiting the availability of the primary fuel reserve available to

those consuming a ketogenic diet.

4.3 Dietary Considerations in the Postexercise Period
Exercise training in the fasted state induces metabolic remodeling to increase

FA oxidative capacity; however, these adaptations are abolished when a

carbohydrate-rich diet is consumed prior to or during exercise.106 Similarly,

increases in whole-body fat oxidation that are typically observed 2 h after

completion of a moderate-intensity exercise bout are abolished in individ-

uals that consume carbohydrates immediately after exercise.6 These findings

indicate that dietary choices not only modulate substrate utilization during

exercise but are also likely to impact postexercise metabolism and the molec-

ular adaptations incurred in response to exercise training. In this light, while

the EPOC phase may not be sufficient to burn vast amounts of calories, it

may be an essential period during which metabolic remodeling occurs to

facilitate more efficient lipid utilization in future exercise bouts. As such,

careful consideration regarding nutrition must be taken in order to maxi-

mize the desired training effects because the aforementioned findings suggest

that nutritional choices made pre-, during, and postexercise can override

some of the training-induced adaptations in gene transcription related to

substrate metabolism. The practical relevance of these findings can be readily

described using the dietary models mentioned above. For instance, carbo-

hydrate loading maximizes tissue glycogen stores and has proven to be
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successful in terms of improving performance during prolonged exhaustive

exercise. However, if the primary goal of an individual is to maximize fat

utilization (i.e., lose weight), rather than improve performance, then it

may be prudent to limit carbohydrate consumption prior to, during, and

perhaps even immediately postexercise in order to allow for optimal adap-

tations of the lipid metabolism pathways in the body to occur.

5. MOLECULAR PROGRAMMING OF LIPID METABOLISM

As mentioned earlier, FA exposure drives reprogramming of meta-

bolic pathways that favor lipid metabolism. Peroxisome proliferator-

activated receptors (PPARs) are key transcription factors that are activated

by endogenous lipid ligands to induce these responses. There are three com-

monly described PPAR isoforms: PPAR-alpha (PPARA), PPAR-delta

(PPARD), and PPAR-gamma (PPARG). Mechanistically, each PPAR

heterodimerizes with the retinoid X receptor (RXR) and the resultant

receptor complex then binds to a PPAR response element (PPRE) within

the DNA in order to modulate transcription (Fig. 4).120 Discussion of the

role of each of these transcription factors in relation to exercise will be

discussed below.

Figure 4 Synergistic coactivation of Ppard by Pgc-1a and Ampk to enhance lipid utili-
zation and exercise performance. Ligand (L)-activated Ppard heterodimerizes with the
retinoid X receptor (Rxr) and the resultant complex translocates to the nucleus where it
binds to a Ppar response element (Ppre) within the DNA. This increases capillary density
and upregulates lipid metabolism pathways, but has no effect on exercise performance.
Pgc-1a and Ampk activation induce mitochondrial biogenesis, which modestly
enhances exercise performance. During exercise, Pgc-1a and Ampk bind to the
Ppard:Rxr heterodimer complex resulting in a synergistic improvement in exercise per-
formance. Abbreviations: L, ligand—synthetic agonist or endogenous fatty acid; Ppard,
peroxisome proliferator-activated receptor delta; Pgc-1a, Ppar-gamma coactivator-
1alpha; Ampk, AMP-activated protein kinase alpha; △, change.
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5.1 PPAR-Alpha
PPARA is most abundant in highly oxidative tissues and regulates pathways

in a manner that enhances FA oxidation.121,122 Studies in liver and heart

indicate that the absence of Ppara decreases mitochondrial fat oxidation rates

�70–80%.123–125 Exercise training has been shown to increase PPARA pro-

tein expression in skeletal muscle,126,127 which led researchers to predict that

this transcriptional regulator would induce metabolic remodeling that

improves exercise performance. In support, Muoio et al.128 found that

Ppara-deficient mice exhausted earlier during an acute endurance exercise

bout than control mice. Interestingly, however, traditional PPARA target

genes (Pdk4 and Ucp3) and fat oxidation rates in skeletal muscle were largely

unaltered in Ppara-deficient mice. Also, following an acute exhaustive

endurance exercise bout, intramuscular glycogen stores were only reduced

50%. In contrast, hepatic glycogen stores were almost entirely depleted and

traditional PPARA target genes were robustly reduced in both liver and

heart. Data from this study also showed serum glucose, lactate, and ketone

levels were reduced in Ppara-deficient mice after exercise, whereas circulat-

ing FA levels increased. Collectively, these data indicate that PPARA may

impact exercise capacity through modulation of cardiac and hepatic lipid

metabolism, but the effect on skeletal muscle is minimal.

5.2 PPAR-Delta
Ppard is ubiquitously expressed; however, it is the predominant isoform in

skeletal muscle, where it is most abundant in oxidative, type

I fibers.122,128–130 In humans, single-nucleotide polymorphisms in PPARD

are associated with limitations in endurance exercise training adaptations.131

Conversely, both short-term exercise and endurance training increase

PPARD gene expression,120 and mice overexpressing this transcription fac-

tor have been nicknamed “marathon mice” due to robust increases in

endurance capacity.130,132 In a seminal study performed in the laboratory

of Dr. Ronald Evans,133 mice receiving Ppard agonist (GW501516) treat-

ment for 4 weeks exhibited increased oxidative muscle fibers and had a more

robust lipid oxidative capacity; however, this alone did not impact exercise

endurance capacity (results summarized in Fig. 4). Alternatively, when

Ppard agonist treatment was combined with 4 weeks of endurance exercise

training, a synergistic increase in oxidative muscle fibers and running capac-

ity was observed over vehicle-treated, exercise-trainedmice. Ehrenborg and

Krook elegantly summarized these findings by stating that “although
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pharmacological activation of PPARD may indeed potentiate the daily

training benefits induced by exercise, both for the amateur and elite athlete,

it will not supersede the need to actually perform the exercise.”While this is

partially true, it also must be noted that the AMP-activated protein kinase

alpha (Ampk) and the PPAR-gamma coactivator 1-alpha (Pgc-1a) physi-

cally interact with Ppard, which dramatically increases basal and ligand-

dependent transcription.133 Ampk and Pgc-1a are independently capable

of improving exercise performance133–135; however, the authors discovered

that activation of these pathways in the presence of heightened Ppard activ-

ity induced a synergistic improvement in exercise capacity (Fig. 4).133,136

Extrapolation of these results to the practical setting suggested AMPK ago-

nists (AICAR) and PPARD agonists (GW501516) could be used as

“exercise mimetics.” As would be expected, the potential impact of these

findings was of immediate interest to the field of sports performance because

these compounds were deemed to be capable of improving endurance exer-

cise capacity. As a result, within 1 year of publishing these findings, the

World Anti-Doping Agency added both AICAR and GW501516 to the

Prohibited List in 2009.137

5.3 PPAR-Gamma
There are three transcriptional splice variants of PPARG that produce two

distinct proteins: PPARG-1 is ubiquitously expressed, while PPARG-2 is

expressed primarily in white adipose tissue and brown adipose tissue. While

tissue-specific Pparg deletion studies have uncovered a multitude of func-

tions in various organ systems (reviewed in Ref. 138), studies using PPARG

agonists (broadly referred to as thiazolidinediones (TZDs)) indicate that the

primary role of this transcription factor is to induce adipogenesis. While

numerous studies have established the value of PPARG activation to

improve insulin sensitivity, few have examined the effects of these com-

pounds on exercise performance. Administration of one of the early TZDs,

rosiglitazone, for 4–6 months was shown to either have no effect on

VO2peak when given to patients with cardiovascular disease,139 or slightly

improve exercise capacity in type 2 diabetic humans.140 Unfortunately, the

impact of PPARG activation on exercise performance in healthy humans is

unknown. Truthfully, it is unlikely that PPARG activation has potential to

serve as an ergogenic target; however, studies in rodents suggest it could

have an indirect impact relevant to exercise. Specifically, Pparg agonist

(rosiglitazone) administration has been shown to provide an antidepressant
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effect in rodents during a forced swim test, which improved perfor-

mance.141,142 While a forced swim test is designed specifically to test param-

eters related to depression rather than exercise performance, the fact that

rosiglitazone exerted antidepressant action during an exercise activity leads

one to speculate that PPARG could play a role in exercise adherence. This

contention, however, has not been tested.

6. CONCLUDING REMARKS

Lipids are the predominant fuel source used to support submaximal

endurance exercise. Since lipid overwhelmingly represents the largest

reserve of stored energy in the body, there is much interest in maximizing

lipid utilization during exercise in order to either optimize sport perfor-

mance or maximize weight loss. Skeletal muscle is the primary consumer

of lipid during and immediately after exercise; however, this requires an

integrative organ systems effort to deliver lipid to muscle for use as fuel. Evi-

dence reviewed in this chapter emphasizes the importance of mobilization of

lipid from adipose tissue (lipolysis-derived free FAs), liver (VLDL-TG), and

intramuscular (IMTG) reserves to support the increased energy demand

incurred by exercise. Of course, increased presentation of lipid to skeletal

muscle does not ensure greater fat utilization. Indeed, simultaneous modu-

lation of several regulatory mechanisms that dictate tissue FA uptake, intra-

cellular lipid delivery, and mitochondrial β-oxidation is required to

maximize fat use during exercise. In response to acute exercise, the coordi-

nated activation of the sympathetic nervous system and induction of energy

deficit-sensing pathways ensures mitochondrial lipid delivery is sufficient to

at least match energy demand. In point of fact, even during exercise bouts

where lipid utilization is maximal, FA delivery to contracting muscle occurs

far in excess of that which is required to support the energy demands of exer-

cise. Excess FA delivery continues into the postexercise period and contrib-

utes to increased energy expenditure (EPOC) via heightened TG/FA

cycling. While the contribution of the EPOC phase to overall lipid catab-

olism may be relatively small in comparison to that which is utilized during

an exercise bout, the increased TG/FA cycling during the postexercise

period may play an important role in adaptations to exercise training. Spe-

cifically, energy-sensing pathways such as AMPK can remain active for at

least 30–60 min postexercise,143,144 which may act synergistically with ele-

vated lipid ligands during this period to induce PPARD-mediated remo-

deling of lipid metabolism pathways in muscle. The importance of the

65Exercise and Regulation of Lipid Metabolism



postexercise period in mediating metabolic adaptation is emphasized by the

fact that consumption of carbohydrates either during or immediately after

exercise negates remodeling of lipid metabolism pathways. In addition to

adaptations in response to exercise, evidence from studies testing the impact

of a prolonged (>4 weeks) low-carbohydrate, ketogenic diet prior to sub-

maximal endurance exercise indicates that ketoadaptation can further max-

imize the lipid-handling capacity of skeletal muscle, without impeding

performance. Alternatively, many forms of exercise rely more heavily on

carbohydrate than fat; therefore, adopting a ketogenic diet will likely impair

performance during exercise involving high-intensity effort. Indeed, dietary

choices impact substrate preference during exercise and each individual has

different goals in terms of what they desire from engaging in exercise (i.e.,

maximize performance, lose weight, other). As such, one’s dietary choices

should be tailored to match their specific goals and any drastic changes in

dietary or exercise practices should be carefully considered and implemented

with caution.
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Abstract

Skeletal muscles exhibit radical changes in physiology and metabolism in response to
exercise. While exercise induces highly specific physiological changes, e.g., hypertrophy,
associated with weightlifting or oxygen utilization associated with aerobic-type exer-
cises, the foundation of these changes is driven by the summation of exercise-induced
alterations in muscle protein metabolism. Practically, any type of exercise stimulates
muscle protein turnover, the purpose being both to renew, and also modify, the myoc-
ellular composition of proteins in line with adaptations according to themechanical and
metabolic demands imposed. The mechanism(s) by which exercise stimulates protein
turnover has been the subset of intense study. These studies have been led by the use of
stable isotopically labeled amino acids. Essentially, use of these heavier variants (e.g., 13C
AA vs. 12C) coupled to mass spectrometry has enabled study of the dynamic responses
of muscle protein turnover to exercise. Using these techniques, it has become patently
clear that exercise stimulates muscle protein turnover, i.e., muscle protein synthesis
(MPS) and breakdown (MPB). Moreover, intake of specific nutrients (i.e., dietary proteins)
potentiates MPS while attenuating MPB, facilitating maintenance of proteostasis and
exercise adaptation. The mechanisms driving these protein metabolic responses to
exercise include the coordinated activation of mRNA translation pathways (e.g., mech-
anistic target of rapamycin) and multiple MPB pathways (e.g., autophagy and ubiquitin–
proteasome). These processes are triggered by exercise-induced hormone, auto/
paracrine-acting growth factors, mechanical transduction, and intramyocellular second
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messenger pathways. Finally, there remains poor understanding of how distinct exer-
cise modes (e.g., resistance vs. endurance) lead to such distinct adaptations from a pro-
tein metabolic and molecular standpoint.

1. INTRODUCTION

Muscle protein metabolism is governed via a dynamic equilibrium

between muscle protein synthesis (MPS) and muscle protein breakdown

(MPB). Typically, in the postabsorptive (fasted) state, rates of MPB exceed

those of MPS (i.e., 0.08–0.1%h�1 for MPB and 0.03–0.07%h�1 for

MPS1–3), engendering negative protein balance (�0.04% to 0.05%h�1),

and hence, an overall loss of muscle proteins. However, this catabolic sce-

nario is reversed following intake of dietary protein, upon which rates of

MPS exceed that of MPB, and muscle protein balance becomes positive

again through an approximate doubling of MPS.4 The net result of this cycle

being the regaining of muscle proteins lost during the postabsorptive state.

There is no better example of muscle plasticity than that which occurs in

response to exercise. The mechanical loading of muscle associated with

exercise stimulates muscle protein turnover, manifesting as increases in both

the synthesis and breakdown of muscle proteins. Moreover, since exercise

also increases MPB (more than MPS), this leads to negative net balance5,

i.e., exercise in the fasted state is often catabolic. On the other hand, when

dietary proteins are consumed in proximity to exercise (which supply the

AA substrates for MPS) increases in MPS persist for longer periods

(�24 h6,7). In this instance, increases in MPS outweigh those of MPB5

and net protein balance switches to positive. It is this scenario of positive

balance that confers remodeling associated with exercise adaptation, e.g.,

hypertrophy and mitochondrial biogenesis.

1.1 What Techniques Have Informed Us upon How Exercise
Impacts Muscle Protein Metabolism?

How do we study protein metabolism in vivo? The use of “stable isotope”

tracers permits a dynamic measure of MPS to be determined, and with

the advent of sensitive, commercially available analytical instrumentation

(e.g., mass spectrometry) is considered the “gold standard” for in vivo assess-

ment of protein turnover.8–11 Typically, these measurements require the

introduction of a “heavy” version of the metabolite of interest, which for
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protein turnover is an AA. This is usually achieved whereby one (or more) of

the carbon, hydrogen, or nitrogen in the AA is replaced by its naturally

occurring stable isotope equivalent; 13Carbon, Deuterium (2H), or 15Nitro-

gen, respectively, creating labeled AAs such as 1,2 13C2 leucine, ring-D5-

phenylalanine, or 15N-glycine. The body treats these “labeled” AAs in

the same way as the “lighter” endogenous metabolite, meaning that through

regular tissue and/or blood sampling, the fate of these heavy AAs can be

traced allowing rates of utilization and turnover (as well as oxidation) to

be quantitatively measured.

Manymethods andmodels have been refined over the years for measure-

ment of protein turnover (for more detailed information on these, we refer

the reader to Wolfe and Chinkes12). The first and most commonly applied

method involves measurement of whole-body (i.e., not “tissue specific”)

protein turnover. Traditionally, 15N-glycine has been used; however, other

AA tracers can also be used.13 Once the tracer has reached equilibrium cal-

culations of whole-body synthesis and breakdown, based on rates of disap-

pearance and appearance of the tracer from an assumed single pool (through

regular urine and blood samples), can be made. Despite providing useful

information, this method is not tissue specific (i.e., does not tell us about mus-

cle) since it does not provide information on which part of the body is caus-

ing any of the measured contributions in protein metabolism. In an attempt

to overcome a number of these limitations, the use of arterial–venous (A–V)

balance was introduced.14 Here, both rates of tissue synthesis and break-

down can be determined via monitoring the rate of disappearance of the

tracer from the arterial pool (as a proxy of synthesis) or the rate of appearance

of the tracer into the venous pool (as a proxy of breakdown), assuming that

the AA being studied is not subject to secondary metabolism within the tis-

sue, i.e., assuming that it is exclusively being used for protein synthesis.14–16

These assumptions can be made stronger through the use of phenylalanine as

the tracer and the “3-pool model” where intracellular tracer enrichments are

also measured.Withmeasures of breath CO2
13C enrichment, AA oxidation

can also be simultaneously determined, providing more expansive informa-

tion on whole-body protein turnover and oxidation. (For detailed informa-

tion on modeling kinetics, see the following works.12,15–18) Yet, despite the

considerable popularity and utility of these A–V balance methods, they are

subject to influence by surrounding tissues, e.g., skin and bone, when cal-

culating across a limb, which limit (although not to the same extent as

whole-body kinetics) extrapolation to the tissue of interest, i.e., to leg skel-

etal muscle when measuring A–V balance across the femoral A–V sides of a
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limb. Moreover, with calculation reliance on measures of arterial blood flow

and lean leg mass (typically quantified by Doppler ultrasound and dual-

energy X-ray absorptiometry, respectively) to model the data, extreme per-

turbations in flow (e.g., following exercise, nutrition) and inaccurate analysis

of the contribution of pure lean tissue mass could mean that acquired data

may be over/under estimated.

Instead, direct incorporation- or fractional synthesis rate (FSR) measure-

ments of MPS are considered the “gold standard” in protein metabolism

measurements. Here, using continuous, bolus or pulsed (or all three

together) tracer infusions, rates of incorporation of an AA tracer into pro-

teins can be determined and, hence, a FSR or absolute synthetic rate

(ASR) calculated. By sampling the tissue pool, isolating and hydrolyzing

the protein of interest, the amount of tracer AA incorporated into protein

is determined,4,19 which with measurement of enrichment in the precursor

pool, or a proxy surrogate, means that FSR of MPS can be accurately

calculated (see Fig. 1). Unlike A–V methods, FSR is tissue specific and

unaffected by blood flow perturbations. Furthermore, by simply stopping

a steady-state tracer infusion, measurement of the decay of the tracer enrich-

ment from the arterial and intracellular pool over time can also give a

Arterial side:

A

synthesis

5 – 8 APE

Rate of disappearance
from arterial pool =

breakdown

Venous side:

Rate of appearance into
venous pool =

3 – 6 APE

= AA tracer
= Endogenous AA

Intracellular space B

AA pool

Aminoacyl-
tRNA

Breakdown Synthesis

Peptide
fractional

synthesis rate
(FSR)

0.01–0.05 APE

Rate of
incorporation
into protein =

Figure 1 Schematic showing theuseof stable isotope tracers for the calculation ofprotein
synthesis and breakdown. (A) represents arterio-venous balance measures, (B) fractional
synthetic rate measures. Abbreviation: APE, atom percent excess.
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measurement of fractional breakdown rate.20,21 However, as with the A–V

methods, these so-called gold standard methods also have their limitations.

To perform them requires intravenous tracer administration, which restricts

measures to acute (<12 h) time periods; there is also the need for invasive

venous/arterial cannulation, in addition to repeated biopsies. These aspects

restrict these measurements to a laboratory or clinical setting, making their

applicability to “normal life” limited.

In contrast, the recent “reintroduction” of the stable isotope tracer

deuterium oxide (D2O) somewhat overcomes some of these limitations

associated with traditional AA tracer techniques. The rapid developments

over the past decade of multiple D2O tracer methodologies for use in both

acute (hours–days) and chronic (weeks–months) settings with minimally

invasive procedures and sampling have been of great interest. Deuterium

was one of the first stable isotopes to be successfully chemically isolated.22

Almost immediately following this isolation, this stable isotope was rapidly

implemented for the measurement of cholesterol and protein turnover

through the provision of D2O in the diets of animals and subsequently

monitoring the appearance of deuterium in multiple tissue pools.23–25

Despite the novelty of this technique, it was soon superseded by the iso-

lation and introduction of carbon and nitrogen stable and radiolabeled

tracers. However, recent developments in mass spectrometry, in particular

the development and commercialization of pyrolysis reactors for H2 and

O measurements, have led to an explosion of interest in the application

of D2O to measure in vivo protein metabolism. Indeed with a single

bolus11,26 or continuous daily/weekly ingestion of D2O,27–30 it is possible

to quantify multiple metabolic pools (i.e., lipids, proteins, fats, nucleic

acids) as the rapid equilibrium of D2O within the body water pool leads

to dispersion into multiple tissues and organs. The deuterium can then

replace hydrogen from water at stable C–H bonds in metabolites through

enzymatic (and nonenzymatic exchange) reactions, with the potential

for labeling (and hence measuring of rates of incorporation) of proteins,

lipids, DNA, and sugars at a single instance. Indeed, with the ease of

oral administration and potential for acute and chronic in vivo measures

of multiple metabolic pools, it is no wonder the popularity and application

of this method are growing rapidly, particularly in the exercise and

protein metabolism field.11,26,27,31–33 Moreover, with its ability to quan-

tify cumulative responses of MPS, this method will prove vital to the study

of muscle metabolism over longer periods of exercise training. This should

lead to a more holistic understanding of exercise adaptation and muscle

metabolism.
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2. THE REGULATION OF PROTEIN METABOLISM BY
EXERCISE

Physiological adaptations to exercise training depend upon the mode

of exercise undertaken and are intricately responsive to the specific demands

imposed. The most classical segregation of exercise training modes is that of

resistance exercise training (RE-T) and endurance (or aerobic) exercise

training (EE-T). Prior chapters have discussed in great detail the metabolism

of the other macronutrients (CHO and Lipids) during exercise, particularly

with regards to the importance of these as energy substrates. While it is not a

primary role of protein/AAs, it is important to highlight their contribution

to energy provision before moving forward to discussing aspects of exercise

and protein metabolism.

It is generally considered that carbohydrates and fats are the most impor-

tant substrates for energy provision both under rested and exercised condi-

tions.34 However, the varied pathways throughwhich both nonessential and

essential AAs can be metabolized ensures that under certain conditions

protein/AAs can form an important alternate energy substrate. For example,

through the process of branched-chain amino acid (BCAA) transamination,

BCAAs can provide carbon skeletons for TCA cycle intermediates,35 while

also providing keto acids for decarboxylation in the mitochondria for main-

tenance of NADH levels,36 with the nonessential AAs such as alanine capa-

ble of reversible transamination to pyruvate,37 and hence, potential for

associated ATP production. The relative role of AAs for energy provision

during exercise can be highlighted by the fact that there is a rapid increase

in the activity of branched-chain alpha-keto acid dehydrogenase complex

(the rate-limiting step for BCAA transamination and oxidation pathways)

with the onset of exercise,38 and this is supported by other studies which

found an increase in leucine oxidation rates during exercise.4,39 Further-

more, the contribution of AAs as an energy substrate seemingly increases

as a function of both exercise intensity39 and duration.40 Early studies inves-

tigating substrate fluxes across organs during exercise found that as exercise

progressed in duration there was a greater efflux of alanine from the leg,

which was subsequently taken up by the liver; while there was an accom-

panying increase in the efflux of BCAAs from the liver and uptake by

the leg, a pattern indicative for utilization of AAs for energy provision.40

The need for this increase in AA utilization for energetic purposes during

exercise is likely driven by a reduction in the availability of other substrates,
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as the additional provision of glucose during exercise helps to decrease leu-

cine oxidation rates.41 Moreover, trained individuals who inherently have

more efficient substrate utilization also show a reduced level of leucine oxi-

dation.42 Though much of this information is derived from studies of

moderate- and high-intensity EE, AAs likely also contribute similar ener-

getic benefit during RE; however, this is still relatively poorly understood.

Despite protein/AAs providing an evidently important contribution to

energy provision, comparative utilization of AAs is believed to be <20%

dependent on the type, duration, and intensity of the exercise being per-

formed.34,43 This is primarily driven by the importance of AAs for

maintaining structure, integrity, and function of multiple organ systems.

In the subsequent sections, we will describe protein metabolism in

response to both RE and EE regimens before discussing what is known

about how these responses are regulated.

2.1 RE-T and Muscle Protein Metabolism
RE-T is not only a pastime of body builders and recreational weightlifters; it

also represents the foremost nonpharmacological intervention in offsetting

declines in muscle mass with aging and other muscle-wasting conditions.44

Indeed, despite heavy investment by the pharmaceutical industry into the

discovery of promising anabolic agents and neutraceuticals, RE-T remains

the most safe and effective way of maintaining and/or building muscle mass

(a.k.a. hypertrophy). It is generally accepted that the accumulation of acute

post-RE increases in MPS, over a period of RE-T, engenders a sustained

situation of greater positive net protein balance (MPS>MPB11) culminat-

ing in muscle hypertrophy. Indeed, in a comprehensive review, Kumar et al.

reported that, under fasted conditions, an acute bout of RE increased sub-

sequent rates of MPS in both males and females with little data to contend

this.5 While it is beyond the scope of this chapter to overview hypertrophic

responses to RE-T (instead we would refer to the chapter by McGlory and

Phillips - Exercise and regulation of muscle hypertrophy), it is important to

highlight that cumulative increases inMPS following acute bouts of RE lead

to the characteristic increases in muscle fiber size, culminating in increases in

whole muscle cross-sectional area,45,46 that become apparent after just a few

weeks RE-T (see later for further discussion and details in relation to muscle

protein metabolism47,48).

In recent years, a number of studies have sought to establish themost opti-

mal pattern of loading to maximize anabolic responses to RE-T, with
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investigations focusing upon the impact(s) of (i) intensity, (ii) duration (rep-

etition number), and (iii) mode of contraction. In the period following a bout

of RE, MPS increases two- to fourfold above baseline (at rest “mixed” mus-

cle proteins turnover at�0.05%h�1 or 1.2%d�1). In response to a single bout

of RE, Kumar et al. demonstrated a sigmoidal dose–response to varying exer-

cise intensity, showing that MPS plateaued at intensities >60% one-

repetition maximum (1-RM; the maximum amount of resistance that can

be overcome for a specific exercise in one effort), evenwhen repetition num-

ber was increased at lower intensities (40% 1-RM) to match work volume

(intensity–volume product).49 This supports the notion that there is an

“intensity ceiling” of 60% 1-RM, above which no further anabolism is con-

ferred. Nonetheless, this does not mean that higher exercise intensities above

this ceiling are a prerequisite to stimulate MPS. Work by the Phillips lab

showed that a single bout of high-volume low-intensity RE to failure was

more effective than low-volume high-intensity exercise with regard to both

the amplitude and duration of the subsequentMPS response.50 This approach

did, however, require a greater work volume to be performed by the low-

intensity exercise group (30% 1-RM to failure vs. 90% 1-RM to failure). This

finding is almost certainly as a consequence of increased type II fiber recruit-

ment and the impact of Henneman’s size principle which states that motor

units are recruited from smallest to largest in relation to intensity, i.e., while

in practice, slow-twitch (type I) fibers are activated before fast fibers, evenRE

to fatigue at lower loads will eventually activate type II fibers. Interestingly,

these acuteMPS findings are consistent with recent data from a training study

using the same approach, where resulting hypertrophy was identical under

high versus low 1-RM training, underlining the notion that lifting bigger

weights does not necessarily translate into a bigger anabolic response in

the context of skeletal muscle protein metabolism or hypertrophy.51

The timecourse of increases in MPS after a single session of RE varies

according to an individuals nutritional52 and training status, but also as a fea-

ture of exercise volume and intensity. Typically, immediately after RE,

there is a latent period in which MPS remains at postabsorptive values, pre-

sumably reflecting a blunting of MPS during exercise due to the suppressive

effects of ATP turnover on MPS. In support of this suppression of MPS dur-

ing exercise, a recent study in rodents showed that MPS was suppressed

during muscle contraction in manner according to contractile duty cycle.53

Although there are no equivalent studies assessing MPS during exercise in

humans, it is likely that MPS is also suppressed during RE in humans.

For example, while increases in MPS were observed by 1 h after moderate
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intensity exercise (6�8 repetitions at 75% 1-RM),49 MPS remained

unchanged 3 h after exhaustive eccentric contractions.7 Thus, the energetic

demands of an exercise regime may govern the degree of suppression in

MPS and also the latency, before which MPS is “switched-on” to permit

remodeling. Nonetheless, other mechanisms for this latency might exist.

For example, during and immediately following acute exercise, global

responses for mRNA (required as the template for protein production)

appear rather chaotic,54 presumably reflecting their release for the ribosomes

in a manner also related to the acute energy crisis within the muscle. Nev-

ertheless, after this period of latency, MPS rises between 45 and 150 min

following cessation of RE and is measurably increased out to �4 h, which

in the absence of provision of protein nutrition,49 engenders negative net

muscle protein balance. Indeed, while RE is a potent stimulus for MPS,

associated increases in MPB over that of MPS ensures that RE performed

in the fasted state is, de facto, catabolic.2 However, when combined with die-

tary protein, positive balance (which can persist for up to 48 h6,7 at least in

the untrained state) can be restored; hence, permitting the associated accre-

tion of muscle protein over the duration of an RE-T program leading to

eventual skeletal muscle hypertrophy.3

While much is known about the effects of acute RE uponmuscle protein

metabolism, due to the intricacies of the measurement techniques (i.e., acute

tracer studies being at the beginning and/or end of training rather than tem-

poral measures throughout), much less is known about the influence of

chronic RE-T on muscle protein metabolism. Why is this important?

We know that responses of muscle protein turnover change throughout

RE-T. For instance, sedentary individuals exhibit greater (�50%) MPS

responses to a single bout of RE compared to highly trained individuals.55

Furthermore, using unilateral models of RE-T, trained legs exhibit lower

rates of MPS than untrained legs following 8 weeks of training,56,57 and a

dampening of MPS is evident with successive bouts of RE.11,58 This damp-

ened responsiveness to RE-T in the trained state may be reflective of the

well documented yet largely under recognized temporal nature of the

hypertrophic response to RE-T. Hypertrophy is not a linear process; one

does not simply continue to accrue muscle mass with continuing RE-T.

Rather, much of the muscle hypertrophy occurring in response to RE-T

occurs in the first few weeks of RE-T,47,59,60 after which there is a marked

plateau or slowing of muscle gains despite progressive training overload.60

This may explain why slower rates of turnover are evident in trained indi-

viduals, i.e., as the rate of hypertrophy slows, the primary driving force
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behind this hypertrophy, MPS, will do so also. Moreover, it was recently

shown that MPS responses to the first bout of RE do not correlate with

ensuing hypertrophic responses to RE-T.61 Why might this be? First, it is

likely that the elevation of MPS following unfamiliar RE-T occurs in part

due to muscle damage responses to unaccustomed exercise,62 rather than

quantitatively reflecting bona fide protein accretion. Second, this could be

due to the fact that gross perturbations in muscle protein metabolism in

the first few exercise bouts “settle down” with repeated bouts (as evidenced

above). Third, even when following established principles of overload (e.g.,

maintaining relative intensity throughout RE-T), timecourses of hypertro-

phic adaptations vary from person to person, such that one may not capture

the “plateau” in hypertrophy to align to the acute first bout MPS response.

Indeed, unless interindividual timecourses of muscle hypertrophy are

known, how can hypertrophy be expected to relate to the first bout of

RE-T? The D2O tracer technique (described earlier), which does not rely

on information from a single RE-T bout, can help shed new light on the

long-term control of protein metabolism in response to exercise.

MPB is less studied in comparison to MPS, primarily due to the less

developed and more complex methodologies that are involved in its accu-

rate measurement.5,15,21 Despite this, there are a number of papers which

have highlighted the impact of RE onMPB, which seemingly follow a sim-

ilar temporal pattern to that of MPS. Postexercise there is a rapid transient

increase in MPB of up to �30–50%, which can last up to 24 h.2,63 In the

rested fasted state, MPB is already significantly higher than MPS creating

a net negative balance, and yet despite the considerable stimulation of

MPS by RE, the equally as rapid increase in MPB ensures that the muscle

remains in a net catabolic state, and it is this MPB effect that is the primary

driver behind the net catabolic effect of RE observed in the fasted state.2,63

However, there does appear to be somewhat of a training adaptation with

regards toMPB, as whenMPB is measured in the untrained and trained state

immediately postexercise, the increase in MPB is dampened in the trained

state, indicating that reductions in MPB are an important adaptation associ-

ated with RE-T.55 This is interesting, because as already highlighted, the

acute stimulation of MPS is lower in the trained state, which combined with

attenuations in MPB postexercise means that trained individuals require less

of a stimulation to obtain a positive balance due to the associated adaptations

in protein turnover. In the fed state, the impact of RE on MPB is less pro-

nounced than that on MPS, although feeding can lead to associated

hyperinsulinemia and an increased abundance of free AAs, which can
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suppress breakdown in the postabsorptive rested state.64,65 The evidence of a

beneficial effect of postexercise nutrition on suppression ofMPB is debatable

with the majority of studies showing no/insignificant change(s) in MPB

with the addition of nutrition postexercise.52,66–69 Thus, it seems evident

that the main driver behind the positive net balance observed post-acute

RE is the influence of nutrition on augmenting the MPS response rather

than suppressing the MPB response; however, the cumulative adaptation

of chronic RE-T will likely assist in attenuating MPB responses over time.

2.2 EE-T and Muscle Protein Metabolism
In comparison to RE-T, EE-T involves exercise at a submaximal intensity,

typically, for prolonged periods (�30 min to several hours). In contrast to

RE-T in which muscle hypertrophy is the predominant adaptation,

EE-T is associated with enhanced endurance capacity through the induction

of shifts in substrate metabolism (e.g., slower use of glycogen), mitochon-

drial biogenesis, and angiogenesis.70,71 These physiological adaptations asso-

ciated with EE-T are stimulated in order to meet the increased demands for

oxygen extraction and utilization.72 Relatively, small amounts of work (as

compared to RE-T) have investigated links between EE-T and protein

metabolism, principally due to the prevailing “interest” being in muscle

hypertrophy associated with RE-T. Nonetheless, akin to RE-T, EE-T is

also associated with a stimulation of mixed muscle MPS following different

modalities (running, walking, swimming) of EE73–77 both in males and

females. This again follows somewhat of a temporal lag, whereby during

the initial 1–1.5 h postexercise, there are minimal increases in mixed muscle

MPS, after whichMPS increases significantly78 and can bemaintained for up

to 24 h (at certain intensities).79 It does, however, appear, in contrast to

RE-T, that increased mixed muscle MPS following EE is predominantly

driven by increases in sarcoplasmic and mitochondrial MPS, rather than

myofibrillar MPS.80,81 This makes sense from a physiological viewpoint

as increased mitochondrial MPS could potentially reflect increased mito-

chondrial biogenesis, i.e., increased mitochondrial synthesis was evident

�24 h after a bout of EE.79 Similarly, it was shown that the synthesis

of mitochondrial proteins was preferentially upregulated in response to

EE-T, while myofibrillar synthesis was preferentially upregulated in

response to RE-T (at least in the trained state80). However, there have been

suggestions that there may be an effect present in myofibrillar MPS follow-

ing acute EE, with significant increases in myofibrillar MPS observed
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between 30 min and 4.5 h postexercise, which can be maintained for up to

24 h when the intensity of the EE is high (60% Wmax).
79 Yet, the results of

this study (compared to other findings) may have been confounded due to

differences in the nutritional state of the individuals tested who were in the

fasted rather than fed state as with previous studies.

In terms of MPB responses to EE-T, similar to RE-T studies, studies

are somewhat limited. It has been shown that during EE-T there is a signi-

ficant increase in MPB,73,82 believed to be driven through the release of

AAs for energetic purposes.83 These increases in MPB during exercise are

maintained postexercise as measured using both tracer76 and indirect

3-methylhistidine release techniques,73 albeit attenuated compared to that

during exercise.82 Clearly, relinquishing AAs and stimulating protein turn-

over are important processes governing acute metabolic and chronic adap-

tive responses to exercise of any modality.

3. SIGNAL TRANSDUCTION REGULATING MUSCLE
PROTEIN METABOLISM RESPONSES TO EXERCISE

The regulation of protein metabolism involves the activation of cel-

lular pathways in skeletal muscle that transduce signals to the machinery reg-

ulating mRNA translation. Of all the signaling pathways associated with

exercise and muscle protein metabolism, the mechanistic (formerly mam-

malian) target of rapamycin complex 1 (MTORC1: composed of the genes

MTOR, RAPTOR, PRAS40, DEPTOR, LST8, see Fig. 2) is considered a

central determinant of muscle protein metabolic responses to exercise.84 For

example, administration of rapamycin, a pharmacological inhibitor of

MTORC1, to humans led to the ablation of RE-T-induced increases in

MPS,85 confirming preclinical observations that MTORC1 is required

for this response. Activation of MTORC1 is associated with phosphoryla-

tion of numerous substrate mRNA “translation factors” including

4E-binding protein (4EBP1), ribosomal protein S6 kinase (P70S6K1),

and eukaryotic initiation factors 4 G/A/B (EIF4G/A/B), with ensuing for-

mation of the EIF3F scaffold to promote assembly of a 48S preinitiation

complex. In a parallel pathway, activation of the guanine exchange

factor, eukaryotic initiation factor 2B (EIF2B) shuttles the initiator tRNA

(Met-tRNAi) to the ribosome during formation of the 48S preinitiation

complex, promoting “global” protein synthesis and coordinately enhancing

translational efficiency. In effect, these events stimulate the polyribosome
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formation and promote mRNA translation. For a detailed review of mRNA

translational control, we refer the reader to Proud.86

Nonetheless, while activation of MTORC1 and its substrates is a

common feature of responses to exercise in the regulation of MPS, the prox-

imalmechanisms involved in its activation remain poorly defined. In themost

basic sense, “upstream” signal(s) triggered by exercise cause the activation of

intracellular signaling pathways (such as MTORC1) responsible for modula-

ting MPS. Yet what triggers these intracellular signaling responses is subject

to debate and shrouded in complexity. Exercise triggers numerous physio-

chemical (i.e., mechanotransduction,84 endocrine,87 and auto/paracrine88)
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Figure 2 Known intracellular signaling pathways regulating protein synthesis and
breakdown. Arrowed lines, activates; circled lines, inhibits. Abbreviations: AKT, protein
kinase B; AMPK, AMP-activated protein kinase; ATGS, autophagy-related genes; BNIP3,
BCL-2/E1B-19kD-interacting protein-3; EEF2, eukaryotic elongation factor 2; EEF2K,
eukaryotic initiation factor 2 kinase; EIF2B/4A/4B/4E, eukaryotic initiation factor 2B/
4A/4B/4E; 4EBP1, eukaryotic initiation factor 4E-binding protein-1; FOXO, forkhead
box-containing proteins O; GSK, glycogen synthase kinase; MAFBX, muscle atrophy
F-box; MTORC1, mechanistic target of rapamycin complex 1; MURF1, muscle ring finger
protein 1; PLD, phospholipase D; PA, phosphatidic acid; PI3K, phosphoinositide 3-kinase;
RPS6, ribosomal protein S6; S6K1, ribosomal protein S6 kinase 1; TSC1/2, tumor suppres-
sor complex 1/2.
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events which combine to determine muscle protein metabolic responses. So

which of these signals is/aremost important?Much of the earlier preclinical89

and cell culture work90 implicated the muscle (and hepatic) secreted growth

factor, insulin-like growth factor-1 (IGF-1) in mediating MPS responses to

exercise. This led to a thesis whereby increases in expression and activity of

insulin-like growth factor (IGF) and its splice variants bind the IFG-1 receptor

on myocytes, which in turn yields activation of a classical insulin-mediated

PI3K-protein kinaseB (AKT)-MTORC1 signaling pathway, thereby leading

to increases inMPS.However, it has since transpired that themuscle canonical

IGFr–AKT–MTOR signaling represented a gross oversimplification of the

governance of protein metabolism in response to exercise. For example, in

a recent study, adult human volunteers performed single bout of RE either

in arm muscles alone or concurrently in arm and leg muscles. This protocol

engendered either a high (arm and leg exercise) or a low (arm exercise alone)

systemic hormonemilieu.Yet, despitemarkedlydifferent systemic concentra-

tions of growth hormone (GH), testosterone, and IGF-1 between the two

groups, there was no difference in acute MTORC1-associated signaling or

in MPS, or critically in chronic adaptations to training in terms of mass and

strength gains.91,92 Similarly, knockout of the IGF-1 receptor did not impact

muscle growth responses to overload in amodel of synergist ablation.93 These

data indicate that modulating systemic concentrations of IGF-1, testosterone,

orGH (the latter ofwhich acts via inducing IGF-1 expression rather than hav-

ing any direct effect onMPS in adult humans94)within the physiological range

does not play a role in adaptive hypertrophy and challenges the classic view of

the insulin signaling pathway. However, suppression of testosterone produc-

tion via use of a gonadotropin releasing hormone analogue in humans ablated

muscle growth responses toRE-T,95 thus suggesting that testosterone remains

an integral part of protein metabolic responses to exercise. Nonetheless, the

general absence of accordover the role of IGF-1 andother circulating anabolic

hormones has led tonewhypotheses surrounding themechanistic basis of pro-

teinmetabolic responses to exercisewith suggestions for it being amore intrin-

sic process than first thought.

Mechanotransduction is the process of converting mechanical signals

that are sensed in response to cellular movement into molecular signals,

and numerous candidate “mechanosensors” have been suggested in skeletal

muscle. One target recently found was the phospholipase D (PLD) enzyme,

which increases production of the lipid second messenger phosphatidic acid

in a mechano-sensitive manner. Furthermore, it was demonstrated that

phosphatidic acid signaling is upstream of contraction-induced activation
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ofMTOR, since pharmacological inhibition of PLD effectively ablated acti-

vation of MTOR in response to muscle contractions.96 Another possible

mechano-sensitive pathway is that of the muscle attachment, or focal adhe-

sion complexes, which represent macromolecular structures situated in the

sarcolemma of muscle fibers, that link the extracellular matrix (ECM) to the

cytoplasmic cytoskeleton, and consist of a variety of ECM receptors/

integrins, intracellular cytoskeletal, and signaling molecules.97 Interactions

of ECM proteins with integrin receptors stimulate intracellular signaling

pathways important in cell growth and migration in adult skeletal muscle.98

Activation of integrin receptors appears to be a common feature of muscle

remodeling in response to a variety of conditions including EE-T and mus-

cular dystrophy.99 Focal adhesion complexes play an integral structural role

in the transmission of lateral forces during contraction. Focal adhesion kinase

(FAK) is a nonreceptor tyrosine kinase that localizes to focal adhesion com-

plexes and is thought to represents a key component of integrin-mediated

signaling.100 Engagement of integrin receptors induces phosphorylation of

FAK at Tyr397, which correlates with its activation,101 and a growing body

of evidence has associated FAK activation with protein metabolic responses

to mechanical stress in skeletal muscle.102 Indeed, expression patterns of

FAK have been reported to be load-dependent, i.e., phosphorylation of

FAK was lowered following hind-limb suspension in rodents,103 immobi-

lization in humans104 and increased in models of overload105,106 and

RE-T in humans.80 Finally, local overexpression of FAK (FAK pLKO.1

plasmid) in rodents was shown to stimulate muscle hypertrophy97 suggesting

FAK as a genuine mechano-sensitive component of hypertrophy.

One of the greatest challenges associated with understanding how such

signals link to protein metabolism and ensuing adaptations is the variance in

human responses to exercise. Despite the identification of a numbers of

molecular “signals” which are put forward as being “master regulators” of

skeletal muscle adaptability (e.g., MTORC1, IGF-1, AMPK and

PGC1α),107 they do not explain the complexity and heterogeneity of exer-

cise adaptation. Similarly, acute increases inMPS after a single bout of RE do

not correlate with ensuing hypertrophic responses. A number of acute met-

abolic studies have highlighted discordance between mainstream signaling

paradigms and dynamic measures of protein metabolism65,108 and adapta-

tion. Furthermore, a recent study using genome-wide profiling of individ-

uals performing a supervised 20-week RE-T program highlighted that a

decreased expression of ribosomal RNAs was associated with an increased

ability to gain muscle mass,109 yielding a signature suggesting that inhibition
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ofMTORC1 is under some circumstances associated with greater hypertro-

phic responses following RE-T. Perhaps, this indicates that sufficient

MTOR signaling can be coupled with superior efficiency for MPS in

high-responder individuals (for growth), and hence, there is no need to

upregulate the rRNA genes.109 Perhaps, even more informative was the

observation that in the �25% of subjects that failed to demonstrate muscle

growth MTOR activation was clearly indicated in these low responders.

Therefore, it clearly cannot be a hallmark of muscle growth, with the canon-

ical signaling of MTOR representing a gross oversimplification of protein

metabolic and adaptive responses to exercise training in humans.

The molecular regulation of the apparent exercise-induced stimulation

of MPB has also been difficult to ascertain, impacted on by a very limited

number of studies, variability in findings across studies,110,111 and also the

fact that multiple proteolytic systems exist.112 However, there is seemingly

a common mechanism independent of exercise mode that increases in MPB

are regulated through, ubiquitin–proteasome-mediated degradation.83 Dur-

ing this process, proteins which are targeted for degradation are identified by

the 26S proteasome through the ATP-dependent addition of ubiquitin (Ub)

molecules, which is regulated through the three enzymes: Ub-activating

enzyme (E1), Ub-conjugating enzyme (E2), and the Ub-ligase enzymes

(E3).113,114 Once four ubiquitin molecules have been conjugated to the pro-

tein, it can be identified by the 26S proteasome and degraded to single pep-

tides. To exemplify this, immediately following RE, there is a rapid

upregulation of the Ub-ligases MURF1 and MAFBx/ATROGIN 1

mRNA, alongside their upstream transcription factor FOXO1.115,116 This

upregulation follows a temporal pattern, with MURF1 reaching a peak at

�1–2 h postexercise and returning to baseline levels within 8 h.117 This

molecular regulation does, however, seem to be differentially affected by

contraction mode, with increases in mRNA expression only seen in

response to concentric contraction. When performing eccentric contrac-

tions, there is substantial divergence,118 with increases in the expression

of the structural components of the ubiquitin–proteasome system: PSMA1,

ubiquitin splice forms I and II, in addition toMURF2 and 3.116 This difference

in molecular regulation between the two contraction modes is likely depen-

dent on the increased levels of damage and remodeling required for eccen-

tric compared to concentric contraction. Following 10-weeks RE-T, the

response of the ubiquitin–proteasome system postexercise is somewhat

dampened,118 reflecting that of the measures of MPB following training,

which seem to be dampened also.55 This likely reflects the fact that much

90 Philip J. Atherton et al.



of the muscular remodeling due to RE-T occurs in the early phases of the

training, and therefore after 10 weeks much of the adaptation has already

occurred and there will be less need for MPB to take place. While RE-T

seems to primarily upregulate ubiquitin–proteasome pathways, there is

evidence that proteolytic responses toEE-Tmaybemediated through a com-

bination of autophagy–lysosomal and ubiquitin–proteasomal pathways.83

FollowingmoderateEE-T,bothMURF1 andATROGIN-1mRNAexpres-

sion levels are increased suggesting a role for the ubiquitin–proteasomal

pathway in regulating postexercise proteolysis.119 However, in addition,

following a bout of ultra-endurance running mRNA expression levels of

key autophagy genes (ATG4B, ATG12, Cathepsin L, GABARAPL1,

LC3B, BNIP3 and BNIP31) were significantly upregulated,120 alongside

increased activity of the proteasome B2 subunit and increased MURF1 pro-

tein levels,121 suggesting a combined roll of both systems in the regulation of

proteolysis following EE. However, the type of endurance exercise per-

formed in these latter two studies is not typical of most EE regimes. The

high energy demand and metabolic stress placed on the individual during

this type of exercise likely contributes to considerable upregulation in

autophagy-related degradation (perhaps through an AMPK-dependent

mechanism). For example, when EE was performed by groups of rats which

were either in a fasted (e.g., energy deprived state) or in a fed state, they

showed vastly different levels of activation of autophagy, with greater levels

observed in the fasted rather than fed states.122AswithRE, expressionprofiles

after EE follow a temporal pattern peaking again between 1 and 2 h, but being

maintained for up to 24 h postexercise unlikeRE.117 Furthermore, responses

to training do not seem to reflect that which is observed with RE-T either,

with EE-T eliciting an upregulation of ubiquitin–proteasomal pathways to a

greater extent after 10 weeks thanRE-T.118 Again, this highlights the discor-

dance in the regulation of protein metabolism between these two different

types of exercise.

4. CONCLUSIONS

Using tools such as isotopic tracers in combinationwithmodernmole-

cular biology techniques has led to an explosion of studies, and hence, a

greater understanding into the control of exercise and protein metabolism.

From what has been discussed in this chapter, findings from a multitude of

studies indicate exercise specificity in regulating protein metabolism,

in-keeping with the “expected” adaptations required for the exercise type
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being undertaken. That is, muscle growth associated with RE-T requires

increases in myofibrillar protein synthesis and associated myofibrillar deposi-

tion, while the prevailing mitochondrial biogenesis associated with EE-T

requires preferential stimulation of mitochondrial protein synthesis for asso-

ciated mitochondrial deposition. Nonetheless, there still remains a great deal

more tobedonebeforewe fully understandhowexercise-specific adaptation,

heterogeneity in adaptive potential, and signal integration can be understood.
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Abstract

Exercise is a well-known stimulus for the expansion of the mitochondrial pool within
skeletal muscle. Mitochondria have a remarkable ability to remodel their networks
and can respond to an array of signaling stimuli following contractile activity to adapt
to the metabolic demands of the tissue, synthesizing proteins to expand the mitochon-
drial reticulum. In addition, when they become dysfunctional, these organelles can be
recycled by a specialized intracellular system. The signals regulating this mitochondrial
life cycle of synthesis and degradation during exercise are still an area of great research
interest. As mitochondrial turnover has valuable consequences in physical performance,
in addition to metabolic health, disease, and aging, consideration of the signals which

Progress in Molecular Biology and Translational Science, Volume 135 # 2015 Elsevier Inc.
ISSN 1877-1173 All rights reserved.
http://dx.doi.org/10.1016/bs.pmbts.2015.07.007

99

http://dx.doi.org/10.1016/bs.pmbts.2015.07.007


control this cycle is vital. This review focuses on the regulation of mitochondrial turnover
in skeletal muscle and summarizes our current understanding of the impact that exercise
has in modulating this process.

1. INTRODUCTION

Exercise is a powerful metabolic stress. When performed repeatedly

over the course of several weeks, exercise leads to adaptations in skeletal

muscle which allow it to meet the increased metabolic demand. One of

the most dramatic examples of this phenotypic adaptation is the increase

in mitochondrial content within muscle, which is coincident with a reduc-

tion in fatigability and an improvement in endurance performance. In con-

trast to the positive effects that exercise brings about to increase

mitochondria, chronic muscle disuse results in the opposite change. Chronic

physical inactivity leads to decrements in organelle content and function

within muscle, poor performance, and an increase in apoptotic susceptibil-

ity. The metabolic derangements associated with inactivity and the loss of

mitochondria include a greater storage, rather than oxidation of lipids,

and a tendency for obesity and insulin resistance. Aging also brings about

phenotypic changes in mitochondria within muscle, attributed to both inac-

tivity and inherent, aging-induced changes in organelle synthesis and deg-

radation pathways. Thus, opposing changes in the mitochondrial network

within muscle cells induced by chronic exercise, aging, or disuse are now

recognized to have implications for a broad range of health issues. Notably,

regular exercise can counteract many of aging- and inactivity-induced det-

rimental effects observed on metabolism associated with defective mito-

chondria, and research efforts must continue to seek the molecular

underpinnings of how this is brought about.

Our understanding of the structure, function, and turnover of mitochon-

dria has increased tremendously over the last two decades, thanks to an

emerging appreciation for the diversity of functions in which the organelle

partakes. Long known for their vital roles in cellular energy production,

mitochondria are now established participants in calcium (Ca2+) handling,

cellular signaling, and organelle-mediated apoptosis. In addition, mitochon-

drial dysfunction, brought about by either nuclear or mitochondrial DNA

(mtDNA) mutations, can lead to a wide variety of pathophysiological con-

ditions affecting a number of organ systems, notably skeletal muscle, the
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heart, or the brain. Thus, both basic and clinical scientists have become

keenly interested in howmitochondrial function and dysfunction contribute

to cellular health and disease.

2. OVERVIEW OF MITOCHONDRIAL TURNOVER

The steady-state mitochondrial content of muscle at any time, along

with the quality of the organelle pool, is a product of complex pathways of

synthesis (biogenesis) and degradation (mitophagy). The synthesis of a new,

higher level of functional organelles in response to exercise is the cumulative

result of a series of events that begins with the very first bout of exercise in a

training program. As discussed in detail below, each acute exercise bout ini-

tiates a new cascade of signaling events involving the activation of protein

enzymes that modify the activity of downstream proteins such as transcrip-

tion factors (TFs) that impact the expression of nuclear genes encoding mito-

chondrial proteins (NuGEMPs). The result is an increase in the level of

mRNAs which encode precursor proteins destined for mitochondrial local-

ization. Once translated in the cytoplasm, the resulting nuclear-encoded

proteins interact with protein chaperones and are delivered to the mito-

chondria. These mitochondrial-destined proteins are subsequently imported

into the different compartments, such as the matrix space or the inner or

outer membrane. A subgroup of these proteins include TFs, such as mito-

chondrial transcription factor A (Tfam), that act directly on mtDNA to

increase the mRNA expression of mitochondrial gene products and

mtDNA copy number. mtDNA is critical because it encodes 13 vital pro-

teins involved in the mitochondrial respiratory chain. Thus, mitochondrial

biogenesis requires the coordinated cooperation of both the nuclear and the

mitochondrial genomes to produce an organelle that is functional in provid-

ing cellular adenosine triphosphate (ATP).

In contrast to the process of biogenesis, regulation of mitochondrial con-

tent and quality is also exerted at the level of mitophagy, the selective deg-

radation of mitochondria by the autophagosome–lysosome system. As

discussed below, mitophagy is activated by similar signaling mechanisms

such as biogenesis, suggesting that a coordinated regulation of these path-

ways exists. Rates of mitophagy are enhanced during physiological condi-

tions of increased reactive oxygen species (ROS) production, or when

the mitochondrial membrane potential decreases. When this occurs, the

affected dysfunctional portion of the organelle reticulum undergoes fission

to separate it from the remaining “healthy” mitochondrial network, and the
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organelle fragment is targeted for degradation. Considerably less is known

about the regulation of mitophagy, in comparison to biogenesis, particularly

in skeletal muscle, and during exercise.

3. MITOCHONDRIAL MORPHOLOGY AND CHANGES
WITH TRAINING

Skeletal muscle contains a heterogeneous pool of mitochondria, dis-

tinguished by biochemical composition, function, and subcellular location.1

Mitochondria may be concentrated under the sarcolemma, termed the sub-

sarcolemmal (SS) mitochondria, or localized in proximity to the contractile

apparatus, regarded as the intermyofibrillar (IMF) mitochondria. However,

the distinction among subpopulations is not absolute, and there is likely a

degree of continuity between them,2 as mitochondria form a dynamic

reticulum,3 the extensiveness of which is correlated to the oxidative capacity

of the tissue.4 This organelle network is continuously remodeled by fusion

and fission events which add to or subtract from it, respectively. The ability

of mitochondria to physically interact and alter their morphology enables

quality control processes to take place,5 serves to preserve mtDNA integrity,

and influences their respiratory capacity andROS production. Furthermore,

as muscle fibers can be quite large in size, expansion of the mitochondrial

reticulum favors the rapid delivery of oxygen to the mitochondrion for con-

sumption and ATP production.

In mammalian cells, mitofusin-1 (Mfn1) and -2 (Mfn2), in addition to

optic atrophy factor 1 (Opa1), are mitochondrial membrane proteins regu-

lating the fusion process (Fig. 1). They are essential factors contributing to

the coordinated fusion of the outer and inner membranes of the mitochon-

dria, respectively. Fusion processes promote the generation of networks

with continuous membranes and a matrix lumen which will facilitate the

mobility of mitochondrial proteins, lipids, and mtDNA. Conversely, mito-

chondrial membrane fission is mediated by dynamin-related protein 1

(Drp1), in association with fission protein 1 (Fis1). Drp1 function requires

recruitment to the mitochondria from the cytosol, where it forms an olig-

omeric structure triggering mitochondrial fission. These division events can

be localized to specifically damaged areas of the reticulum, ensuring the

selective removal of damaged regions of the network.5

Pioneering work by Gollnick and King provided the first suggestion that

endurance training has the capability to alter mitochondrial ultrastructure.6

Endurance training also increases the extensiveness of the mitochondrial
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Figure 1 Effect of exercise and training on mitochondrial turnover. During muscle con-
traction, action potentials propagate down α-motoneurons which innervate muscle
fibers (1). Electrical signals are transmitted along the sarcolemma of skeletal muscle
and are coupled with the release of Ca2+ from the sarcoplasmic reticulum (2). Increases
in intracellular Ca2+ levels allow for muscle contraction to occur, while also activating
Ca2+-sensitive signaling pathways. Contractile activity also consumes cellular ATP,
causing a decrease in ATP/ADP ratio and an increase in the formation of AMP,
which can activate AMP-activated protein kinase (AMPK). Reactive oxygen species (ROS)

(Continued)
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reticulum.7 Although it is well established that exercise increases mitochon-

drial content, the regulatory mechanisms which promote these exercise-

induced adaptations have only recently been investigated. Recent work

utilizing a model of chronic contractile activity showed that Opa1 and

Mfn2 were significantly increased, with concomitant reductions in Drp1,

providing a molecular basis for the observed changes in mitochondrial ultra-

structure.8 Additionally, the mRNA expression of mitochondrial fusion fac-

tors Mfn1 and Mfn2 also increases during the recovery period from a single

Figure 1—Cont'd production from the mitochondrial electron transport chain (ETC)
and other intracellular sources are also enhanced during muscle activity, likely leading
to the phosphorylation of kinases such as p38 MAPK (3). These signal transduction
pathways target transcription factors (TFs), as well as the transcriptional coactivator
peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α), which stimulates
mitochondrial biogenesis (4), among other beneficial adaptations to skeletal muscle.
PGC-1α is especially critical in augmenting the transcription of NuGEMPs, which need
to be translated and imported into the mitochondrion. Additionally, other nuclear-
encoded factors such as mitochondrial transcription factor A (Tfam) must be imported
into the mitochondrion, where they can interact with mitochondrial DNA (mtDNA) to
assist the expression of mtDNA-encoded subunits of the ETC (5). This coordinated
expression of both nuclear and mitochondrial genomes is key to the expansion of
the mitochondrial pool. Chronic muscle activity also increases the ratio of fusion-to-
fission proteins, promoting the fusion of mitochondria to form a reticular network
(6). Essential mammalian skeletal muscle fusion proteins involved in these processes
include Mfn2 and the inner mitochondrial membrane protein Opa1, which are neces-
sary for fusion of the outer and inner mitochondrial membranes, respectively. Under
conditions of cellular stress, mitochondrial fission can occur, allowing for the isolation
of dysfunctional components of the organelle (7). Mitochondrial fission is executed by
the formation of a Drp1 oligomer and can occur due to a reduction in mitochondrial
membrane potential (Ψmt) to a portion of the organelle. Mitochondrial fission precedes
apoptosis, and exercise training can reduce the susceptibility of both skeletal and
cardiac muscle to this process, likely by reducing release of proapoptotic factors, such
as cytochrome c and apoptosis-inducing factor (AIF) from the mitochondrion (8). Mito-
chondrial fission is also coupled withmitophagy, the specific degradation, and recycling
of dysfunctional mitochondria through the autophagosome–lysosomal system (9).
This process is thought to occur through AMPK/ULK1 signaling, in cooperation with
the activation of other mitochondrial-specific kinases and ubiquitin ligases, such as
Parkin. The activation of this pathway is also crucial for the formation of the
autophagosomal membrane, which occurs through the Atg7-mediated lipidation of
LC3-I with phosphatidylethanolamine (PE), to form LC3-II (10). Specific interactions
between ubiquitinated proteins (Ub) on themitochondrion and autophagosomal mem-
brane are facilitated by p62, ensuring the precise engulfment of the malfunctioning
component of the mitochondrial network. The autophagosome subsequently fuses
with a lysosome, and its cargo is degraded and recycled within the cell (11).
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bout of aerobic exercise.9 Thus, the development of a reticular network

likely begins after a single bout of exercise. Mice that were subjected to an

acute exercise bout exhibited an increase in membrane interactions between

skeletal muscle mitochondria in both the SS and IMF subpopulations, prior

to any increase in the expression of mitochondrial fusion proteins.10 Taken

together, these data suggest that signaling to instigate mitochondrial remo-

deling appears to be one of the earliest events which occur in response

to acute exercise. Subsequently, chronic muscle use shifts the expression

of fission and fusion machinery to favor enhanced fusion, setting the stage

for an intracellular environment more capable of matching the increased

metabolic demands of skeletal muscle during training.

4. EXERCISE-INDUCED SIGNALING: A ROLE FOR AMPK

Mitochondrial biogenesis which occurs in response to an exercise

training program originates from a variety of intracellular signaling events

generated by muscular contraction (Fig. 1). Among these signals is the

increase in ATP turnover within muscle cells during exercise, which con-

sequently increases the ADP/ATP ratio of cellular ADP to ATP,11 and

simultaneously the formation of AMP. The elevated levels of AMP alloste-

rically activate the heterotrimeric metabolic energy sensor, AMP-activated

protein kinase (AMPK). Activation of this enzyme has been mechanistically

linked to an enhanced expression of factors favoring oxidative metabolism,

including peroxisome proliferator-activated receptor-γ coactivator-1α
(PGC-1α), uncoupling protein 3 (UCP3), cytochrome c, succinate dehy-

drogenase, and citrate synthase.12–15 These effects appear to be mediated

by AMPK regulation of PGC-1α at both the gene and protein levels. Genet-
ically or pharmacologically enhancing AMPK activation increases both the

protein and mRNA levels of PGC-1α,16 as well as augments the binding of

TFs to regions in the PGC-1α promoter.15 Furthermore, AMPK activation

increases the phosphorylation of PGC-1α protein, which appears vital to the
induction of PGC-1α-regulated genes, as well as the self-regulatory activity
of PGC-1α on its own promoter.13

Recent studies have also noted that activity of specific subunits of the

AMPK heterotrimer is also required for the basal expression of mitochon-

drial markers. For example, knockout (KO) of AMPK β-subunit(s) results in
reduced mitochondrial content and muscle function, as well as impaired

endurance performance,17 emphasizing the necessity of this protein for basal

and exercise metabolism.
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5. EXERCISE-INDUCED SIGNALING: A ROLE FOR CA2+

An increase in the concentration of cytosolic Ca2+ in skeletal muscle

occurs during contractile activity (Fig. 1). This elevation of cytosolic Ca2+

also occurs at a concentration capable of augmenting oxidative phosphory-

lation in skeletal muscle mitochondria, as well as activating a number of

calcium-regulated enzymes. Increased levels of cytosolic Ca2+ have been

linked with signaling to mitochondrial biogenesis by in vitro experiments uti-

lizing pharmacological agents which mimic the effects of physiological Ca2+

release. These studies have implicated cytosolic Ca2+ in stimulating the

expression of a number of mitochondrial genes,18,19 effects which appear

to bemediated, in part, through enhanced signaling by calcium/calmodulin-

dependent protein kinase (CaMK), protein kinase C (PKC), AMPK, and

mitogen-activated protein kinases (MAPKs).18–20

Contractile activity-induced signaling by these Ca2+-regulated kinases

appears to converge on the PGC-1α promoter,20,21 stimulating an increase

in PGC-1α mRNA and protein levels.20 While the role of PGC-1α as a

downstream effector of Ca2+ in the context of mitochondrial biogenesis has

been described, recent work has also highlighted the idea that PGC-1αmay

also function upstream of Ca2+ signaling in skeletal muscle, as it controls

the expression of variety of proteins which modulate Ca2+ handling.22 This

provides a link for earlier findings, which have described contractile activity

as a potent stimulus for inducing alterations in the expression of Ca2+

handling proteins.23

6. EXERCISE-INDUCED SIGNALING: A ROLE FOR P38
MAPK

Contractile activity also increases the phosphorylation and activation of

p38 MAPK in skeletal muscle. p38 activation is sensitive to changes in ROS,

inflammatory cytokines, and insulinwhich allmay bemodulatedwith exercise

(Fig. 1). Interestingly, thyroid hormone (T3) treatment, a well-established

model for mitochondrial biogenesis, has also been documented to enhance

p38 phosphorylation in skeletal muscle.24 This may suggest a common mech-

anism of p38 activation which is important for muscle mitochondrial biogen-

esis, since both exercise and T3 are known to result in organelle synthesis.

Akimoto et al.25 first demonstrated that an acute exercise bout was capa-

ble of increasing p38 phosphorylation, which was later followed by an
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increase in PGC-1α mRNA content. The increase in PGC-1α transcript

levels was likely accomplished through increased gene transcription. Indeed,

PGC-1α promoter activity was increased with overexpression of p38. Fur-

thermore, both promoter activity and PGC-1α protein activity are attenu-

ated during contractile activity if p38 is inhibited.20 The observed increase in

PGC-1α promoter activity may be achieved through the ability of p38 to

phosphorylate the TFs, myocyte enhancer factor-2 (MEF2), and activating

transcription factor-2 (ATF2), which both bind to promoter elements

within the upstream regulatory region of the PGC-1α gene.26 Therefore,

these data suggest that p38 is important for the increase in PGC-1α gene

transcription in skeletal muscle with exercise.

p38 has also been shown to directly phosphorylate PGC-1α protein on

multiple residues.27 This posttranslational modification of PGC-1α increases
the stability of the protein and alleviates normal coactivator repression,

resulting in enhanced PGC-1α activity when compared to its

dephosphorylated form. Collectively, these observations place p38 as an

important signaling kinase for exercise-induced mitochondrial biogenesis

through the activation of PGC-1α at multiple molecular levels.

7. EXERCISE-INDUCED SIGNALING: ACTIVATION
OF PGC-1α

Contractile activity-induced signaling from the aforementioned cellu-

lar changes acts on a variety of TFs linked with mitochondrial biogenesis,

such as nuclear respiratory factor-1/2 (NRF-1/2), early growth response

gene-1 (Egr-1), specificity protein-1 (Sp1), c-fos, c-myc, cAMP response

element binding protein (CREB), and upstream stimulating factor

(USF1). The expression of these factors is upregulated and they translocate

to myonuclei to stimulate transcription of mitochondrial genes.28–31

These signals are linked to the transcription of genes associated with mito-

chondrial content and oxidative phosphorylation by a member of a family of

transcriptional coactivators, PGC-1α (Fig. 1). In skeletal muscle, PGC-1α is

regarded as the most significant regulator of mitochondrial biogenesis and

function.32,33 As it is a transcriptional coactivator, it lacks the capacity to bind

to nuclear DNA directly. Instead, it enhances the activity of TFs, such as

NRF-1/2 and others,32,34 by the recruitment of histone-modifying factors

and direct interactions with the transcription initiationmachinery.35 The acti-

vation of these TFs is coupled with the transcriptional control of other genes

involved in mitochondrial function and biogenesis. These include subunits of
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protein complexes in the electron transport chain (ETC) and factors involved

in their assembly, mtDNA transcription and replicationmachinery, and mito-

chondrial protein import.36 PGC-1α also coactivates NRF-1 on the Tfam

promoter,32 a required factor for the expression of the mtDNA, emphasizing

its role in the coordinated expression of mitochondrial genes from both

nuclear and mitochondrial genomes. It is not surprising then that the expres-

sion of PGC-1α is tissue dependent, with the highest levels of this protein exis-
ting in the most oxidative tissues, namely cardiac and skeletal muscle.37

Furthermore, PGC-1α expression can be induced in muscle by contractile

activity both in vitro and in vivo,31,37 an effect which is preceded by PGC-

1α translocation to the nucleus.30 Taken together, it is clear that PGC-1α sits

at the crux of the control of mitochondrial content and function.

Skeletal muscle-specific overexpression of this protein is sufficient to

enhance basal mitochondrial content and endurance performance.38,39 Sim-

ilarly, whole-body PGC-1α KOmice display compromised basal mitochon-

drial function and content,40 while skeletal muscle-specific ablation of PGC-

1α is associatedwith impaired endurance performance, likely owing to abnor-

malities in mitochondrial structure and function, in addition to a reduced

expression of metabolic genes,41 highlighting the constitutive role of this

coactivator in the maintenance of the size and quality of the mitochondrial

pool. However, the absolute necessity of PGC-1α in exercise-induced adap-

tations is still up for debate. Changes in mitochondrial gene expression to an

exercise training program are unaffected in a whole-body PGC-1α KO,42

suggesting that this protein may not be crucial for exercise-induced adapta-

tions to skeletal muscle, and that other factors may be at play in causing

these alterations. Furthermore, knockdown of PGC-1α in myotubes revealed

that some mitochondrial proteins require PGC-1α for contractile activity-

induced organelle synthesis, while others do not.43 In stark contrast to these

findings, skeletal muscle-specific KO of PGC-1α attenuated the expression of

mitochondrial proteins, but not a shift in fiber-type, following an endurance

training program.44 These data perhaps imply a specific role for PGC-1α in

the adaptations of skeletal muscle to exercise. While the role for PGC-1α
in skeletal muscle in an unstressed state is quite clear cut, the function of this

coactivator in a state of energetic imbalance is still disputed.

8. AGING AND MUSCLE MITOCHONDRIA

Mitochondrial content and function in skeletal muscle decline with

age. Recent reviews byNair and colleagues45,46 have summarized the factors
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which contribute to changes in mitochondrial function in aging muscle.

A decline in organelle content is supported by many studies which report

reduced Krebs’ cycle and ETC enzyme activities, protein markers, and

mtDNA content. Electron micrograph evidence of diminished IMF mito-

chondrial size and a reduced thickness of the SS mitochondrial layer8 also

exist. The fragmented mitochondria evident in aging skeletal muscle are

likely a result of altered ratios in the expression of fusion and fission regula-

tory proteins which govern mitochondrial morphology. Reports frommus-

cle of aged rodents and humans have observed that the balance of these

regulatory factors is skewed toward favoring greater rates of fission, com-

pared to fusion, within aged muscle. Mitochondrial respiration and maximal

ATP production rates are also impaired with aging, possibly a consequence

of reduced mitochondrial protein synthesis,47 or increased uncoupling of

oxygen consumption to ATP synthesis.48 It is important to recognize that

many of these decrements remain even when physical activity levels

between young and old subjects are carefully matched,47,49 suggesting true

age-related deficits in mitochondrial function. However, this conclusion

remains controversial.45,50 The level of physical activity of the individual

is certainly one of the most important determinants of organelle function

in aging muscle.

As noted above, PGC-1α is an important regulator of mitochondrial

content in a variety of tissues including muscle. PGC-1α mRNA and pro-

tein content are reduced in both slow- and fast-twitch muscles with age,51

suggesting that reductions in mitochondrial function or content could be

attributable to the loss of this coactivator.When PGC-1αwas overexpressed
in muscle of both young (6 months) and aged (22 months) mice,39 PGC-1α
prevented atrophy and retained mitochondrial content and function. Leick

et al.52 also showed that the absence of PGC-1α was necessary to extend the

benefits of exercise training into older age. Markers of mitochondrial con-

tent were decreased with age as expected, and this was prevented with

endurance exercise training. However, training was incapable of preventing

the mitochondrial decline in animals that lacked PGC-1α, indicating that

PGC-1α is necessary to stimulate the beneficial effects of exercise on mito-

chondrial content during the aging process. Thus, PGC-1α is important for

mitochondrial biogenesis during the aging process.

The cause of the decline in mitochondrial content and function in

skeletal muscle with age remain controversial. Research has shown that

the protein import pathway, a route employed for the incorporation of

new proteins into the organelle reticulum, is unaffected with age.53 mtDNA
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deletions and point mutations occur with increasing incidence with age, but

appear to occur in later life, after the onset of the decline in mitochondrial

function.54 In contrast, the decline in PGC-1α and a reduction in its tran-

scriptional activity may be one of the most compelling reasons for the

decrease in organelle content with age.

Exercise is an important therapeutic intervention to ameliorate this

decline and restore organelle function with age. It is well known that exer-

cise is a potent inducer of mitochondrial biogenesis in younger individuals,

and many studies report that aging muscle adapts to exercise as well. How-

ever, is aging muscle equally adaptive to an exercise regimen as muscle from

younger individuals? In assessing this question, it is important to provide

equivalent relative workloads to both young and older subjects. In addition,

many studies have investigated mitochondrial adaptations in older humans;

however, they have not consistently employed the use of a younger group

for comparison. This makes it difficult to conclude on the degree of mito-

chondrial adaptation in young compared to older individuals. Nonetheless,

many studies using both cross-sectional and longitudinal designs indicate

that mitochondrial concentration can increase in both older men and

women with exposure to exercise. Studies which compare active older

adults to sedentary counterparts show that the active older groups have pre-

served mitochondrial content and function, higher PGC-1α expression, and
a greater capacity to defend against oxidative stress.

Rodent models of exercise have provided considerable insight into the

molecular regulation of mitochondrial biogenesis in aging muscle and afford

the possibility of strict control over the absolute training workload. Several

studies have utilized the chronic contractile activity model55 to study the

effects of “exercise” on mitochondrial adaptation in aging muscle. Walters

et al.56 found that chronic contractile activity-invoked exercise of the flexor

digitorum longus in young and aged rodents increased citrate synthase activ-

ity; however, the rate of increase in the aged animals was attenuated at the

onset of the exercise protocol. Yet, by 90 days, young and aged animals had

equivalent levels of this mitochondrial enzyme marker. Work from our lab-

oratory using a short-term chronic contractile activity protocol (7 days) of

the rat tibialis anterior muscle indicated reduced mitochondrial biogenesis in

old muscle as compared to young muscle.53 This blunted response in mito-

chondrial proliferation was attributable to reduced elevations of PGC-1α
and Tfam, in addition to lack of alterations in protein import machinery

components in aged muscle. These data illustrate the potential corrective

nature of chronic exercise in ameliorating organelle dysfunction, but also
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suggest that the kinetics of mitochondrial adaptations in old muscle are

delayed in response to an exercise regimen. This may be a result of the fact

that aged muscle is less capable of activating upstream kinases, such as AMP

kinase, p38 MAPK, or CaMK in response to exercise.57 Interestingly, this

attenuated signaling, leading to a reduced mRNA response, has also been

repeatedly demonstrated in response to resistance exercise protocols in old,

compared to young subjects.58,59 Thus, the reduced activation of important

kinases regulating mitochondrial biogenesis may be partly responsible for

the delayed and diminished adaptation of mitochondria to exercise in senes-

cent muscle.

In summary, these data suggest that aged muscle is capable of increasing

mitochondrial content in response to exercise, but that the rate of onset at

which this increase takes place may be reduced. However, it is clear that

exercise is an important therapeutic intervention to repair dysfunctional

mitochondria and improve aerobic energy provision in aging muscle.

9. ALTERNATIVE EXERCISE PROGRAMS:
HIGH-INTENSITY INTERVAL TRAINING

Endurance training has been known for many years to stimulate mito-

chondrial biogenesis, an effect which contributes to an increased aerobic

endurance capacity in trained subjects.11,60 However, endurance training

requires a notable time commitment, in terms of both the frequency and

duration of exercise sessions, in order to elicit positive results. In order to

circumvent these challenges, alternative training programs to induce similar

outcomes have been explored.

In addition to exercise duration and frequency, exercise intensity is a

central determinant of the cellular and biochemical alterations which occur

in response to a training program. As different muscle fiber types are rec-

ruited in a hierarchical manner determined by the intensity of exercise

employed, it would appear that an intensity of exercise sufficient enough

to recruit the greatest number of fiber types might be the most useful in facil-

itating whole muscle adaptations. Dudley et al. provided one of the first

pieces of evidence, suggesting that exercise intensity is directly related to

the magnitude with which skeletal muscle mitochondrial enzyme content

is augmented.61 This work also put forward the idea that a variety of

high-intensity interval training (HIIT) programs may be capable of yielding

increases in skeletal muscle oxidative capacity similar to that of a continuous

endurance training program. This has since been corroborated by evidence
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in human skeletal muscle, as both endurance and interval training

approaches provide similar increases in the expression of oxidative genes62

and mitochondrial content markers.63,64 The increase in mitochondrial pro-

teins is likely due to the increase in the phosphorylation of p38, AMPK, and

p53, which can be evoked by a single bout of HIIT,65,66 and can mediate the

translocation of PGC-1α protein to the nucleus. This translocation has been

associated with increases in the mRNA and protein levels of a variety of

mitochondrial markers, such as citrate synthase and cytochrome c oxidase

subunit IV during the recovery phase.67–69 These changes appear to be a

product of the accruing effects of repeated mitochondrial mRNA

“bursts” which follow each individual training bout.70

In addition to promoting mitochondrial biogenesis, it has been suggested

that interval training programs can foster the remodeling of the mitochon-

drial network. An increase in the protein expression of the mitochondrial

fusion protein Mfn1 as well as the fission proteins Fis1 and Drp1 as a result

of a HIIT program has been documented.70 This may have implications for

mitochondrial function, as skeletal muscle mitochondria isolated from indi-

viduals who have undergone a HIIT program display an increase in the max-

imal ADP-stimulated respiration rate and respiratory control ratio.71

In sum, when contrasting these two approaches to increasing skeletal

muscle mitochondrial content at this point in time, the HIIT routine appears

to afford a notable reduction in the time invested in exercise, perhaps pro-

viding an attractive substitute for continuous training regimens. Whether

this exercise regime is suitable for all populations remains under debate.

10. EFFECT OF TRAINING ON mtDNA AND mtDNA
DISEASES

Mitochondria are unique organelles as they possess their own genetic

material. HumanmtDNA is organized as circular and double-strandedDNA

that encodes 2 ribosomal RNAs, 22 transfer RNAs, and 13 polypeptide sub-

units of the respiratory chain complexes found across the inner mitochon-

drial membrane. However, mtDNA contributes to comprise only a small

fraction of the mitochondrial proteome. Thus, the proper assembly of a

functional mitochondrion requires the coordinated expression of bothmito-

chondrial and nuclear genomes. Improper transcription and/or translation

of either genome can lead to organelle dysfunction. Furthermore, mtDNA

is particularly susceptible to ROS-induced damage due in part to its prox-

imity to the ETC.72 Although the cell has measures in place allowing it to
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repair mtDNA, these mechanisms are not as effective as those found in the

nucleus. Thus, mtDNA mutations which arise from oxidative damage can

blunt the expression of mtDNA which is vital for the proper functioning of

the ETC. As a result, increases in mitochondrial dysfunction can perpetuate

a vicious cycle of mtDNA damage and ROS production.

Pathological mtDNA mutations can be distributed in a heteroplasmic

fashion, meaning that the proportion of mutant to wild-type mtDNA copies

within a mitochondrion can vary. The level of heteroplasmy can range from

99:1 to 1:99, with the severity of symptoms depending on the extent of the

pathology. Symptoms are tissue specific but mutations that directly impair

mitochondrial function often affect multiple tissues such as muscle and neu-

rons, which rely heavily onmitochondria for energy. Mitochondrial diseases

that specifically affect the neuromuscular system are termed mitochondrial

myopathies and include Kearns–Sayre syndrome, myoclonic epilepsy and

ragged red fibers, neuropathy, ataxia, retinitis pigmentosa, and Leber’s

hereditary optic neuropathy.73

In healthy individuals, exercise-inducedmitochondrial biogenesis occurs

concomitant with an increase mtDNA copy number,74 which parallels

the increase in skeletal muscle oxidative capacity.75 This effect is likely

mediated, in part, by an increase in Tfam expression and import into the

mitochondrion76,77 (Fig. 1). However, with mtDNA mutations, ATP pro-

duction levels are often diminished as a result of defective ETC complexes.

In skeletal muscle, a decrease in ATP levels can directly impact muscle

contraction and performance. Individuals with cytochrome b gene mtDNA

mutations suffer exercise intolerance as the predominant clinical feature,

with symptoms of fatigue and higher than normal levels of lactic acid.78 Fur-

thermore, mitochondrial myopathies with high mtDNA heteroplasmy cor-

relate to lower whole-body oxygen consumption and lower exercise

capacity. Interestingly, aerobic exercise is an intervention capable of stimu-

lating mitochondrial biogenesis by increasing the expression of respiratory

chain enzymes and oxidative capacity in mitochondrial myopathy patients;

however, it does not improve the mtDNAmutation levels observed in these

patients.79,80 Resistance exercise training may also offer an alternative ther-

apeutic approach through the activation and recruitment of muscle satellite

cells to mature myofibers, thereby reducing the proportion of mutant

mtDNA.81 While considerable progress has been made, more work is

needed using larger sample sizes and different training protocols to resolve

our understanding of exercise training as a therapeutic option for improving

the quality of life for mitochondrial myopathy patients.
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11. EXERCISE AND TRAINING ON ROS PRODUCTION
AND ANTIOXIDANT ENZYMES

Exercise and contractile activity have the capacity to encourage the

production of moderate amounts of ROS inmuscle82,83 (Fig. 1). This occurs

due to the improper donation of electrons from the ETC to oxygen during

oxidative phosphorylation. The electrons which escape, termed an

“electron leak,” form reactive superoxide, which is then rapidly transformed

into H2O2 by cellular antioxidant enzymes, such as the superoxide dis-

mutases. While electron leakage from the ETC has historically been

suggested to be the predominant source of cellular ROS, current experi-

mental evidence suggests that NADPH oxidase is likely the major ROS-

generating source in contracting muscle.84 Although high levels of ROS

production can be detrimental to cellular components, physiological levels

are important regulators of cell signaling pathways, and consequently the

regulation of gene expression.85

During basal state 4 respiration, mitochondrial ROS production is ele-

vated.86 ROS formation is reduced under the ADP-stimulated state 3 res-

piration, similar to what would be observed during aerobic exercise, likely

due to more efficient electron transfer between ETC complexes. However,

this ROS production appears to have a role in the induction of mitochon-

drial biogenesis following contractile activity. In vitro experiments have

identified that exogenous ROS treatment increases PGC-1α expression

in muscle cells, through both AMPK-dependent and -independent activa-

tion of the PGC-1α promoter.87 Furthermore, the human PGC-1α pro-

moter contains a variety of binding sites for other ROS-sensitive TFs,

including Sp1, CREB, ATF2, nuclear factor-κB, p53, and MEF2,15

supporting the hypothesis that moderate alterations in ROS during exercise

may regulate the activity of the PGC-1α promoter through these or other

factors. Additionally, inhibition of the cytosolic ROS source xanthine oxi-

dase during exercise attenuates PGC-1α expression and signaling for mito-

chondrial biogenesis.88 These data highlight a shared signaling pathway

between these metabolic byproducts and the resulting increase in PGC-

1α expression, providing a mechanism for the increase in mitochondrial

mass89 and elongation of the mitochondrial network90 with ROS treatment.

To control cellular ROS levels, skeletal muscle contains a system of

enzymatic and nonenzymatic antioxidants that are strategically located in

many compartments of the cell. Enhancement of this antioxidant defense
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system is one of the many adaptive responses that occur with exercise train-

ing. This response is associated with increased expression and activity of

nuclear erythroid 2 p45-related factor 2 (Nrf2), a TF that serves as the central

regulator of antioxidants and detoxification enzymes.91 Although limited

work analyzing the effect of exercise on the expression and regulation of

Nrf2 has been done, targeting this factor and its regulatory axis is an attrac-

tive area of research.

12. EXERCISE AND THE PROTEIN IMPORT PATHWAY

The mammalian mitochondrial proteome contains over 1000 pro-

teins.92 Of these, only 13 are encoded by mtDNA, thereby obligating the

existence of an elaborate transport system for the import of nuclear-derived

proteins from the cytosol into mitochondria. Defects in the import pathway

are lethal in someorganisms and lead to disease in humans.93 Sincemitochon-

dria have several compartments, specific pathways have evolved to deliver

proteins to the matrix, inner membrane, outer membrane, and inter-

membrane space. Proteins are synthesized in the cytosol with either internal

or N-terminal mitochondrial targeting sequences (MTSs) which interact

with specific chaperones to unfold and direct the precursor to the translocase

of the outer membrane (Tom) receptor complex (Fig. 1). Cytosolic chaper-

ones include heat-shock proteins 70 and 90 (Hsp70 and Hsp90) and mito-

chondrial import-stimulating factor (MSF). Precursors are then transferred

to Tom40 and its accessory proteins which form an aqueous channel through

which the precursor protein passes to be sorted to the outer membrane, the

innermembrane, or the translocase of the innermembrane (Timcomplex). In

a fashion similar to the Tom complex, inner membrane import channel pro-

teins Tim17 and Tim23 bind the precursor protein and form a pore through

which the precursor can travel.On the inner face of the innermembrane, pre-

cursor entry to thematrix is facilitated by the ratchet-like action ofmitochon-

drialHsp70 (mtHsp70).Once inside, theN-terminalMTSof the precursor is

cleaved by a mitochondrial processing peptidase to form the mature protein,

and it is then folded into its active conformation by Hsp60 and chaperonin

10 kDa (cpn10). The import process requires both energy in the form of

ATP to assist in cytosolic protein unfolding, as well as an intact membrane

potential to help pull the positively charged presequence into the matrix.

The protein import process adapts to conditions of muscle use and disuse

anddetermines, inpart, themitochondrial contentwithin the cell. In response

to chronic exercise, the cellular content of a number of protein import
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machinery components is increased, including the cytosolic chaperonesMSF

and Hsp70, the intramitochondrial proteins mtHsp70, Hsp60, and cpn10, as

well as subunits of both the Tom and Tim complexes.94,95 Coincident with

these changes are parallel contractile activity-induced increases in the rate of

import into thematrix andoutermembrane.76,94,95Tom20 appears to be par-

ticularly important in mediating the increase in protein import, since exper-

iments in muscle cells in which this outer membrane protein was artificially

over- or underexpressed led to parallel concomitant changes in the rates of

protein import into the matrix.96 Included in the accelerated pathway of

import into the matrix is Tfam, the TF that mediates mtDNA transcription

and replication. Skeletal muscle contractile activity increases Tfam import,

leading to greater Tfam–mtDNA binding, as well as augmented mtDNA

geneproducts.76Recentworkhas shown that tumor suppressor p53 also plays

a critical role in this Tfam–mtDNA complex, as the ablation of p53

completely attenuates the expression of mtDNA following acute exercise.97

The physiological importance of the adaptation of protein import to

exercise is that the capacity for import is increased, producing mitochondria

that are more sensitive to small changes in precursor protein concentration.

Thus, at any production rate of cytosolic precursor proteins, a higher rate of

protein import would occur, a situation that would be advantageous for

mitochondrial biogenesis. This would be of particular benefit during con-

ditions of impaired mitochondrial protein import, a situation which could

arise during chronic muscle disuse or disease. Indeed, we now have exper-

imental evidence that endurance exercise training can rescue the protein

import defect produced in mitochondria by the absence of the outer mem-

brane proteins Bax and Bak.98

In summary, the protein import pathway is a complex protein targeting

and transfer system which is vital for organelle biogenesis, given the limited

coding capacity of mtDNA. This capacity of this pathway is malleable; it

decreases during muscle disuse and adapts in a positive manner to contractile

activity. In this way, it is an important determinant of mitochondrial content

in muscle during alterations in level of physical activity.

13. EFFECT OF EXERCISE ON MITOCHONDRIALLY
MEDIATED APOPTOSIS

Apoptosis is the process of programmed cell death which plays an

important role in cell function and homeostasis, but that is also capable of

contributing to the pathogenesis of physiological aging and skeletal muscle

disuse.99 This process can be induced through various mechanisms, most
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commonly converging on the caspase proteases, which cleave select nuclear

and cytosolic targets leading to DNA fragmentation. Apoptosis can be sig-

naled extrinsically via binding of external ligands to cell death receptors on

the outer surface of the cell membrane, or by intrinsic stimuli, resulting in

DNA fragmentation contributing to cell death. One of the most notable

intrinsic apoptotic pathways is mediated by the mitochondrion (Fig. 1).

These organelles contain many proapoptotic factors, including cytochrome

c, apoptosis-inducing factor (AIF), and endonuclease G that can be released

following the opening of the mitochondrial permeability transition pore

(mtPTP) and the mitochondrial apoptosis-inducing channel (MAC).

A variety of cellular conditions, including excessive ROS production, can

cause mitochondrial permeabilization and the release of these proapoptotic

factors, inducing DNA fragmentation and apoptosis.100

Research has indicated that exercise training can reduce the susceptibility

of skeletal muscle to apoptosis. Initial studies have shown that following an

endurance training protocol, an increase in the expression of Bcl-2 and

mitochondrial superoxide dismutase (MnSOD) occurred, along with a

diminished expression of the proapoptotic factor Bax. Chronic contractile

activity also revealed a reduction in the release of proapoptotic factors from

isolated mitochondria of young animals101 and reduced DNA fragmentation

in older animals.53 Furthermore, endurance training also resulted in a

decreased Bax:Bcl2 ratio, as well as AIF levels in both soleus and cardiac

muscle.102

This protective effect of endurance exercise on skeletal muscle apoptotic

susceptibility may also be relevant in several animal models of human disease.

Obese Zucker rats typically display elevated levels of apoptotic factors in car-

diac muscle. Interestingly, exercise training can reduce the expression of

these factors to levels near that of a nonobese control.103 More recently,

it has been established that hypertension is associated with enhanced skeletal

muscle myopathy and apoptosis. Endurance training of the spontaneously

hypertensive rat led to a reduction in fragmented nuclei and cytochrome

c release into the cytosol, while increasing Bcl-2 andMnSOD expression.104

Taken together, exercise training appears to be a feasible approach to

diminish mitochondrially mediated apoptosis, both basally and under

stressed conditions, in turn yielding a more favorable muscle phenotype.

14. AUTOPHAGY AND MITOPHAGY WITH EXERCISE

The cellular remodeling which occurs in response to contractile activ-

ity necessitates the turnover of dysfunctional organelles, as well as oxidized
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and damaged proteins. Macroautophagy (hereafter referred to as autophagy)

is a cellular recycling mechanism that is characterized by the encapsulation of

damaged organelles and protein aggregates in doubled membrane vesicles

known as autophagosomes, and their subsequent delivery to and degradation

within the lysosome (Fig. 1). Enhanced lysosomal degradation with strenu-

ous exercise was observed in skeletal muscle over three decades ago.105 Since

then, an acute bout of exercise has been demonstrated to induce autophagy

in various organs and tissues including skeletal muscle of humans and

rodents.106–110

Exercise-induced autophagy involves the phosphorylation of Bcl-2, an

antiapoptotic and antiautophagic protein. This allows for the release of

Beclin1 from a complex with Bcl-2, consequently allowing for the forma-

tion of autophagosomes. It has been thought that exercise may require

autophagy for the breakdown of fuel sources to be utilized during an exercise

bout. Mice overexpressing a mutated Bcl-2 incapable of being phosphory-

lated (AAA knock-in, Bcl2AAA) exhibit normal basal autophagy, but are

deficient in stimulus-induced autophagy, and have an impaired endurance

capacity, suggesting that autophagy may be required for exercise perfor-

mance. However, given that the inability to initiate autophagy in this exper-

imental model is not specific to any one tissue, teasing out the requirement

for autophagy specifically within skeletal muscle as a determinant of exercise

performance is essential. Intriguingly, skeletal muscle-specific ablation of

Atg7 (Atg7�/�), an indispensable protein involved in autophagy, does

not result in alterations in endurance performance.111 In fact, these mice

have an improved metabolic profile and are protected from obesity, findings

which were attributed to the mitochondrial stress and the release of the

mitokine FGF21 in Atg7�/� mice.112 These contrasting findings bring into

question the requirement for autophagy as an energy source for muscle con-

traction. However, repeated bouts of running exercise reveal a progressive

drop in performance as well as diminished mitochondrial membrane poten-

tial in muscle-specific Atg7�/�mice, suggesting that autophagy may be crit-

ical for organelle turnover postexercise. This autophagy activation is, in part,

ROS dependent, as treatment with general or mitochondria-specific ROS

scavengers attenuates autophagy induction in wild-type mice.111 Moreover,

aerobic exercise enhances mitochondrial LC3II, p62, and ubiquitination

following exercise, suggesting the induction of mitochondrial-specific

autophagy with exercise.110 These findings indicate that autophagy is vital

for organelle turnover postexercise, thus contributing to exercise-induced

adaptations.
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An increase in the expression of autophagy genes and proteins has also

been noted in humans following ultra-endurance exercise, which consisted

of 24–28 h of treadmill running.109 While limited data have been compiled

with regard to the autophagic processes in human skeletal muscle following

acute or chronic endurance training, this is certainly an avenue of research

which would be attractive to explore.

Autophagy is also essential for exercise-induced benefits, including pro-

tection against high-fat diet (HFD)-induced metabolic impairments.

Bcl2AAA mice are more susceptible to HFD-induced obesity and fail to

exhibit exercise training-mediated protection against HFD-induced distur-

bance in glucose tolerance. These findings point to the involvement of

autophagy in metabolic renovation with repeated bouts of physical activ-

ity.107 Moreover, voluntary exercise training results in increased basal

autophagy and mitophagy protein expression.113 However, this increase is

compromised in mice that are heterozygous for Atg6 (Atg6�/+). Atg6�/+

mice also fail to induce skeletal muscle mitochondrial biogenesis and angio-

genesis in response to an exercise training program, along with an inability to

improve their endurance capacity. These results point to a role for basal

autophagy and/or mitophagy as a requirement for exercise training-induced

skeletal muscle adaptations and improvement of physical performance.113

There is also evidence to suggest that regular exercise may be able to

restore conditions where autophagy may be deficient, or ineffective. Indeed,

long-term exercise training was also demonstrated to reactivate autophagy

flux in skeletal muscle of animals treated with the lysosomal inhibitor chlo-

roquine.114 Furthermore, lifelong exercise, in combination with caloric

restriction, has been found to improve the reduction in autophagy observed

with aging, as well as to dampen the age-related increase in oxidative damage

and apoptosis.115 This suggests that exercise may serve as a potential form of

therapy for myopathies characterized by impaired autophagy. However,

exercise should be prescribed with caution, as in certain autophagy-deficient

conditions, such as those involving a mutation in the extracellular matrix

protein collagen VI, the myopathy may be exacerbated.106

Although the early events leading to autophagy activation with exercise

have not been thoroughly examined, several possibilities exist. Muscle

contraction represents a form of energetic imbalance, much like nutrient

deprivation or starvation, all of which are well characterized as activators

of autophagy. The increased metabolic demands of contracting muscle,

along with elevated ROS production, activate the cellular stress responders

such as AMPK, SIRT1, and p38, which may lead to the induction of
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autophagic machinery. In particular, activation of AMPK has been defini-

tively linked with the control of mitophagy.116 An acute bout of exercise

also leads to reduced Akt phosphorylation, which would inhibit mTOR

signaling and thereby also promote autophagy.106,107

Another possible mechanism involved in the induction of autophagy

may be the unfolded protein response (UPR), which is activated in response

to sarcoplasmic reticulum stress induced by contractile activity.117,118

Certain UPR factors have been implicated in the activation of autophagy

in various cell types.119–121 Interestingly, PGC-1α was shown to contribute

to UPR induction with exercise acting through the UPR ATF6, and mice

lacking ATF6 are exercise intolerant.117

Therefore, although several studies indicate that autophagy is activated

during an acute bout of exercise, the mechanisms underlying this activation

remain to be elucidated. It is also becoming increasingly evident that

autophagy is involved in chronic physical activity-induced adaptations

through increased organelle turnover. However, the kinetics of autophagy

activation during and following an exercise bout still require further

exploration.

15. CONCLUSIONS

Exercise training-induced adaptations are wide ranging and can pos-

itively impact a variety of organ systems. In particular, alterations to skeletal

muscle, such as the increase in mitochondrial content and improvement in

the health of the mitochondrial pool, are keys to the enhanced metabolic

capacity of the organ. These changes are a product of the signals which orig-

inate from shifts in the myocellular environment as a result of exercise,

including the consumption of ATP, the production of moderate levels of

ROS, and the intracellular release of Ca2+, among others. Concomitant

with an increase in the quantity of mitochondria is the expansion of the

organelle network and augmented antioxidant capacity. In addition, exercise

results in an enhanced removal of dysfunctional mitochondria. Altogether,

these alterations are beneficial to muscle in that they afford the organ the

ability to function more efficiently and effectively, and are vital for improve-

ments in endurance capacity and well-being, particularly during the aging

process. Thus, continued attention to the understanding of the molecular

basis of theses mitochondrial adaptations is essential.
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Abstract

Almost a half century ago, regular endurance exercise was shown to improve the capac-
ity of skeletal muscle to oxidize substrates to produce ATP for muscle work. Since then,
adaptations in skeletal muscle mRNA level were shown to happen with a single bout of
exercise. Protein changes occur within days if daily endurance exercise continues. Some
of themRNA and protein changes cause increases inmitochondrial concentrations. One
mitochondrial adaptation that occurs is an increase in fatty acid oxidation at a given
absolute, submaximal workload. Mechanisms have been described as to how endur-
ance training increases mitochondria. Importantly, Pgc-1α is a master regulator of mito-
chondrial biogenesis by increasing many mitochondrial proteins. However, not all
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adaptations to endurance training are associated with increased mitochondrial concen-
trations. Recent evidence suggests that the energetic demands of muscle contraction
are by themselves stronger controllers of body weight and glucose control than is mus-
cle mitochondrial content. Endurance exercise has also been shown to regulate the pro-
cesses of mitochondrial fusion and fission. Mitophagy removes damaged mitochondria,
a process that maintains mitochondrial quality. Skeletal muscle fibers are composed of
different phenotypes, which are based on concentrations of mitochondria and various
myosin heavy chain protein isoforms. Endurance training at physiological levels
increases type IIa fiber type with increased mitochondria and type IIa myosin heavy
chain. Endurance training also improves capacity of skeletal muscle blood flow. Endur-
ance athletes possess enlarged arteries, which may also exhibit decreased wall thick-
ness. VEGF is required for endurance training-induced increases in capillary–muscle
fiber ratio and capillary density.

1. INTRODUCTION

Regular exercise not only enhances exercise capacity but also brings

about beneficial health outcomes.1,2 Skeletal muscle adaptation with remo-

deling of the mitochondrial network, the contractile apparatus, and the vas-

culatures underlies the functional improvement and many of the health

benefits.3,4 These adaptations for improved physical performance are anal-

ogous to an improvement of power and efficiency of a reciprocating engine

by modifications of the cylinders, mechanical connections, and fuel supplies.

In fact, central to the improvement of skeletal muscle contractile and met-

abolic functions is mitochondrial remodeling with improvement of mito-

chondrial quantity and quality. Extensive research has led to an improved

understanding of the underlying molecular mechanisms that regulate mito-

chondrial biogenesis, the process by which new mitochondria are formed.5

These efforts have culminated with the discovery of peroxisome

proliferator-activated receptor-γ coactivator-1α (Pgc-1α) gene and the

unveiling of its function in exercise-induced mitochondrial biogenesis in

skeletal muscle.6 It is now appreciated that mitochondrial biogenesis is

not the only regulatory event that is required for the improvement of mito-

chondrial network in skeletal muscle following exercise training.7 Mito-

chondria, like many other organelles in mammalian cells, are subject to

damages due to the exposure to toxins, aging, and other insults. Therefore,

it is imperative that muscle cells have means not only to generate new mito-

chondria, but also maintain the healthy ones and remove the damaged/

dysfunctional ones. The regulation of mitochondrial life cycle ultimately

determines the overall quantity, and most importantly, quality and function
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of mitochondrial network in skeletal muscle, which are the determinants of

metabolic function and physical performance. This dynamic process allows

for a program trading in old, dysfunctional mitochondria for new, healthy

mitochondria.

2. MITOCHONDRIAL BIOGENESIS

Mitochondria play a crucial role in muscle contraction by generating

ATP (via oxidative phosphorylation). Mitochondria also have important

function in the regulation of calcium level, cell signaling, and apoptosis.

The seminal study by Holloszy in 1967 provided the first direct evidence

of exercise training-induced mitochondrial biogenesis in skeletal muscle,

in which a strenuous program of treadmill running in rats led to significant

increases of mitochondrial protein and enzyme activities.8 It is now

well accepted that mitochondrial biogenesis, the process of expansion of

preexisting mitochondria, hinges on coordination of nuclear and

mitochondrial-encoded gene expression.

The discovery of Pgc-1α in brown adipose tissue, originally as an induc-

ible regulator of adaptive thermogenesis, has triggered mounting interest in

elucidating the molecular and signaling mechanisms underlying exercise-

induced mitochondrial biogenesis in skeletal muscle.6,9 Pgc-1α, a master reg-

ulator of mitochondrial biogenesis, functions in the nucleus by controlling

the expression of nuclear respiratory factors 1 and 2 (Nrf-1 andNrf-2), which

in turn control the expression of mitochondrial transcription factor

A (Tfam).10 The central role of Pgc-1α in promoting mitochondrial biogen-

esis has been demonstrated in studies where increased Pgc-1α expression

leads to increased expression of mitochondrial enzymes in the electron trans-

port chain, such as ATP synthetase (β-subunit), cytochrome c oxidase sub-

units, and δ-aminolevulinate synthase.11,12 Convincing evidence by

Schreiber et al. showed that overexpression of Pgc-1α leads to upregulation

of 151 genes, encoding mitochondrial proteins that are involved in various

metabolic functions.13 It is worth noting that the Pgc-1α isoform, Pgc-1β,
although involved in mitochondrial biogenesis and basal oxygen consump-

tion, is not induced by exercise, suggesting specific pathways of mitochon-

drial biogenesis induced by exercise training.14

Particularly relevant to exercise training-induced mitochondrial biogen-

esis in skeletal muscle are the findings that endurance exercise promotes

Pgc-1α expression through transcriptional control and activity through post-

translational modification. Goto et al. were the first to report that Pgc-1α
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mRNA level increased significantly in recruited skeletal muscle of rats that

were swim trained compared to the nonexercised control group,15 which

was later observed in animal models and humans by other groups.12,16,17

Evidence also exists supporting increased Pgc-1α activity by exercise.18,19

Exciting experimental evidence in supporting Pgc-1α in mitochondrial bio-

genesis in skeletal muscle was obtained in transgenic mice with over-

expression of Pgc-1α under the control of muscle-specific muscle creatine

kinase (Mck) promoter, which led to profound changes toward oxidative

muscle phenotype with robust mitochondrial biogenesis and resistance to

electrically stimulated fatigue.20 In fact, gene manipulation conditions that

induce expression of Pgc-1α in skeletal muscle also mimic many effects of

exercise on mitochondrial biogenesis.21,22 More importantly, mice with

genetic deletion of the Pgc-1α gene have impaired protection that exercise

training provides against age-related decline in oxidative function (citrate

synthase activity) and antioxidant gene expression.23 Skeletal muscle-

specific Pgc-1α knockout mice showed normal exercise training-induced

fiber-type transformation, but significantly attenuated mitochondrial

biogenesis and angiogenesis in skeletal muscle.24 Taken together, Pgc-1α
is necessary for some exercise-induced metabolic adaptations, including

mitochondrial biogenesis, in skeletal muscle.

Exercise-induced mitochondrial biogenesis in skeletal muscle is partly

controlled by activation of PGC-1α and consequent translocation to the

nucleus,19 which could be detected prior to its increased expression.18 More

recently, it has been shown that a single bout of exercise leads to increased

PGC-1α level in the mitochondria,25 where enhanced interaction between

PGC-1α and TFAM at the mitochondrial DNAD-loop has been observed.26

Therefore, increased PGC-1α activity along with subcellular translocation

and interaction with important regulatory factors may also be involved in

the coordination of the transcription of the nuclear and mitochondrial

encoded mitochondrial genes, as well as the replication of mitochondrial

DNA in mitochondrial adaptation in response to exercise training. This

exercise-induced activation of PGC-1α is likely mediated through posttrans-

lational modification. It has been shown that sirtuin (silent mating-type infor-

mation regulation 2 homolog) 1 (SIRT1) deacetylates PGC-1α,27 and SIRT1

activation is associated with increases in Pgc-1α target gene expression.28

These findings support that SIRT1 activates PGC-1α through deacetylation.

Interestingly, this SIRT1-mediated PGC-1α activation depends on prior

phosphorylation of PGC-1α by AMPK,29,30 integrating both contractile

and metabolic cues in exercise-induced skeletal muscle adaptation.
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As aforementioned, transcriptional control of the Pgc-1α gene appears

to be one of the important mechanisms by which exercise training

induces mitochondrial biogenesis in skeletal muscle.12,31–34 A signaling–

transcription coupling mechanism appears to sense the contractile and met-

abolic stress cues induced by exercise and promotes Pgc-1α gene regulation

to induce adaptations in skeletal muscle.3 Both AMPK35 and p38γmitogen-

activated protein kinase (MAPK)36,37 have been shown to be involved in the

regulation of Pgc-1α in skeletal muscle in response to exercise training.

Ampk activation may promote Pgc-1α expression38 through PGC-1α phos-

phorylation and activation,35 as Pgc-1α works in an autoregulatory loop.39

An acute bout of exercise can readily activate AMPK by phosphorylation at

Thr172,40 and long-term exercise training leads to an increase in AMPK

protein content.41,42 Considering the fact that neither acute exercise nor

long-term exercise training is capable of increasing Ampkα protein content

in skeletal muscle of Pgc-1α-deficient mice,43 it suggests that PGC-1α and

AMPK are interdependent in the context of exercise-induced mitochon-

drial biogenesis in skeletal muscle.

p38 Mapk is a pathway that is readily activated by exercise.44–46 It has

been shown that a single bout of voluntary running in mice is sufficient

to activate the p38 MAPK pathway,36 and p38 MAPK activity is sufficient

to promote the Pgc-1α promoter activity through MEF2 and ATF2

in vivo.47,48 Molecular genetic studies revealed that muscle-specific deletion

of either p38α or p38β MAPK does not affect exercise-induced mitochon-

drial biogenesis and angiogenesis in skeletal muscle, whereas mice with

muscle-specific deletion of the p38γ Mapk or Pgc-1α gene have attenuated

mitochondrial biogenesis and angiogenesis.24,37 Therefore, the p38γ Mapk–

Pgc-1α regulatory axis is functionally important for exercise-induced meta-

bolic adaptations, specifically mitochondrial biogenesis and angiogenesis in

skeletal muscle.

Pgc-1α does not appear to influence some beneficial metabolic effects of

prolonged exercise, according to the Muoio lab.49 When comparing mice

specifically overexpressing Pgc-1α in skeletal muscle to nontransgenic litter-

mates fed a high-fat diet, no differences in glucose tolerance or improve-

ments in weight loss were observed following 10 weeks of voluntary

wheel running and 10 weeks of voluntary wheel running with 25% caloric

restriction.49 Similarly, sedentary muscle-specific Pgc-1α overexpressing

mice were more susceptible to diet-induced glucose tolerance and had

decreased insulin action compared to nontransgenic mice. Thus, the authors

conclude the energetic demands of muscle contraction induced by exercise
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are stronger controllers of body weight and glucose control than muscle

mitochondrial content. They further suggest that many of the metabolic dis-

ease risk-lowering benefits of chronic endurance exercise training are not

due to enhanced mitochondrial function. The Muoio group49 finally con-

cludes that the aforementioned processes are more complex than previously

proposed.

3. MITOCHONDRIAL DYNAMICS AND MAINTENANCE

Mitochondria in skeletal muscle form a specialized network with

distinct populations (i.e., subsarcolemmal and intermyofibrillar). The inter-

myofibrillar mitochondria are in proximity to the contractile apparatus,

providing immediate high energy for contractile activities, whereas the

subsarcolemmal mitochondria are situated in proximity to sarcolemma,

responsible for ATP, for maintenance of its membrane electrical potential

and metabolism of nutrients from outside the muscle cells.50 The mitochon-

drial network in skeletal muscle is a dynamic organelle in terms of physical

structure. The joining of nearby individual mitochondria and separation of

mitochondria is referred to as fusion and fission, respectively.51,52 The bal-

ance of fusion and fission controls mitochondrial structure and function.

Generally speaking, healthy, metabolically active cells tend to have a large

interconnected network of mitochondria, while dysfunctional mitochon-

dria are separated from the network and removed by a process of autophagy

(mitophagy, a category of autophagy).52,53 Therefore, the balance between

fusion and fission, and the signals responsible for their regulation are of

extreme importance to the maintenance of the mitochondrial network.

Mitochondrial dynamics requires proteins involved in fission and

fusion.54 Mitofusins 1 and 2 (MFN1 andMFN2) control fusion of the mito-

chondrial outer membrane, and MGM1/OPA1 controls fusion of the

mitochondrial inner membrane.54 Dynamin-related protein 1 (DRP1), a

GTPase, works together with Fission1 (FIS1) or mitochondrial fission factor

(MFF ) for fission of the mitochondrial outer membrane.52,53 Genetic stud-

ies in cell culture and tissues have provided convincing evidence that fusion

and fission are both critical for maintaining healthy mitochondrial popula-

tion and cell function.55–59 Conditions favoring one process over the other

may be related to the functional status of the network. For example, mito-

chondrial fusion appears to be shut down in depolarized mitochondria,

favoring fission.60 Importantly, the depolarization and fission events appear

to precede the removal of those mitochondria by mitophagy,60 providing a
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possible link from the regulation of mitochondrial dynamics to the removal

of damaged portions of the mitochondrial network.

There is clear evidence that exercise regulates both mitochondrial fusion

and fission. For example, high intensity interval training in human subjects

progressively increased the protein content of MFN1 and FIS1,61 and a sin-

gle bout of treadmill running in rats induced increased Mfn1 and MfnN2

mRNA.62 A single bout of cycling exercise in human subjects led to

increased MFN1 and MFN2 mRNA expression at 24-h postexercise,63

which appears to follow the induction of Pgc-1α and ErrαmRNA following

the same exercise regimen. In vitro experiments suggest that Mfn1 and

Mfn2 transcription is regulated by PGC-1α through ERRα.63 Therefore,
PGC-1α may also play an important role in regulating mitochondrial

dynamics induced by exercise training in skeletal muscle. It remains to be

certain how exercise precisely regulates mitochondrial fission and fusion

at individual mitochondrial level, and what is the relationship of the pre-

existing quality of the mitochondrial network region to the responses to

exercise regimen.

4. MITOPHAGY

Mitochondrial toxins, free radicals, and other chemical agents may

cause damage to part of the mitochondrial network, and functional mito-

chondria continually mix their content through fusion, while severely dam-

aged mitochondria are prevented from fusing with healthy mitochondria.60

The primary mechanism for removal of severely damaged mitochondria is

thought to be autophagy specifically targeting mitochondria (mitophagy).

This clearance process is particularly important for skeletal muscle function

as accumulation of damaged mitochondria might ultimately hinder the

ability of mitochondria to function properly and impair contractile and met-

abolic functions. In fact, a recent study has shown high-fat diets resulted in

mitochondrial stress and an accumulation of damaged mitochondria in

skeletal muscle, while exercise training clearly prevents/reverses these

abnormalities.64

Autophagy is an evolutionarily conserved process for degradation of

damaged organelles and macromolecules and recycle of nutrients by a

lysosome-dependent mechanism.65 From the perspective of biological func-

tion, autophagy can be classified as nonselective autophagy (stimulated by

starvation to nonselectively degrade cellular components) and selective

autophagy (triggered by accumulation of aggregate/misfolded proteins
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and damaged organelles and specifically targeting these cellular compo-

nents). Upon activation of a number of autophagy-related kinases, a

preautophagosomal structure called phagophore is formed, which elongates

and engulfs the target and forms a double-membrane structure known as

autophagosome. To complete the autophagy process, the autophagosome

has to fuse with lysosome, which contains lysosomal enzymes, to form auto-

phagolysosome. The proteins that are involved in this process are generally

called autophagy-related genes (Atgs). The autophagic removal of mito-

chondria is called mitophagy, which is a critical process in the maintenance

of mitochondrial quality. In most of cases, mitophagy is a selective process of

removal of damaged mitochondria, in which depolarized, dysfunctional

mitochondria undergo mitophagy.66,67

Mitochondrial degradation through mitophagy is clearly dependent on

specific signals present on the damaged, dysfunctional region of the mito-

chondrial network. The pathway that involves PTEN-induced putative

kinase protein 1 (PINK1) and PARKIN is the most studied pathway that

relay the signals associated with mitochondrial damage to the induction

of mitophagy.68 Upon depolarization of mitochondrial inner membrane,

PINK1 is stabilized and recruits PARKIN from the cytosol onto mitochon-

drial outer membrane,68,69 which leads to polyubiquitination of mitochon-

drial outer membrane proteins and mitophagy.70,71 Mitochondrial outer

membrane proteins BNIP3 and BNIP3L (also known as NIX) are also

important for mitophagy.60,72 Experimental data show that forced expres-

sion of BNIP3 in adult skeletal fibers induces massive mitophagy,73 whereas

BNIP3L recruits the autophagy machinery to the mitochondria through its

aminoterminal LC3-interacting region (LIR), which binds to light chain 3

(LC3, also known as ATG8).74 Therefore, BNIP3L is a mitophagy receptor

that is physically targeting autophagy machinery to the damaged mitochon-

dria. Another mitophagy receptor is the mitochondrial outer membrane

protein FUN14 domain containing 1 (FUNDC1), which has a LIR and

is important in recruiting mitophagy machinery through its interaction with

LC3.75 Interestingly, both exercise training and enhanced PGC-1α expres-

sion promote BNIP3 protein expression in mouse skeletal muscle,76 while

acute bout exercise does not seem to induce PARKIN and BNIP3 expres-

sion under either fed or fasted conditions.77 The relationship of the above

processes that are directly related to damaged, dysfunctional mitochondria

under the conditions of exercise training remains to be fully elucidated.

AMPK has been shown to activate ATG1 (also known as ULK1)

through posttranslational modification of phosphorylation.78 Since AMPK

136 Frank W. Booth et al.



is readily activated by exercise in skeletal muscle79 and ULK1 is required

for mitophagy,80 it is conceivable that exercise-mediated activation of

AMPK–ULK1 signaling axis serves as a “top-down” signal, in combination

with aforementioned “bottom-up” signals from damaged mitochondria, to

promote mitophagy to removed damaged mitochondria with an assurance

of great fidelity. A recent descriptive studies in mice strongly support this

notion.81 However, the precise functional role of this signaling axis in

exercise-induced autophagy has yet to be explored. It is important to con-

duct integrative research to reconcile the global exercise signal(s) and the

specific mitochondrial signal(s) to fully understand the mitochondrial quality

control mechanisms in skeletal muscle, which will provide tremendously

important information for future design of exercise programs and pharma-

cological therapeutics for prevention and treatment of diseases related to

impaired mitochondrial function.

5. MULTIPLE TYPES OF EXERCISE ENDURANCE TESTS

Cardiorespiratory endurance, or aerobic endurance is: “the ability of

the whole body to sustain prolonged, rhythmic exercise” (quotations are

taken from Wilmore and Costill82 in this paragraph). Two tests of cardio-

respiratory endurance—submaximal and maximal—appear in the literature.

The test of “Submaximal (cardiorespiratory) endurance capacity is more

closely related to actual competitive endurance performance and likely is

determined by both the individual’s VO2max and his or her lactate

threshold.” Maximal cardiorespiratory endurance capacity (aerobic power)

is defined as “the highest rate of oxygen consumption attainable during max-

imal or exhaustive exercise.” For animal studies to mimic human standards

for maximal cardiovascular endurance tests, a determination of VO2max or

VO2peak can be obtained, as described by Britton and Wisloff.83–85 Max-

imal endurance capacity tests are ramped by nature, progressively increasing

workload every 3–5 min past the lactate threshold until approaching or

exceeding maximal workload. When exercise capacity tests are performed

without VO2 determinations as the “gold” standard for proof of maximal

cardiorespiratory endurance capacity, the test endpoint relies upon an ani-

mal’s motivation to avoid electric shock, which is not a surrogate for

VO2max or VO2peak. Muscular endurance is “skeletal muscle’s ability to

repeatedly develop and sustain near-maximal or maximal forces.”

Cardiorespiratory endurance capacity declines with aging. For example,

times for top marathoners increased exponentially with age. For ages
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30!50!70!90 years old, pace (min/mile) for men increased from

4:46!4:55!6:02!8:22, respectively, and for women from

5:10!5:36!7:26!11:04, respectively.86

6. TYPE I FIBERS ARE RELATED TO HUMAN ENDURANCE

In general, type I (slow-twitch) fibers have a high level of aerobic

endurance, associated with better metabolic health at a given level of phys-

ical activity.87,88 Type II fibers have a relatively poor aerobic endurance. In a

classic paper in 1972, Gollnick and Saltin89 showed that sports groups that

were “extensively engaged in the endurance work” had the highest enzyme

activities of mitochondrial Krebs cycle succinate dehydrogenase and the

highest percentage of type I (slow-twitch) fibers within their vastus lateralis

and deltoid muscles. The oxidative capacity of both types I and fast type II

muscle fibers were higher in trained than untrained men. Mitochondrial

concentration (mg/g wet muscle weight) is both inherent and acquired.

Thus today, consensus is that endurance-type physical activity in humans

can increase skeletal muscle mitochondrial concentration, but not alter

the type I to II fiber-type ratio. On the other hand, physical inactivity such

as limb immobilization decreases both mitochondrial concentration and the

absolute numbers of type II muscle fibers.Whether long-term (years) endur-

ance training in humans can increase type I percentage in skeletal muscle is

unknown and continues to be debated. The possibility exists that many years

of aerobic endurance training could increase type I fiber percentage,90,31 but

longitudinal human studies in the same subjects from childhood through

adolescence are not permitted by most governmental committees for the

protection of human subjects.

A skeletal muscle cell (termed fiber) is multinucleated and is the structural

contractile unit. The terminology for the phenotype and gene expression of

skeletal muscle fibers has been categorized according to their: (1) specific

contractile functions of speed (fast or slow) based upon their contractile pro-

tein isoform,91 and (2) density of mitochondria (high or low).92 The com-

plex history for the terminology of skeletal muscle fiber types is nearing a

century old and is described in greater detail by Schiaffino’s and Reggiani’s

review.93 Historically, Peter et al. promoted a binominal nomenclature

for fiber-type specializations in 1972 to describe the dual functions of:

(1) contraction and (2) energy metabolism.92 A less informative mixed

nomenclature Roman numeral system and Arabic letter is predominant

today. Slow oxidative fibers (type I) have the slowest contractile speed
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and a high mitochondrial density supporting postural/cardiovascular endur-

ance function. The myosin heavy chain protein isoform has a slow contrac-

tile speed that uses less ATP per unit of work because of its lower myosin

ATPase activity, relative to fast fibers, and is thus more metabolically effi-

cient. The high mitochondrial density allows an oxidative supply of ATP

for contractile work. The faster contracting muscle fibers have three com-

mon classifications; they are: (1) fast oxidative (type IIa), (2) fast oxidative–

glycolytic (type IIx), and (3) fast glycolytic (type IIb). Rodents have all four

fiber types, but human limbmuscles have no IIb. Each of the four fiber types

has its own myosin heavy chains (MHC) gene that is designated by the

attachment of the Roman numeral after “myosin heavy chain.” Contractile

speeds progressively increase in the next order, designated by [Roman

numeral for fiber type (human gene name) in italics]; they are:

I (MYH7)< IIa (MYH2)< IIx (MYH1)< IIb (MYH4). Mitochondrial den-

sity is high in type I and IIa and then decreasing as follows I¼ IIa> IIx> IIb.

Major confounders in published papers to the above nomenclature are: (1)

MHC protein isoforms within a single fiber can be switched by changes in

physical activity and physical inactivity, (2) a small percentage of single

muscle fibers can have mixed populations of multiple MHC isoforms,

(3) mitochondrial densities are in continuum from type I/IIa through IIb

fibers, (4) superphysiological applications (electrical stimulations or gene

modifications) cause MHC isoforms to switch beyond limits found in

human exercise training, and (5) which fiber type (type I or IIa) has the

higher mitochondrial density is species specific.

The current usage of a fiber-type classification based solely on contractile

speed has produced misinformation on mitochondrial density as fast oxida-

tive type IIa fiber sometimes being called a glycolytic fiber, instead of being

called an oxidative–glycolytic. For example, Holloszy’s lab,31 contends that

the common equation of “oxidative muscle fibers” exclusively with type

I slow twitch fibers is wrong. He wrote that in rats, type IIa fibers have a

considerably higher content of mitochondria and capacity for substrate oxi-

dation than the type I fibers. Further, he points out that in humans, type

I fibers have a greater content of mitochondria than type IIa fibers, but this

difference largely disappears in response to strenuous aerobic endurance

exercise training. Support for the previous contention is the next two quo-

tations from Schiaffino and Reggiani93: “Both 2A and 2B fibers have high

levels of glycolytic enzymes, in spite of the different oxidative enzyme com-

plement; this led to the classification of slow oxidative (type 1), fast-twitch

oxidative glycolytic (2A), and fast-twitch glycolytic fibers (2B).”
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Misinformation is perpetuated by calling all type II fibers as “glycolytic,”

failing to acknowledge that type IIa fibers have higher mitochondrial density

than IIx and IIb.

Another common fiber-type misnomer is the extrapolation to physio-

logical aerobic endurance training experiments from gene manipulation

experiments in mice,20 or from 8, 12, or 24 daily chronic stimulation exper-

iments in rats,94 that show MHC 1$2A fiber-type switches. Schiaffino’s

review article93 summarizes his expert opinion from a lifetime of work in

the field, as follows:

Intrinsic differences exist among various fiber types with respect to the activity-
dependent type 1$2A switch: 1) in soleus secondary generation fibers, the switch
can take place easily, e.g., 2A!1 switch during postnatal development, 1!2A
switch after short-term inactivity; 2) in soleus primary generation fibers, the
1!2A switch requires longer inactivity periods, such as long-term spinal cord
injury in humans or spinal cord isolation in rats, or as a result of more drastic
experimental conditions, e.g., switch induced by high-frequency stimulation;
and 3) finally, as discussed above, this switch is apparently even more difficult
for fast muscles as 2A!1 switch is rare and seen only after very long periods
of low-frequency stimulation especially in combination with hypothyroidism.

Intriguingly, Schiaffino and Reggiani93 posit that muscle fiber adaptations in

response to endurance exercise are restricted to intrinsic ranges within a

given fiber type that limit mechanical adaptations. While a slow-to-fast

fiber-type switch can occur after long periods of inactivity or injury, adap-

tations to increased activity (i.e., running, swimming) induce fiber-type

switching to a more oxidative fast phenotype (e.g., 2X!2A in humans),

but do not increase switching to type I/slow fibers.93 Similarly, there appear

to be differences in the intrinsic firing patterns of slow and fast motor neu-

rons that restrict fiber-type switching and potential adaptations to endurance

exercise. Motor neuron depolarization frequencies (Hz) of firing are fixed

and not altered by endurance training or inactivity. Rather, following

endurance training, the total activity of a motor neuron (minutes/hours

per day) may change, thus fostering the corresponding muscle fibers to tran-

sition to a fiber with a greater oxidative capacity (e.g., 2X!2A transition in

humans). Type I fibers can increase their mitochondrial capacity with train-

ing. Thus, it has been suggested that motor neurons likely do not change

their firing frequency,93 and thus slow motor neurons cannot change into

fast motor neurons and vice versa. For example, given that slow motor neu-

ron firing rate drastically decreases with inactivity, MHC protein decreases

to 16% of control when nongravity bearing.95 In summary, given the
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restrictive ranges by which fiber-type switching occurs, a disconnection

between contractile and metabolic adaptations to endurance exercise

appears to be present, such that endurance exercise increases fiber oxidative

capacity without associated changes inMHC composition. This notion sug-

gests that the metabolic and contractile differences, which accompany

endurance-exercise training, may be controlled by distinct signaling path-

ways (see Ref. 93).

Interestingly, human and rodent studies have unexpectedly revealed a

general trend toward an increased shortening velocity (VO) (not

decreased because of more slow MHC) and a decreased normalized force

production (PO/CSA) at the myofibrillar level with aerobic endurance

training (see Ref. 90). Reidy et al.90 had used individual muscle fibers

to show that the type or amount of contractile proteins present cannot

explain altered contractile force and speed observed with aerobic endur-

ance training.

Long-term (>20 years) “recreational levels” of physical activity (male

subjects studied at 67–74 years old) had an implied reinnervation of type

1 muscle fibers as compared to the age-matched sedentary group. Reidy

et al.90 wrote: “decades of high-level exercise allowed adaptation to

denervation of individual muscle fibers beginning at the age of 50 years

by saving otherwise lost muscle fibers through selective recruitment to slow

motor units. These effects on size and structure of myofibers may delay

functional decline in late aging.” They further suggested that long-term

physical activity mainly spared the slow motoneurons from age-related

lesion/death, thereby increasing the chance that peripheral reinnervation

to denervated fibers occurred because of sprouting of slow axons. As slow

motor units are recruited first (at the lowest work intensity), prior to fast

motor units, with increasing intensity of aerobic endurance types of exercise,

they suggested, “… the intensity of recreational training reported is

something that the general population may achieve” since walking recruits

type I fibers.

While early aerobic endurance studies concentrated on human physical

performance, in more recent decades, evidence has appeared to support the

statement that a higher percentage of type 1 fibers in skeletal muscle is asso-

ciated with better metabolic health.96 For example, maximally insulin-

stimulated glucose uptake is greater in rat type I than in type IIa or type

IIb skeletal muscle fibers.97 However, maximal contractile-stimulated glu-

cose uptake was greater in rat type IIa than type I skeletal muscle in the

same study.
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7. REGULATION OF MYOSIN HEAVY CHAIN
COMPOSITION BY AEROBIC ENDURANCE TYPES
OF EXERCISE

Major comprehensive reviews are available by Schiaffino and

Reggiani in 201193 and Yan et al.,3 respectively, for signaling pathways con-

trolling muscle fiber-type-specific gene programs. These reviews provide

detailed interpretations for the roles of calcineurin-NFAT, MEF2, HDAC,

CaMK, AMPK, PPARβ/δ, and PGC-1α/β signaling in skeletal muscle fiber

types. Readers are referred to these reviews.

Here, we restrict ourselves to a few critical comments related to physi-

ological animal models used in translational studies on MHC isoforms

in human exercise. First, conversion from type II to type I skeletal muscle

fibers in transgenic mice, mouse studies have not been shown to translate

to aerobically endurance-trained humans. Holloszy and coworkers31 wrote,

“It is possible that the extreme training programs of professional cyclists,

triathletes, etc., that involve many hours of intense exercise daily for years

may cause an increase in slow muscle fibers, but this remains to be

documented,” which would be difficult to obtain because it would require

longitudinal biopsies beginning in children. We posit that most ambula-

tory human physical activity exceeds a threshold for converting from

MHCIIa to MHCI. However, publications do find long periods without

using slow fibers against gravity results in a loss of slowMHCI. For example,

Trappe et al.98 found that a shift from slower contracting type I fibers to a

faster contracting type IIa fibers after 4 weeks of human bed rest, confirming

other human99,100 and animal101,102 studies. The “switch” from type I to

type II is not a switch within the same fiber so much as a preferential

loss of type 2 fibers so that the absolute amount of MHCI protein per

muscle decreases. Thomason, Baldwin, and coworkers95 showed this. In

their experimental design of going from normal control to 56 days of

hindlimb suspension to a subsequent 28-day recovery period, slow MHCI

protein changed 13.4!2.1!11.2 mg, while fast MHC changed from

0.6!0.115!0.1 mg. Remarkably, the major factor in the switch from a

slow to fast muscle, and its reversal, was due to the absolute loss, and regain

of slow MHC, not due to an increase in fast MHC. The terminology of

skeletal muscle fiber types is sometimes misused in fiber switching. For

example, all fast fibers are glycolytic, but not all are oxidative. Type IIa fibers

are oxidative–glycolytic fibers, whereas types IIx and IIb are glycolytic only.
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To reemphasize the concepts so well described by Schiaffino and

Reggiani,93 mentioned above, each muscle fiber type has its own

“adaptive range” of possible transformations in response to different activity

patterns. Fast muscles have the capacity to adapt mostly in the range

2B$2X$2A, due to intrinsic properties that limit their range of possible

adaptations under physiological conditions. Genes can be manipulated to

modify MHC protein expression outside of physiological limits. An ade-

quate knowledge of fiber types, as it relates to physical activity/inactivity

adaptations, is necessary to provide valid interpretations.

8. BLOOD FLOW DURING ENDURANCE EXERCISE
AND ITS EFFECT ON METABOLISM

During aerobic endurance exercise, the metabolic demands of skeletal

muscle increase dramatically. The ability of the vascular network to selec-

tively increase delivery of blood to working muscle 100-fold,103 as well

as remove metabolic waste products, termed vascular transport

capacity,104–107 is an important rate-limiting factor to exercise. One example

is that when adding arm exercise to leg exercise during maximal exercise, the

increase in leg blood is attenuated.108 Another example is that the partial

pressure of oxygen of working skeletal muscle at maximal effort is

3–4 mmHg.109 In this regard, the regulation of skeletal muscle metabolism

is directly influenced by the state of the vascular network and the muscles

ability to efficiently exchange substrates to and from the vasculature.

Additionally, blood flow capacity differs between fiber types at rest, with

acute exercise, and with adaptation to aerobic endurance exercise training.

Increases in skeletal muscle blood flow during an acute bout of exercise are

related to muscle fiber type and recruitment patterns.110–112 Type I fibers,

which are recruited before type II fibers for submaximal aerobic endurance

exercise, are recognized to have increased capillarization, arteriolar density,

and endothelium-dependent dilation compared with type II fibers in the

rat.104 Green and coauthors113 recently reviewed published studies of resis-

tance and conduit vessel adaptation in elite-level athletes who were in the

aerobic-endurance trained state. They conclude, “… Sufficient evidence

exists to conclude that aerobic endurance athletes possess enlarged arteries,

which may also exhibit decreased wall thickness.” They mention the obvi-

ous limitation for human studies is the in vivo assessments of size, structure,

and function of different arteries in the live human. Green and coauthors113
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further conclude that limited evidence exists in aerobic-endurance athletes

to support the concept of enhanced arterial responsiveness to pharmacolog-

ical or physiological stimulation. They suggest that shear stress is likely impli-

cated in conduit and resistance artery enlargement with aerobic endurance

training. However, the mechanisms may be more complicated as changes in

wall thickness may be systemic rather than localized to muscles recruited in

training,113 raising the question as to the nature of the adaptive stimulus in

blood vessels in nonrecruited muscle during the aerobic endurance training.

9. ANGIOGENESIS

Mean fiber area/per capillary is type I¼ II< IIx in human skeletal

muscle.114 The capillary to fiber perimeter exchange index was greatest

in rat type I fibers.115 Capillary density increases with endurance training.116

Delavar et al.117 interpreted their data to suggest that the presence of VEGF

within the myofiber is necessary for endurance (treadmill) training responses

in capillarity and oxidative capacity and for improved running speed and

endurance. They employed a complex genetically engineered mouse.

The mouse had a skeletal myofiber-specific VEGF conditional gene-

deletion (skmVEGF�/�). VEGF protein levels in skmVEGF�/� were

reduced by >80% in untrained and trained hindlimb skeletal muscles.

Increases of 20–25% in VEGF protein happened only in VEGF+/+ mice,

but not in skmVEGF�/� mice after 8 weeks of endurance training on a

treadmill. The increase in capillary-muscle fiber ratio, capillary density,

and citrate synthase activities were almost twice as much in VEGF+/+ as

in the skmVEGF�/�mice. The same training program in VEGF+/+mice

increased aerobic endurance by 99%.

10. SUMMARY AND CONCLUSIONS

Endurance exercise requires a continuous supply of energy for a

lengthy duration of submaximal (no increase in blood lactate) contractile

activity. Such energy demand is met mainly from within skeletal muscle

(stored glycogen and fatty acids) and from oxygen, glucose, and fatty acids

supplied by blood flow to working skeletal muscle. The energy demand dis-

rupts homeostatic levels of high-energy nucleotides (ATP, ADP, AMP,

etc.), glycogen, and various metabolites within the muscle fiber. It has been

long known that homeostatic disruption at a given absolute, submaximal

workload is lessenedwith endurance training. A reasonable hypothesis is that
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feedback from most homeostatic disruptions is sensed. The sensor then sig-

nals a change in gene expression (an adaptation), which minimizes the mag-

nitude of succeeding homeostatic disruptions. The current state of the

science, in our opinion, is that more is known about adaptations

minimizing homeostatic disruptions than the sensors of the disruptions.

Further, with passage of time, mechanisms of skeletal muscle adaptation

to contraction have become progressively more and more complex.

However, complexity should be expected. Skeletal muscle has functions

to supply of amino acids to liver for blood glucose during fasting, strength

to defend and build defenses, and endurance to travel distances for food.

Our current understanding of endurance exercise-induced skeletal muscle

adaptations involves orchestrated signaling–transcription coupling, coordi-

nated nuclear-mitochondrial intergenomic communication, and dynamic

spatial-temporal cellular and subcellular remodeling of this extremely

elegant organ system. These adaptive changes in mitochondrial network,

the contractile apparatus, and the vasculatures lead to improvements of phys-

ical and metabolic functions, analogous to an improvement of power and

efficiency of a reciprocating engine. This will maximize specific survival

challenges at the expenses of other functions (liver gluconeogenesis, power,

and endurance). Acute responses and chronic adaptive changes in skeletal

muscle proteins maximizing endurance exercise are polygenic (complex).
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Abstract

Skeletal muscle is a critical organ serving as the primary site for postprandial glucose
disposal and the generation of contractile force. The size of human skeletal muscle mass
is dependent upon the temporal relationship between changes in muscle protein syn-
thesis (MPS) and muscle protein breakdown. The aim of this chapter is to review our
current understanding of how resistance exercise influences protein turnover with a
specific emphasis on the molecular factors regulating MPS. We also will discuss recent
data relating to the prescription of resistance exercise to maximize skeletal muscle
hypertrophy. Finally, we evaluate the impact of age and periods of disuse on the loss
of muscle mass and the controversy surround the etiology of muscle disuse atrophy.

1. INTRODUCTION

Exercise per se is a potent stimulus for the remodeling and

reconditioning of skeletal muscle.1 Alterations in the load, frequency, and

duration of contractile activity are known to induce differential phenotypic

adaptations specific to the nature of the stimulus.1 Resistance exercise, for
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example, is characterized by repeated bouts of loaded contractions that result

in the rapid recruitment of type 2 muscle fibers and stimulation of muscle

protein synthesis (MPS).1,2 When combined with adequate nutrition, resis-

tance exercise improves muscular strength partly through an increase in the

radial diameter of individual muscle fibers, a process termed hypertrophy.3 At

the outset, it is important to first clarify the nomenclature of the term hyper-

trophy. The increase in skeletal muscle size with resistance exercise is due to

an increase in the cross-sectional area (CSA) of individual muscle fibers.

There are, however, documented reports—mainly in rodents—of increases

in muscle size associated with increases in the number of individual

myofibers within a muscle,4 which is termed hyperplasia. Hyperplasia is pro-

posed to be the result of satellite cell proliferation and new fiber formation,

but to date, there is little empirical evidence that hyperplasia occurs in phys-

iological models of human resistance exercise. That is not to say that satellite

cells are not important in exercise adaptation. The primary aim of this chap-

ter is to review our current understanding of the mechanisms by which resis-

tance exercise stimulates skeletal muscle hypertrophy. We will begin by

discussing the biological basis of resistance exercise-induced muscle hyper-

trophy and a degree of incongruence between current recommendations

and recent data relating to prescription of resistance exercise training. We

will then examine the variability in the hypertrophic response to resistance

training between individuals and how, at the molecular level, this variability

and MPS in general are regulated. Specifically, we will discuss the influence

of factors intrinsic to skeletal muscle such as the activation of the mechanistic

target of rapamycin complex 1 (mTORC1) upon skeletal muscle loading.

We will conclude by describing how muscle unloading influences the reg-

ulation of muscle mass. For the purposes of concision and relevance to the

humanmodel, we will focus on data procured primarily from humans; how-

ever, when necessary, studies from rodent and cell-based systems will be

incorporated to support relevant points of discussion.

2. RESISTANCE EXERCISE TO ENHANCE SKELETAL
MUSCLE MASS

Human skeletal muscle mass is a function of the balance betweenMPS

and muscle protein breakdown (MPB). In healthy nondiseased humans, it is

the changes in the rates of MPS and not those of MPB that influence

myofiber size. It is for this reason that the focus of the majority of research

in recent years has been on factors that ultimately impact upon MPS. Many
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of these studies have employed stable isotope technology to directly track the

incorporation of labeled amino acids into new muscle proteins and into the

contractile apparatus of a myofiber. Since the introduction of this technol-

ogy into the exercise and nutritional sciences, a large body of data has been

generated characterizing how various exercise and nutritional manipulations

influence muscle protein turnover. In this regard, we now know that the

consumption of proteins or amino acids, particularly the essential amino

acids, leads to a systemic hyperaminoacidemia stimulating a significant

and transient increase in rates of MPS.5 When a bout of resistance exercise

is performed prior to the consumption of amino acids, there is a synergistic

impact on rates ofMPS over and above that observed with amino acid inges-

tion alone.6 In essence, resistance exercise sensitizes skeletal muscle to the

anabolic effects of amino acid consumption, an effect that can persist for

up to 24–48 h postexercise.7

One of the earliest documented reports that resistance exercise enhances

muscle function was by De Lorme and Watkins who, in 1948,8 prescribed

“progressive resistance exercise” to treat patients with poliomyelitis. Since

this work and that of others demonstrating the efficacy of resistance exercise

to enhance skeletal muscle mass,9 resistance exercise training is now widely

used in both clinical and athletic settings to combat diseases associated with

the loss of muscle mass (myopenia) and strength (dynapenia) as well as to

enhance athletic success and general fitness. The term progression refers

to the appropriate manipulation of (i) load per repetition, which is most

often prescribed as a percentage of one repetition maximum (1 RM);

(ii) number of sets performed; (iii) recovery between sets; (iv) muscle

action (concentric vs. eccentric); and (v) total exercise volume (i.e.,

load� repetitions). Despite receiving significant experimental attention,

the optimal resistance exercise-training program incorporating various

modifications of the above variables, at least from the perspective of inducing

skeletal muscle hypertrophy, remains unknown, and it could be argued that

on a population basis it may not even exist.

Current recommendations from the most recent American College of

Sport Medicine position stand10 state that for “…novice and intermediate

individuals, it is recommended that moderate loading be used (70–85%

1 RM) for 8–12 repetitions per set for one to three sets per exercise’. Whilst

for advanced trainers ‘it is recommended that a loading range of 70–100% of

1 RM be used for 1–12 repetitions per set for three to six sets per exercise in

a periodized manner such that the majority of training is devoted to

6–12 RM and less training devoted to 1–6 RM.” These recommendations
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and the literature supporting them are surprisingly thin. In a series of studies,

it has been demonstrated that repetition load plays a minimal, if not negli-

gible, role in the hypertrophic response to loaded contractions as long as

volitional fatigue is achieved.11 Indeed, in one study recreationally trained

participants who performed 30% of their 1 RM until failure, elicited similar

increases in MPS 4 h postresistance exercise relative to participants who per-

formed resistance exercise at 90% of their 1 RM. Another interesting finding

was that myofibrillar MPS was elevated 24 h postresistance exercise in the

30% 1 RM condition but not the 90% 1 RM condition. Expanding upon

these findings, a follow-up study determined whether the similar acute

responses (i.e., MPS) translated into longitudinal changes in muscle size.12

Again, contrary to the existing guidelines, performing resistance exercise

to failure with a low repetition load (in this instance 30% 1 RM) produced

the same gains in muscle size as compared with performing resistance exer-

cise to failure at a load of 80% of 1 RM. It is important to note that strength

gains in that study were greater in the 80% 1 RM group. Thus, from a

strength perspective, training at a higher repetition load may be beneficial,

particularly for athletes. It also must be acknowledged that exercise regimens

characterized by higher exercise volumes (i.e., sets� repetitions� sessions)

display favorable gains in muscle growth.13 So, taken together, these data

demonstrate that as long as volitional failure is achieved, and the exerciser

performs a comparable amount of effort, repetition load has little influence

in the hypertrophic response to resistance exercise at least within the range of

30–80% of 1 RM.11

3. HETEROGENEITY IN RESPONSE TO RESISTANCE
TRAINING

As previously discussed, an acute bout of resistance exercise coupled

with amino acid ingestion results in an increase in the rate of MPS, whereas

frequent, episodic bouts of resistance exercise, and amino acid ingestion

promote skeletal muscle hypertrophy.9 The increases in muscle growth

with resistance training are often cited as occurring at a linear rate; how-

ever, we propose that expressing changes in rates of hypertrophy, as an

average rate per day likely obscures some important insight into the process

of muscular hypertrophy. In fact, there are numerous reports of large var-

iability in both MPS and gains in muscle size in response to resistance train-

ing between individuals.14,15 The individual variance in gains in muscle

mass with resistance training was well demonstrated by Hubal et al.14 in
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585 participants with assessment of changes in isometric and dynamic

strength as well as changes in muscle CSA following 12 weeks of progres-

sive resistance training of the biceps brachii. Intriguingly, in response to the

training protocol, 1 RM strength gains ranged from 0% to +250%, whereas

changes in muscle size ranged from �2% to +59%. When examining the

differences between the sexes, changes in muscle CSA were 2.5% greater in

men compared with women, while relative gains in strength were greater

in women. There are other studies that also support the notion of extreme

individual variability in the hypertrophic response to supervised resistance

training (Fig. 1). Indeed, Mitchell et al.12 observed that following 16 weeks

of resistance exercise training increases in fat- and bone-free mass ranged

from 0 to 9 kg while there was also large variability in the gains in quad-

riceps volume (443 cm3) and leg press 1 RM (200 kg). These findings are

in agreement with those of Hubal et al.,14 suggesting that a “one size fits

all” approach is likely neither appropriate nor effective for promotion of

optimal gains with resistance training. Another interesting finding from

the study of Mitchell et al.12 was that, in addition to the variable hypertro-

phic response, the increase in MPS following the first bout of resistance

exercise failed to predict the magnitude of gains in muscle mass. So, it

appears that not only are there differences in the hypertrophic response

between individuals following resistance exercise training but the magnitude

of the response within individual also lacks uniformity. Factors extraneous

to the control of the study (i.e., nutritional intake) could be cited as con-

founding factors, but the marked range in skeletal muscle mass gains among

humans is now thought to be biological in nature. However, biological

Figure 1 Change in fat- and bone-free mass (FBFM) in response to 10 weeks of resis-
tance exercise training (Mitchell et al.12) and in response to 12 weeks of resistance train-
ing in combination with fat-free milk (n¼18), fat-free soy (n¼19), and control (n¼19)
(Hartman et al.16). Data are expressed as individual delta change (kg), median, and
interquartile range.
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basis for resistance exercise-induced skeletal muscle hypertrophy remains

unknown and is currently a topic of intense debate.17

4. THE INFLUENCE OF SYSTEMIC HORMONES

For many years, it has been known that resistance exercise results in a

transient (15–30 min) increase in what are purported to be “anabolic” hor-

mones such as free and protein-bound forms of testosterone, insulin-like

growth factor 1 (IGF1), and growth hormone.18 Although there is evidence

to show that exogenous administration of supraphysiological doses of testos-

terone enhances skeletal muscle hypertrophy,19 there is comparably little

support for the efficacy of growth hormone20 and IGF121 to exert the same

effects, at least in adult humans. Indeed, it is indisputable that secretion of

growth hormone supports bone and muscle growth in children, and

supraphysiological doses of growth hormone enhance collagen protein syn-

thesis.21 However, the administration of growth hormone directly does not

enhance rates of skeletal MPS.20 One argument is that growth hormone-

enhanced collagen synthesis may facilitate increased loading of the muscle

during resistance exercise, which, subsequently, stimulates greater rates of

MPS. However, this hypothesis has yet to be experimentally corroborated.

Alternatively, growth hormone is known to promote IGF1 production in

the liver. IGF1 also is elevated in a transient manner postexercise22 and thus

has been implicated, in addition to both growth hormone and testosterone,

as a mediator of MPS. Data to support this assertion have come predomi-

nantly from studies in rodent models. In one such study, blockade of the

IGF1 receptor resulted in a reduction in the elevation of contraction-

induced rates of MPS,23 whereas a contrary report demonstrated that dele-

tion of the IGF1 receptor in mice did not influence load-induced skeletal

muscle hypertrophy.24 Furthermore, neither IGF1 receptor phosphoryla-

tion nor any other marker of receptor tyrosine kinase activation is increased

following resistance exercise in rodents,25 suggesting that paracrine-related

growth factors are not released in sufficient quantities to impact receptor

function. Notwithstanding, the fundamental differences between rodents

and humans,26,27 it is also important to point out that whereas insulin can

induce phosphorylation of the IGF1 receptor, resistance exercise does

not.25Moreover, there is now significant data in humanmodels to show that

physiological increases in insulin concentrations, corresponding to those

seen with ingestion of a meal, play a permissive, and not a stimulatory role

in the regulation of MPS.28,29 In our view, the physiological increases in
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growth hormone and insulin-like growth factor in response to resistance

exercise may be similarly permissive, if they have a role at all, in mediating

changes in rates of MPS.

Whereas there is little evidence to support the role of growth hormone in

skeletal muscle accretion, the pharmacological administration of testoster-

one is known to have a direct effect on the accrual of skeletal muscle.19

Indeed, the suppression of circulating testosterone concentrations—induced

by treatment with goserelin—to 10% of circulating concentrations compro-

mises strength gains following 12 weeks of strength training.30 On the con-

trary, administrations of 600 mg of testosterone enanthate to healthy young

humans increased fat-free mass, muscle size, and muscle strength even in the

absence of resistance exercise.19 Importantly, there are profound and phys-

iologically relevant differences between the pharmacological suppression

and pharmacological doses of testosterone and the natural increases observed

during the postresistance exercise period.31 The acute increase in testoster-

one following a bout of resistance exercise is often �0.1% to 1% of the dose

administered exogenously and acts for comparably shorter durations,

depending upon the dosing strategy. A good example of this point is the fact

that despite a �45-fold lower exercise-induced increase in testosterone,

women exhibit comparable rises in rates of MPS and hypertrophy as com-

pared to men.32 In addition, the postexercise rise in testosterone does not

exceed that of what is known to occur with diurnal variation.31

In a study fromWest et al.,33 the notion that resistance exercise-induced

increases in purportedly anabolic hormones play a significant role in skeletal

muscle hypertrophy was examined. In this experiment, 12 healthy males

were required to perform a series of unilateral arm curls on separate days

for 15 weeks. One arm was exercised alone (“low hormone” condition),

whereas participants performed a bout of heavy lower-limb resistance exer-

cise, designed to elicit an increase in circulating “anabolic” hormones, on

the days that the other arm performed resistance exercise (“high hormone”

condition). Interestingly, although there was a significant and profound

increase in testosterone, IGF1, and growth hormone in the “high hormone”

condition, there was no significant difference in muscle CSA or strength

compared to the “low hormone” condition. If it were true that the acute

increase in such hormones were playing a role in adaptations to resistance

exercise, then the “high hormone” condition would be expected to produce

greater gains in muscle CSA and strength, yet they failed to do so. The inter-

ested reader is directed to a debate regarding the role that hormonal changes

play in resistance exercise-induced hypertrophy.31
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5. THE ROLE OF THE mTORC1

A central protein complex in signal transduction, mTORC1, is an

evolutionarily conserved threonine/serine protein kinase that is critical

for cell survival, cell proliferation, and the synthesis of new muscle proteins

(Fig. 2). It is composed of a catalytic subunit, mechanistic target of

rapamycin (mTOR) as well as adaptor proteins: regulatory-associated

protein of mTOR (RAPTOR), mammalian lethal with SEC13 protein

8 (mLST8), DEP domain-containing mTOR-interacting protein

(DEPTOR), and proline-rich Akt substrate of 40 kDa (PRAS40).34 There

is an array of molecular input signals to mTORC1 that can regulate its activ-

ity. One such input is the guanosine triphosphatase (GTPase) Ras homolog

enriched in brain (RHEB). When guanosine triphosphate (GTP) is bound

to RHEB, there is a RHEB-mediated stimulation of mTORC1 assembly

Figure 2 Schematic illustration of the putative molecular factors regulating skeletal
muscle protein synthesis and proteolysis. Stimulation of the mechanistic target of
rapamycin complex 1 precipitates a series of posttranslational modifications including,
but not limited to, the phosphorylation of eukaryotic initiation factors (eIFs), binding
proteins, and protein kinases. Upregulation of the ubiquitin proteasome pathway
results in the expression of genes encoding for ubiquitin ligases and the subsequent
degradation of muscle proteins. Abbreviations and names of genes, mRNAs, and pro-
teins can be found in the text.
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and activation.35 This process is further regulated by an upstream GTPase-

activating protein (GAP) called tuberous sclerosis complex 2 (TSC2). TSC2

activates RHEB to drive its GTPase activity, increasing the guanosine

diphosphate (GDP)/GTP-bound state of RHEB, and thus reducing the

ability to activate mTORC1.36 In turn, the influence of TSC2 on RHEB

can be directly enhanced by adenosine monophosphate-activated protein

kinase (AMPK).37 Moreover, AMPK (an energy stress sensor) also has been

shown to inhibit mTORC1 via phosphorylation of DEPTOR.38 Alterna-

tively, protein kinase B (PKB) (an important downstream protein for recep-

tor tyrosine kinases) phosphorylates TSC2 to inhibit its interaction with

RHEB39 as well as directly inhibiting the function of the mTORC1 inhib-

itor PRAS40,40 which exerts a stimulatory effect on mTORC1 activity.

Amino acid sufficiency is signaled tomTORC1 via multiple mechanisms

including the lipid kinase human vacuolar sorting protein 34, mitogen-

activated protein kinase 3, and the RagGTPases.35 In essence, mTORC1

acts like a control center integrating inputs on energy stress, hormonal status,

and amino acid sufficiency and relaying that information through its down-

stream targets to control the rate of MPS. mTORC1 targets many down-

stream substrates including, but not limited to, 70-kDa ribosomal protein

S6 kinase 1 (P70S6K1) and eukaryotic initiation factor 4E-binding protein

1 (4EBP1).41 Both P70S6K1 and 4EBP1 play a crucial role in orchestrating

the MPS response to anabolic stimulation. Indeed, P70S6K1 is phosphory-

lated by mTORC1 on Thr389 to upregulate the opening round of transla-

tion initiation via the S6K1 Ally/Ref-like target (SKAR) protein42 and

translational elongation via eukaryotic elongation factor-2 kinase

(EEF2K).43 The function of 4EBP1 is inhibited by mTORC1 (phosphor-

ylation occurs on Thr37/46), which relieves the inhibition on eukaryotic

initiation factor 4E (EIF4E). This phosphorylation event enables EIF4E

to interact with eukaryotic initiation factor 4G (EIF4G) key to the com-

mencement of protein initiation.44 It is noteworthy that there are other sig-

naling molecules that either regulate or are targets of, mTORC1, and we

acknowledge the existence of another mTOR complex, mechanistic target

of rapamycin complex 2 (mTORC2). But the role of mTORC2 and the

aforementioned unrelated signaling events are outside the purview of the

present discussion, so we refer the interested reader to several informative

papers.45–47

Given that translation initiation is proposed to be orchestrated by

mTORC1-4EBP1/P70S6K1 signaling,48 it is unsurprising that increased

rates of MPS in response to resistance exercise (RE) are often accompanied
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by elevations in the phosphorylation status of these molecules.49–53 How-

ever, many studies only show associations or correlations between changes

in protein phosphorylation (and presumably activation) and rates of MPS,

not a direct cause and effect relationship. One of the first investigations to

show that mTORC1was critical for mechanical overload-induced increases

in muscle hypertrophy was conducted in rodents by Bodine et al.54 In this

classic study, the authors showed that treatment with the highly specific

mTORC1 inhibitor, rapamycin, repressed synergist ablation-induced

increases in skeletal muscle hypertrophy as well as PKB-mTORC1-

P70S6K1 signaling. Other researchers expanded upon these findings in

mice, using various rapamycin resistant mutants of mTOR to show that

rapamycin also reduced mTORC1 signaling and individual muscle fiber

CSA following chronic mechanical loading.55 However, it is important

to note that there are significant interspecies differences between rodents

and humans with regards to protein turnover26 that should be acknowledged

when interpreting these data. For example, the work of Goodman et al.55

showed that chronic mechanical loading also induced a degree of hyperpla-

sia, a phenomenon that, to our knowledge, does not occur in human models

of resistance exercise training. Nevertheless, what these data show, at least in

rodent models, is that loading-induced skeletal muscle hypertrophy occurs

predominantly in an mTORC1-dependent manner.

To date, only a few studies in humans have used rapamycin to examine if

RE-induced increases in MPS are reliant on mTORC1-mediated signal-

ing.56,57 By administering rapamycin 2 h prior to a bout of RE, the authors

of one study were able to significantly raise blood rapamycin concentrations

at the commencement of exercise. Skeletal MPS was determined using the

stable isotope technique 1 and 2 h post-RE during which the phosphoryla-

tion status of mTOR and associated signaling agents was measured.

Rapamycin significantly reduced MPS during the initial 1–2 h post-RE

recovery period. Moreover, the reduction in MPS was accompanied by a

reduction in mTORser2448 and P70S6K1thr389 phosphorylation at 1 h

post-RE. These data show that activation (phosphorylation) of mTOR sig-

naling plays a key role in contraction-induced increases in human skeletal

MPS, a finding that corroborates earlier reports in rodents.54,55 Despite a

reduction in MPS, rapamycin treatment did not inhibit phosphorylation

of P70S6K1 2 h post-RE nor did it have any impact on 4EBP1 phosphor-

ylation at any time point during the recovery period. The latter finding is not

entirely surprising given that 4EBP1 exhibits resistance to the effects of

rapamycin,58 and the dose of rapamycin employed was, in comparison to

162 Chris McGlory and Stuart M. Phillips



those as delivered in rodent experiments, relatively low. These data may also

suggest that multiple redundant signaling pathways are required to maximize

rates of MPS in response to RE. Clearly, more work in human models of

exercise is now needed to define the exact molecular mechanisms by which

RE stimulates a rise in the rates of human MPS.

A pertinent question is, since mTORC1 is a focal point control-

ling cell size in response to anabolic stimulation, what signals regulate

mTORC1? We now know that mTORC1 activation in response to con-

traction occurs in a 3-phosphoinositide-dependent protein kinase (PI3K)-

PKB-independent manner, and exercise-induced increases in circulating

“anabolic” hormones (IGF1 and testosterone) also play little-to-no role.

One candidate that has received much attention is focal adhesion kinase

(FAK), which is an integrin protein located within the costameres of skeletal

muscle and has exhibited mechanical sensitivity in rodent, cell, avian, and

human models of loaded contraction.59–62 The sensitivity of FAK to

mechanical loading was highlighted in a study by Fluck et al.,62 who iden-

tified an increase in FAK activity following chronic overload of avian skel-

etal muscle. Furthermore, in a study from our laboratory, 14 days of limb

unloading via limb immobilization in humans reduced FAKTyr576/577

phosphorylation,59 a finding that is consistent with another report in a

human immobilization model.63 While informative, these studies do not

provide mechanistic insight into how FAK activity, in response to contrac-

tile perturbation, regulates MPS. There is evidence that FAK is required for

IGF1-mediated increases in protein synthesis in myotubes via TSC2-

mTORC1-P70S6K1 signaling.64 However, in humans, we know that

IGF1 plays a minimal role inRE-induced increases inMPS.Other candidate

signaling molecules that have been shown to impact mechanically sensitive

mTORC1 activity in rodent models include phospholipase D (PLD)65 and

diacylglycerolkinase zeta,66 but whether these molecules are responsible for

load-induced modulation of mTORC1 and MPS remains a topic of debate.

Clearly, more work in humans is needed to identify how mechanical load is

transmitted to a biochemical signal that is capable of mediating contraction-

induced increases in MPS.

In nearly all of studies of signaling pathway activity, particularly the

human studies, the traditional method to assess the activity or functional rel-

evance of a protein in response to exercise and or feeding is to measure its

posttranslational phosphorylation status by immunoblotting (Western blot-

ting) or (γ�32P) adenosine triphosphate (ATP)-dependent kinase assays.67

Emergent data using immunohistochemistry have also provided information
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relating to the subcellular trafficking of mTOR and this approach has

yielded exciting information.68,69 Indeed, the electrical stimulation of

mouse skeletal muscle to elicit eccentric contraction demonstrated that

changes in the phosphorylation status of TSC2 within an RxRxx motif

resulted in its translocation away from the lysosomal surface.68 Given that

the mTORC1 regulator RHEB is located at the lysosomal surface, and that

TSC2 may negatively influence GTP-bound RHEB, these data suggest that

resistance exercise may activate mTORC1 by alleviating its inhibition by

TSC2. There is also evidence that the provision of amino acids promotes

the translocation of mTOR to the lysosome, which may partially account

for the synergistic impact of combining amino acid feeding and resistance

exercise on MPS. Such a hypothesis awaits experimental confirmation in

human models of exercise and feeding but presents an intriguing area of

future research nonetheless.

6. TRANSLATIONAL RESPONSES TO RESISTANCE
TRAINING

It is proposed that there are two ways in which resistance exercise

enhances muscle hypertrophy. Firstly, enhance translational efficiency that

is underpinned by an increase in the number of ribosomes binding to a

single mRNA transcript, thus resulting in greater protein yield per mRNA.

For example, ribosomes are typically spaced approximately 80–100 nucleo-

tides apart, but following stimulation ribosomes can stack much closer, with

reports of ribosomes capable of assembling only 27–29 nucleotides apart.70

The second is enhanced translational capacity, which refers to the

upregulation of ribosomal content. The ribosome consists of two subunits,

the 40S and the 60S subunit, and is a ribonucleoprotein serving to increase

protein content by the decoding of mRNA.71,72 Both of the subunits

are comprised of a variety of ribosomal proteins and it is the increase in

these ribosomal proteins and the ribosomal subunits in response to anabolic

stimulation that is believed to act in concert with enhanced translational

efficiency to promote increases in cell size. Ribosomal biogenesis is a

highly controlled and complex biological process regulated in part via

mTORC1.71 Indeed, distinct to many ribosomal protein and growth-

related mRNAs is a unique terminal oligopyrimidine tract sequence

(50TOP) and these mRNAs are specifically regulated by mTORC1-

P70S6K1 signaling.73 Given that resistance exercise is a potent stimulator

of both mTORC1 and MPS,74 it has been proposed that resistance
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exercise enhances rates of MPS in part via upregulation of ribosomal

content.71

Whereas there is a significant body of research that has focused upon the

role of ribosomal biogenesis in cardiac muscle, there is comparably less data

available regarding the role of ribosomal biogenesis in skeletal muscle.

A common readout of increased ribosomal biogenesis in skeletal muscle is

an increase in total RNA content.55 This assumption is based on the premise

that the ribosome is�30% protein and�60% RNA and that the majority of

RNA is ribosomal RNA (rRNA).71,75 In this regard, data from rodent

models have shown elevations in rRNA content are associated with

enhanced mTORC1 signaling.55,76 Additionally, treatment with rapamycin

has been shown to not only prevent P70S6K1 phosphorylation but also

inhibit load-induced increases in rRNA content.55 Such findings would

support the emerging thesis that, at least in models where constant load is

applied, increases in load-induced MPS are by logical extension facilitated

not only by enhanced translational efficiency but also by enhanced transla-

tional capacity.

We know that there is an incongruence between resistance exercise-

induced increases in rates of MPS and the hypertrophic response to resis-

tance exercise training in humans.77 Thus, it is not known whether increases

in translational capacity seen in rodents are also seen in humans. Potentially

debunking this contention, Phillips et al.78 reported that 20 weeks of super-

vised resistance exercise training actually downregulated the mRNA expres-

sion of the translational machinery. In this study,78 it was shown that the

individuals who demonstrated the greatest gains in skeletal muscle mass actu-

ally exhibited the biggest reductions in rRNA gene expression. Moreover,

those that gained the greatest skeletal muscle mass also displayed a gene sig-

nature consistent with that of a rapamycin, in other words indicative of

reduced mTORC1 activity. These data also would support other reports

of incongruence between acute changes in kinase phosphorylation and skel-

etal muscle hypertrophy49,79 raising the question as to the relevance of

assessing the phosphorylation/activity status of signaling molecules in the

acute postexercise recovery period, at least in the context of skeletal muscle

hypertrophy. However, it is important to acknowledge that despite rRNA

expression negatively correlating with gains in muscle mass, the participants

that responded the greatest to the resistance exercise-training program also

tended to have higher levels of rRNA pretraining suggesting that these data

are more indicative of enhanced translational efficiency. Thus, more work is

clearly necessary in order to establish the role, if any, of increased ribosomal
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abundance in long-term gains in human skeletal muscle mass in response to

resistance exercise training in humans.

7. THE IMPACT OF AGING AND UNLOADING

Aging is associated with the progressive loss of skeletal muscle mass,

termed sarcopenia.80,81 The limited capacity of older adults to mount a

“youthful” protein synthetic response following ingestion of smaller doses

of amino acids has already been well characterized and is proposed to be

a main contributor to the sarcopenic condition.82 However, this process

is confounded by the fact that older people fail to mount a similar protein

synthetic response to a bout of resistance exercise,83 resulting in com-

promised strength and muscle size gains when compared to their younger

counterparts.84 The “anabolic resistance” of aging skeletal muscle to an

acute bout of resistance exercise in older adults has been shown to occur

at a range of exercise intensities and is associated with a reduction in

mTORC1-P70S6K1-related signaling.85 Indeed, in older adults, the

MPS response with performance of increasing intensities is sigmoidal, with

minimal elevations occurring from 20% to 40% 1 RM, followed by a signif-

icant increase at 60% 1 RM and then no further enhancement at 75% or 90%

1 RM.83 This MPS response is also accompanied by lower P70S6K1 and

4EBP1 phosphorylation 1 h postexercise.83 Expanding upon these findings

others have shown that activation of signaling proteins are lower even as

long as 6 and 24 h following exercise,85 thus providing one mechanism

of age-related “anabolic resistance.” However, the etiology of anabolic resis-

tance is likely multifactorial and complex in nature, the questions of how and

why aging results in a lack of sensitivity to the normally potent anabolic stim-

ulus of resistance exercise remain unknown. Discerning the relative contri-

butions of age and physical inactivity toward the development of sarcopenia

is challenging as they often are highly associated. For example, simply reduc-

ing the number of daily steps performed is known to result in a lower post-

prandial MPS response to ingestion of a protein-containing meal.86 It could,

we would contend, be argued that both physical inactivity and aging share

similar hallmarks of sarcopenia and perhaps even a similar molecular signa-

ture; however, it is likely that a molecular aging program likely exists sep-

arate from inactivity per se. No doubt, experimental work is now needed to

pinpoint the exact molecular mechanisms underpinning anabolic resistance

in older adults.
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Whereas resistance exercise results in a state of skeletal muscle hypertro-

phy, periods of muscle disuse induce a state of muscle atrophy.87–90 The

mechanisms underpinning disuse muscle atrophy remain a topic of intense

debate with some arguing that elevated rates of MPB result in the gradual

losses of muscle mass91 whereas as others suggest that it is a reduction in rates

of MPS,92,93 particularly in response to amino acid ingestion. There are

good arguments for both sides of these proposed mechanisms. Indeed,

MPB is mediated by numerous processes such as the calcium-dependent cal-

pain system94,95 and the ubiquitin proteasome pathway.96 Many readouts

suggestive of increased ubiquitin proteasome activity, such as the mRNA

expression of muscle atrophy F-box/atrogin-1 (MAFBX) and muscle-

specific-RING-finger protein 1 (MURF1), have been shown to be

increased during early periods of disuse.96,97 However, it is not possible

for the ubiquitin proteasome pathway to directly target contractile muscle

proteins and other mediators of MPB that are required to induce full deg-

radation of intact myofibrils. Moreover, the majority of data to support the

assertion that muscle disuse atrophy is mediated by accelerated rates of MPB

emanate from rodent models96 of disuse or human models of disease98 that

do not accurately mimic uncomplicated human disuse atrophy. On the

other hand, rates of MPS during muscle unloading are reduced in both

the postabsoptive59 and postprandial state90 with immobilization. Reduc-

tions in rates of MPS that have been calculated to account for a significant

proportion, but all, of the decline in muscle mass observed with disuse.26,93

Rather than an either/or approach (MPS vs. MPB) as to the primary

mechanism responsible for disuse atrophy, there is mounting evidence to

suggest that both an increase in rates of MPB and a reduction in rates of

MPS act in concert to reduce the size of skeletal muscle during periods of

unloading.87 Indeed, one proposition is that subsequent to immobilization

there is an initial rapid but transient increase in rates of MPB that leads to a

more sustained and prolonged reduction in rates of MPS. Support for this

contention comes from data showing that elevations in the early stage of dis-

use could be targeting the degradation of translational proteins such as

eukaryotic initiation factor 3F.99,100 The reduction in the content of these

proteins subsequently serves to limit the capacity of the translational machin-

ery tomount a sufficient response to anabolic stimulation necessary to sustain

positive protein balance. Although to our knowledge, no study has identi-

fied if a period of muscle disuse in humans results in the targeted degradation

of these proteins and, as such, this hypothesis awaits experimental

confirmation.
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8. SUMMARY

To conclude, resistance exercise-induced skeletal muscle hypertrophy

is a complex process involving many signal transduction pathways. Unfor-

tunately, despite many years of research the biological signal that translates

the mechanical tension of resistance exercise (i.e., load) to these signal trans-

duction pathways that subsequently activates the translational machinery,

remains elusive. Current developments in mass spectrometry and stable iso-

tope technology as well as use of the novel “omic” techniques will no doubt

advance our understanding in the coming years. To date, the majority of

research in the field has been generated from rodent models of overload

for example using synergist ablation. These rodent models have provided

valuable data regarding the mechanisms that regulate the size of skeletal mus-

cle; however, there are fundamental differences between rodents and

humans that need to be appreciated when interpreting such data. If we

are to significantly enhance our understanding of the factors that control

the size of human muscle mass both in response to muscle loading and

unloading, more work needs to be conducted in human models of resistance

exercise using a range of techniques to complement what we already know.
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Abstract

Adipose tissue is a major regulator of metabolism in health and disease. The prominent
roles of adipose tissue are to sequester fatty acids in times of energy excess and to
release fatty acids via the process of lipolysis during times of high-energy demand, such
as exercise. The fatty acids released during lipolysis are utilized by skeletal muscle to
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produce adenosine triphosphate to prevent fatigue during prolonged exercise. Lipolysis
is controlled by a complex interplay between neuro-humoral regulators, intracellular
signaling networks, phosphorylation events involving protein kinase A, translocation
of proteins within the cell, and protein–protein interactions. Herein, we describe in
detail the cellular and molecular regulation of lipolysis and how these processes are
altered by acute exercise. We also explore the processes that underpin adipocyte adap-
tation to endurance exercise training, with particular focus on epigenetic modifications,
control by microRNAs and mitochondrial adaptations. Finally, we examine recent liter-
ature describing how exercise might influence the conversion of traditional white adi-
pose tissue to high energy-consuming “brown-like” adipocytes and the implications
that this has on whole-body energy balance.

1. INTRODUCTION

The ability of skeletal muscle to maintain adenosine triphosphate

(ATP) production during physical activity requires the input of several met-

abolic substrates; most notably, carbohydrates and fatty acids provide the

bulk of the energy requirements at rest and during most forms of exercise.1

Fatty acids are predominantly stored as triglycerides within lipid droplets of

adipocytes, which make up the vast majority of the adipocyte volume.2

Without doubt, the major role of adipose tissue is to store and release fatty

acids to match energy supply to energy requirements. This is achieved by a

complex interplay between neurohumoral regulators, intracellular signaling

networks, and protein–protein interactions. Hence, understanding the fac-

tors regulating adipose tissue fatty acid metabolism during exercise is impor-

tant for understanding systemic metabolic control and also has implications

for understanding the pathogenesis of obesity (i.e., adipose tissue excess) and

its associated comorbidities.

Expanding on our understanding of adipocyte biology is the observation

of adipocytes with distinct developmental lineages, morphology, and met-

abolic characteristics. The presence of significant depots of brown adipose

tissue, which is a major site of nonshivering thermogenesis described in most

mammals, was recently reconfirmed in humans,3,4 while other adipocytes

known as “beige” or “brite” adipocytes that share features of brown adipo-

cytes have been identified in clusters within traditional white adipose tissue.5

Understanding the role of these adipocytes in the regulation of metabolism is

in its infancy; however, recent studies suggest that regular endurance exer-

cise training may induce transcriptional programs that predict a “browning”

of adipose tissue.
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The endeavor of this review is to provide an update on the understanding

of adipose tissue metabolism, with a particular focus on lipolysis, to outline

the regulation of adipose tissue metabolism during acute exercise, and to

provide an overview of the molecular changes induced by exercise training

that influence adipose tissue metabolism and the programming of adipocyte

lineages. Our intention is to focus primarily on human data, with some ref-

erence to rodent work and cell-based studies.

2. ADIPOSE TISSUE LOCALIZATION AND COMPOSITION

Adipose tissue is located in several anatomical locations. These include

subcutaneous adipose tissue, which is located under the skin and stores

�80% of total body fat with the major stores found in the upper (abdominal,

subscapular fat) and lower body (gluteal–femoral fat). Intraabdominal adi-

pose tissues include the visceral adipose tissue located around the digestive

organs (mesenteric and omental) and the retroperitoneal depot (kidney),

which together account for�20% of total body fat6,7 (Fig. 1A). While these

depots exhibit heterogeneity with respect to their molecular, morphologi-

cal, and metabolic profiles,8 and differences exist between men and women,

the metabolic functions of adipose tissue are retained in some capacity at

each site.

It is important to note that adipose tissue is made up of many cell types

that serve different functions. While adipocytes make up �83% of adipose

tissue volume,9 they only constitute �20–40% of the cellular content. In

fact, the number of cells contained in the stromal vascular fraction of adipose

tissue outnumbers adipocytes by �3 to 1. These cells include endothelial

cells, leukocytes, lymphocytes, and other immune cells (Fig. 1B).

3. ADIPOCYTE METABOLISM AT REST AND DURING
EXERCISE

Several metabolic processes including lipolysis, uptake of fatty acids

from lipoprotein–triglycerides, de novo lipogenesis, and fatty acid oxidation

modulate adipocyte fat balance.

3.1 Lipolysis
The primary function of adipocytes is to store fatty acids during times of

energy excess and release these fatty acids into the circulation for uptake

and oxidation by the major energy-consuming tissues during times of
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increased energy demand, such as exercise. Isotope dilution (e.g., [2H5]-

glycerol tracer) and splanchnic/leg balance techniques have been used to

determine lipolysis during exercise. During moderate intensity exercise

(40–50% VO2 max), whole-body adipose tissue lipolysis is increased two-

to threefold above resting rates by 30 min and progressively increases with

the duration of exercise, reaching rates approximately fivefold higher than

rest by 4 h.10–13 The fatty acid availability from adipose tissue lipolysis

matches whole-body fatty acid oxidation rates during the first 90 min of

moderate intensity exercise, but there is an “overshoot” of lipolysis late in

exercise (>120 min), which contributes to a progressive rise in plasma free

fatty acid (FFA). Notably, FFA supply from adipocytes is sufficient to pro-

vide all substrate for fatty acid oxidation at rest and during moderate intensity

exercise. An often-ignored factor regulating fatty acid release is

AdipocyteBlood vessels

Preadipocytes

B

Macrophages
and immune cells *

Leukocytes and
lymphocytes

A

Mesenteric
omental

Abdominal
subcutaneous

Retroperitoneal

Brown adipose tissue

Gluteal

Femoral

Figure 1 Adipose tissue localization and composition in humans. (A) White and brown
adipose tissue is located in various anatomical locations in humans. Subcutaneous adi-
pose tissue is located under the skin and includes the abdominal and gluteal–femoral
depots. Visceral adipose tissue is located near the digestive organs and includes the
omental and mesenteric adipose tissue depots. (B) The vast majority of the adipose tis-
sue mass is composed of adipocytes. There are many other cell types that constitute
adipose tissue. It is highly vascularized and contains a number of immune cells*
such as B cells, mast cells, Tregs (T regulatory cells), macrophages, leukocytes, and
lymphocytes.
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reesterification. At rest,�20% of the fatty acids released from adipocytes are

reesterified in the adipocytes. The absolute reesterification rate in adipocytes

increases approximately twofold during moderate intensity exercise; how-

ever, this equates to only �12% of the lipolytic rate.13

Adipose tissue lipolysis increases by �2.5-fold from rest during low-

intensity exercise (25% VO2 max) but does not increase further at higher

exercise intensities, despite marked increases in sympathetic activation.1,14

Hence, these data indicate that adipocyte lipolysis is sensitive to small

increases in β-adrenergic stimulation during exercise. Lipolysis rates decrease

in the minutes after low and moderate intensity exercise (25–65%VO2max)

but remain above preexercise levels for up to 24 h.1,14,15 The increase in

fatty acid availability in the recovery from exercise exceeds fatty acid oxida-

tion by peripheral tissues, which leaves a substantial amount of FFAs for

either FFA/triglyceride recycling or uptake by the liver. Furthermore,

the increased glycerol availability in the recovery from exercise can act as

a gluconeogenic substrate.

Many factors influence lipolysis during exercise. Lipolysis rates are higher

in woman comparedwithmen at rest and duringmoderate intensity exercise

(45–65% VO2 max).16 Sex differences aside, the anatomical location of adi-

pose tissue is important. Under resting conditions, upper body subcutaneous

adipose tissue provides the major proportion of the systemic fatty acids and

the lower body fat provides only a small proportion.17 In studies of isolated

adipocytes, both “spontaneous” and maximal β2,3-adrenergic-stimulated

lipolysis are higher in subcutaneous compared with omental-derived adipo-

cytes of lean men.18 The lipolytic responses of specific depots during exer-

cise and their contribution to whole-body lipolysis are unknown, most

likely because of an inability to accurately perform arterio-venous (a-v) bal-

ance measures across these tissues. The size of individual adipocytes may also

be important, with evidence that large adipocytes have increased lipolytic

capacity compared with small adipocytes, which may result from the enrich-

ment of regulatory proteins of lipolysis (see Section 5.1).19 Finally, environ-

mental (e.g., heat, hypoxia) and nutritional factors (e.g., postabsorptive vs.

postprandial states, hydration) impact lipolysis but discussion of these factors

is beyond the scope of this review.

3.2 De Novo Lipogenesis
De novo lipogenesis is the process by which carbon precursors of acetyl-CoA

are synthesized into fatty acids. Lipogenesis is mostly derived from carbohy-

drates and is a relatively minor contributor to whole-body lipid stores,
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contributing 1–3% of the total fat balance in humans consuming a typical

diet.20 Lipogenesis increases considerably when individuals are fed a hyp-

ercaloric, high-carbohydrate diet, and adipose tissue, rather than the liver,

seems to be the major site for lipogenesis under this nutritional load.21 Thus,

in contrast to other species such as mice, de novo lipogenesis is for the most

part a minor contributor to adipose tissue mass and whole-body energy bal-

ance and will not be discussed further.

3.3 Uptake of Fatty Acids from VLDL-Triglyceride
Adipose tissue is important for sequestering triglyceride contained in very

low density lipoproteins (VLDLs) at rest. Whether plasma VLDL-TG pro-

vides a major substrate for tissues during exercise is controversial, with

reports of reduced or unchanged VLDL-TG clearance and oxidation imme-

diately after exercise. Irrespectively, the oxidation of VLDL-TG accounts

for only a small fraction (�3%) of total energy expenditure during

moderate-intensity exercise.22 There is a relative hypotriglyceridemia post-

exercise, which is most likely mediated by reduced secretion rates early after

the cessation of exercise and increased whole-body VLDL-TG clearance in

the following 6–12 h.23 The proportional contribution of adipose tissue in

postexercise VLDL-TG clearance is unknown.

3.4 Oxidative Metabolism
While adipose tissue typically constitutes a substantial fraction of body mass

(10–45%), its contribution to whole-body energy turnover is negligible.

Elia24 provided estimates for the metabolic rates of key organs in humans

(in kcal/kg/day) including the liver (200), brain (240), heart (440), kidneys

(440), skeletal muscle (13), adipose tissue (4.5), and residual mass (12).When

taking mass into consideration,25 adipose tissue accounts for �4% of the

daily energy expenditure (80 kg male, 15% body fat). Surprisingly, adipose

tissue oxygen consumption is not increased above resting levels during exer-

cise and postexercise.26 It is possible that the oxygen consumption during

exercise could be underestimated due to small arterio-venous (a-v) differ-

ences when the blood flow is high.

4. NEURAL AND HORMONAL CONTROL OF ADIPOSE
TISSUE METABOLISM DURING EXERCISE

There are several neural and hormone regulators of adipose tissue

metabolism, which act in synergy to control the rate of fatty acids flux
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(essentially lipolysis) to meet the metabolic demands of the exercising indi-

vidual. The regulatory factors and their influences on known lipolytic cas-

cades are summarized in Table 1.

4.1 Catecholamines
Norepinephrine and epinephrine are the most important regulators of

adipose tissue metabolism, with adrenaline being most prominent during

exercise. The catecholamines modulate lipolysis by acting through

lipolysis-inducing β-adrenoceptor (β-AR) subtypes 1–3 (β-AR1–3) and

lipolysis-inhibiting α2-AR subtypes. Briefly, catecholamines bind to the

β-ARs (mainly β-AR1–2 in humans), which are coupled to stimulatory

Gs proteins that activate adenylyl cyclase. This increases intracellular cyclic

AMP (cAMP) concentrations and activation of protein kinase A (PKA),

Table 1 Regulators of Adipocyte Lipolysis in Humans

Activators
Effect of
Exercise Receptor Signaling

Epinephrine " β1/2/3-Adrenergic receptor Adenylyl

cyclase!cAMP!PKA

Norepinephrine " α-Adrenergic receptor —j Adenylyl cyclase
inhibition

Glucagon " Gs protein-coupled

receptor

Adenylyl

cyclase!cAMP!PKA

Cortisol " Glucocorticoid receptor —j Inhibits insulin
signaling cascade

Natriuretic

peptides

" Natriuretic peptide

receptors (A/B)

Guanylyl

cyclase!cGMP!PKG

Inhibitors

Insulin # Insulin receptor IRS!PI3-K

!PKB!PDE-3B

—jcAMP

Adenosine # Adenosine receptor (A1)

attached to Gi protein-

coupled receptor

Decrease cAMP levels

Fatty acids " – Mobilization and

oxidation
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which in turn phosphorylates multiple proteins at specific serine residues to

increase lipolysis (see Section 5) (Fig. 2).

Plasma epinephrine and norepinephrine increase from resting levels with

increasing exercise intensity and also with the duration of steady-state exer-

cise.27 During epinephrine infusion in resting individuals, the metabolic

threshold for lipolysis is �400–700 pmol/L, a concentration marginally

greater than resting epinephrine levels and considerably lower than levels

attained during moderate intensity exercise (�2000 pmol/L).28 The

sympathoadrenal response is essential for exercise-induced increases in lipol-

ysis because combined α- and β-adrenergic blockade completely suppresses

Natriuretic peptide
receptor A

Insulin
receptor

α1,2 -Adrenergic
receptor

GC

cGMP

GTP

ATP

G
s

A
C

G
i

cAMP

IRS

PI3-K

PKB

PDE-3B

PKG

HSL

PLIN1

Phosphorylation site(s)

Lipid DropletHSL

PKA

ATGL

ATGL

FSP27

FSP27
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tions dictate the breakdown of triglyceride stored in lipid droplets. The red arrows
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the increase in plasma FFA during moderate intensity exercise29 and the

exercise-induced increase in lipolysis is abolished in spinal cord injury

patients, who do not have intact somatic afferent and efferent neural activ-

ity.30 Local blockade of all β-AR subtypes with propranolol reduces the

exercise-induced increase in adipocyte lipolysis, suggesting that adrenal

medulla-derived adrenaline is the main adrenergic agent contributing to

exercise-induced lipolysis and that norepinephrine released from sympa-

thetic neurons only contributes a small portion of the lipolytic effect.31 This

response is unique to exercise because other states of stimulated lipolysis,

such as fasting and seasonal weight loss, are mediated by direct activation

of the SNS innervation of white adipocytes.

4.2 Insulin
Insulin exerts powerful antilipolytic responses and is most important in the

postprandial suppression of lipolysis. Insulin stimulates phosphodiesterase

3B, which lowers cAMP levels and reduces PKA activity32,33 (Fig. 2).

The decrease in plasma insulin during exercise appears to be important

for the normal exercise-induced increase in plasma FFA because a failure

to suppress insulin during exercise results in a twofold increase in plasma

FFA.29

4.3 Other Hormones
Hormones that bind to stimulatory GTP-binding proteins stimulate the

lipolytic cascade as described above.34 These include glucagon35,36 and

cortisol,37,38 both of which are increased late in prolonged exercise

(Fig. 2). More recent work has identified the natriuretic peptides (NPs),

atrial natriuretic peptide (ANP), and B-type natriuretic peptide as regulators

of lipolysis. NPs increase during moderate intensity exercise39 and NP stim-

ulation of the membrane-associated NP guanylyl cyclase receptor of the

A subtype increases intracellular cGMP levels,40,41 which activates

cGMP-dependent protein kinase I and, in turn, perilipin 1 (PLIN1) and

hormone-sensitive lipase (HSL) phosphorylation, and lipolysis42 (Fig. 2).

Adenosine is an endogenous purine nucleoside that inhibits lipolysis by acti-

vation of the A1 adenosine receptor (A1AR), which decreases adenylyl

cyclase activity and inactivates PKA.43 While adenosine inhibits lipolysis

at rest, studies that infused the adenosine receptor antagonist theophylline

during exercise reported no change in lipolysis,44 questioning the impor-

tance of adenosine regulation during exercise.
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4.4 Blood Flow
Adipose tissue blood flow increases by approximately twofold above rest

during prolonged moderate intensity exercise (40–60% VO2 max) and is

essential for lipolysis.26 There is a rapid vasoconstriction after exercise,

which reduces adipose tissue blood flow to the preexercise level, but inter-

estingly, blood flow increases again in the postexercise period (after

�30 min). This partially accounts for the substantial lipid mobilization from

adipose tissue after exercise.

5. CELLULAR AND MOLECULAR CONTROL OF ADIPOSE
TISSUE METABOLISM

Lipolysis occurs at the surface of cytoplasmic lipid droplets that are

composed of a neutral lipid core containing triglyceride and/or cholesterol

esters coated with a phospholipid monolayer.45 Lipolysis requires the

recruitment of lipases and their activators to the lipid droplet, and interac-

tions with lipid droplet-associated proteins for access to the triglyceride sub-

strate (Fig. 2). Herein, we describe the intracellular events controlling

adipocyte lipolysis, including the enzymatic regulation by lipases, the pro-

tein interactions, and the critical role of phosphorylation.

5.1 Triglyceride Lipases and Other Interacting Proteins
The sequential hydrolysis of triglycerides by specific enzymes results in the

liberation of a fatty acid at each step with the generation of diglyceride,

monoglyceride, and glycerol (Fig. 1). The three major lipases controlling

lipolysis are adipose triglyceride lipase (ATGL), HSL, and monoacylglycerol

lipase (MAGL), and each has specific substrate affinities (Fig. 2). Notably,

there are >10 other proteins with triglyceride lipase activity, but these con-

tribute only marginally to overall cellular lipolysis in humans.46

5.1.1 Adipose Triglyceride Lipase
Three independent laboratories identified ATGL as a major triglyceride in

2004.47–49 The human gene encodes a 504-amino acid protein with a

molecular mass of �55 kDa.47 The N-terminal region of ATGL contains

�260 amino acids and contains a “predicted esterase of the α/β-hydrolase”
fold domain and a patatin domain.50 ATGL exhibits high substrate specific-

ity for triglyceride, specifically at the sn-2 position of the glycerol backbone,

very weak activity against diacylglycerol, and no activity against cholesterol
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or retinyl ester bonds.47,51 The specificity for the sn-2 position of triglyceride

is important because the sn-1.3 diacylglycerol product is the preferred sub-

strate for subsequent hydrolysis by HSL, thereby facilitating complete tri-

glyceride breakdown. The functional importance of ATGL was

demonstrated by studies in ATGL�/� mice, which have reduced basal

and catecholamine-stimulated lipolysis and increased adipocyte mass.52

ATGL is phosphorylated at serine (Ser)404 (Ser-406 in mouse) by PKA,

which mildly increases lipolysis,53 and is phosphorylated by

50-AMP-activated protein kinase (AMPK) at the same site,54 although the

functional significance of this latter event remains unclear. Phosphorylation

of ATGL at threonine (Thr)372 is required for ATGL to localize to the lipid

droplet for efficient lipolysis55 (Fig. 3).

5.1.2 Comparative Gene Identification 58
When coactivated by the protein comparative gene identification

58 (CGI-58), ATGL activity increases 20-fold in recombinant protein

studies in vitro.56 The importance of this interaction is highlighted by the

observation that ectopic overexpression of CGI-58 or ATGL does not

impact triglyceride content in cells, whereas triglyceride storage is markedly

reduced when the proteins are coexpressed.56 Thus, CGI-58 is a critical

interacting partner for optimal ATGL function. Phosphorylation of CGI-

58 at Ser-237 (Ser-239 in mouse) by PKA is important for regulating its cel-

lular localization to facilitate ATGL coactivation57 (Fig. 3).

522 amino acids, 56 kDa PLIN1

S81 S277 S436 S497 S522

N C

S552

775 amino acids, 84 kDa HSL

S554 S589 S649 S660

N C

349 amino acids, 39 kDa CGI-58

S237 S238

N C

504 amino acids, 55 kDa ATGL

S404

N C

Thr370

Figure 3 Schematic representation showing the phosphorylation sites of important
lipolytic proteins. Phosphorylation of lipolytic proteins is critical in mobilizing fatty acids
from lipid droplets. Sites denote human proteins. S, serine; T, threonine. Sequences for
ATGL (Q96AD5), CGI-58 (Q8WTS1), PLIN1 (O60240), and HSL (XP_006723281).
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5.1.3 G0/G1 Switch Gene 2
The protein product of G0/G1 switch gene 2 (G0S2) binds to the C-terminal

lipid-binding domain of ATGL,which inhibits ATGL triglyceride hydrolase

activity and prevents its localization to the lipid droplet.58,59 Overexpression

of G0S2 in adipocytes reduces both basal and β-adrenergic-stimulated

lipolysis while knockdown of G0S2 increases adipocyte lipolysis.59 G0S2

deletion in mice increases lipolysis and decreases adipose tissue mass.60

G0S2 is most likely a long-term controller of lipolysis because it regulates

ATGL in a dose-dependent manner,59 and its expression is regulated by

nutritional status.60 Thus, G0S2 is most likely to be important for

maintaining homeostatic control of fatty acid flux from adipocytes over

hours rather than minutes.

5.1.4 Perilipin 1
PLIN1 is located on the surface of lipid droplets61 and acts as a “scaffold

protein” by facilitating access of lipases to the lipid droplet and orchestrating

protein–protein interactions in adipocytes (see below). Phosphorylation of

PLIN1 by PKA is required for maximal lipolysis.61 Murine PLIN1 has six

PKA phosphorylation sites,62 and Ser-492 and Ser-517 are critical for the

regulation of lipolysis.63 Phosphorylation of Ser-517 maximizes activation

of ATGL-dependent lipolysis,64 and PKA-mediated phosphorylation of

Ser-492 drives fragmentation and dispersion of lipid droplets, which

increases the surface area for lipase binding.65 Although these results pertain

to murine PLIN1, these sites are conserved in human PLIN1 at Ser-81, Ser-

436, Ser-497, and Ser-522,63 suggesting a similar physiological function in

humans (Fig. 3).

5.1.5 Fat-Specific Protein 27
Fat-specific protein (FSP) 27 is an adipocyte-specific lipid droplet-associated

protein that negatively regulates lipolysis. FSP27 promotes triglyceride stor-

age in two ways: first, PLIN1 interacts with the CIDE-N domain of FSP27

to increase lipid transfer and lipid droplet growth,66 and second, FSP27

interacts with and controls ATGL activity to regulate both basal and stim-

ulated lipolysis.67

5.1.6 Hormone-Sensitive Lipase
HSL exhibits both triglyceride and diglyceride hydrolase activities. The rel-

ative hydrolase activity is 11-fold greater against diglyceride than triglyceride

in vitro68 and studies in HSL�/�mice report increased diglyceride content in
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adipocytes,69 suggesting that diglyceride is the preferred substrate. HSL has a

preference for primary ester bonds in the sn-3 position of the glycerol

backbone,70 but can also hydrolyse sn-1 esters. As such, it hydrolyzes both

DAG stereoisomers generated by ATGL.51,69 HSL activity and cellular

localization are influenced by reversible phosphorylation. HSL is phosphor-

ylated by PKA at Ser-552, Ser-649, and Ser-650; by AMPK at Ser-554; and

by extracellular-regulated kinase (ERK) at Ser-58971 (Fig. 3). PKA phos-

phorylation of HSL results in two- to threefold activation of the enzyme

lipolytic activity, promotes translocation of HSL to the lipid droplet,72

and induces a conformational change that increases the exposed hydropho-

bic surface area, which facilitates binding of HSL to the lipid substrate.73

Collectively, these events increase lipolysis during β-adrenergic stimulation.

Phosphorylation of HSL by AMPK is proposed to prevent PKA-mediated

phosphorylation of HSL and reduce lipolysis,71 although this remains con-

troversial, while ERK increases HSL activity and lipolysis in culture

adipocytes.74

5.1.7 Monoacylglycerol Lipase
MAGL is the final step in the lipolysis process. It liberates fatty acid from

monoglyceride to produce glycerol. Interestingly, ATGL and HSL account

for up to 95% of the adipocyte lipolysis.75 MAGL is ubiquitously expressed

with highest expression levels in adipose tissue, and lack of MAGL impairs

lipolysis and is associated with increased monoglyceride levels in adipose

tissue.76

5.2 Coordinating Lipolysis: Lipid Droplet-Associated Proteins,
Protein–Protein Interactions, and Phosphorylation

Under resting conditions, ATGL is mostly localized to endoplasmic

reticulum-related membranes in the cytoplasm and a small fraction is com-

plexed with G0S2 on the lipid droplets. PLIN1 binds to CGI-58 and pre-

vents its access to ATGL, thereby suppressing lipolysis (Fig. 2). Upon β-AR
stimulation, PKA phosphorylation of PLIN1 releases CGI-58, a process that

requires phosphorylation of CGI Ser-237.57 ATGL translocates to lipid

droplets, where it binds and is stimulated by CGI-58 to increase lipolysis.

HSL is phosphorylated by PKA and translocates to lipid droplets. Here, it

interacts with PLIN1, which facilitates HSL access to the tri- and diglyceride

substrates.77 Prolonged β-adrenergic stimulation downregulates G0S2 pro-

tein expression, thereby releasing more ATGL to sustain lipolysis (Fig. 2).

Finally, β-adrenergic stimulation is associated with fragmentation of large
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unilocular lipid droplets, which disperse into smaller lipid droplets. This pro-

cess increases the lipid droplet surface area for access by lipases to increase

lipolysis. Lipid droplet fragmentation is a complex process involving the

coordination of phosphorylation-dependent events, including phosphoryla-

tion of PLIN1 at Ser-492 (human Ser-497),65 and changes in the microtu-

bule organization and microfilament structure.

5.3 The Cellular Regulation of Lipolysis During Acute
Exercise In Vivo

The in vivo evidence describing the cellular regulation of lipolysis during

exercise is limited and has failed to keep pace with the detailed cell biology

findings reported above. Genetic ablation of ATGL and HSL in mice dem-

onstrates that these proteins are important for maintaining FFA availability

during exercise,78 whereas the exercise-induced increase in plasma FFA is

normal in Plin1�/� mice.79 ATGL Ser-406 phosphorylation in mice53

and HSL Ser-563 and Ser-660 phosphorylation in rats80 and humans81

are increased during moderate intensity exercise, which corresponds to

increased epinephrine and plasma FFA levels. One study, to our knowledge,

has examined the protein–protein interactions between some key lipolytic

proteins and their intracellular localization during exercise. Exercise

increases HSL abundance at the lipid droplet and its interaction with PLIN1,

while CGI-58 concomitantly dissociates from PLIN1.80 Thus, the limited

in vivo studies support components of the lipolytic model outlined for cells,

assuming β-adrenergic stimulation models an “exercise” response.

6. METABOLIC AND MOLECULAR ADAPTATIONS IN
ADIPOSE TISSUE WITH EXERCISE TRAINING

6.1 Lipolysis and the Lipolytic Proteins
Endurance exercise training results in adipocyte-specific and circulatory

adaptations that impact lipolysis. The capacity for lipolysis appears to

increase with training. Adipocytes isolated from marathon runners are more

responsive to epinephrine when compared to sedentary controls at pharma-

cological but not physiological concentrations,82 demonstrating that training

increases the capacity for lipolysis but not necessarily the sensitivity to

β-adrenergic stimulation. Similarly, epinephrine-stimulated lipolysis from

intact subcutaneous adipose tissue was not different between athletes and

untrained men.83 During low-intensity exercise, trained and sedentary sub-

jects exhibit similar lipolysis rates when exercising at the same absolute
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workload,84 suggesting that endurance-trained athletes when compared to

untrained individuals exhibit similar lipolytic rates. Data from intervention

studies show that plasma fatty acid mobilization during exercise does not

increase85 and can even decrease86 following several weeks of endurance

exercise training. Moreover, whole-body lipolytic sensitivity to physiolog-

ical catecholamine concentrations is not affected by exercise training.83,87

While these observations seem at odds with others reporting increases in

β-adrenoceptor activity and decreases in the antilipolytic effects of the

α2-adrenoceptor pathway in response to exercise training,88–91 the lack of

a change in lipolysis after training may reflect the combined effects of

increased adipose tissue blood flow84,92 and a suppressed exercise-induced

catecholamine release in endurance training individuals. At a molecular

level, some, but not all, studies report an increase in the contents of themajor

lipolytic regulators ATGL, CGI-58, PLIN1, and HSL after endurance exer-

cise training and an increase in the association between ATGL and CGI-58

(Table 2). Notably, these studies have been conducted in rodents and studies

in humans are required to examine the molecular responses of lipolytic pro-

teins to endurance exercise training.

6.2 Mitochondrial Biogenesis
Mitochondrial biogenesis is a major adaption of skeletal muscle to exercise

training and is induced by a complex interplay between numerous signaling

pathways that respond to metabolic, mechanical, and hypoxic stresses that

are generated within the myocyte during contraction. Adipocytes are highly

plastic and mitochondrial biogenesis can be induced by pharmacological

interventions in both isolated cells and free-living animals. Currently, there

is a paucity of data describing the effects of exercise on mitochondrial bio-

genesis and its relevance for adipocyte function. Swim training in mice

increases the mRNA/protein levels of key transcriptional regulators of

mitochondrial biogenesis and increases mitochondrial DNA content in sub-

cutaneous adipose tissue.93 In support of these findings, the expression of

genes involved in oxidative phosphorylation was increased following

6 months of endurance training, but notably, mitochondrial mass and func-

tion were not assessed.94 We are aware of only one study to directly examine

exercise training on adipocyte mitochondrial biogenesis in humans. Camera

et al.95 reported no change in adipose tissue citrate synthase activity, mito-

chondrial volume, or expression of genes that predict increased oxidative

capacity after 10 days of endurance training in untrained men. While the
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Table 2 Changes in Lipolytic Proteins after Endurance Exercise Training

Protein Exercise Protocol Species
Response/Major
Finding References

ATGL 1 h of cycling at 65%

VO2 max

♂ Humans ATGL, CGI58 mRNA

unchanged

89

90 min running at

30 m/min, 5 days/week

for 9 weeks. 5° incline

♂ Wistar

rats

ATGL mRNA and

protein increased

CGI-58 ATGL protein

association increased

93

1 h running at 75–85%

peak VO2. 5 days/week

for 8 weeks

♂ Wistar

rats

ATGL protein

increased 484% (low fat

fed only)

ATGL protein

increased 318% (low fat

fed only)

94

Absolute cumulative

running distance of

�10 km. 4 days/week

for 6 weeks

♂ LRC

and HRC

rats

Increased phospho-

ATGL (25% in HRC)

Increased PLIN1

protein (25% in HRC)

Increased CGI-58

(15% in LRC)

95

1 h running at

25 m/min. 5 days/week

for 6 weeks

♂ DIO

Wistar rat

ATGL, CGI58 protein

increased

92

1 h continuous

swimming. 5 days/week

for 8 weeks

♂ Swiss

mice

ATGL and CGI58

unchanged

90

45 min running at

16 m/min. 5 days/week

for 5 weeks. Progressive

training protocol

♂ C57BL/

6 mice

ATGL unchanged 78

Ad lib wheel cage

running (measured revs

per day)

♂ Syrian

golden

hamsters

ATGL protein content

increased

91

HSL 20 weeks of vigorous

intensity exercise

(70–75% heart rate

reserve) or walked on

treadmill for 3 days/

week. HRR¼max

HR� resting HR

obtained from VO2 max

♀ Human HSL gene expression

increased only with

vigorous exercise

96
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length of the training program might explain differences between these

human studies, the actual requirement for adipocyte mitochondrial biogen-

esis with exercise training is uncertain because ATP turnover (oxygen

uptake) is not actually increased during acute exercise.26 At present, there

is much to be learned about the magnitude of mitochondrial biogenesis

in adipocytes, the potential drivers of this process (most likely endocrine

related), and even the requirement for biogenesis in sustaining metabolic

functions after exercise training.

A major issue faced with examining adipocyte adaptations is the marked

heterogeneity of cells in adipose tissue. Hence, a measure of a cellular or

molecular response in adipose tissue cannot be regarded as a change in adi-

pocyte function per se and cautionmust be takenwhen interpreting studies of

molecular adaptation in adipose tissue.

6.3 DNA Methylation
Epigenetic signals such as DNA methylation and histone modifications play

an important role in regulating gene expression. While the epigenetic pat-

tern is mainly established early in life, recent studies indicate that both acute

and chronic physical activities influence DNA methylation in a dose-

dependent and gene-specific manner.99 While this work has almost exclu-

sively focused on effects in skeletal muscle, one study reported the effects of

Table 2 Changes in Lipolytic Proteins after Endurance Exercise Training—cont'd

Protein Exercise Protocol Species
Response/Major
Finding References

Progressive swim

training. 6 h/day,

5 day/week for

18 weeks

♀ Wistar

rats

HSL protein content

doubled in

retroperitoneal and

unchanged in

mesenteric

HSL enzyme activity

increased

97

1 h running at

25 m/min. 5 days/week

for 6 weeks

♂ DIO

Wistar rats

HSL, PLIN1 protein

content increased

92

3 h swimming.

5 days/week for 4 weeks

♂ C57BL/

6 mice

No alteration in HSL

gene expression

98

The studies shown have followed a prolonged exercise training protocol, with their subsequent lipolytic
responses. Abbreviations: AT, adipose tissue; DIO, diet-induced obese; HRC, high running capacity;
LD, lipid droplet; LRC, low running capacity.
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6 months of endurance exercise training (3 h/week) on adipose tissue DNA

methylation in healthy, sedentary men.100 Exercise increased global DNA

methylation, altering �4% of the individual CG dinucleotide sites exam-

ined. Altered mRNA expression occurred in approximately one-third of

the gene regions with altered DNA methylation, indicating functional rel-

evance of these changes. Interestingly, exercise training coincided with dif-

ferential DNA methylation of 39 candidate genes for obesity and type 2

diabetes in adipose tissue, implicating exercise-induced DNA methylation

in adipose tissue metabolism and protection against disease.

6.4 miRNA, Adipose Tissue, and Exercise
miRNAs are small noncoding RNAs that alter gene function. They bind to

complementary target sites in mRNA, where they regulate gene expression

by two general mechanisms: translation repression or cleavage and

deadenylation and degradation of target mRNA genes.101 It has been esti-

mated that over 60% of human protein coding genes are predicted to contain

miRNA binding sites within the 30-untranslated regions (UTRs), and each

mRNA may be targeted by many miRNAs.102 Notably, most putative

miRNA binding sites have yet to be experimentally validated.103 For more

in depth information pertaining to miRNAs, refer to the chapter ‘Exercise

and the role of microRNAs in regulation’, written by Aaron P. Russell.

Many miRNAs regulate adipogenesis (both negative and positive)38;

however, their roles in metabolic regulation are unresolved. Studies in cul-

tured adipocytes have implicated miR-224 in regulating fatty acid metabo-

lism (target: acyl-CoA synthetase long-chain family member 4) and miR-

145 in triglyceride lipolysis (targets: HSL, Foxo1, and CGI-58). To our

knowledge, there are no studies examining miRNA responses to acute or

chronic exercise, or possible effects on adipocyte metabolism in mature adi-

pocytes in vivo.

6.5 Evidence That Exercise Training Alters Adipocyte
Phenotypes

There are several types of adipocytes in human adipose tissues that arise from

different mesenchymal stem cell lineages and possess vastly different func-

tions. The first are white adipocytes, which have been extensively addressed

above. The second are brown adipocytes, which arise from mesenchymal

precursor cells common to the myogenic cell lineage104 and are located pri-

marily in the subclavicular and spinal regions of humans (Fig. 1A). The major
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function of brown adipocytes is to dissipate chemical energy as heat via the

actions of uncoupling protein 1 (UCP1) in response to sympathetic stimula-

tion. This process is known as thermogenesis and occurs in response to cold

and after food ingestion in rodents. The third type of adipocytes are the

“brite” or “beige” adipocytes that are interspersed within white adipose tis-

sue. Their name derives from the observations that these adipocytes are

“induced” from precursor cells that are distinct from classical brown adipo-

cytes (although there is evidence of transdifferentiation fromwhite-to-brown

adipocytes),105 share an overlapping gene expression pattern with brown adi-

pocytes, express UCP1, and exhibit thermogenic activity, albeit to a lesser

extent than brown adipocytes.106 This remarkable uncoupling activity and

energy dissipation potential, and the observations that brown adipocyte oxi-

dative metabolism contributes to energy expenditure in humans107 and that

this activity appears to be reduced in obesity, have led to intense interest in

understanding the processes controlling the “browning” of adipose tissue

with a view to designing strategies to combat the obesity epidemic.

How might exercise induce white-to-brown conversion? While norad-

renergic stimulation is the predominant mechanism for brown adipocyte

activation and “browning” of white adipocytes, the interest from exercise

physiologists stemmed from the discovery in mice of irisin, a PGC-1α-
dependent and exercise-responsive myokine that stimulates UCP1 expres-

sion and a broad program of brown-fat-like development in white adipose

tissue.108 Increases in circulating irisin were reported in humans in response

to prolonged, moderate intensity (�1 h at 45–70% VO2 max) and repeated

sprint exercise, although the increase is marginal (�1.2-fold).109–112 Inter-

estingly, most studies report an increase in FNDC5 gene expression, from

which irisin is transcribed, after acute exercise and chronic exercise training;

however, changes in circulating irisin levels are not commonly reported.113

The lack of consensus in this literature has been ascribed to differences in

study designs, analytical techniques for assessing irisin, subject activity levels,

age, sex, mass, and disease status (i.e., type 2 diabetes). Aside from irisin, sev-

eral other secreted factors promote adipocyte “browning” and include car-

diac natriuretic peptide (ANP114), bone morphogenetic protein 7,115

fibroblast growth factor 21,116 adenosine,117 and several micro RNAs

(e.g., miR196a, miR193b-365 cluster). Aside fromANP, which is increased

during exercise, there is no conclusive evidence describing whether these

“browning” factors respond to acute exercise or regular exercise training.

Studies in rodents mostly demonstrate that exercise has no effect on

brown adipocyte mass or function.113 Whether exercise causes adipocyte
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“browning” is controversial. There is evidence showing increased UCP1

expression in select adipose pads (most prominently subcutaneous inguinal

white adipose tissue) of exercise-trained compared with sedentary

mice.108,118 In humans, neither 12 weeks of endurance/strength training110

nor 6 months of aerobic exercise training94 changed the expression of the

brown/brite marker genes PRDM16, TBX1, TMEM26, and CD137 in

subcutaneous adipose tissue. Despite the absence of change in transcriptional

markers, UCP1 expression was increased by 80% after exercise training,

hinting at the presence of “brite” adipocytes.110 This research field is evolv-

ing and “browning” may be depot specific and/or occurring in defined clus-

ters within adipose tissue, as is proposed for mice. Immunohistochemical

approaches examining “brite” markers across several regions in various adi-

pose tissue depots may help address this issue, as will identifying the distinct

resident progenitor cells in various human adipose depots and their sensitiv-

ities to putative “browning” factors.

Irrespective of the potential upstream drivers of adipocyte “browning,”

the physiological relevance of such an “adaptive” response remains unclear.

It was postulated that brown adipocyte activation immediately after exercise

may facilitate the clearance of excess fatty acids derived from adipocyte lipol-

ysis (see Section 3), although this hypothesis requires testing. Exercise

requires the conversion of glucose/fatty acid substrates for ATP production

to meet continued ATP demand, and metabolic substrates are required in

the recovery from exercise to replenish intracellular fuel stores and fuel

repair processes and other cellular functions. Therefore, the benefit of induc-

ing a transcriptional program designed to increase uncoupled respiration,

and therefore inefficient utilization of metabolic substrates, seems counter-

productive and is incongruent with exercise adaptations in other tissues that

promote more efficient ATP generation.

7. CONCLUSIONS AND FUTURE DIRECTIONS

Cell biology studies have provided a wealth of information detailing

the molecular and cellular regulation of adipocyte metabolism and adapta-

tion to extracellular stimuli. Over the next few years, we are likely to learn

more about the molecular switches controlling adipocyte differentiation/

transdifferentiation and the metabolic and endocrine properties of

brown/beige adipocytes. Studies in humans have failed to keep pace with

the cell biology. While much is known regarding lipid metabolism at rest

and during exercise, the hormonal regulators of these processes, and the
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effects of exercise training on metabolic fluxes, other important adipocyte-

related questions remain unanswered in the fields of exercise metabolism and

developmental biology. Future studies will need to decipher the cellular and

molecular regulation of metabolism in adipocytes per se, without the con-

founding effects of contaminating immune, endothelial, stem, and progen-

itor cells contained within the adipose tissue. Prominent gaps relate to

understanding whether, and how, miRNAs and other noncoding RNAs

regulate adipocyte metabolism and the impact of exercise in modulating this

regulatory system. Understanding the factors driving the “browning” pro-

cess of white adipose tissue is a high priority in the field, and exercise may

play a role here. Also, epigenetic modification to exercise training is appar-

ent, but the functional outcomes in adipocytes are unknown and may bear

relevance on dictating the health of future generations.With the cell biology

studies acting as a compass, the remarkable advances of in vivo imaging and

increased accessibility to powerful molecular screening tools should enable a

newwave of research in adipocyte biology to address these fundamental bio-

logical questions.
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Abstract

The accelerated metabolic demands of the working muscle cannot be met without a
robust response from the liver. If not for the hepatic response, sustained exercise would
be impossible. The liver stores, releases, and recycles potential energy. Exercise would
result in hypoglycemia if it were not for the accelerated release of energy as glucose. The
energetic demands on the liver are largely met by increased oxidation of fatty acids
mobilized from adipose tissue. Adaptations immediately following exercise facilitate
the replenishment of glycogen stores. Pancreatic glucagon and insulin responses
orchestrate the hepatic response during and immediately following exercise. Like skel-
etal muscle and other physiological systems, liver adapts to repeated demands of exer-
cise by increasing its capacity to produce energy by oxidizing fat. The ability of regular
physical activity to increase fat oxidation is protective and can reverse fatty liver disease.
Engaging in regular physical exercise has broad ranging positive health implications
including those that improve the metabolic health of the liver.

The liver is a battery, a rechargeable battery at that. It releases stored energy

at times of high metabolic demand and replenishes energy stores during the
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nutrient excess associated with a meal. The liver is a recycler converting

metabolites into macronutrients, amino acids into proteins, and trans-

forming potential energy into chemical energy. The liver is a detoxifier

removing nitrogenous molecules, hemoglobin, hormones, foreign sub-

stances, immunoglobulin, and other compounds from the circulation.

The muscle contracts, the adipose tissue stores fat, and the heart pumps

blood. The functions of the liver are far too vast to describe with a single

dominant process, but all make broad contributions to arterial homeostasis

and thereby homeostasis of numerous cell types. Physical exercise poses a

unique challenge to the liver as metabolic demands of working muscles

require the liver to mobilize energy stores, recycle metabolites, and convert

compounds that are toxic in excess to innocuous forms. The focus of this

review will be on how the liver adapts to the metabolic demands of physical

exercise.

1. LIVER RESPONSE TO ACUTE EXERCISE

1.1 Mobilization of Liver Energy Stores Maintains Glucose
Homeostasis

The energy requirements of exercise necessitate a marked increase in glucose

uptake by muscle, as well as increased utilization of lipids and muscle glyco-

gen. Energy for working muscle may also be derived from branched chain

amino acids. The mechanism for the increase in muscle fuel utilization is

discussed in detail previously1 and elsewhere in this volume. The require-

ment of glucose uptake for the working muscle is transferred in part to

the liver, which must release glucose at a rate that matches the accelerated

rate of glucose uptake to maintain glucose homeostasis.2 There may be devi-

ations from glucose homeostasis during high intensity and/or prolonged

exercise. During high-intensity exercise, the stimulus to release glucose from

the liver exceeds glucose utilization causing a rise in arterial glucose.3 In con-

trast, during prolonged exercise, hypoglycemia may result as liver glycogen

nears depletion.4 Hypoglycemia can cause a more rapid onset of fatigue, per-

haps due to neuroglycopenia. In cases of hypoglycemia, fatigue can be del-

ayed by ingestion of glucose or glucose polymers.5

Accelerated muscle glucose uptake during exercise is matched by the

sum of increased mobilization of hepatic glycogen and gluconeogenesis.

Potential energy in the form of glycogen is at its highest concentration in

the liver. With the onset of exercise, this energy store is hydrolyzed by acti-

vation of glycogen phosphorylase,6 contributing to the release of glucose
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from the liver. Moreover, exercise causes the liver to discharge chemical

energy with the hydrolysis of adenosine triphosphate (ATP). Adenosine

monophosphate (AMP) and adenosine diphosphate (ADP) accumulate,7,8

resulting in a precipitous fall in liver energy charge (Fig. 1). This discharge

of chemical energy with exercise is necessary for gluconeogenesis and reac-

tions that support this pathway (e.g., fatty acid activation, ureagenesis). Stud-

ies using 50-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside

(AICAR) have aided in establishing a role for hepatic adenine nucleotides

in the regulation of liver glucose metabolism. AICAR is converted by phos-

phorylation to an AMP analog (ZMP) inside cells.9 Infusing AICAR at rates

to create liver ZMP concentrations that match liver AMP concentrations

evident during exercise creates a potent breakdown of liver glycogen,9,10

Sedentary
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Figure 1 Hepatic energy discharge in response to short term and exhaustive exercise in
C57Bl/6J mice. Hepatic energy charge decreases with exercise and becomes critically
lowwith exhaustive exercise (top). Skeletalmuscle energy charge is not affected by exer-
cise. The decrease in energy charge is associated with an increase in hepatic AMPK acti-
vation (bottom). Energy charge is calculated by the equation (ATP+0.5ADP)/(ATP+ADP
+AMP). Data are mean�SE. *Significantly different from SED (P<0.05). †Significantly
different from SED and ST (P<0.05). Modified from Camacho et al.8
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due presumably to increased allosteric activation of glycogen phosphorylase.

Thus, the AMP produced with chemical energy discharge may combine

with or mediate endocrine stimuli to enhance the release of potential energy

by mobilization of hepatic glycogen.

AMP-activated protein kinase (AMPK) serves as a transducer, sensing

energy state and activating metabolic pathways in accordance with meta-

bolic needs.11 Free fatty acids are mobilized from adipose tissue and deliv-

ered to the liver as the body transitions into a gluconeogenic mode during

prolonged exercise.12 AMPK activation increases the oxidation of fatty acids

delivered to the liver resulting in the production of chemical energy from

extrahepatic sources.13 This process is reflected by increased hepatic oxygen

uptake and ketone body output. Elevated fatty acid oxidation also increases

the liver mitochondrial redox state, which favors gluconeogenic flux.12

Accelerated gluconeogenic flux during exercise requires more than acti-

vation of reactions within the liver. The increased flux through gluconeo-

genesis requires increased gluconeogenic precursor delivery from

extrahepatic sites to the liver and transport across the membrane by the liver

(Fig. 2).

1.2 Pancreatic Hormones Stimulate Hepatic Glucose Output
Exercise is characterized by complex neural and endocrine responses. If

exercise is sustained (>�20 min), a decrease in insulin secretion and

increases in glucagon, catecholamines, and cortisol secretion, among other

hormones, are observed.2 The signal for these hormonal and autonomic

changes has been difficult to elucidate. An increase in afferent nerve activity

originating at the working limb, a deficit in fuel availability, and a neural

feed-forward mechanism have all been postulated as possible stimuli.2 Affer-

ent sensors in the carotid sinus area are required for the full increases in glu-

cagon and norepinephrine during exercise.14 Surprisingly, denervation of

the pancreas does not impair the glucagon and insulin responses to

exercise,15 suggesting that an endocrine or a paracrine factor may be

involved. The myokine interleukin 6 (IL-6) is released in response to phys-

ical exercise16 and has been shown to stimulate glucagon release from the

pancreatic alpha-cell under stressful conditions.17 The pancreas is highly sen-

sitive to small changes in blood glucose during exercise.18–21 In light of this,

it is surprising that preventing the exercise-induced increase in muscle glu-

cose uptake by deleting the exercise-sensitive glucose transporter, Glut4,

prevents neither the pancreatic hormone response nor the increase in
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hepatic glucose output during exercise.22 This suggests that the endocrine

and hepatic responses to exercise are not due to a feedback signal from accel-

erated blood glucose removal as once proposed.

Understanding regulation of the liver has proven difficult, particularly

during exercise, since it is inaccessible in conscious humans. Moreover,

movement makes magnetic resonance spectroscopy of the liver during exer-

cise untenable. The dog has proven to be a useful experimental model for

gaining insights into liver function because the portal vein, which perfuses

the liver, and hepatic vein, which drains it, can be accessed using implanted

catheters. The small size of rodent models is not conducive to these deep

abdominal catheterizations or the blood sample volume associated withmul-

tiple sampling ports. Despite evidence showing the exquisite sensitivity of

the liver to glucagon in humans,23 a vital role of glucagon for the

exercise-induced increase in hepatic glucose output has been slow to gain

acceptance. This is because the increment in arterial glucagon with exercise
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Figure 2 Gluconeogenesis is regulated by gluconeogenic precursor supply to the liver,
extraction by the liver, and conversion to glucose within the liver. All these processes are
accelerated by physical exercise.

207Exercise and the Liver



is delayed and dampened with respect to the increase in glucose released

from the liver.2 In fact, depending on the duration and intensity of exercise,

arterial glucagon may not increase at all. Glucagon released from the pan-

creas first perfuses the liver delaying its entry into the peripheral circulation.

Since the liver extracts glucagon, the increase in arterial glucagon is atten-

uated.24,25 Portal vein glucagon is increased during exercise to a much

greater extent than in arterial and hepatic vein blood. The portal vein to arte-

rial glucagon gradient is increased by approximately 10-fold in response to

exercise.24,25 The placement of the liver between the pancreas and general

circulation is efficient since it allows for increased glucagon in the blood per-

fusing the liver without the high glucagon secretion rates needed to rapidly

fill the general circulation.

Studies conducted in exercising dogs and humans defined the specific roles

of insulin and glucagon in control of hepatic glucose output.26–33 Studies have

shown that the rise in glucagon32,33 and the fall in insulin19,33,34 are major

determinants of glucose production duringmoderate exercise. The rise in glu-

cagon is required for the full increment in hepatic glycogenolysis and

gluconeogenesis,32,33 while the fall in insulin33,34 is necessary for hepatic gly-

cogenolysis. Although changes in glucagon and insulin are individually very

important, the interaction of these hormones is an essential component of the

stimulus.2 An increase in glucagon in the physiological context of exercise is

considerably more potent than the effects of an experimental increase in glu-

cagon of the same magnitude. A twofold increase in glucagon causes a peak

increase in hepatic glucose output of �1 mg kg�1 min�1 in the sedentary

dog,35 while the same increase during exercise causes a peak increase of

�5 mg kg�1 min�1.32 Glucagon action is fully manifested during exercise

for three reasons (Fig. 3). First, the increased glucose utilization of working

muscle prevents the hyperglycemia that accompanies an experimental increase

in glucagon. Second, as mentioned earlier, prolonged exercise creates a phys-

iological environment that supports gluconeogenesis.12 This includes mobi-

lization of gluconeogenic substrates from muscle, adipose, and intestine.

Finally, exercise causes a fall in insulin that sensitizes the liver to glucagon.2

1.3 Evidence Lacking for Adrenergic Stimulation of Hepatic
Glucose Output

The robust increase in arterial catecholamine concentrations that occurs in

response to exercise led to a long-standing assumption that norepinephrine

and epinephrine stimulate the observed increase in hepatic glucose output.36

It is now clear that changes in arterial catecholamine concentrations do not
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translate to changes in concentrations at the hepatocyte. Hepatic norepi-

nephrine spillover (reflecting sympathetic drive) is not increased during

moderate exercise, and the portal vein epinephrine concentration at the liver

is markedly attenuated as the gastrointestinal tract extracts 50% of it.37 In line

with this, a broad range of experimental approaches have failed to show an

appreciable effect of either hepatic sympathetic nerves or circulating epi-

nephrine in stimulation of hepatic glucose output during moderate exercise.

There are instances such as high-intensity exercise or exercise in specific

populations (e.g., poorly controlled diabetics) where the adrenergic response

is unusually high, while the pancreatic hormone response is not.3 For this

reason, the regulation of hepatic glucose output under conditions such as

these has been postulated to be different.38 It has been hypothesized that

during high-intensity exercise, control of glucose production shifts from
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the pancreatic hormones to the catecholamines.38,39 This is based on two

observations. First, circulating blood norepinephrine and epinephrine can

increase by 10- to 20-fold,39 whereas the increase in the glucagon to insulin

ratio in peripheral blood is considerably less and in some cases undetectable.31

Second, when high-intensity exercise is performed during a pancreatic

clamp (portal insulin and glucagon fixed at basal), hepatic glucose output

increases normally even though the increase in arterial glucagon is blunted

and the fall in insulin is absent.40

Despite the evidence cited above, the role of the catecholamines in control

of hepatic glucose output with high-intensity exercise (>80% maximum O2

uptake) remains unclear. Studies that have assessed the role for catecholamines

during high-intensity exercise using whole-body pharmacological adrenergic

receptor blockade have uniformly been without an effect on hepatic glucose

production.31,39,41 Such studies are difficult to interpret due to the lack of

specificity of these pharmacological agents. Intraportal propranolol and phen-

tolamine infusion has been used in a dog model to create selective hepatic

adrenergic blockade.42,43 With this technique, hepatic adrenergic blockade

can be achieved without extrahepatic effects. Hepatic adrenergic blockade

did not impair the increase in hepatic glucose output or affect blood glucose

homeostasis during high-intensity exercise, resulting in a threefold increase in

hepatic norepinephrine spillover.42 Similar results are seen in dogs treatedwith

the β-cell toxin, alloxan.43 Alloxan-diabetic dogs in poor metabolic control

have sevenfold higher rates of hepatic norepinephrine spillover than

nondiabetic dogs during moderate exercise. Even with the greater hepatic

norepinephrine spillover in diabetic dogs, selective hepatic adrenergic recep-

tor blockade did not affect the exercise-induced increase in hepatic glucose

output.43 Thus, hepatic glucose output in the dog model is not reliant on

hepatic adrenergic receptor stimulation even during heavy exercise or in dia-

betes, which is associated with excessive sympathetic drive.

There are factors involved in the stimulation of glucose production dur-

ing exercise that are as yet undefined. One could postulate that myokines

such as IL-6,44 retinol-binding protein 4,45 apelin,45 and myonectin46 play

a role in regulation of hepatic glucose production. More studies are needed

to determine the role of these proteins on liver metabolism.

1.4 Recharging Liver Glycogen Stores after Exercise
Despite the important role of the liver in fuel homeostasis and the added

metabolic demands placed on it by exercise, very little is known about

210 Elijah Trefts et al.



how this organ is regulated during the recovery period following exercise.

Prior exercise increases the capacity of the liver to consume glucose in

response to a simulated meal.47 Studies following 150 min of exercise in

the chronically catheterized dog exhibited a twofold increase in hepatic glu-

cose uptake in response to a twofold increase in glucose load compared to

sedentary dogs. These data show that the well-established increase in whole-

body glucose tolerance in the postexercise state is due, in part, to an

increased ability of liver to take up glucose. Indirect assessments in the anes-

thetized rabbit support findings in the dog, showing that liver deposition of a

fluorescent glucose analog via either an oral bolus or a continuous 120 min

intraportal infusion was greater after hind limb contraction.48 These data

were also supported by studies using magnetic resonance spectroscopy that

showed that ingestion of 13C-glucose immediately after completion of pro-

longed moderate exercise in human subjects increased liver glycogen

resynthesis by �0.7 mg kg�1 min�1 over a period of 4 h of postexercise

recovery.49

The liver is more insulin sensitive after exercise and this could explain the

improved ability of the liver to take up glucose. During a hyperinsulinemic

euglycemic clamp, net hepatic glucose output was suppressed to a greater

extent following prolonged exercise, compared to their sedentary con-

trols.50 These results provide a basis for the hypothesis that hepatic insulin

sensitivity could be the cause of increased net hepatic glucose uptake during

a hepatic glucose load after exercise. This hypothesis was tested in studies in

which net hepatic glucose uptake was measured in sedentary and exercised

dogs during an increased portal venous glucose supply (simulated meal) with

either basal or elevated insulin.51 The increase in net hepatic glucose uptake

(Fig. 4) and fractional glucose extraction with hyperinsulinemia was approx-

imately 50% greater in exercised compared to sedentary dogs. These findings

were consistent with subsequent findings in mice that show that acute exer-

cise induced a rapid and pronounced transcriptional effect in the liver and

regulated hepatic insulin receptor substrate (IRS) proteins leading to

improved cellular insulin signaling.52 Results from these studies provide a

further physiological basis for recommending exercise for patients with

insulin resistance.

As discussed earlier, the exercise-induced increase in glucagon and/or

decrease in insulin are the major stimuli for the accelerated mobilization

of glucose from the liver. The hypothesis that exercise-induced changes

in pancreatic hormones could increase the ability of the liver to consume

glucose following exercise by depleting hepatic glycogen stores was tested.
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Adaptation of the liver following exercise was tested in dogs in which

somatostatin was used to suppress glucagon and insulin. Glucagon and

Insulin were replaced at either basal rates or rates that simulated the exercise

response.53 Preventing the response of glucagon and insulin to exercise pre-

vents hepatic glucose output and glycogen breakdown. Simulation of the

glucagon and insulin responses to exercise resulted in a threefold increase

in hepatic glucose output and marked glycogen breakdown. Despite the

differences in glycogen mobilization in the two protocols, hepatic glucose

uptake was increased equally in response to a glucose load and hyper-

insulinemia, exceeding rates in sedentary dogs. However, when pancreatic

hormone responses were simulated and hepatic glucose output was accele-

rated during exercise, a greater fraction of the glucose consumed by the liver

was directed to glycogen.53 Thus, the increase in insulin-stimulated hepatic

glucose uptake observed after exercise is attributable to a factor other than

those adaptations resulting from the exercise-induced pancreatic hormone

responses. The pancreatic hormone response is a critical determinant of

the fate of glucose consumed by the liver, with a greater fraction directed

to liver glycogen. This unique finding is consistent with studies that show

a greater fraction of the glucose taken up by the liver after prolonged exercise

in dogs is metabolized primarily nonoxidatively.54 A similar result is seen

after a prolonged, glycogen-depleting fast.55

Prior exercise increases hepatic insulin sensitivity
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Figure 4 Net hepatic glucose uptake in dogs following 150 min of exercise or an equiv-
alent sedentary period. Glucose was infused into a portal vein to increase the liver glu-
cose supply by twofold, and arterial glucose was clamped at 180 mg dl�1. Insulin was
infused at basal rates (0.2 mU kg�1 min�1) or at rates designed to simulate a meal
(1.2 mU kg�1 min�1). *p�0.05 versus basal insulin. †p�0.05 versus sedentary high
insulin. Data are mean�SE. Modified from Pencek et al.51
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Exercise also leads to a number of other endocrine changes. It is possible,

for example, that the exercise-stimulated glucocorticoid responsemay prime

the liver to take up more glucose since high doses of this hormone can stim-

ulate hepatic glycogen deposition.56 The growing list of myokines and

adipokines, such as adiponectin and irisin, may also have implications for

the effects of prior exercise on liver insulin sensitivity and glycogen reple-

tion. Adiponectin released from adipocytes57 has insulin-sensitizing effects

at the liver.58 Irisin released from muscle has also been associated with

improved liver insulin action.59 Exercise has persistent effects on processes

and enzymes involved in liver glucose metabolism that are sustained well

after the cessation of exercise.60 It is possible that some facet of the exercise

response activates enzymes involved in hepatic glucose uptake and

metabolism.

Clearly, there are effects of prior exercise directly at the liver that facil-

itate hepatic glucose uptake and glycogen storage. It is important to consider

the integrated response of the body when considering the physiological

response to ingested glucose. In this regard, replenishment of hepatic glyco-

gen stores is facilitated by intestinal adaptations that cause an increase in

absorption of glucose into the portal circulation. Hepatic glucose uptake

after exercise is facilitated by increased absorption of ingested glucose.54,61,62

Through the use of the isotopic glucose analogs 3-O-[3H]methylglucose

(absorbed via transporter-mediated and passive processes) and L-[14C]glu-

cose (absorbed passively), it was determined that the increase in gut glucose

absorption seen following exercise was primarily due to an increase in pas-

sive absorption across the intestinal cell wall.62

2. THE LIVER RECYCLES CARBONS AND DISPOSES OF
EXCESS METABOLITES

The liver plays a vital role in recycling potential energy and thereby

conserving it with maximal efficiency. The liver conserves energy by

recycling carbon-based molecules and turning them into potential energy

by the gluconeogenic pathway. Consistent with the role of glucagon in

stimulating hepatic gluconeogenesis, glucagon plays a vital role in stimulat-

ing the hepatic extraction of metabolites released during exercise.63–65 Glu-

cagon stimulates both the N66 and A67 amino acid transport systems

causing accelerated transport of gluconeogenic amino acids, glutamine

and alanine into the liver. Lactate and pyruvate produced by glycolytically
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and glycerol produced by lipolysis are also recycled into potential energy in

the liver gluconeogenic pathway. It is fascinating that gluconeogenic pre-

cursors are not only channeled from working muscle68 and adipose tissue

but are also released from nonworking muscle as lactate and the gastroin-

testinal tract as amino acids.69,70 Recycling energy from metabolites and

amino acids into glucose has an energetic cost. Fatty acid mobilization leads

to increased fat oxidation, which provides energy for gluconeogenesis and

associated pathways. This fatty acid oxidation, like other vital pathways in

the liver during exercise, is driven by the fall in insulin71 and the increase in

glucagon.65

3. THE LIVER DETOXIFIES BY CONVERTING EXCESS
NITROGEN TO UREA

During exercise, amino acid and AMP deamination lead to an

increased formation of NH3 by skeletal muscle.72 Moreover, increased pro-

tein breakdown from the skeletal muscle73,74 or the gastrointestinal tract69,70

results in the release of amino acids into the circulation. The amino acids are

only a minor direct fuel source for the muscle. The carbon skeleton of a

number of amino acids including alanine, glutamine, glutamate, serine, thre-

onine, and valine is delivered to the liver where the carbons are recycled into

glucose. A corollary to the scavenging of amino acid carbons is that the asso-

ciated nitrogen must be converted to a nontoxic form and excreted. Free or

amino acid-associated NH3 formed during exercise, in large part, enters the

urea cycle. Urea is secreted from the liver during exercise and is filtered in

the kidney, prior to excretion.

As with mobilization of energy and the recycling of carbons, the incor-

poration of nitrogen is largely governed by glucagon. Increased glucagon

during exercise stimulates the liver uptake of amino acids during exer-

cise.32,63 In the absence of the rise in glucagon, amino acid concentrations

increase. It has been shown in the exercising dog model that the increase in

glucagon is required for the transfer of isotopically labeled glutamine nitro-

gen into urea nitrogen.63 Thus, there is compelling evidence that glucagon

plays an essential role in preventing toxic nitrogen accumulation during

times of amino acid formation and delivery to the liver. The role of the

exercise-induced increase in glucagon in the integration of metabolic path-

ways involved in carbohydrate, fat, and amino acid metabolism is illustrated

schematically in Fig. 5.
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4. HEPATIC ADAPTATIONS TO REGULAR PHYSICAL
ACTIVITY

It has become increasingly evident that just as muscle adapts to habitual

physical activity, so does the liver. These adaptations that influence macro-

nutrient metabolism are summarized in Fig. 6. The hepatic adaptations may

be important in increasing exercise capacity. More significantly, the hepatic

adaptations reduce fatty liver, which is a major risk factor for the constella-

tion of conditions that comprise metabolic syndrome. Given the role of liver

as an energy balance maintenance system, it is no surprise that it undergoes a

dynamic remodeling in response to a metabolically demanding process such

as exercise. Physical activity is currently maintained as a first line treatment

for obesity and any number of the comorbidities that accompany this disease

state. While many studies have examined exercise training, relatively few of

these examine specific effects of exercise on liver-related endpoints.

Among the literature focused on liver outcomes in relation to exercise, a

significant portion consists of epidemiological associations of exercise or

physical activity with general health outcomes or superficial markers of liver

function.75 Typically, these studies conclude that exercise correlates with

decreased hepatic fat content76 and decreased prevalence of nonalcoholic

fatty liver disease (NAFLD).77,78 These studies are valuable for assessment

of large medical populations with broad diagnostic criteria but are inherently

limited in mechanistic insights.

Liver is a metabolic hub
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KetonesAmino acids

Fatty acids

Lactate
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Figure 5 The liver is exquisitely sensitive to the actions of glucagon, exceeding glucagon
sensitivity in the sedentary state (inset). Glucagon action is fully manifested during exer-
cise because (i) the increased glucose utilization of working muscle prevents the hyper-
glycemia that accompanies an experimental increase in glucagon; (ii) prolonged exercise
creates a physiological environment that supports gluconeogenesis as gluconeogenic
substrates are mobilized from muscle, adipose, and intestine; and (iii) exercise causes a
fall in insulin that sensitizes the liver to glucagon.
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Animal models have served an invaluable role regarding this general lack

of mechanisms consequent to exercise in liver. The Otsuka Long-Evans

Tokushima Fatty (OLETF) rat, a rat model of hyperphagic induced obesity

and type 2 diabetes, has been carefully characterized in relation to the

response to exercise training. In this model, exercise has been used as an

intervention and prevention technique for parameters related to NAFLD.

Outside of improvements in general measures of glucose tolerance and cal-

culated insulin sensitivity, both study designs demonstrate that exercise

seems to modify the liver cellular machinery related to lipid metabolism

and gluconeogenesis. One of the underlying causes of decreased liver lipid

content and improvements in steatotic phenotypes may be decreased lipid

anabolism coupled with increased lipid catabolism.79–82 This is demon-

strated by decreases in the lipogenic proteins fatty acid synthase (Fas) and
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Figure 6 Exercise training elicits complex adaptations in liver metabolic pro-
cesses.79–83,85,86,90,93–97 Decreased delivery of substrates (a), constant rates of
VLDL-TG synthesis (b), increasedmitochondrial oxidation of lipid (c), and decreased lipid
anabolic processes (d) may contribute to a net decrease in hepatic lipid stores
(e). Increased mitochondrial function (f) and/or content (g) may serve to elevate lipid
oxidation rates. An increase in PEPCK levels (h), but not G6Pase (i), may indicate elevated
gluconeogenic potential elicited through training. An improved ability of the liver to
respond to hormonal stimuli, such as insulin (j), may underlie some of the metabolic
adaptations seen. Nuclear transcription and protein translation alterations may underlie
adaptive changes of this organ.
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acetyl-CoA carboxylase (Acc) with relative increases in deactivation of

Acc by phosphorylation as well. This decrease in Fas protein persists in

a model of swim training in C57Bl6/J mice fed a standard chow or a

high-fat diet.83 An increase in complete oxidation of palmitate to CO2

in the OLETF model has been interpreted as improved coupling of

mitochondrial oxidation to the TCA cycle. Interestingly, rats bred for

an intrinsically higher aerobic capacity also show increases in fatty acid

oxidation metrics within the liver in absence of training.84 Whether the

intrinsic aerobic capacity is afferent or efferent to hepatic lipid oxidative

phenotypes is currently unknown. Other markers such as Cpt-1 activity,

β-Had activity, citrate synthase activity, Tr4 protein, and cytochrome c

oxidase component levels are increased suggesting an increase in mitochon-

drial function and/or content,79,80,85–87 which may be dependent on pres-

ence of Pgc-1α.86 Alterations in mitochondrial FA oxidation have typically

been accompanied by a decrease in extramitochondrial palmitate oxidation

in the OLETF rat model.79,81,87 This decrease in extramitochondrial palmi-

tate oxidation is hypothesized to represent a decrease in peroxisomal contri-

butions to oxidation. This concomitant increase in mitochondrial oxidation

and decreased peroxisomal oxidation may be representative of a more

“metabolically healthy” lipid oxidation phenotype resulting in decreased

oxidative stress,88 a hypothesized contributor to liver injury in NAFLD,89

being a potential result.

Among the caveats of evaluating the molecular underpinnings of exer-

cise in liver function is an inability to dissociate effects of a lifestyle inter-

vention from the pleiotropic benefits of weight loss. This proves difficult

to resolve in animals without implementation of complicated pair feed-

ing strategies. Despite this challenge, several human studies have shown

that exercise, independent of weight loss effects, decreases hepatic lipid

content.90–93 This seems to be independent of lipid delivery to the liver

as concentrations of TG and FFA only decrease when weight loss is

evident.79–83,90,91,94–96 Recently, it was confirmed that altered hepatic lipid

content is independent of any effects on VLDL-TG or VLDL-ApoB100

secretion rates.93 Increased utilization of lipid substrates at rest or during

exercise may be the underlying cause of these decreases.90,97 One study

specifically delineated the effects of exercise with and without weight loss

on liver insulin sensitivity using a modified clamp technique in human sub-

jects.98 This study concludes that exercise, in absence of weight loss,

improves the ability of insulin to suppress glucose production of liver; how-

ever, combining exercise with �6% weight loss in this study led to even
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further improvements in this metric. This improved liver metabolic profile

may be due to an altered localization of adipose tissue from visceral to sub-

cutaneous depots resulting in a lower constitutive provision of FFAs to the

portal circulation.91,92 This hypothesis is far from resolved as metabolic

improvements have been reported in the absence of decreased visceral

adipose tissue area as well.90

As described previously, energy demand from the muscle is met with

increased release of glucose from the muscle in a glucagon-dependent man-

ner. Training increases the liver’s sensitivity to glucagon.99–102 This effect is

associated with upregulation of glucagon receptors in the liver.103 The pro-

cesses contributing to glucagon signaling and gluconeogenesis consume

ATP resulting in a reduced AMP/ATP ratio in the liver.7,104 Decreased

energy charge of the liver activates AMPK resulting in a host of molecular

cascades leading to a net decrease in lipogenic processes with a complemen-

tary increase in lipid oxidation.105,106 Chronic exercise stimulus does

not seem to rely on transient energy charge effects, but rather on a bulk

shift in lipid metabolic machinery and oxidative processes. This is seen in

the consistent increase in several parameters relating to mitochondria

previously noted.

5. SUMMARY

The accelerated metabolic demands of the working muscle cannot be

met without a robust response from the liver. If not for the hepatic

response, sustained exercise would be impossible. If not for the increased

hepatic glucose output with exercise, hypoglycemia would result due to

inadequate breakdown of glycogen stores and recycling of metabolites

through the gluconeogenic pathway. The energetic demands on the liver

are largely met by increased oxidation of fatty acids mobilized from adipose

tissue. Adaptations immediately following exercise facilitate the replenish-

ment of glycogen stores. Pancreatic glucagon and insulin responses orches-

trate the hepatic response during and immediately following exercise. Like

skeletal muscle, liver adapts to repeated demands of exercise by increasing

its capacity to produce energy by oxidizing fat. The ability of regular

physical activity to increase fat oxidation is protective and can reverse fatty

liver disease. Engaging in regular physical exercise has broad ranging

positive health implications including those that improve the metabolic

health of the liver.
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Abstract

Compared with resting conditions, during incremental exercise, cardiac output in
humans is elevated from �5 to 25 L min�1. In conjunction with this increase, the pro-
portion of cardiac output directed toward skeletal muscle increases from�20% to 85%,
while blood flow to cardiac muscle increases 500% and blood flow to specific brain
structures increases nearly 200%. Based on existing evidence, researchers believe that
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blood flow in these tissues is matched to the increases in metabolic rate during exercise.
This phenomenon, the matching of blood flow to metabolic requirement, is often
referred to as functional hyperemia. This chapter summarizes mechanical andmetabolic
factors that regulate functional hyperemia as well as other exercise-induced signals,
which are also potent stimuli for chronic adaptations in vascular biology. Repeated
exposure to exercise-induced increases in shear stress and the induction of angiogenic
factors alter vascular cell gene expression and mediate changes in vascular volume and
blood flow control. The magnitude and regulation of this coordinated response appear
to be tissue specific and coupled to other factors such as hypertrophy and hyperplasia.
The cumulative effects of these adaptations contribute to increased exercise capacity,
reduced relative challenge of a given submaximal exercise bout and ameliorated vas-
cular outcomes in patient populations with pathological conditions. In the subsequent
discussion, this chapter explores exercise as a regulator of vascular biology and summa-
rizes the molecular mechanisms responsible for exercise training-induced changes in
vascular structure and function in skeletal and cardiac muscle as well as the brain.

1. INTRODUCTION

During the transition from rest to dynamic exercise and as exercise

intensity increases, the absolute and relative distribution of blood flow

changes throughout the entire body. For example, during incremental exer-

cise, as oxygen demands increase, blood flow may increase up to 20- and

5-fold in skeletal and cardiac muscle, respectively. Further, in organs such

as the brain, although bulk blood flow may be unchanged, regional flow

in specific structures may increase nearly 2-fold.1,2 Exercise-induced

increases in blood flow may increase fluid shear stress (frictional forces along

the luminal wall of blood vessels) as well as mediate the local induction and

systemic release of angiogenic growth factors. Collectively, chronic expo-

sure to these phenomena, as in exercise training, can alter gene expression,

increase arterial diameter, and initiate the formation of new capillaries from

preexisting capillaries. Alterations in vascular cell gene expression and the

formation of new capillaries may increase blood flow capacity and alter

blood flow control.1 Using available evidence from human and animal

research, this chapter will summarize and discuss the aforementioned pro-

cesses and provide a framework of exercise training-induced adaptations

in vascular structure and function in active skeletal muscle, cardiac muscle,

and the brain. For detailed discussion of exercise training-induced vascular

adaptations, the reader is referred to the following excellent review

articles.1,3,4
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2. THE SKELETAL MUSCLE VASCULATURE AND
EXERCISE

Skeletal muscle has an exceptional capacity to respond to changes in

energetic requirements. These changes in metabolism observed in the tran-

sition from rest to activity are met with increased blood flow for convective

oxygen delivery as well as increased diffusion capacity for oxygen extraction

ability at the muscle. Whole-body oxygen consumption ( _VO2) is described

by the following equation:

_VO2 ¼ _Q a��vO2dð Þ
Pulmonary _VO2 increases �15-fold from rest to maximal activity in

average subjects. This is accomplished by�5-fold increase in cardiac output

( _Q) and 3-fold increase in the oxygen extraction by the muscle (a��vO2d).

Extending this to skeletal muscle where ( _Q) represents the blood flow to the

active muscle, whole-body exercise can increase _VO2 approximately

75-fold; corresponding to a 30-fold increase in blood delivery and 2.5-fold

increase in oxygen extraction in exercising skeletal muscle. At the single

muscle group, maximal exercise generates �240-fold increase in _VO2 with

�80-fold increase in blood flow and 3-fold increase in oxygen extraction in

the active muscle group.5,6 The changes in blood flow capacity and capillary

exchange capacity induced by exercise training are of paramount impor-

tance in the adaptive response to exercise.

To augment blood flow within skeletal muscle in support of an increased

metabolic rate, changes in capillarity, i.e., angiogenesis, occur in response to

exercise training allowing increased blood delivery as well as an increased

transit time for the red blood cells in microcirculation. Exercise training

has been shown to be a powerful stimulus for angiogenesis when comparing

the skeletal muscle of trained vs. untrained as well as comparisons of skeletal

muscle before and after training. Tissue samples from the vastus lateralis of

moderately trained men ( _VO2¼ 51:3 ml 100 g�1 min�1) indicate a capil-

lary density of 585�40 per square millimeter (mm2), while capillary density

in those of endurance-trained men _VO2 ¼ 72:0:3 ml 100 g�1 min�1) was

821�28 capillaries mm�2.7 Examining the same muscle following 8 weeks

of cycle training, an increase in _VO2max of 16% from 49.0 to

56:6 ml 100 g�1 min�1 was matched by a concomitant 20% increase in cap-

illary density from 329 to 395 capillaries mm�2.8 Differences in the absolute
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number of capillaries are likely due to differing methods of obtaining and

fixing tissue samples.

2.1 Skeletal Muscle Vascular Remodeling (see Fig. 1)

Regular exposure to bouts of exercise can serve as potent stimuli to induce

adaptation in the cardiovascular as well as skeletal muscle systems. Structural

vascular adaptations and adaptations to control of vascular resistance in the

vascular networkmediate improved blood flow capacity, oxygen extraction,

Figure 1 Mechanical and metabolic factors involved in exercise training-induced vas-
cular adaptations. Schematic representation of vascular adaptation in skeletal muscle,
coronary, and cerebral vascular tissues. Stimuli include mechanical influences, inter-
luminal metabolites, soluble release factors, and neurohumoral factors. Specific recep-
tor upregulation associated with vascular remodeling and a generalized signaling
mechanism are included (inset). Abbreviations: ATP, adenosine triphosphate; NE, nor-
epinephrine; NPY, neuropeptide Y; Ach, acetylcholine, PGE2, prostaglandin E2; GABA,
gamma aminobutyric acid; VEGFR1/Flt-1, vascular endothelial growth factor receptor
1; VEGFR2/Flk-1, vascular endothelial growth factor receptor 2; VEGFR3/Flt-4, vascular
endothelial growth factor receptor 3; IGF-1 receptor, insulin-like growth factor receptor;
NO, nitric oxide; H+, hydrogen ion; VEGF, vascular endothelial growth factor; Ang2,
angiopoietin; PDGF, platelet-derived growth factor; IGF-1, insulin-like growth factor;
PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; Akt, protein kinase B; eNOS,
endothelial nitric oxide synthase; mTORC1, mammalian target of rapamycin complex
1; EC, endothelial cell; SMC, smooth muscle cell.
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and oxygen diffusion capacity. Structural adaptations include arteriogenesis,

angiogenesis, and vascular remodeling mechanisms.9,10 Three types of stim-

uli are generally thought to contribute to exercise-induced structural adap-

tation: (1) increased blood flow generating increased fluid shear stress, (2)

enhanced local metabolism in the exercising muscle, and (3) mechanical

stretch of the tissue causing local and ultimately circulating release of growth

factors.

The large increases in metabolism of skeletal muscle during the transition

from rest to exercise are only possible because of increased blood flow. The

increased blood flow induces pressure, and flow stresses in the vasculature,

which increases luminal shear stress. Briefly, shear stress causes the deforma-

tion of glycocalyx receptors residing on the luminal side of endothelial

cells. This activates calcium ion channels and phospholipase activity in

endothelial cells leading to calcium signaling, prostaglandin release, and sub-

sequently cyclic adenosine monophosphate (cAMP)-mediated smooth mus-

cle relaxation. Likewise, luminal shear stress activates endothelial cell

phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), which phosphory-

lates and activates protein kinase B (Akt). The induction of Akt mediates

endothelial nitric oxide synthase (eNOS) phosphorylation and subsequent

nitric oxide (NO) release, which also relaxes smooth muscle. Exercise-

induced shear stress mediates acute increases in arterial diameter as well as

normal vascular remodeling throughout the affected vasculature.11

Training enhances blood flow capacity specific to the trained muscle

groups and can affect bulk blood flow delivery at the conduit arteries, local

perfusion at the resistance arterioles, and metabolite exchange at the capil-

laries. Walther et al.12 have reported greater vascular conductance in the

trained limbs of swimmers and cyclists compared to sedentary controls.

Flow-mediated dilation, vasodilatory capacity, and vascular reactivity were

enhanced in trained muscles, and interestingly, cycle training enhanced vas-

cular reactivity of the untrained upper limb conduit and resistance vessels.

Greater blood flow capacity in trained athletes has also been observed in a

training-specific and activity-dependent manner. The subclavian arteries

in the dominant arms of elite tennis players, and athletes with paraplegia,

were larger than their contralateral arm or the arms of control subjects. These

findings were similarly observed in the brachial arteries of the dominant arms

of elite racquetball players versus nondominant arms or healthy inactive con-

trols.13 The resting arterial diameter and brachial dilatory capacity were

greater in the dominant arm relative to nondominant or either arm of the

inactive, while the wall thickness of carotid, brachial, and femoral arteries
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was lower in athletes versus controls. In a similar manner femoral arteries of

elite cyclists exhibited increased diameter, while reduced diameters were

observed in paraplegia, relative to control.14 These adaptations may confer

specific benefits to exercise capacity in highly trained individuals. The

regional differences in vascular adaptation to specific exercise training are

an important consideration in evaluating vascular health. As an index of sys-

temic endothelial health, and a potential predictor of cardiovascular disease,

brachial artery flow-mediated dilation (FMD) has been utilized as a nonin-

vasive index of whole-body endothelial function. However, in comparing

the results of FMD studies in brachial artery versus superficial femoral or

popliteal arteries of healthy subjects, it was found that the vasodilatory func-

tion of the upper limbs was not predictive of that in the lower limbs.15

Arteriogenesis specifically indicates the enlargement of existing arterial

vessels either by an increase in vessel diameter, increase in wall thickness,

or both. Arterial vessel enlargement is in response to persistent elevations

in luminal pressure.11 Remodeling of arteries largely occurs through adap-

tation of vascular smooth muscle but includes changes to endothelial cells

and fibroblasts to achieve a greater blood flow capacity.16 Pulsatile blood

flow imposes continuous mechanical strain on conduit arteries with

increases in both radial wall stress and vessel diameter leading to increases

in arterial wall mass.17,18 Increased blood flow may increase shear stress

applied to the endothelial surface which induces similar increases in arterial

wall mass.16 Chronic flow-induced changes in vessel diameter aim to reduce

wall shear stress back to baseline values while maintaining distribution con-

trol.19–22 An observed increase in total blood flow capacity to the rat

hindlimb, following femoral artery ligation, and in response to treadmill

training, was inhibited by administration of the nitric oxide synthase inhib-

itor L-NG-nitroarginine methyl ester (L-NAME). Coincident to the

increases in blood flow, muscle capillarity was unaltered in control and

L-NAME groups indicating a nitric oxide dependence for arteriogenesis

and increases in total blood flow, while in this setting changes in capillarity

occurred through non-nitric oxide-mediated mechanisms.23

2.2 Skeletal Muscle Angiogenesis
Exercise training provides stimulus that favors angiogenesis through endo-

thelial cell proliferation, cell migration, intussusception, and vessel sprouting

that results in new capillaries.24 However, although individual bouts of exer-

cise increase proangiogenic stimuli, the resultant capillary development does
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not manifest without repeated exposure. This seemingly delayed response to

putative angiogenic stimuli may ensure that the process of vessel formation,

with a high metabolic cost, is not propagated without the correct temporal

association of stimuli for a duration sufficient to produce new vessels. The

complexity of angiogenesis requires integration of multiple signaling path-

ways to achieve successful de novo vessel formation.

The extensive interplay among mechanical, chemical, and transcrip-

tional mediators is coordinated through the common proangiogenic medi-

ator vascular endothelial growth factor (VEGF). VEGF is a 35- to 450-kDa

peptide growth factor with four primary isoforms having been identified in

human tissue (VEGF-A—D).25 Alternate splicing of the human VEGF gene

produces four variants of VEGF-A (VEGF121, VEGF165, VEGF189, and

VEGF206) determined by their respective amino acid product lengths.26,27

The VEGF-A isoform (commonly referred to as VEGF) predominates

and is the most important in postnatal skeletal muscle angiogenesis.28 VEGF

effects are carried out through tyrosine kinase receptor activation, the most

prominent being VEGFR-1 (Flt-1) and VEGFR-2 (KDR/FLK-1).29

Receptor binding induces autophosphorylation of receptor tyrosine residues

and subsequent activation of multiple signaling pathways including PI3K,

phospholipase C-gamma (PLC-γ), and protein kinase C (PKC).30 Previous

investigation has shown an immediate increase in VEGFmRNA following a

single session of treadmill running in rats31 and during hypoxic or normoxic

voluntary leg extension in humans.32,33 Increases in VEGF with increased

muscle activity are congruent with reports from chronically stimulated mus-

cle studies. In rat muscle, 7 days of stimulation for 8 h per day increased both

VEGF protein levels and vessel density.34

There is a dynamic interplay of angiogenic and angiostatic modulators

that regulate adaptation to exercise training. A well-described stimulus of

angiogenesis is hypoxia with the upregulation of VEGF mediating the

response.35,36 Cell culture investigation of endothelial cells with reduced

PO2 observed cell proliferation, migration, and tube formation correlated

with an upregulation of VEGF, an effect which was reversed by elevating

PO2.
37 Support of a metabolic hypothesis and limited oxygen delivery as

modulators of angiogenesis have come from studies employing varied

inspired oxygen fractions during treadmill exercise in rats. Reducing the

inspired fraction during exercise enhanced the upregulation of VEGF fol-

lowing exercise.31 Further, hypoxia-induced increases in capillarity subse-

quent to femoral artery ligation with exercise have also been observed.38

Hypoxia-inducible factor (HIF-1α) has been a widely investigated
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intermediary linking the sensing of lowered PO2 and the angiogenic

response. Following hypoxic conditions, HIF-1α mRNA as well as protein

levels are elevated. This increased expression has a broad range of effects

including stimulating erythropoiesis, increased glycolysis, additional genes

stimulating capillary growth39 and increased transcription of the VEGF

gene.37 Elevations in HIF-1α mRNA and protein have been observed fol-

lowing endurance-type exercise in humans with restricted convective oxy-

gen delivery.32 However, employing a similar exercise stimulus, Richardson

et al.33 found increased VEGF mRNA levels in normoxic and hypoxic con-

ditions that was independent of reduced cellular PO2. Strong evidence

definitively linking HIF-1α to increased VEGF production and subsequent

angiogenesis remains to be found. At present, muscle PO2 during exercise

decreases sufficiently to activate HIF-1α; however, this appears to be a con-
tributor to the coordinated angiogenic response rather than the primary

regulator.

2.3 Local and Systemic Growth Factors
Supplementary elements important to vascular adaptation are upregulated

during exercise. Importantly, mRNA for the VEGF receptor tyrosine

kinases VEGFR1 (Flt-1), VEGFR2 (Flk-1/KDR), and VEGF3 (Flt-4) is

upregulated following muscular activity23 which has been shown to translate

into increased protein receptor expression. Receptor expression plays an

important role in the angiogenic response as highlighted by Milkiewicz

et al.,40 chronic skeletal muscle ischemia increased Flk-1 expression which

correlated with increased angiogenesis in the presence of high VEGF pro-

tein. The negative effects of sustained ischemia were reversed with muscle

stimulation through further activation of Flk-1 and downregulation of Flt-1.

The upregulation of receptors implicit to angiogenesis potentially enhances

tissue responsiveness to VEGF and concentrates vascular growth to those

regions.

There are additional factors related to angiogenesis in maturation, tumor

growth, arthritis, and atherosclerosis that are subject to the precise balance of

angiogenic and angiostatic factors, but may not be requisite for exercise-

induced angiogenesis. Among these, placental growth factor (PIGF) is

related to VEGF and also signals through receptor tyrosine kinases. How-

ever, gene ablation of PIGF with subsequent exercise training revealed

no role for PIGF in an exercise-induced angiogenic response.41 Similarly,

angiopoietin 1 (Ang 1) and angiopoietin 2 (Ang 2) signal through the
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common receptor tyrosine kinase Tie-2 to modulate vessel adaptation.23

Ang 1 functions to stabilize the existing vasculature,42 while Ang 2 functions

as a competitive antagonist to destabilize it.43 Following treadmill training,

the ratio of Ang 2 to Ang 1 is elevated; however, for capillarity increases to

be observed, increased VEGF is requisite.44

Acute bouts of exercise increase the release of several factors which pre-

vent the immediate initiation of angiogenesis, i.e., angiostatic factors. The

first of these to be characterized was angiostatin which limits angiogenesis

in tumor growth.45 In exercise, soluble VEGFR1 (sFlt-1) is increased by

treadmill running in proportion to intensity and is associated with decreases

in free VEGF and thus reduced angiogenesis.46 Platelet factor 4 (PF-4) is a

strong inhibitor of angiogenesis that is increased following acute bouts of

cycling exercise,47 repeated maximal cycling bouts,48 and following

9 months of endurance running.49 A role for thrombospondin-1

(THBS1) as a modulator of capillary growth in skeletal muscle has been

reported for mice deficient in THBS1. These mice exhibit increased capil-

larity in both cardiac and skeletal muscle as well as an increased exercise

capacity.50 Following an acute bout of exercise, THBS1 mRNA levels

are elevated 3- to 4-fold and return to baseline following continued training

suggesting an acute inhibition to angiogenesis that is relieved with continued

exercise stimulus.51 The concomitant increase of Forkhead Box “O” tran-

scription factors FoxO1 and FoxO3a has been observed as important deter-

minants in opposing the acute angiogenic factors released following an acute

exercise stimulus. These factors promote an angiostatic environment and are

decreased following 10 days of repeated exercise further suggesting a role for

rapid increases in both angiogenic and angiostatic factors following acute

exercise with the latter decreasing in abundance following repeated exercise

setting the stage for vascular proliferation.52 Thus, it is important to assess all

of these angiogenic and angiostatic factors stimulated by bouts of exercise to

understand the molecular mechanisms involved in structural vascular adap-

tation. It is clear that complete understanding requires an appreciation of the

balance of pro- and antiangiogenic factors in the tissue.

2.4 Functional Adaptations in the Skeletal Muscle Vasculature
Vascular structure (number and size of the tubes) sets the minimal vascular

resistance and maximal capillary diffusion capacity. Resting blood flow and

capillary diffusion capacity are then established by regional vascular resis-

tance determined by contraction of vascular smooth muscle in the resistance
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arteries. There are functional vascular adaptations of the processes regulating

resistance to blood flow induced by exercise training in conjunction with

structural vascular alterations. The increased blood flow capacity attained

through exercise training appear to be partially the result of peripheral adap-

tations in endothelial and vascular smooth muscle phenotype which control

microvascular resistance. Changes in control of blood flow can also be cen-

trally mediated, i.e., neurohumoral, or the result of changes in the reactivity

of arteries and arterioles through the vascular smooth muscle and endothe-

lium.1,53 The importance of exercise training-induced adaptation of control

of vascular resistance varies throughmuscle tissue withmuscle fiber-type and

exercise-specific recruitment patterns facilitating the extent of adaptation.9

2.5 Summary (see Fig. 2)

Chronic training adaptations, including those in arteriolar density, contrib-

ute to the observed increases in blood flow capacity in response to exercise.

However, this response occurs despite a nonuniform increase in arteriolar
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Figure 2 The effects of interval sprint (IST) vs. endurance (ET) exercise training (�10–12
weeks) on oxidative capacity (cytochrome c oxidase), blood flow capacity, capillary den-
sity, and arteriolar density, in white gastrocnemius (GW; top panel), red gastrocnemius
(GR; middle panel), and soleus (bottom panel) rat skeletal muscle. Data are presented as
% increase above sedentary values. IST increased oxidative and blood flow capacity in
GW. In addition, IST increased, albeit to a lesser extent, capillary density and arteriolar
density in GW as well as oxidative and blood flow capacity in GR. Conversely, ET
increased oxidative and blood flow capacity mostly in GR and soleus muscle. ET also
increased arteriolar density in GW and GR muscle. This graph was adapted from Ref. 1.
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density whereby fast oxidative glycolytic and fast glycolytic muscle (i.e., gas-

trocnemius) increase arteriolar density,54 while no significant changes are

observed in slow twitch muscle (i.e., soleus).55 The high density of micro-

vasculature in skeletal muscle coupledwith skeletal muscle’s great capacity to

increase metabolic rate necessitates strict control over vessel formation.

Increased capillarity can be observed following endurance training in

humans over weeks to months, while in animal models angiogenesis can

be induced over the course of days.11 The potential to increase capillarity

in skeletal muscle is further dependent on the initial capillarity such that

angiogenic response in glycolytic muscle exceeds that of oxidative. This

is potentially related to the proangiogenic stimuli, receptor responsiveness,

or a ceiling effect by which oxidative skeletal muscle is near maximally

supported at baseline. Contrasting reports of increased capillarity in propor-

tion to changes in oxidative capacity56–59 are investigations in which chronic

stimulation has produced increased capillarity in the absence of significant

changes in oxidative capacity.11,60 In basal conditions, fast-twitch oxidative

red gastrocnemius muscle has �3-fold greater capillary density than fast-

twitch glycolytic white.60 In response to treadmill training following fem-

oral artery ligation (a model of peripheral vascular disease), the fast-twitch

red muscle of the gastrocnemius, which receives �4-fold greater flow in

these conditions,61 had modest increases in VEGF mRNA, while the

fast-twitch white portion showed �6-fold increases in mRNA.23 Subse-

quent to these increases in mRNAwas a significant increase in the capillarity

of fast-twitch white muscle at 10–14 days,23 while similar training had pre-

viously not produced significant changes in capillarity of the fast-twitch red

oxidative gastrocnemius.62 Collectively these results support the assertion

that VEGF is integral in the alteration as well as maintenance of vascular den-

sity and that this control is correlated with oxidative demand of the muscle.

In response to exercise, an exquisite interplay of mechanical and chemical

factors coordinates structural and functional adaptation in the peripheral vas-

culature. Many of the same stimuli provide the impetus for adaptation in the

heart and coronary vasculature; however, the precise control and adaptation

differ from skeletal muscle.

3. THE HEART AND CORONARY VASCULATURE

Under normal conditions, the heart beats �100,000 times and pumps

�7200 L of blood per day. This amount of work accounts for �10–20% of

whole-body oxygen consumption. To sustain this workload, the heart relies
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on continuous blood flow (�250 mL min�1 or 0.8 mL min�1 g�1) and the

oxidative phosphorylation of fatty acids.3,63 At rest, the arterial oxygen extrac-

tion of the heart is more than 2-fold greater than skeletal muscle (�75 vs.

35%).64,65 To accomplish this level of oxygen extraction, the heart is

equipped with a capillary density of �3500 capillaries per mm2.66 As a result

of an elevated oxygen extraction at rest, myocardial blood flow must increase

in order to meet an increase in oxygen demand, for example, during

exercise.3,64

The left and right coronary arteries originate at the base of the aorta and

feedback to the heart. The left coronary artery branches into the left anterior

descending and circumflex arteries. These arteries lie superficially along the

heart and are considered epicardial coronary vessels. The left anterior des-

cending and circumflex arteries supply the lateral and anterior walls of the left

ventricle and an anterior portion of the septum. The right coronary artery

supplies the right ventricle, the posterior wall of the left ventricle, and a pos-

terior portion of the septum. At various segments along the epicardial coro-

nary vessels are smaller arteriole branches that provide blood flow to the

microvascular network within the heart. The arterioles of the microvascular

network are the primary cite of vascular resistance as well as coronary blood

flow control. These arterioles branch into smaller capillaries, which are posi-

tioned closely to nearby cardiomyocytes, to optimize nutrient delivery and

the removal of metabolic waste products from the cells. Blood flow in the

heart is complex and effected bymany elements including extravascular arte-

rial compression, perfusion time (i.e., exercise training-induced bradycardia

will reduce the duration of systole, thereby decreasing systolic compression of

coronary vessels and decreasing resistance to flow), perfusion pressure,

autoregulation, neural and humoral factors, the vascular endothelium, and

metabolism.3 During exercise, a combination of these factors interacts and

myocardial blood flow increases linearly with oxygen demand as well as heart

rate and can increase three to five times above resting values.64,67–69

3.1 Exercise Training and the Heart
Exercise training results in myocardial hypertrophy. In fact, relative left ven-

tricle mass is�20–100% greater in trained vs. untrained inviduals.70,71 Exer-

cise training-induced increases in left ventricle mass result in simultaneous

increases in stroke volume and reductions in heart rate at rest and during

submaximal exercise. Accordingly, at a given level of submaximal exercise,

heart rate and, therefore, myocardial oxygen consumption and coronary

blood flow will be reduced in trained individuals.3,67
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Although exercise training appears to lower myocardial oxygen demand,

it also results in vascular adaptations that increase myocardial oxygen supply.

This occurs primarily through an increase in coronary blood flow capacity. As

in skeletal muscle, exercise training-induced vascular adaptations can be

divided into structural and functional changes that account for the increased

coronaryblood flowcapacity; herewewill focus on the structural adaptations.

3.2 Structural Adaptations in the Coronary Vasculature
(see Fig. 3)

Evidence from rodents,72,73 dogs,74 monkeys,75 and humans70,71,76,77 sug-

gests that exercise training increases the diameter of epicardial coronary

vessels in proportion to increases in left ventricular mass. Likewise, in

exercise-trained swine, it was demonstrated that in resistance vessels
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Figure 3 The effect of exercise training in swine at 1, 3, 8, and 16 weeks on DNA labeling
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between the diameters of 40–120 μm; increases in vascular volume were

accounted for by increases in arteriole diameter.78 Exercise training-induced

changes in epicardial coronary and arteriole diameter are believed to be the

result of structural changes and not changes in vascular tone alone.77

Increases in coronary blood flow during exercise will theoretically increase

fluid shear stress in the coronary vasculature. Arteries may respond to per-

sistent increases in flow, by increasing their diameter chronically to maintain

basal levels of shear stress.79,80 This assumes basal shear stress is a highly reg-

ulated variable. However, it is unlikely shear stress alone regulates exercise

training-induced changes in arterial diameter, as exercise training also medi-

ates changes in endothelial cell function and vasomotor control in the cor-

onary vasculature.3

In addition to increasing epicardial coronary and arteriole diameters,

exercise training may also increase myocardial capillary density. In the afore-

mentioned study regarding coronary arteriole diameter in swine, it was also

observed that exercise training increased the number of resistance vessels

with diameters between 20 and 40 μm.78 Evidence from guinea pigs81,82

and dogs83 as well as from wild (vs. domesticated) rabbits84 and rats85 sug-

gests exercise training or physical activity increases capillary numerical den-

sity (i.e., capillaries per mm2). The effect of exercise training on capillary

density in the rat heart appears to be related to age, as the rate of angiogenesis

exceeds myocardial hypertrophy in young but not old rats.86,87 However, if

capillary density is quantified as the capillary–myocyte ratio, exercise train-

ing does not increase capillary density in guinea pigs,88 dogs,66,74 or swine.89

Apart from methodological differences between studies, inconsistencies

between the effects of exercise training on capillary numerical density vs.

capillary–myocyte ratio may be explained partially by the time of measure-

ment. Consider that exercise training stimulates myocardial hypertrophy;

therefore, angiogenesis must occur to maintain capillary density and the rate

of angiogenesis must exceed the rate of hypertrophy to increase capillary

density. In swine, exercise training increased coronary endothelial cell divi-

sion and capillary sprouting at 1, 3, and 8 weeks but were not different from

sedentary swine at 16 weeks. Also, markers of angiogenesis exceeded

myocyte hypertrophy at 3, but not 8, weeks of exercise training, at which

point capillary density was similar to sedentary control values. In spite of this

finding, total vascular volume increased by 37% in the exercise-trained

group.78 Although left ventricle hypertrophy and capillary growth appear

to be coupled in large mammals,89 it is possible they occur at different rates.

Thus, the manner in which capillary density is quantified and when, relative
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to the angiogenic and hypertrophic processes, a measurement is taken, may

impact the results dramatically. Nevertheless, it is clear that exercise training

induces myocardial angiogenesis, because left ventricle hypertrophy and

capillary growth are matched.

The coupling between exercise training-induced capillary and car-

diomyocyte growth may be explained partially by the activation and diverse

roles of Akt. Shear stress-induced Akt activation enhances Ang 2 and VEGF

activity; both of which are angiogenic factors and can also be induced by

hypoxia (or HIF-1α) or cardiomyocyte stretch through a mammalian target

of rapamycin complex 1 (mTORC1)-dependent mechanisms. In the pres-

ence of VEGF, Ang 2 is involved in the initiation of angiogenic sprouting

and both VEGF and Ang 2 are active in vessels undergoing remodeling.

Interestingly, Akt signaling is also involved in cardiac hypertrophy; there-

fore, the effect of Akt on angiogenesis may be one mechanism that couples

myocyte and capillary growth.90,91 Exercise training stimulates angiogenesis

through increases in fluid shear stress/Akt signaling, as well as local induction

of HIF-1α-mediated factors.24 Further, because exercise training also stim-

ulates myocardial hypertrophy; instances where the rate of myocyte growth

exceeds capillary growth, theoretically, may also induce a mild hypoxic state

leading to subsequent HIF-1α-mediated angiogenesis.

3.3 Functional Adaptations in the Coronary Vasculature
Exercise training alters vasomotor control in epicardial coronary and myo-

cardial arterioles. Exercise training decreases sensitivity to α adrenergic stim-

ulation in canine and swine epicardial coronary artery smooth muscle.92,93

In contrast, in canine myocardial arterioles, both α and β adrenergic receptor
sensitivity may be augmented. These findings are complimented by human

data that suggest that α and β adrenergic tone is maintained, despite reduced

concentrations of circulating catecholamines in trained vs. untrained indi-

viduals.94–98 Likewise, in myocardial arterioles, myogenic tone may also

be increased on account of altered calcium-dependent PKC signaling and

increased voltage-gated calcium currents through the L-type calcium chan-

nels in vascular smooth muscle cells.99,100 The effects of exercise training on

the coronary endothelium are also artery dependent. Specifically, exercise

training mediates an early-phase response that improves endothelium-

dependent, NO-mediated vasorelaxation. However, this effect may dissi-

pate over the course of a training program in dogs and swine.92,101 In swine,

exercise training increases NO availability/signaling throughout the
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coronary microvasculature, directly through enhanced eNOS expression,

and indirectly through enhanced superoxide dismutase-1 (SOD-1) expres-

sion (i.e., decreased NO quenching) and decreased endothelin-1 (ET-1) sig-

naling.102,103 Although exercise training increases endothelium-dependent

vasorelaxation throughout the coronary microvasculature,99,102 the effect of

exercise training on eNOS expression is not uniform throughout the coro-

nary vasculature.99 Further, the effect of exercise training on eNOS expres-

sion in the epicardial arteries and larger arterioles may be transient, as

exercise-induced increases in shear stress and eNOS expression are normal-

ized as these vessels undergo structural vascular remodeling and their diam-

eters increase.78,99,104

3.4 Summary
Exercise training-induced changes in coronary vascular structure and func-

tion can occur within 1 week, but may take longer. Early adaptations are

most evident in the epicardial coronary arteries, but these adaptations

may subside over the course of long-term training. Conversely, adaptations

in the coronary microcirculation may take longer to manifest.78,105 The

effect of different exercise modes and protocols on structural and functional

adaptations in the coronary vasculature remains to be elucidated. Athletes

that participate in isotonic exercise (i.e., running) as well as isometric exer-

cise (i.e., wrestling) exhibit increased in left ventricle mass, but only the for-

mer display increased end diastolic volumes.70 Assuming that cardiomyocyte

hypertrophy and vascularization are linked under normal physiological

conditions,89 an increased left ventricle mass will reflect increased vascular

volume as well. With regard to aerobic exercise, coronary vascular adapta-

tions may be intensity-dependent because coronary blood flow increases lin-

early with oxygen demand and heart rate.

4. THE BRAIN AND CEREBRAL VASCULATURE

The brain is active under all living conditions. It only represents �2%

of total body mass, but accounts for�20% of whole-body oxygen consump-

tion at rest.106,107 Brain activity requires energy and relies primarily on the

oxidative metabolism of glucose to obtain the requisite amount of adenosine

triphosphate (ATP).108 It typically consumes six molecules of oxygen per

molecule of glucose and requires a continuous supply of blood flow.109,110

In fact, if blood flow to the brain is stopped suddenly, the oxygen content

present in the brain, at any given time, is only sufficient to sustain cerebral
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metabolism for�1 s by itself.111 Therefore, in order to sustain or alter neural

activity in the brain, cerebral oxygen consumption and cerebral blood flow

(CBF) responses must be coordinated precisely.112 This concept (i.e.,

matching blood flow to metabolic requirement) is referred to as neuro-

vascular coupling as well as functional hyperemia.113,114

The cerebral vasculature is comprised of two sets of large arteries: the

internal carotid (responsible for �75% of CBF) and vertebral arteries

(responsible for �25% of CBF). These two sets of arteries converge to form

the circle of Willis; collectively, they are considered extracerebral and are

innervated by peripheral sympathetic, parasympathetic, and sensory

nerves.114,115 Alternatively, the branches of the circle of Willis are consid-

ered intracerebral, as they give rise to pial arteries, parenchymal arterioles

and capillaries. Although the pial arteries receive extrinsic innervation from

the peripheral nervous system (similar to the internal carotid and vertebral

arteries), the parenchymal arterioles are intrinsically innervated from within

the brain neuropil. The close proximity between parenchymal arterioles and

neurons as well as perivascular astrocytes facilitates the tight coupling of neu-

ral activity and CBF control. This occurs because neurons and perivascular

astrocytes release vasoactive signals that bind to receptors on the vascular

smooth muscle or the endothelium and stimulate vasodilation or constric-

tion in parenchymal arterioles as well as capillaries.113,114,116 The surface area

of the brain microvasculature is �100 cm2 g�1.117 It is estimated that the

capillary and endothelial volumes constitute �1% and 0.1% of total tissue

volume, respectively, and intercapillary distances are �40 μm.118 This vas-

cular architecture ensures a close proximity between the microvasculature

and neural tissue and permits the rapid transport of nutrients across the

blood–brain barrier to sustain neural activity.

4.1 Acute Exercise and the Cerebral Vasculature
For over a century, scientists have been studying the relationship between

muscular activity and brain blood flow.119 During this time, it was discov-

ered that global brain blood flow remains relatively constant at

�50–60 mL 100 g�1 min�1 under numerous circumstances,109 providing

that PaCO2 does not change and mean arterial pressure remains in the

autoregulatory range, from 60 to 150 mmHg.120 At rest, reductions in

PaCO2 or hypocapnia stimulate pial artery vasoconstriction121,122 and lower

brain blood flow values.116,123 Indeed, during exercise, where PaCO2 values

tend to decrease (from �40 mmHg at rest to �25 mmHg at maximal
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exercise), total brain blood flow may remain unchanged or decrease

slightly.124–127 However, evidence from miniature swine,125,128 dogs,129

ponies,124 and humans126,130,131 suggests regions of the cerebral vasculature

vasodilate, possibly in an exercise intensity-dependent manner. Regional

changes in brain blood flow appear to be coupled with neural activity112

and can increase up to �70% above resting values.2 Furthermore, chronic

exercise training mediates changes in brain vascular structure and function.4

To understand the aforementioned phenomena, we will discuss brain blood

flow control immediately prior to and during exercise. Thereafter, we will

address the mechanisms of exercise training-induced adaptations in brain

vascular structure and function.

Immediately prior to and at the onset of exercise, heart rate and mean

arterial pressure increase rapidly and simultaneously. Such cardiovascular

adjustments are initiated by the central nervous system through a process

described originally as cortical irradiation.132 Presently “cortical irradiation”

is referred to as “central command” and refers to descending signals from

higher brain centers that occur in the absence of physical work or sensory

feedback. In essence, central command reflects neural activity during the

preparatory phase before and at the onset of exercise.133,134 The initial acti-

vation of central command does not stimulate changes in global brain blood

flow. However, it does alter blood flow distribution within the brain, con-

tributing to changes in regional brain blood flow.133–136 Brain regions that

have been implicated in the central command network and may also receive

additional blood flow prior to, and at the onset of exercise, include (but are

not limited to) the sensorimotor cortex, supplementary cortex, cingulate

cortex, insular cortex, medial prefrontal cortex, cerebellum, and thalamic

regions. Therefore, it is believed that (i) the aforementioned brain regions

activate to elicit the rapid cardiovascular adjustments prior to, and at the

onset of exercise; (ii) said neural activity initiates the release of local metab-

olites (H+, K+, NO, acetylcholine, adenosine, CO2, lactate, gamma

aminobutyric acid, norepinephrine, neuropeptide Y, 5HT, prostaglandins,

etc.113,114) from neurons and perivascular astrocytes; and (iii) said metabo-

lites are vasoactive, interact with surrounding microvessels and serve to alter

blood flow distribution within the brain to facilitate subsequent oxygen and

glucose delivery to active brain regions. These vasoactive molecules are able

to vasodilate or vasoconstrict and likely in a coordinated and region-specific

manner. During exercise, regional vascular resistance (VR¼mean arterial

pressure divided by regional blood flow)may be unchanged (the rise in mean

arterial pressure and rise in flow are equal, in order to sustain a modest
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increase in neural activity, observed in the Pons), may increase (mean arterial

pressure increases and flow remains unchanged, occurs where neural activity

does not change; observed in the temporal cortex), or decrease (the rise in

mean arterial pressure is smaller than the rise in flow, indicative of vasodi-

lation in order to meet a large increase in neural activity, observed in the

cerebellar vermis) in different brain structures.125 Whether exercise training

impacts the release or sensitivity to vasoactive molecules released from peri-

vascular astrocytes and extracerebral neurons is unknown.

Although it is generally accepted that neural activity and, therefore, cere-

bral metabolism increase during the transition from rest to exercise, whether

global brain blood flow increases or decreases remains controversial. How-

ever, it is now generally accepted that exercise-induced increases in brain

blood flow are regionally specific and related directly to neural activity.1,126

Therefore, instances where global brain blood flow increased during exer-

cise may reflect exercise bouts that were sufficiently intense to elicit elevated

and sustained neural activity, while insufficiently intense to elicit a dramatic

rise in PaCO2 and sympathetic nervous system (SNS).137

Consistent with the notion that global brain–blood flow remains

unaltered, total oxygen uptake in the brain remains relatively constant dur-

ing steady-state and incremental exercise.130,138 However, this does not pre-

clude the possibility of regional changes in neural activity, cerebral

metabolism, and corresponding changes in CBF responses. This concept

is supported by observations that cerebral glucose metabolism139 and

regional flow responses125,130 are not uniform throughout the brain during

exercise. There is compelling evidence, in humans and animals, that during

exercise, blood flow increases in extracerebral and intracerebral

arteries,130,140 supplying the frontal, parietal, temporal, and occipital lobes

as well as the cerebellum.137 Most notably, blood flow increases in the sen-

sorimotor, supplementary motor, primary motor, and insular cortices as well

as the cerebellar vermis.2,141,142 However, in the transition from moderate

to strenuous exercise, additional neural recruitment may not be widespread

and subsequent decreases in PaCO2 (as a result of the increased exercise

intensity), increases in SNS activity, and alterations in metabolism may

restrain further increases in brain blood flow.126,140 In the vertebral, poste-

rior cerebral, and cerebellar arteries, blood flow increases during moderate

and further during strenuous exercise. However, blood flow in the

internal carotid and middle cerebral arteries increase during moderate, but

decrease during strenuous exercise. Reductions in regional brain blood

flow during exercise coincide with decreased PaCO2 and elevated SNS
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output.126,130,131,138,140,143 Whether brain blood flow limits exercise capac-

ity is currently being studied, but remains to be determined.144

4.2 Cerebral Vascular Adaptations to Exercise Training
The effects of exercise on the cerebral vasculature are not limited to acute

changes in regional brain blood flow. Exercise induces local changes in shear

stress, systemic and local changes in angiogenic and neurogenic factors, and

may stimulate neurogenesis directly. Therefore, it is assumed that each of the

aforementioned mechanisms may contribute to exercise training-induced

alterations in cerebral vascular structure and function.

During exercise, regional increases in brain blood flow will theoretically

increase the frictional forces along the inner wall of affected blood vessels;

this is referred to as fluid shear stress. Although shear stress may result in vaso-

dilation or constriction in cerebral arteries acutely145; increases in shear stress

mediate chronic changes in arterial diameter146 and alter endothelial cell

phenotype through changes in gene expression.147 It has been proposed that

exercise-induced shear stress contributes to the maintenance of endothelial

cell Akt and Akt-dependent eNOS expression in the cerebral vasculature.

The expression and activation of eNOS are believed to be critical in

maintaining cerebral vascular function and may be involved in the angio-

and arteriogenic processes.147,148

In addition to fluid shear stress, exercise mediates events systemically and

locally that, if repeated (i.e., exercise training), may contribute to angiogen-

esis and neurogenesis in the brain. For example, acute exercise increases cir-

culating concentrations of insulin-like growth factor (IGF-1), VEGF,149,150

both of which can bind to receptors in the endothelium and are implicated

in the growth of new blood vessels from preexisting blood vessels as well as

new neurons in specific regions of the brain (namely the dentate gyrus por-

tion of the hippocampus).149–151 Likewise, in animal models, exercise train-

ing increases mRNA and protein expression of the aforementioned signaling

molecules as well as Ang 1, Ang 2, and fibroblast growth factor (FBF) in var-

ious regions of the cerebral vasculature.149,152,153 Based on studies investi-

gating exercise training-induced cerebral vascular angiogenesis in rodent

models of health and disease, there is sufficient evidence to support the pro-

posed framework: (i) exercise increases circulating concentrations of angio-

genic growth factors (IGF-1, VEGF, FGF, endothelial progenerator cells,

etc.) or augments their transcription locally through the induction of

HIF-1α, (ii) said growth factors bind to specific receptors on endothelial cells
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of nearby preexisting blood vessels and initiate signaling cascades that

induce the transcription of specialized proteins involved in endothelial cell

proliferation and migration, (iii) said growth factors are regulated tightly and

act interdependently, as inhibition of calveolin-1154 or NOS155 or IGF-1149

or VEGF156 attenuates the cerebral vascular remodeling associated with

exercise training, and (iv) exercise-induced cerebral vascular remodeling

reflects both an increase in the number, diameter, and density of capil-

laries.157,158 Evidence from rodent work suggests that exercise-induced

angiogenesis occurs in various regions of the brain, including (but not lim-

ited to) the cortex,149 in particular, the primary motor cortex,159 the cere-

bellar cortex,158 and the prefrontal cortex160 as well as the cerebellum,157 the

striatum,153 and the hippocampus.151,161

Collectively, fluid shear stress and the effects of acute exercise on circu-

lating triggers of angiogenesis, as well as their local induction through the

activation of HIF-1α, represent a direct link between exercise and cerebral

vascular angiogenesis. However, exercise also stimulates synaptogenesis and

neurogenesis, both of which alter cerebral metabolic requirements chroni-

cally. The development of new capillaries is coupled to the formation of new

neurons, particularly in the dentate gyrus.149–151 Therefore, the effects of

exercise training on neural plasticity and neurogenesis may be associated with

simultaneous or subsequent angiogenesis to support changes in neural metab-

olism. The coupling between neurogenesis and angiogenesis may serve a

functional role in maintaining or improving (relative to sedentary or diseased

states) the neurovascular unit in newly developed nervous tissue.162–164

5. SUMMARY (SEE FIG. 4)

In rodents, neurogenesis and angiogenesis are evident in as few as

3 days after the onset of aerobic exercise.161 It is important to note that,

if continued learning opportunities do not coincide with the aerobic

activity, such adaptations may recede.165 Whether the same is true for

humans remains unknown. Bridging the gap between rodent and human

investigations is difficult because of differences in species as well as the meth-

odological approaches used to study exercise-induced angiogenesis. In

humans, tissue samples are difficult or impossible to obtain; therefore,

advanced imaging techniques are used to examine angiogenesis in the brain.

However, using such techniques, it is difficult to discern between changes

in capillary, neural, astrocyte, or neuropil structures. Further, most studies in

humans involve aged or patient populations, rendering it difficult to

247Skeletal Muscle Cardiac Muscle, and the Brain



describe normal healthy responses to exercise training. Despite the afore-

mentioned limitations, animal and human studies demonstrate a degree of

congruency.151,166 Recent human investigations suggest that there is a cor-

relation between increased aerobic fitness and greater hippocampal volumes

in preadolescents167 as well as older adults.168 This appears to be a causative

relationship as 3, 6, and 12 months of aerobic exercise training increases hip-

pocampal blood volume progressively in otherwise healthy normal aged and

older adults.168–170 These observations may extend beyond the hippocam-

pus, as aerobic fitness in older adults is also associated with less tortuous blood

vessels and a greater number of small caliber blood vessels (radius of

�0.5 mm), throughout the whole brain.171 Although it is too early to rec-

ommend specific exercise prescriptions to optimize cerebral vascular and

brain health, preliminary evidence highlights that total exercise volume

(i.e., total amount of time spent being physically active) may be more

important than exercise intensity for older adults.172–174 Also, because of

the tight coupling between neural activity and acute and chronic cerebral

vascular adaptations, exercise that requires global, diverse, and integrated

neural output (i.e., exercise that involves acquiring complex and coordi-

nated motor programs, employs a high degree of strategy, consists of repet-

itive as well as novel stimuli and engages numerous senses, such as taste,

touch, scent, hearing, and sight) may elicit more widespread angiogenesis.
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Abstract

Themusculoskeletal system and its connective tissue include the intramuscular connec-
tive tissue, the myotendinous junction, the tendon, the joints with their cartilage and
ligaments, and the bone; they all together play a crucial role in maintaining the archi-
tecture of the skeletal muscle, ensuring force transmission, storing energy, protecting
joint surface and stability, and ensuring the transfer of muscular forces into resulting
limb movement. The musculoskeletal connective tissue structure is relatively stable,
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but mechanical loading and subsequent mechanotransduction and molecular anabolic
signaling can result in some adaptation of the connective tissue, its size, its strength, and
its mechanical properties, whereby it can improve its capacity by 5–20% with regular
physical activity. For several of the mechanically loaded connective tissues, only limited
information regarding molecular and cellular signaling pathways and their adaptation
to exercise is available. In contrast to tissue responses with exercise, lack of mechanical
tissue loading through inactivity or immobilization of the human body will result in a
dramatic loss of connective tissue content, structure, and tolerable load within weeks, to
a degree (30–40%) that mimics that of contractile skeletal musculature. This illustrates
the importance of regular mechanical load in order to preserve the stabilizing role of the
connective tissue for the overall function of the musculoskeletal system in both daily
activity and exercise.

1. INTRODUCTION

Contractile activity of skeletal muscle cells is a prerequisite for all

human physical activity but, at the same time, it is fully dependent on col-

lagen tissue located in the musculoskeletal system in order to result in de facto

limb movement and locomotor activity. This ranges from the importance of

the intramuscular connective tissue (IMCT) in both maintaining the archi-

tecture of the skeletal muscle in force transmission between muscle fibers

and in passive stiffness of musculature1 to the role of tendon structures in

force transmission and energy storage,2,3 the importance of ligaments and

cartilage in the protection of joint surfaces and joint stability, and the role

of bone in ensuring the transfer of muscular forces into resulting limb move-

ment as well as in maintaining the overall bodily structure and position

(Fig. 1). Similar to the well-described interaction between the nervous sys-

tem activity and initiation of muscle contraction, the connective tissues of

the musculoskeletal system interact intimately with the contracting muscle

cell in a coordinated manner to ensure force transmission resulting in move-

ment and exercise activity.

Bone and the other collagen tissues (IMCT, tendon, ligament, cartilage)

share both compositional and adaptive characteristics, and at the same time

they differ markedly from—but have some interplay with—changes in con-

tractile skeletal muscle cells (Table 1). First of all, the different collagen tis-

sues contain a large amount of collagen, the most frequent molecule in the

human body. Whereas bone, tendon, and ligaments are dominated by col-

lagen type I (and III), cartilage is dominated by collagen type II. Each of the

connective tissue types in the musculoskeletal system displays its own unique
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compositional characteristics, whether it be calcification (like in bone),

hydrophilic water binding (like in cartilage), aligned fibril structure (like

in tendon and ligament), or multidirectional arrangement of fibrils (like

in the IMCT). Second, the turnover and thus the renewal of tissue is some-

what slower in the different collagen-rich connective tissues in the muscu-

loskeletal system compared to that of contractile proteins in the skeletal

muscle cell itself. However, this does not imply that the connective tissue

is not renewed at all, but rather indicates that, in a physiological situation,

it renews somewhat slower, and maybe only renews and turns over specific

parts of the connective tissue, thus leaving some of the more basic structures

of the connective tissue untouched. Third, acute changes in connective tis-

sue as a response to acute bouts of exercise may be more moderate than in

skeletal muscle cells. This does not rule out any acute upregulation of molec-

ular signaling pathways by physical activity, but implies a more pronounced

stability in its structure where acute bouts of physiological exercise do not

Movement
(wheel)

Bone

Cartilage

Tendon

MTJ

IMCT

Muscular force
(pedal)

Muscle contraction
Bone

Ligament

Cartilage

Ligament

IMCT—intramuscular connective tissue
MTJ—myotendinous junction

Tendon

IMCT

MTJ

Movement
(limb)

Figure 1 A schematic representation of the connective tissue in the musculoskeletal
system. The analogy to the transformation of force applied to bicycle pedals, through
the chain and the resulting wheel turn, is similar to themuscle cell contraction, the force
transmission through the intramuscular connective tissue (IMCT), the myotendinous
junction (MTJ), the tendon, over the ligament-stabilized joint with its cartilage, and
to the bone tissue, resulting in limb movement.
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Table 1 Connective Tissues of the Musculoskeletal System and Their Adaptation to Exercise

Tissue Structure
Major Molecular
Components

Regulatory
Factors

Tolerable Tissue
Load

Improvement with
Physical Training

Decline with
Inactivity

Bone Mineralized

collagen fiber

arranged in

specialized

structure.

Trabecular and

cortical bone

Collagen I (90%),

(Coll III, V)

Hydroxyapatite

(calcium,

phosphate)

BMP

Tensile

compress

Estrogen

PTH

PGE

Cortical bone: 130

(tensile)�200 MPa

(compressive)

Trabecular bone:

<50 MPa

3–5 (�10)% (yrs)

(mineralize,

microarchitecture

strength)

30% (w-m)

(mineralize,

microarchitecture

strength)

Cartilage Curved collagen

fiber network and

hydrophilic PGs

Coll II

Aggrecan

Biglycan

COMP

Compress

IL-4, IL-10

5–15 MPa

(compressive)

5–10% (yrs)

(thickness)

30% (w-m)

(thickness)

Ligament Collagen fibrils

aligned

unidirectionally

Coll I, III (V, XII)

Elastin, PGs,

decorin,

fibronectin

Tensile

IGF-I/GH

60–100 MPa

(tensile)

20% (yrs)

(strength)

30% (w-m)

(strength)

Tendon Collagen fibrils

aligned in fascicles

Collagen I (80%),

Coll III, V, VI,

XII, PGs,

fibronectin, elastin

Tensile

IGF-I/GH

Estrogen

100 MPa (tensile) 10–20% (yrs)

(strength,

thickness, stiffness

(mths))

30% (w-m)

(strength, stiffness)



Myotendinous

junction (MTJ)

Ridge-like

protrusions of

tendon into muscle

Collagen I, III, VI,

XXII

Integrin a7b1

Tensile 50–100 MPa

(tensile)

30%? (mths)

(surface area)

30% (w-m)

(surface area)

Intramuscular

connective

tissue (IMCT)

Wavy collagen

fibrils around

muscle cells

Collagen I, III, IV,

VI, Coll XII+XIV

+elastin (peri),

fibronectin

+decorin

+ laminin (endo)

Tenascin-C (only

exercise)

Tensile

IGF-I/GH

Estrogen

<100 MPa (tensile) 20%? (yrs)

(strength)

30% (w-m)

(strength)

An overview of the types and structures of connective tissue in the musculoskeletal system and their adaptation to chronic exercise or inactivity. Loading types are divided
into tensile load or compressive load. Improvements in tissue strength/thickness/stiffness/surface area occur as a result of overtraining lasting several months (mths) to
many years (yrs), whereas decline in the same parameters occur within some weeks to a few months (w-m). BMP, bone morphogenetic protein; Coll, collagen; COMP,
cartilage oligomeric protein; IGF-I/GH, insulin-like growth factor I and growth hormone axis; MPa, mega Pascal; PGs, proteoglycans; w-m, weeks to months;
yrs, years; “?” indicates best estimate of improvement with physical training, as this has not directly been measured.



constantly result in large net synthesis or loss of specific proteins. The reason

for this might be that several of the connective tissue structures possess a high

strength and safety margin toward breakage compared to the maximally

developedmuscle force. Fourth, the degree of adaptation to chronic exercise

(physical training) is more moderate in the connective tissues compared to

that seen in both morphology and metabolic capacity in the skeletal muscle

cell. Although some differences exist between the different connective tis-

sues subjected to mechanical loading, in regard to structural size or strength

of the tissue, only a rise of 3–20% is seen even in response to long-term train-

ing over several years4 (Table 1). This could imply that the strength and

structure of connective tissue is already set at a high level and maintained

so with even daily activity. Interestingly, the decrease in tissue magnitude

(e.g., joint cartilage thickness), mechanical characteristics (e.g., stiffness of

tendons), and strength (e.g., bone and ligaments) is quite pronounced with

inactivity (often 20–40% within weeks), and thus paralleling the decline in

muscle mass and function seen with body and limb immobilization

(Table 1). This illustrates a large vulnerability of connective tissue toward

lack of mechanical loading, with a resulting loss and deterioration of the

matrix structures.

2. IMCT—TRAINING AND DETRAINING

Although the majority of the space in the human skeletal musculature

is occupied by the muscle cell, around 5–10% of the space is occupied by

IMCT.5 The latter is classically divided into the endomysium (around the

single muscle fiber), the perimysium (around bundles of muscle fibers, fas-

cicles), and the epimysium/fascia (around the entire muscle). Whereas prep-

aration of skeletal muscle in both animals and humans has provided elegant

pictures of the structural outline of the IMCT,6 much less is known regard-

ing the function and cell–matrix interaction of this tissue, mostly due to lim-

itations in isolating, analyzing, and mechanically testing the tissue in a way

that represents its role in vivo. The force transmission from contracting mus-

cle fibers to the adjacent tendon takes place both through the fibers them-

selves, as well as by lateral force transmission to adjacent parallel connective

tissue network.7–9 As it has been demonstrated that individual skeletal mus-

cle fibers do not extend throughout the entire length of a given muscle, the

muscle depends upon the IMCT in order to function optimally.9 Primarily,

this lateral force transmission depends upon the immediate contact between

individual muscle fibers through the endomysium, but also the perimysium
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has been shown to play an important role.10 Interestingly, the lateral force

transmission has been shown to be diminished with aging, maybe contrib-

uting to the decline in muscular force in older age groups.11 Further, in dis-

eased states such as cerebral palsy, it has been demonstrated that the increased

passive stiffness of the skeletal muscle of these patients is primarily due to

increased stiffness of the IMCT, rather than to any change in passive stiffness

of the skeletal muscle cell itself.12 When discussing the passive stiffness of

skeletal musculature and potential molecules important for this (e.g., titin),

it is important to remember that when subjecting the whole skeletal muscle

to stretch, the by far largest contributor to passive muscle stiffness at extreme

muscle lengths is the IMCT.5 The composition of the IMCT is dominated

by collagen type I and III fibrillar structures, supplemented by a marked

amount of collagen type IV being present in the endomysium due to its

prominent role in the basal membrane. In the endomysium, the collagen

fibrils are grouped in a multidirectional pattern to allow for flexibility in sev-

eral ways when the muscle fiber is contracting or undergoes morphological

changes with training (hypertrophy) or inactivity (atrophy). In the perimy-

sium, “perimysial cables”13 have been identified that represent highly orga-

nized longitudinal structures composed of 25–100 collagen fibrils in bundles

running over distances of up to 150 μm within the matrix of the skeletal

muscle.5 Interestingly, the difference between individuals (animals) seems

more pronounced for perimysium than for the endomysium, and thus,

the perimysium may be the crucial factor for coordination of overall muscle

force output for the individual.14

The muscle fiber itself contains many myonuclei, but it is important to

remember that out of all nuclei of skeletal musculature, almost 50% are non-

myonuclei, representing different tissue cells like endothelial cells, nerve

cells, myogenic stem cells, and connective tissue cells like fibroblasts. The

activity of the fibroblast in the IMCT in relation to exercise has been inves-

tigated in both animal and human models. With acute exercise, the protein

synthesis of both myofibrillar protein and of collagen (in IMCT) rises

approximately twofold and remains elevated for 24–48 h.15 The

upregulation of muscle contractile protein anabolic pathways can be shown

to be both intensity and contraction type dependent, whereas the

upregulation of matrix protein stimulating pathways to exercise seems more

independent of intensity.16 In humans, experiments within the same indi-

viduals who trained at one intensity in one leg and a different intensity in

the other leg, the myofibrillar protein synthesis was markedly more elevated

with intense exercise than with moderate intensity. In contrast, the
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exercise-stimulated rise in collagen protein synthesis for the IMCT was

identical for both legs independent of training intensity, and this was

supported by data on expression of matrix protein anabolic factors.16 Key

factors for stimulation of collagen synthesis in the IMCT are growth

hormone/insulin-like growth factor 1 (GH/IGF-1), and in human studies

with GH administration, a local upregulation of IGF-1 expression in skeletal

muscle (and tendon) led to increase in collagen synthesis in skeletal muscle

(and tendon).17 Further, in animal models where GH is either overexpressed

or its receptor is inhibited, a close positive relation between IGF-1 and

collagen is observed in the IMCT.18 This occurred despite no effect of

GH administration upon myofibrillar protein synthesis, supporting the view

that growth factors may differentiate between contractile muscle cell pro-

teins and IMCT proteins. One hormonal factor that may influence both

myofibrillar protein and collagen synthesis is female sex hormones, and in

postmenopausal women, a stimulating effect of estradiol upon the

exercise-induced rise in protein synthesis has been shown both on myofi-

brillar as well as on collagen protein in skeletal muscle.19 The exact molec-

ular and cellular signaling pathways and their adaptation of the IMCT in

regard to mechanical loading are relatively unknown.

When heavy, unaccustomed exercise is carried out, delayed onset mus-

cle soreness is developed and several days with muscle pain and reduced

function are observed. In humans, stimulation of collagen synthesis in

IMCT tissue occurs after heavy bouts of exercise,20 and only when unfa-

miliar, electrically induced unphysiological exercise is performed so we

find signs of damage in both the IMCT (disruption) and the muscle cell

itself (Z-band disruption).21 Interestingly, when resuming an unaccus-

tomed activity up to several months later, the acute pain and soreness will

be markedly reduced (repeated bout effect). In humans, the remodeling of

the IMCT plays an important role in muscle regeneration after intense

“muscle-damaging” exercise.22 Whereas immediately after exercise, signs

of inflammation (macrophages), injury (heat-shock protein, creatine

kinase, Z-band), deadhesion of tissue (tenascin-C), and satellite cell activa-

tion are observed. Subsequently, up to 30 days after exercise, an elevation

in numbers of macrophages, satellite cells, and factors regulating skeletal

muscle matrix (IGF-I, TGF-beta, collagen type I, III, IV, and XII) is

observed,22,23 which seems to signify an attempt to improve connective

tissue structure. It is very likely that remodeling of the IMCT is the key

factor that explains the “muscle memory” of the intense exercise carried

out up to months earlier.
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In more severe muscle damage, the importance of not only muscle stem

cells/satellite cells but also of fibroblasts has been demonstrated in animal

models.23a Further, an important role of collagen (type VI) for muscle regen-

eration and growth has been demonstrated.24 This supports the view that

not only in physiological adaptations to exercise does the IMCT and its cells

play an important role, but that fibroblasts of the IMCT are crucial for

optimal muscle regeneration after injury. Further, in pathological conditions,

the formation of intramuscular fibrosis (like muscle laceration, diabetes,

cerebral palsy) also illustrates that a normal homeostasis and balance between

the muscle cell and its surrounding connective tissue are important for

optimal muscle function.

3. MYOTENDINOUS JUNCTION—TRAINING
AND DETRAINING

The connection between muscle and tendon tissue is crucial for force

transmission from muscle to tendon, and both in animal and human studies,

it has been shown to be a primary site for tissue failure when subjected to

strain.25 Animal studies have demonstrated myotendinous junction (MTJ)

to be tendon finger-like processes that merge into skeletal muscle,26,27

and more lately human studies have confirmed tendon made ridge-like

(rather than finger-like) protrusions that interdigitate with groove-like evag-

inations in the muscle cell.28 The MTJ is known to consist of actin micro-

filaments, actin-binding proteins, proteins that link actin bundles to the

sarcolemma, transmembrane proteins that link cytoskeletal elements to

extracellular components, and proteins that link external lamina to the col-

lagen fibril-rich matrix. Further, a high content of collagen dominated by

collagen type I and III is present, and interestingly, the MTJ is the only loca-

tion in the muscle tendon unit where collagen type XXII is present.28,29 The

exact role of collagen type XXII in relation to mechanical loading remains

unclear, but it has been suggested that it is related to integrin alpha 7 expres-

sion, and thus to be mechanosensitive. Physical training is known—at least

in animals—to cause an increase in the “folding” and thus extent of the area

of theMTJ, which results in a larger contact surface area betweenmuscle and

tendon, and thus results in a higher tolerable mechanical load.30 This is inter-

esting, as it suggests multiple ways for the MTJ to improve its strength after

physical training. First, the tolerable load may be improved due to contact

area expansion between muscle and tendon. Second, a more shear-like

rather than simple tensile stress due to the folding may also improve the
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tolerable tissue load further. Third, the ridge-like tendon form into the mus-

cle cell may contribute to a “grab or trap effect” when muscle contractions

shorten but thicken the muscle cell and thus “anchoring” the tendon parts

into the muscle.28 To what extent physical training influence the MTJ in

humans has not been documented, and molecular and cellular adaptations

remain undescribed.

4. TENDON AND LIGAMENT

Tendon tissue has an essential role in transmitting contractile forces to

bone to generate movement, and is therefore uniquely designed to with-

stand considerable loads (up to �8 times body weight) during human loco-

motion.31,32 Tendon is organized in a strict hierarchical manner.33 Collagen

molecules are organized in a precise pattern to yield the characteristic 67-nm

D-periodization that forms collagen fibrils. The collagen molecule is

�300 nm in length and 1.5 nm in diameter,34 and aggregated molecules

of the fibril are stabilized by covalent intramolecular cross-links.35 The

cross-links bind the collagen molecules to one another and thereby confer

integrity on the fibril. Groups of fibrils then form fibers known as fascicle

bundles, which finally comprise the tendon proper. There are at least

28 different collagen proteins, but tendon and ligament are predominantly

made up of type I collagen.36 The fibrillar collagen is embedded in a hydro-

philic extracellular matrix (ECM) consisting of proteoglycans, glycopro-

teins, and glycosaminoglycans (GAGs), which are involved in the

development, organization, and growth control of tendon.4

4.1 Force Transmission Within the Tendon
Although the tendon might be functionally regarded as a single force-

transmitting structure, it remains unknown if force is transmitted homoge-

neously throughout the tendon, and therefore if the stress–strain on tendons

is uniform. In fact, whether there is a “weak link” in the force transmission,

and how it might adapt to loading conditions, remains an enigma. Fascicles

from the anterior and posterior portion of the human patellar tendon display

noticeably different mechanical properties,37 and lateral force transmission

between adjacent fascicles is relatively small, and therefore, the fascicles

can be considered to be functionally independent structures.38 The fact that

sliding can occur between fascicles might be advantageous as, for example,

tendons wrap around bones. The interfascicular space contains fibroblasts,

capillaries, nerves, and small-diameter fibrils,38 and it remains unknown if
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the structures in this space would be adversely affected by disproportionately

large shear and/or possible focal adhesions.

The collagen fibril is considered the fundamental force-transmitting unit

of the tendon and ligament,39 although the actual length of fibrils in mature

tissues remains an unresolved issue. This lack of fundamental knowledge

precludes a detailed understanding of force transmission. In fact, suggestions

that fibrils are continuous and discontinuous exist with currently no

unequivocal proof of either proposal.40 Discontinuous fibrils would require

force to be transferred between adjacent fibrils, and functionally continuous

fibrils would mean that the fibrils assume most of the tensile load. The pro-

posal that fibrils are discontinuous implies that the proteoglycan-associated

GAGs found on the surface of the collagen fibrils may be an important trans-

mitter of load. However, it has been shown that the mechanical properties of

isolated fascicles from human patellar tendon are unaffected after removal of

GAGs.41 These results suggest that GAGs cannot be considered important

mediators of tensile force transmission and that force transmission must

either take place through other matrix components or the fibrils must be

mechanically continuous.

Fibril morphology has previously been associated with mechanical prop-

erties of collagen tissues, where a positive relationship was suggested

between the “mass average diameter” of fibrils and ultimate tensile strength

of the tissue.39 Large-diameter fibrils have been thought to possess aug-

mented tensile strength due to greater potential for intrafibrillar cross-links,

and smaller fibrils are weaker but more creep resistant due to a higher surface

area per unit mass, which allows for increased electrostatic interactions

between fibrils and GAGs.39 More recent data on human patellar tendon,

however, suggest that material properties are not closely related to fibril

morphology, per se.42

The tropocollagen molecule comprises three polypeptides arranged as a

triple-helical structure stabilized by hydrogen bonds.43 The collagen mole-

cules are organized in a precise pattern and an important contributor to the

mechanical properties of the tendon is the intermolecular cross-links.35 Dur-

ing loading, the triple helix of the tropocollagen molecule is believed to

uncoil, elongate, the gap between longitudinally adjoining molecules of the

fibril might increase, or there might be a relative slippage between laterally

adjacent molecules.44–46 Individual collagen molecules have a fracture mod-

ulus that far exceeds that of the tendon fibril,43 and are therefore unlikely the

“weak link.” However, it is unknown to what extent the proposed gliding

mechanisms at the level of the molecule will affect the associated cross-links.47
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Tendons can store and release energy during locomotion, while liga-

ments serve to provide joint stability. Although ligaments and tendons

have these distinct functions, it appears that they are largely similar in

structural and biochemical composition.48,49 Minor dissimilarities exist

in that ligaments have increased concentration of the immature cross-link

dihydroxylysinonorleucine, a higher concentration of pyridinoline (36),

and a larger number of small fibrils.48,49

4.2 Training of Tendon and Ligament
Knowledge of whether and how tendons adapt to increased loading has until

recently been somewhat limited. The average tensile stress (force/area)

exerted on the tendon will depend on its cross-sectional area (CSA). There-

fore, for a given force a larger CSA will yield a reduction in stress and pos-

sibly confer a reduction in injury risk. Human tendons, including the patellar

and Achilles tendons, typically have a fracture stress of �100 MPa. How-

ever, most tendons are only subjected to stresses of up to 30 MPa,50 which

gives tendons a reasonable safety margin, although the Achilles tendonmight

experience stresses of up to �70 MPa.31

In humans, cross-sectional data suggest that habitual long-distance run-

ning (>5 years) is associated with a markedly greater CSA (22%) of the

Achilles tendon compared to that of nonrunners.51 However, a total training

stimulus of �9 months of running in previously untrained subjects did not

result in tendon hypertrophy of the Achilles tendon.52 This lack of response

may relate to the relative unresponsiveness of tendon tissue. On the other

hand, it was recently shown that life-long endurance exercise was associated

with a 30% greater CSA in elderly men, which lowers the stress on the ten-

don and potentially reduces the risk of injury.53 The previously mentioned

lack of response to 9 months of endurance training may also relate the abso-

lute load: It has been shown that athletes that subject the Achilles tendon to

intermittent high loads have a greater tendon cross-sectional tendon,54 and it

has also been shown that resistance training can result in tendon hypertro-

phy.55 A greater tendon cross-section will yield a lower average stress on the

tendon when loaded. Curiously, it appears that the tendon hypertrophy is

largely regional such that the increase occurs primarily in the ends of the

tendon.54

Tendon collagen fibrils are the basic force-transducing units of the ten-

don, and themorphology of the fibrils is commonly believed to largely influ-

ence the mechanical properties and function of the tendon. However,
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currently the picture is not coherent: in animal models, it has been shown

that an increase in physical activity may decrease, increase, or leave the fibrils

size unchanged.56–58 In humans, it has been shown that fibril morphology is

unaltered by life-long endurance training,53 while it is influenced by heavy

resistance training in patients with tendinopathy.59

The intermolecular cross-links may also be an important contributor to

the properties of tendon tissue. The cross-links can be divided into two

broad groups, the enzymatic and the nonenzymatic. Enzymatic cross-links

are formed as a result of the lysyl oxidase (LOX) enzyme acting on the type

I collagen molecule.60 In tendons, the enzymatic cross-link composition

changes with maturation, and it has been shown that it is modulated with

heavy resistance training.61 Nonenzymatic cross-links are formed when

reducing sugars bind to amino acids and are referred to as advanced glycation

end-product (AGE). AGE accumulation is dependent on collagen turnover

rates in the specific tissue and therefore naturally collects during the aging

process to a higher extent in tissue with low collagen turnover.62 In tendon

tissue, it has been shown that endurance training and resistance training may

reduce AGE accumulation.53,61

4.3 Detraining of Tendon and Ligament
It is well known that the immobilization-associated drop in maximal muscle

strength is greater than that of muscle mass and that both contribute to

reduced muscle function.63,64 Interestingly, recent studies report that

unloading affects tendon properties to a greater extent than does muscle

loss.65 Some animal immobilization studies show that tendon stiffness is

reduced without a change in tendon size,66,67 although some have shown

opposite results.68 Human data in young individuals also show that mechan-

ical properties of the tendon decrease without tendon atrophy.65,69,70 Short-

term immobilization has been reported to reduce tendon modulus by up to

30% in 23 days65 and up to 58% after 90 days.71 With respect to the fibril

morphology, it has been shown that there is a decrease in the number

and average diameter of collagen fibrils with immobilization.72,73 In

addition, the interfibrillar spacing has been reported to increase with immo-

bilization.74 The reduced fibril density may explain the loss of tendon mate-

rial properties, while tendon CSA remains unchanged due to increased

interstitial water and/or other ECM components.65,75 It was recently shown

in humans that a 2-week immobilization period resulted in reduced tendon

stiffness, although the fibril morphology was unaffected. Such rapid changes
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in mechanical properties may be related to changes in enzymatically derived

cross-links.76 It has been proposed that tension on the tendon is a key factor

in maintaining homeostasis,77 and this rapid change in mechanical properties

in response to inactivity underscores this notion.

4.4 Collagen Synthesis and Turnover—Regulation in Tendon
As noted above, tendonmechanical properties and CSA have been shown to

increase in response to training in humans and animals. This indicates that

mechanical stimuli can lead to adaptive responses of the tendon cells,

resulting in changes in the ECM. However, the mechanisms responsible

for these adjustments are still debated, and a relatively large discrepancy exists

between results from animal and human studies.

One hypothesis is that mechanical loading of tendon tissue during exercise

or training initiates a signaling cascade that stimulates the cells located in the

tissue to increase their production ofmatrix proteins, ultimately leading to ten-

don hypertrophy. This phenomenon—termed “mechanotransduction”—is

well established and described in vitro.78 Cell culture studies on tendon and

ligament fibroblasts show that fibroblasts respond to mechanical stretch by

increasing their production and secretion of certain growth factors that in turn

act on the fibroblasts to induce expression and synthesis of collagen.78 Growth

factors involved in this signaling cascade include transforming growth factor

b1 (TGFb1) and connective tissue growth factor (CTGF).79,80 In addition,

more indirect evidence suggests that IGF-I could act as a link between

mechanical load and collagen synthesis in tendon tissue.81,82

Several experiments on small animals suggest that this mode of

mechanotransduction is involved in tendon adaptation to loading. At least

intense tendon loading in rats, by electrically induced muscle training or syn-

ergist ablation, leads to substantial increases inmRNAexpression of collagen-

inducing growth factors, IGF-I and TGFb1, in parallel with increased

mRNA expression of collagen type I and III in the tendon tissue.3,83,84 In

addition, repeated bouts of treadmill running have been shown to elevate

levels of IGF-I protein in rat tendons.82 Thus, it seems likely that the tendon

cells respond to loading by increasing growth factor production, and that the

action of these growth factors leads to induction of collagen expression.

However, a causal link between the increased expression of these growth

factors and the increase in collagen expression has not been proven, and

the exact molecular signaling pathways involved in transforming mechanical

signals into biochemical signals in tendons are still largely unknown.85
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In support of a comparable loading-induced tendon collagen synthesis in

adult humans, microdialysis studies show increased levels of markers for col-

lagen synthesis in the peritendinous tissue surrounding the Achilles tendon

tissue, in response to both acute exercise and long-term training.86,87 How-

ever, these microdialysis data likely reflect the collagen synthesis at the very

periphery of the tendon, or even outside the tendon, rather than that of the

actual tendon tissue. A more direct way of measuring collagen synthesis in

human tendon tissue is to trace incorporation of labeled amino acids in ten-

don tissue. With this approach, an increased rate of collagen synthesis was

observed in patellar tendons of youngmen in response to acute kicking exer-

cise.15 However, several other studies using the same technique, and the

same exercise model, could not confirm this loading-induced collagen syn-

thesis in adult human tendon.88–91

With regard to gene expression of growth factors and collagen, results in

adult humans are not consistent with the dramatic responses seen in rodents

in response to tendon loading (discussed above). Three studies have inves-

tigated gene expression in human patellar tendon tissue in response to acute

exercise. Two of these investigations found decreased or unchanged growth

factor and collagen mRNA expression in tendon biopsies from the

midportion of the tendon,92,93 while one study found modest increases in

collagen and CTGF mRNA expression in tissue from the proximal part

of the patellar tendon in response to exercise.88 In other words, the response

of adult human tendon tissue to acute loading does not seem tomimic that of

rodent tendon tissue. This suggests that adult human tendon tissue is far less

responsive than that of small animals, and such differences may relate to the

fact that rats and mice are still in a growth phase at the point when they are

typically used in experiments (typically at 10–12 weeks of age for rats),3,83,84

and consequently, their tendons may have more potential for adaptation

than adult human tendons.

Due to the diverging results in tendon research, it is currently debated to

what degree acute exercise influences rates of collagen production in the

adult human tendon and at what basal rate tendon tissue is actually metab-

olized. A recent study on tendon tissue turnover has taken advantage of the

so-called carbon-14 (14C) bomb-pulse method. With this method, 14C, left

over from nuclear bomb tests performed in the 1950–1960s, can be traced in

tissues with slow turnover. Large amounts of 14C were retained in healthy

Achilles tendon core from adults born during the peak of the 14C bomb

pulse, and this gives clear evidence of an extremely slow rate of Achilles ten-

don tissue turnover in adult life.94 In comparison, no remnants of 14C from

273Musculoskeletal Matrix and Exercise



the bomb pulse were found in muscle tissue from the same persons, indicat-

ing rapid turnover of this tissue.94 The evidence of slow tendon turnover is

supported by two earlier studies, in which accumulation of pentosidine

(nonenzymatic cross-link) and D-aspartate was measured to estimate long-

term tissue turnover in adult human biceps tendon95 and mature horse

tendon,96 respectively.

The apparently slow rate of tendon tissue renewal fits poorly with data

from studies investigating acute tendon collagen synthesis rates with use of

labeled amino acids. These studies indicate relatively high basal rates of ten-

don collagen synthesis, almost resembling the synthesis rate of myofibrillar

protein in skeletal muscle.15 However, the measure of acute incorporation

of labeled amino acids suffers from the complication that all new synthesis of

collagen is detected, even though this newly synthesized collagen may often

be rapidly degraded and thus never incorporated into the tissue matrix.97

Hypothetically, a potentially large production of excess collagen, which is

broken down relatively quickly and never incorporated into the more per-

manent tissue structures (i.e., collagen fibrils), will contribute to the mea-

sured synthesis rate. If this hypothesis holds true, the findings of high

basal levels of tendon protein synthesis (measured with amino acid tracers)

could be reconciled with a relatively permanent tendon matrix in adult

human and horse tendon.94–96

It does, however, remain difficult to reconcile a very slow tissue turnover

with the fact that human tendons can hypertrophy in response to long-term

loading (e.g., Ref. 55), as the hypertrophic response indicates some degree of

synthetic activity. One possible explanation is that loading-induced tendon

growth takes place at the very periphery of the tendon. This could be rec-

onciled both with the 14C bomb-pulse data, showing very low turnover

rates in the tendon core, and with the fact that microdialysis experiments

consistently indicate a loading-induced collagen synthesis in peritendinous

tissue.86,94 This hypothesis is supported by recent data on 6-month-old

mice, which showed that overload-induced plantaris tendon hypertrophy

was based on growth and cell proliferation only in the most superficial layers

of tendon tissue, while the “original” core tendon remained relatively con-

stant.98 A greater potential for growth at the tendon periphery is further

supported by an early study that showed greater levels of IGF-I protein

expression in cells located in the rat Achilles tendon periphery compared

to those located in the deeper part of the tendon.82 Also, more recent studies

suggest greater potential for growth and cell proliferation in the superficial
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parts of the tendon in rodents.99,100 In other words, it may be speculated that

a new layer of collagenous matrix is added, comparable to a tree ring, when

the tendon grows in response to loading.

An alternative explanation for the diverging results in tendon research,

with regard to the adaptability of tendon tissue to loading and the overall

metabolic activity, could be that large differences exist between different

types of tendons. Data from horses show that high-load tendons have slower

turnover than tendons subjected to more moderate loads.96 Though perhaps

counterintuitive, it may be speculated that high-load tendons simply cannot

“afford” to have a constant remodeling going on as this may reduce strength.

Therefore, the high-load Achilles tendon may well have slower turnover

than tendons that are loaded less, such as the patellar tendon. This could

explain why patellar tendon hypertrophy is seen relatively consistently in

response to long-term loading (e.g., Ref. 55), while data on Achilles tendon

hypertrophy in relation to loading are far less consistent.52 In addition, there

may well be regional differences within individual tendons. As an example,

training-induced hypertrophy of the patellar tendon is in most cases seen

exclusively at the proximal and distal parts, and not the mid-tendon (e.g.,

Ref. 55). It remains to be investigated if the apparent differences in respon-

siveness between different tendons, and between regions within tendons, are

connected to different levels of tissue turnover.

Finally, a potential explanation for exercise-induced hypertrophy could

be that it is merely a consequence of increased water content and not an

actual accrual of collagen matrix. This leaves the training-induced increase

in tendon stiffness to be explained, and potentially, an increase in stiffness

could happen in the absence of collagen accrual if cross-linking of the exis-

ting matrix was augmented by loading. In favor of this hypothesis, one study

in rats showed a substantial increase in mRNA expression of the collagen

cross-linking enzyme LOX in response to 4 days of strength training.3

5. CARTILAGE—TRAINING AND DETRAINING

The joint protecting function of cartilage is ensured by its fibrous net-

work with fibrils primarily consisting of type II collagen (more than 90%). In

addition, noncollagen molecules especially proteoglycans (PGs) that contain

hydrophilic GAGs ensure high water content. This provides the basis for a

tissue that is resistant to compression. The turnover of the main

component—collagen type II—in cartilage is extremely low, and matrix
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metalloproteinase (MMP)-initiated degradation of cartilage is counteracted

by the presence of small leucine-rich proteins like biglycan, fibromodulin,

decorin, fibronectin, cartilage oligomeric protein (COMP), and matri-

lines.101 With mechanical loading of cartilage, the interaction between

the chondrocyte and fibroblast growth factor 2 results in a synthesis of matrix

proteins through the mitogen-activated protein kinase (MAPK) path-

ways.102 Further, mechanical stimulation of the cartilage induces a release

from chondrocytes of interleukin-4 (IL-4) that can influence aggrecan

and MMP-13 and act as an anti-inflammatory, combined with the release

of IL-10 that can counteract IL-1 and tumor necrosis factor alpha (TNF-

α) to amplify the anti-inflammatory response. IL-10 has been demonstrated

to be released from articular cartilage after acute exercise in patients with

knee osteoarthritis103 and could potentially be associated with the symptom

diminishing effect of exercise in knee and hip osteoarthritis.

Chronic moderate mechanical loading of joints will lead to thickening of

the cartilage in animals, with a higher content of proteoglycans, but

unchanged levels of collagen.104,105 In humans, regular exercise in children

and adolescents resulted in increased amount of joint cartilage,106 and in

adult elite endurance athletes, the area of the weight-bearing joint surface

was increased compared to sedentary controls, whereas no difference in car-

tilage thickness was observed.106 Acute exercise resulted in a short-term

deformation of the cartilage—decreasing the thickness of loaded area but

compensatory thickening of other areas so the total volume was

maintained—and this acute change occurred in a similar fashion whether

individuals were sprint trained, strength trained, or untrained.106,107 This

indicates that training does not change thickness or deformation capacity

of cartilage, but if it changes the tolerable mechanical load is unknown.

In running dogs, overloading of the cartilage could be achieved by

extreme distances, resulting in a decline of GAG content and destruction

of the collagen structure and organization.105 This leads to loss of collagen

and loss of chondrocytes. It is known that ADAMTS 4/5 (a disintegrin and

metalloproteinase with thrombospondin motifs) and MMP-13 are involved

in cartilage damage and development of osteoarthritis, and interestingly,

MMP-13 is overexpressed in mechanically overloaded tendons. Thus, this

opens the possibility that development of osteoarthritis is connected to

mechanical overloading of the joint in some predisposed individuals.

Inactivity leads to a reduction in cartilage thickness as demonstrated in

paraplegic and long-term immobilized individuals.106 Animal studies sup-

port the view that this reduction is associated with reduced content of
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proteoglycans, and that the number of cross-links was decreased with soft-

ening of the cartilage.105 Remobilization resulted in some reestablishment of

cross-links and proteoglycan accumulation, but not in all joint areas a full

recovery was observed.

6. BONE

Bone is ideally designed to withstand large mechanical forces, and it

thereby supports the primary purposes of the skeleton: (1) to provide a

framework for the attachment of muscles, tendons, and other tissues thereby

supporting motion and postural position of the body, (2) to protect vital

organs such as the heart, brain, bone marrow, and reproductive organs,

and (3) to support metabolic function where it serves as storage for essential

minerals including calcium and phosphorus, as well as acting as an endocrine

organ secreting hormones regulating systemic metabolic functions.108 Bone

is a composite material. The ECM consists of mineral, collagen (primarily

type I, but also type III and V), water, and noncollagenous proteins. The

collagen forms a scaffold of bone matrix. Collagen fibers are tightly con-

nected through intra- and intermolecular cross-links. Into the collagen scaf-

fold, hydroxyapatite crystals are attached and form the mineral phase of

bone. Hydroxyapatite is a naturally occurring calcium-containing mineral

that is enriched with magnesium, carbonate acid, phosphate, and other trace

elements. The collagen composite provides the elastic properties of bone

while the hydroxyapatite provides the support for the collagen matrix giving

bone its strength and mechanical resistance, thus making bone a strong yet

flexible structure.108 Furthermore, collagen fibers are arranged in layers with

the fibers in the individual layers arranged at different angles, thus resembling

plywood providing even more strength to the tissue.

Already in the nineteenth century, the anatomist Wolff observed that

bone could adapt to the mechanical stimuli in the environment. Almost a

century later, Frost formulated the “Mechanostat” theory in which he pro-

posed that there is a set point of mechanical strains around which bone mass

and structure remains constant. Moreover, if bone strains increase above the

set point, bone formation occurs resulting in stiffer bone. In contrast, if bone

experiences strains lower than the set point, bone loss will occur.109 How-

ever, it was later shown that the set point can be altered or modified by sys-

temic factors such as hormones (parathyroid hormone (PTH), sex

hormones, etc.).110
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6.1 Mechanosensing in Bone
Due to the unique properties of bone, strenuous physical activity only results

in a small degree of deformation of the skeletal tissue of up to 0.3% (3000

microstrain). This level of deformation is common across a number of spe-

cies.111 It has been somewhat controversial what the actual physical stimulus

to bone cells is, and most in vitro studies employ fluid flow for the investi-

gation of the response of bone cells to mechanical stimuli. However, it is

muchmore likely that bone cells are exposed to a variety of mechanical stimuli,

altogether creating a highly diverse physical environment with the biological

response being an integral of the different stimuli. Also, the nature of the stim-

ulus may very well be different between the different types of bone cells. Oste-

oblasts reside in the bone marrow and on the endost and are exposed to

pressure in themedullary cavity. In contrast, osteocytes are located deepwithin

the bone tissue where they form a three-dimensional network with processes

that are interconnected through the canalicular network surrounded by thin

layers of pericellular fluid separating the processes from walls of the canaliculi.

Thus, osteocytes experience dynamic fluid flow pressure along the processes.

Also, shear forces may affect the cells together with dynamic electric fields

as the interstitial fluid passes charged bone crystals.112 Finally, osteoclasts and

osteoclast precursors may be exposed to mechanical stimuli as they reside in

the bone marrow, where dynamic pressure can stimulate them.

A number of cellular components in bone cells can act as

mechanosensors. First, deformation of the membrane due to shear stress

and pressure is transmitted to the cytoskeleton and further to the proteins

forming the cell–matrix adhesion.113 Through various pathways, the defor-

mation of the cytoskeleton induces responses in the nucleus and ultimately

protein expression. In osteoblasts, stretch or strain of the cell membrane can

activate a number of ion channels.114 Primary cilia are expressed on the sur-

face of some osteocytes115 and may sense fluid flow thereby activating ion

fluxes primarily through PCI and TRPV4 with subsequent modulation of

the Wnt signaling pathway. Thus, the various mechanisms involved in sens-

ing mechanical signals in bone presumably promotes an integrated signal

based on the many types of stimuli affecting the bone cells involved.

6.2 Mechanotransduction in Bone
Osteocytes are ideally located to not only sense but also communicate

responses to mechanical stimuli throughout the osteocyte syncytium. Also,

they can amplify the response and provide a directional effect taking into
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account which specific local area of the bone that is being loaded. Thus,

bending of bone results in enhanced bone structure on the compressed side

of the bone, while bonemass is reduced on the contralateral side of the bone.

Multiple pathways are involved in translation of the mechanical stimulus to

biological responses in bone, including calcium signaling, MAPK,Wnt, and

RhoA/ROCK pathways, with the Wnt signaling pathway being one of the

most extensively described. Wnt ligands bind to Frizzled and LRP-5/6

receptors and induce accumulation of β-catenin in the osteoblast cytoplasm

and furthermore translocation into the nucleus, where β-catenin acts as a

transcriptional coactivator of osteoblastic transcription factors such as

RUNX2. Thereby, it promotes commitment of mesenchymal stem cells

to preosteoblasts, osteoblast proliferation and differentiation, and subse-

quently formation of mineralized matrix. This may explain why exercise

drives the mesenchymal stem cells into the osteoblastic lineage of cells,116

while immobilization/disuse increases adipose tissue in the bone marrow

compartment.117 Moreover,Wnt signaling downregulates osteoclast forma-

tion and activity by modifying the OPG and RANKL expression in osteo-

blasts and osteocytes.118 Sclerostin, a product of osteocytes, is constitutively

released and inhibits the Wnt signaling pathway, thereby inhibiting bone

formation. In contrast, loading reduces sclerostin release by osteocytes, thus

reversing the inhibition of the Wnt pathway with subsequent increase in

bone formation and reduction of bone resorption. Sclerostin inhibitors

are currently being tested in clinical trials for the treatment of osteoporosis.

Other important intracellular pathways activated upon mechanical stim-

ulation of bone cells include the prostaglandin E2 (PGE2) pathway. Percep-

tion of strain induces release of PGE2 which subsequently binds to its

receptors EP2 and EP4 and, together with integrin, inhibits GSK-3β and

Akt activation, resulting in accumulation of β-catenin.119

Osteoblast also has the ability to communicate directly with one another

upon mechanical stimulation through intercellular calcium transients that

involve either release of adenosine triphosphate and activation of P2

purinergic receptors on neighboring cells or passage of different molecules

through gap junctions connecting the cells.120 Also, osteoblasts can propa-

gate mechanically induced signals to osteoclasts via purinergic signaling,121

though it is controversial whether osteoblasts and osteoclasts are present at

the remodeling site at the same time. Interestingly, osteoclasts themselves

actually decrease resorbing activity when exposed to direct mechanical stim-

ulation such as pressure.122 Also, the PTH type 1 receptor123 has been shown

to be involved in mediating the effect of loading on bone cells.
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Recently, studies have demonstrated that microRNAs (miRNAs) influ-

ence the response of osteoblasts to mechanical loading. miRNAs regulate

Runx2 expression with both positive and negative effects on skeletal mor-

phogenesis and osteoblast formation.124 miRNA-135 and miRNA-26a

can inhibit osteoblast formation through the BMP-2/Smad signaling

pathway,125 while miRNA-29a inducesWnt signaling during osteoblast dif-

ferentiation.126 Thus, miRNAs clearly regulate osteoblast differentiation

and activity and may be important players in regulation of skeletal responses

to mechanical loading.

6.3 Training of Bone
Studies have consistently shown that loads resulting in high strains induce

bone formation in the loaded areas, while areas with lower peak strains have

lower levels of bone formation or even increased bone resorption.127 While

bone and bone cells are clearly responsive to mechanical stimulation, the

mode and nature of the stimulus are critical to the anabolic response.

A number of animal studies have demonstrated that only dynamic stimuli

can create an osteogenic response, whereas static loading does not induce

the formation of new bone.128 It has also been shown that changes in rem-

odeling are dependent on the strain amplitude/magnitude,129 as well as the

number and interval between the loading cycles.130 The anabolic response

can also be desensitized and periods of rest between the load cycles can

therefore increase the osteogenic response.131 However, if the magnitude

of the load is too big or the number of loading cycles is too high, this

may result in fatigue of the bone tissue resulting in tissue damage, also called

microdamage. Thus, instead of inducing bone formation, microdamage will

result in a series of cellular events including osteocyte apoptosis and induc-

tion of bone resorption locally.132

Interestingly, periods of rest between loading cycles increase bone for-

mation.133 This indicates that there is some kind of desensitization mecha-

nism in the mechanotransductory apparatus. This fits well with the

underlying mechanisms, where several of the receptors and pathways

involved in mechanotransduction are known to desensitize, including the

P2 purinergic receptors.120

A number of studies have used various exercise interventions to inves-

tigate which exercise was the most optimal to stimulate bone growth or

to preserve bone mass. Exercises can load bones mechanically, either when

bones are weight bearing (aerobics, running, walking, etc.) or when engaged
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in resistance training (weight lifting and other resistance exercises). Also,

studies have employed more artificial ways of exercising bone such as vibra-

tion plates. A recent Cochrane review evaluated the evidence for the effect

of exercise on preventing and treating osteoporosis in postmenopausal

women.134 The study concluded that exercise provides a relatively small,

yet statistically significant effect on bone density in postmenopausal women

compared with control groups. Themost effective type of exercise interven-

tion on femoral bone mass appeared to be nonweight-bearing exercise with

high force such as progressive resistance strength training for the lower

limbs. For increasing the vertebral bone mass, the most effective interven-

tion was exercises that combined different types of dynamic loading. The

effect size was relatively small as the increase in bone mass was only around

3% compared with control groups. Moreover, the risk of fracture across

all exercise groups was not significantly different in the exercise groups

when compared to the control groups.134 This fits well with previous

in vivo studies that have shown that the number of loading cycles required

to maximally stimulate bone formation is surprisingly small. This was

demonstrated in an avian ulnar loading model where only four loading

cycles per day were sufficient to prevent the bone loss associated with immo-

bilization. In contrast, increasing the number of loading cycles from 36 to

1800 per day did not give any additional anabolic response to the

loading,130 demonstrating that the loading necessary to maintain the bone

tissue is relatively light.

Whole-body vibration has been mentioned as a way to mechanically

stimulate bone anabolic effects in patients that are otherwise immobilized.

It potentially activates mechanotransduction and osteogenesis, but studies

have shown varying results. This may be due to differences in the stimulation

protocols, such as number of loading cycles, amplitude, and frequency.

Overall, training duration ranged from 6 to 18 months and frequency from

once to twice per week. Loading time was from 4 to 20 min per day.

Increases in bone mass varied from 0% to 4% over 6–8months of training.135

However, even though the effect on bone mass was minimal, balance was

improved and the number of falls decreased significantly over 18 months136

indicating that benefits other than increases in bone mass can be obtained by

vibration plate stimulation of the musculoskeletal system. Vibration plate

training may therefore be beneficial in patients that are exercise intolerant

or with limited mobility. However, the optimal treatment protocol has

not yet been established in terms of frequency, amplitude, treatment dura-

tion, mode of vibration, etc.
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Other factors (systemic) also seem to influence the local effects of exer-

cise. Age and sex clearly influence the anabolic response. Adolescents have a

clearly better bone response to exercise than adults. Also, the effect is higher

in premenopausal compared to postmenopausal women.137 This may be

because the number of viable osteocytes decreases in the aging skeleton, thus

making the skeleton less sensitive to mechanical stimuli and thereby less

prone to respond to the mechanotransductory signals. Moreover, older

men have better effect than older women,138 indicating a regulatory effect

of sex hormones.

6.4 Detraining of Bone
The effect of detraining, and even unloading, on bonemass is far greater than

that of loading. Osteocyte health and survival is clearly dependent on a con-

stant use of the skeleton. If bone is immobilized, osteocyte apoptosis

increases resulting in the loss of osteocytes in the immobilized bone.139 It

is well established that the bone mass gained will be lost upon detraining,

so training should be continued to maintain what has been gained.140 From

different conditions of unloading, it has been seen that unloading and disuse

lead to substantial increases in bone resorption and subsequently bone loss—

this is true for astronauts not exposed to gravity, patients with spinal cord

injury, and after exercise detraining. Also, elderly people with conditions

followed by partial or total immobilization all lose bone at a high rate. In

a recent study in patients with acute spinal cord injury, the mean loss in bone

mineral density over the first 4 months was around 8.3%, with large individ-

ual differences.141 However, some studies have shown that total immobili-

zation can result in loss of bone mass of up to 30–40%. The structural

changes in bone during unloading are many. Again, in a study of patients

with spinal cord injury, cortical thickness was 20–40% lower than in healthy

controls.142 Trabecular density was also found to be reduced substantially in

patients with spinal cord injury with annual losses of 14%143 though with

huge interindividual variations (from 2% to 80%). During spaceflight, astro-

nauts experiencedmean losses in trabecular density of 4% at the lumbar spine

and 12% at the proximal femur, though again with considerable individual

variability.144

In summary, the consequence of physical activity on the adult skeleton is

preservation, not acquisition. Thus, it seems that exercise in adults only

results in minor increases in bone mass and quality, but detraining/disuse

results in rapid and substantial losses of bone mass. Therefore, in order to
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optimize bone mass, exercise should be started when the skeleton is still

growing to optimize the effect, and exercise and loading of bone should

be continued throughout life.

7. CONCLUSION

The collagen tissues of the musculoskeletal system all the way from

IMCT, over the MTJ, through the tendon, passing the joints with its car-

tilage and ligaments and ending with the bone, play a crucial role in

maintaining the architecture of the skeletal muscle, ensuring force transmis-

sion, storing energy, protecting joint surface and stability, and ensuring the

transfer of muscular forces into resulting limb movement. The overall struc-

ture of the musculoskeletal connective tissue is relatively stable, but mechan-

ical loading and subsequent mechanotransduction and molecular anabolic

signaling can result in some adaptation of the connective tissue, its size,

its strength, and its mechanical properties, whereby it can improve its capac-

ity by 5–20% with regular physical activity. For several of the mechanically

loaded connective tissues, the exact molecular and cellular signaling path-

ways remain to be explored in detail. In contrast to the adaptive responses

in connective tissue to regular exercise, lack of mechanical tissue loading

through inactivity or immobilization of the human body will result in a dra-

matic loss of connective tissue content, structure, and tolerable load within

weeks, to a degree (30–40%) that mimics that observed in contractile skeletal

musculature. This illustrates the importance of regular mechanical load in

order to preserve the stabilizing role of the connective tissue for the overall

function of the musculoskeletal system in both daily activity and exercise.
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Abstract

The endocrine system has profound regulatory effects within the human body and thus
the ability to control and maintain appropriate function within many physiological sys-
tems (i.e., homeostasis). The hormones associated with the endocrine system utilize
autocrine, paracrine, or endocrine actions on the cells of their target tissues within these
physiologic systems to adjust homeostasis. The introduction of exercise as a stressor to
disrupt homeostasis can greatly amplify and impact the actions of these hormones. To
that end, the endocrine response to an acute exercise session occurs in a progression of
phases with the magnitude of the response being relative to the exercise work intensity
or volume. Various physiologic mechanisms are considered responsible for these
responses, although not all are completely understood or elucidated. Chronic exercise
training does not eliminate the acute exercise response but may attenuate the overall
effect of the responsiveness as the body adapts in a positive fashion to the training
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stimulus. Regrettably, an excessive intensity and/or volume of training may lead to mal-
adaptation and is associated with inappropriate endocrine hormonal responses. The
mechanisms leading to a deleterious maladaptive state are not well understood and
require additional research for elucidation.

1. INTRODUCTION

Humans have a variety of hormone-like substances that exhibit endo-

crine, paracrine, and autocrine actions on the tissues of the body. Physiolog-

ically these substances are involved in a multitude of regulatory roles for

processes such as growth and development, reproduction, metabolism,

hydration, cardiovascular adjustments, immune responses, and stress reactiv-

ity. Research studies indicate that physical activity and exercise can have

powerful effects on the production of these hormone-like substances and

thus the processes these substances regulate.1–4 In most situations, the effects

of exercise on the endocrine aspects of the body are of a positive nature and

aid in improved functional aspects of tissues and organs resulting in

improved health and/or performance. Unfortunately, however, when exer-

cise is executed incorrectly or poorly developed, exercise training programs

are implemented counter-productive endocrine responses and negative

physiological consequences can occur.

Individuals involved with exercise for the intent of improving health and

well-being may typically carry out a training “exercise prescription” com-

prised of 3–5 days a week of activity, for 20–60 min in duration at a low-

moderate to moderately vigorous intensity.5 This 1.5–5 h commitment

per week is challenging for many ordinary people to achieve. For athletes

who participate in sports, this volume of activity might represent what they

typically do in a single day of their exercise training program. Such large dos-

ages of exercise in athletes, when administered chronically bring about large

and substantial physiological adjustment and adaptation, which many

experts feel is necessary to enhance sporting performance to the highest

levels.6,7 Regardless of whether one is an ordinary person or an athlete

involved in exercise, there are profound changes in the endocrine system

that allow the body to accommodate and adjust to the physiological needs

of exercise.

To this end, this chapter will address the responses and adjustments—

adaptation of the endocrine system with respect to exercise and exercise

training. There are many forms and types of exercise activity and to a degree
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the type of hormonal response is influenced by the energy systems demands

and predominating physiological systems necessary to perform the activity.

For this latter reason and as a means to organize the dialog on this topic, the

endocrine responses will be presented in a dichotomous approach dealing

with activities of cardiovascular–aerobic type (i.e., endurance based) versus

activities of a muscular power–anaerobic type (resistance–strength based).

In assessing and quantifying exercise training, it is critical to understand

the concept of exercise dosages. Exercise dosage consists of “how much”

exercise an individual is being exposed. The components which are manip-

ulated to modulate the dosage are the duration (volume) of an exercise ses-

sion, the intensity of effort within a respective exercise session, and the

frequency of exercise sessions per day-week (if dealing with a training pro-

gram). Intensity is the most complex of these components. Characteristi-

cally, the perception of how difficult intense exercise is has been linked

to cardiovascular responses, usually expressed as a percentage of maximal

heart rate (HRmax) or maximal oxygen uptake (VO2max).
8,9 For

endurance-based exercise activities, there is a high reliance on the cardiovas-

cular system and aerobic energy metabolism to determine performance

capacity. This means for such activities the expressing of intensity relative

to VO2max or HRmax is appropriate. On the other hand, resistance-based

exercise activities are highly explosive in muscular force–power output

and performance is far less dependent upon cardiovascular functioning

and much more so on anaerobic energy production pathways.5,9 In the

latter such exercise activities, since resistance exercise training is a predom-

inant component, the expression of exercise intensity is based upon

percentage of maximal performance relative to a resistance task (i.e., the

lifting of a specific amount of weight). The reference criterion here is

the 1 repetition maximum (1RM). This represents the maximal weight–

force that can be generated for that task and signifies an intensity capacity

of 100%.10 Table 1 provides a summary and explanation of exercise activities

intensity issues.

2. ACUTE EXERCISE HORMONE RESPONSES

2.1 What Happens During Exercise
The acute responses of the major physiological systems to a single bout of

exercise can be substantial and are usually proportional to the intensity

of the exercise, although it is important to recognize that the relationship

of this proportional response(s) is not always perfectly linear.2 The hormonal
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Table 1 Endurance and Resistance-Based Exercises Classified by Different Levels of Intensity

Category Term Effort Perception Relative Intensity
Energy Pathway
Predominating

Representative
Duration (min) Other Terminology

Endurance exercise activities

Light exercise Easy <35%

VO2max

Aerobic >30 Short-term, submaximal

Moderate exercise Modest difficulty <70>35%

VO2max

Aerobic 30–180 Submaximal, prolonged

Heavy exercise Difficult <100>70%

VO2max

Aerobic–anaerobic �120 Submaximal, prolonged,

high intensity

Maximal exercise Strenuous 100%

VO2max

Aerobic–anaerobic <15 Maximal or max, high

intensity

Supramaximal exercise Extremely strenuous >100%

VO2max

Anaerobic <1 All-out, power

Resistance exercise activities

Submaximal exercise Modest difficulty <70>35%

1RM

Aerobic–anaerobic <1 Submaximal

Maximal exercise Extremely strenuous �100%

1RM

Anaerobic <0.1 All-out, power

Supramaximal exercise Extremely strenuous >100%

1RM

Anaerobic �0.1 Negatives

VO2max—maximal oxygen uptake; 1RM—one repetition maximum.



changes to exercise occur for various physiological reasons: (a) to induce car-

diovascular adjustments, (b) to activate energy production pathways and

mobilize energy substrates, (c) to facilitate maintenance of adequate hydra-

tion, and (d) to some extent as part of stress reactivity. Table 2 illustrates the

general changes for a variety of hormones in response to endurance versus

resistance exercise activities.

Many of these hormonal responses are not independent of one another

but are highly interrelated. To help illustrate this point, an explanatory

model is presented, i.e., the “Hormonal Exercise Response Model”

(HERM). This model explains that the hormonal responses to exercise

are a series of three interactive phases.2,11,12,15

The first phase of this model deals with the hormonal response immedi-

ately at the onset of exercise, with these responses taking just seconds to

occur. These responses revolve around the increased sympathetic nervous

system activation that occurs with the onset of body motion. This increased

sympathetic nervous system activity can also be a result of anticipation to the

stress of the ensuing exercise—which is most certainly the case in sport com-

petition scenarios. This increased sympathetic nervous system activity results

in catecholamine (norepinephrine) release at target tissues directly, as well as

elevations in circulating catecholamine from so-called sympathetic

“spillover” effects.11,15,16 This effect is further amplified by the sympathetic

connection to the adrenal medullary gland which in turn adds to the circu-

lating catecholamine (epinephrine) response.15,17 Concurrent with these

sympathetic-adrenal actions, pancreatic insulin secretion begins to be

inhibited, while glucagon secretion becomes stimulated.15 This entire pro-

cess involves a feed-forward mechanism of the central nervous system to

drive these initial responses, although the events are also modified by periph-

eral afferent neural input from sensory receptors, in particular, those of skel-

etal muscle.13,17

The intermediate or secondary phase takes slightly longer to develop but

is still typically very fast beginning usually in much less than a minute from

the onset of exercise. In this stage, the hypothalamus begins the process of

releasing its hormones such as thyrotropin-releasing factor, corticotropin-

releasing factor (CRF), and growth hormone-releasing factor in an attempt

to provoke changes at the anterior pituitary gland to stimulate the release of

specific hormones. As the pituitary begins to respond to the hypothalamic

stimulus, its “trophic hormones” begin to be added to the circulation,

and these hormones in turn begin to act upon their specific peripheral target

glands to stimulate additional hormonal release. One of the most rapidly
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Table 2 Physiological Responses to an Acute Exercise Session Based upon Whether the
Activity Is Predominately Endurance or Resistance Exercise

Hormone

Exercise–Activity
Predominating

Training Component Mechanism of Cellular
Actions (Direct Gene Activation
or 2nd Messenger)Endurance Resistance

Adrenocorticotrophic

hormone (ACTH)

" " 2nd messenger

Aldosterone " " Direct gene activation

Angiotensin " " 2nd messenger

Antidiuretic hormone

(ADH)

" "# 2nd messenger

Cortisol " " Direct gene activation

Dehydroepiandrosterone

(DHEA)

" " Direct gene activation

β-Endorphin " " 2nd messenger

Epinephrine (adrenaline) "" "" 2nd messenger

Estrogens " " Direct gene activation

Follicle-stimulating

hormone (FSH)

"#, nc "#, nc 2nd messenger

Glucagon " " 2nd messenger

Growth hormone (GH) " " 2nd messenger

Insulin # "#, nc 2nd messenger

Insulin-like growth

factor-1 (IGF-1)

", nc ", nc 2nd messenger

Leptin "#, nc "#, nc 2nd messenger

Luteinizing hormone

(LH)

"#, nc "#, nc 2nd Messenger

Norepinephrine

(noradrenaline)

"" "" 2nd messenger

Progesterone " " Direct gene activation

Prolactin (PRL) " " 2nd messenger

Testosterone " " Direct gene activation

Thyroxine (T4) " " Direct gene activation

Triiodothyronine (T3) " " Direct gene activation

Vitamin D " ? Direct gene activation

The hormone change denoted here are relative to before versus immediately after the activity.11–14

", increase; "", large increase; #, decrease; "#, possible increase or decrease; nc, no change; ?, unresolved.



acting players in this cascade of events is the hypothalamic–pituitary–

adrenocortical interaction where CRF brings about adrenocorticotrophic

hormone release and that in turn brings about cortisol release.12,13,18

If the duration of an exercise session continues, there is a transition

beyond the intermediate phase into a third phase of response which is a more

prolonged state of events. In this third phase, the responses of the

sympathetic-adrenal axis are being augmented by other hormones from

the anterior and posterior pituitary (e.g., antidiuretic hormone, growth hor-

mone, prolactin) and the peripheral endocrine glands subordinated to pitu-

itary regulation (testosterone, thyroxine, triiodothyronine, insulin-like

growth factor-1).2,12,15 As fluids shift from the vascular space and total body

water stores are compromised due to sweating for heat dissipation, the

renin–angiotensin–aldosterone system (RAAS) is activated (inducing vaso-

constrictive actions and water resorption).8,11 Additionally, during this

phase, the skeletal muscle begins to release selected cytokines (e.g.,

interleukin-6 [IL-6]), hormonal-like agents, into the circulation which

affect other hormones to be released (IL-6)cortisol) which can have

actions to signal energy substrate mobilization.19

Phases 1 and 2 of the model propose that neural factors are the primary

stimuli regulating the hormonal responses to exercise; however, in the third

phase of the model, there is an ever-increasing influence of the humoral and

hormonal factors that regulate the overall responses due to the changes in the

“internal milieu.”15 This shifting of primary regulatory factors allows an

increasing reliance upon feedback rather than feed-forward control mech-

anism to determine the magnitude of the hormonal response. The influence

of humoral and hormonal stimuli in modulating the hormonal levels is mag-

nified as the exercise duration is extended and energy substrate availability

issues causes shifts in energy fuel usage (i.e., decreased car-

bohydrate) increased lipid), or hydration issues (i.e., hemoconcentration

and/or dehydration) begin compromising the thermoregulatory ability

and leading to greater heat storage within the body affecting hormonal

responses (e.g., increased heat storage) increased norepinephrine, epi-

nephrine).8,13,17 Interestingly, the core temperature changes with exercise

(and via ambient environment amplification) results in an exceedingly

greater hormonal response for a number of key endocrine agents.20 This

HERM model, while not perfectly inclusive, does provide an organized

framework for the endocrine responses to exercise activities and illustrate

the highly interactive and complexity of these responses.2,11,12,15
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3. ACUTE EXERCISE

3.1 Why It Happens—Mechanism of Responses
to Exercise

The prior discussion of the HERM centers on hormonal changes occurring

to bring about physiological consequences that allow one to adjust to and

mediate the homeostatic disruptions of an exercise session. These responses

are not all brought about by glandular-tissue production. In fact, the basic

mechanisms by which hormone levels (i.e., concentrations) in the blood

change during exercise are associated with alterations in vascular fluid con-

tent, rate of hormonal metabolic clearance (MCR), and glandular-tissue

secretion responses.

Vascular fluid content alterations are a result of plasma fluid moving into

or out of the vascular spaces. During exercise, it is common for plasma vol-

ume “shifts” to occur, specifically a loss of fluid, resulting in a hemo-

concentration (increased levels) of any substance trapped within the blood

vessel. This would apply to large molecular weight hormones. Typically,

in a 30–90 min exercise session a 10–15% hemoconcentration effect can

be seen. Obviously, this is going to be exacerbated if the ambient environ-

ment condition creates a greater thermal load and/or an individual does not

consume fluids during exercise. Conversely, during the recovery from exer-

cise (when ample fluids are consumed), there tends to be a rebound effect

and fluid moves into the vascular space to cause a hemodilution effect on

substances such as hormones.14,21

The rate of MCR of a hormone is in reference to its removal from the

blood. Hormones are “taken up” by receptor mechanisms at their target tis-

sues which can implement physiological actions at the tissue (see discussion

below). Additionally though, some clearance is through the degradation—

deactivation removal process at tissues such as the hepatocytes, or via renal

filtration.14

Glandular secretion involves the endocrine gland producing the hor-

mone in response to a stimuli and the gland secreting more of the hormone

in the blood. This can typically result in increases in blood levels; but it is

possible for the rate of secretory increases and the rate of MCR removal

to match one another. In this case, the level of the hormone in the blood

does not seem to increase, but actually the turnover has and the target tissues

are being presented with greater amounts of the hormone.22
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Many exercise scientists believed that if hormonal levels increase in the

blood, then the physiological actions of that hormone are going to be acti-

vated. This is, however, a gross over simplification of physiological events.

Hormonal concentration in the blood is a key fundamental determinant

of activation of physiological actions, but not the only. In addition, for a

hormone to initiate and activate a physiological process there must be

(a) adequate numbers of target tissue cells expressing functional receptors

for the hormone, (b) adequate numbers of functional receptors on the

cells, (c) a high affinity level of the receptors on the cells for the hormone,

and (d) sufficient postreceptor amplification mechanisms within the

cells.22,23 This last point is highly critical and can be influenced by the

behavior and actions of the athlete. As a simple illustration: increase

testosterone) increase anabolism; only if adequate amino acids have been

consumed in the diet and are available for cellular mechanisms (biochemical

pathways, enzymes) to use in the protein synthesis process. The amplifica-

tion mechanisms are essential for a positive adaptation to occur in skeletal

muscle, arguably the most critical tissue—organ affecting exercise

capacity.14,24

4. CHRONIC EXERCISE

4.1 Adaptive Responses to Exercise Training
The general responses of the body’s various physiological systems to an exer-

cise session after performing a progressive exercise training program (chronic

exposure) are similar to those as before such training. In other words, an

acute bout of exercise after chronic training is still a stimulus to the physi-

ology of the body. However, at all exercise intensities, less than the maximal

level, such responses are typically attenuated to some extent. The greater the

training adaption incurred due to the training program, the greater the atten-

uation of the response. The exception to this occurrence is maximal or

supramaximal exercise. In such situations, the training adaptations result

in a greater level of workload performed at maximal or supramaximal

efforts—for example, the athlete can run further or run faster over a fixed

distance or lift a greater maximal amount weight, etc. The greater absolute

maximal workload achievement in turn produces a greater physiological

stimulus and thus comparable (or greater) maximal responses in the

measures/parameters of the physiological systems; in other words, typically
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not an attenuation of responses. A noted allowance to this generalization is

HRmax, as it is common for this parameter to be slightly lower or unchanged

after a well-executed training program even when there is substantial and

further cardiovascular adaptation.8,9,13

With respect to the endocrine system, typically after an adaptation and

physical improvement to a training program, an exercise session (endurance-

or resistance-based activities) still provokes a hormonal response. But, just as

noted above, the responses tend to be attenuated. These mitigated responses

come about by a greater sensitivity of target tissue to the hormonal stimulus

and because the level of neural, humoral, and hormonal stimuli disturbances

in the blood that influence the various endocrine glands is greatly dimin-

ished.13 In relation to the former point of sensitivity, in response to an exercise

training program, many target tissues increase the expression of functional

hormone receptors, receptor affinity for hormones becomes increased, and

postreceptor amplification mechanisms in the cells of target tissues are typi-

cally increased. Essentially, all these changes result in a target tissue needing

less amount of a hormone to bring about a physiological outcome/change.

5. CHRONIC EXERCISE AND PERFORMANCE

5.1 Maladaptations Responses to Exercise Training
If exercise training programs are excessive in nature (excessive intensity,

excessive volume, or both), or an athlete has too many additional life stresses

compounding their situation during appropriate training, it is possible for

inappropriate hormone responses (maladaptations) to occur. Such responses

are usually associated with overreaching or overtraining scenarios. A detailed

explanation of the overreaching–overtraining concepts is beyond the scope

of this discussion, but the reader is directed to the excellent position state-

ment published by the European Congress of Sport Science (see Ref. 25) for

clarification on the training continuum and these concepts. In brief, how-

ever, if an individual is subjected to gradual increases of “training overload”

followed by a period of time for rest and recovery, they will adapt in a pos-

itive fashion and promote adaptations leading to an improved performance

capacity. If the training overload stimulus is too much, or inadequate rest

occurs, then the individual may not be able to adapt and his/her perfor-

mance declines. The person may progress from “normal” training

to experiencing “overreaching” and then in due course “overtraining.”

If not corrected, this progression may ultimately develop into and display
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the clinical characteristics of the overtraining syndrome (OTS) (see Table 3),

which is a serious medical condition.25–28 Review of Table 3 indicates that

there are several hormonal manifestations associated with development of

the OTS. It should be noted that recently it has been proposed to use the

Table 3 The Major Symptoms of Overtraining Separated into Four Major
Categories2,4,25

Physiological—performance

Decreased performance Decreased body fat

Decreased muscular strength Increased VO2 at submaximal

loads

Increased muscle soreness Changes in heart rate (rest,

exercise)

Prolonged recovery periods Loss of appetite

Chronic fatigue Gastrointestinal disturbances

Psychological

Feelings of depression General apathy

Difficulty concentrating Emotional instability

Fear of competition Excitation—irritability

Restlessness—loss of sleep Anorexic behavior

Immunological dysfunction

Increased susceptibility to infection Increased severity of minor

infections

Decreased functional activity of neutrophils Decreased total lymphocyte

counts

Reduced response to mitogens Decreased production of

immunoglobulin

Biochemical alterations

Decreased hemoglobin Negative nitrogen balance

Increased urea levels Decreased free testosterone

levels

Decreased ratio of free testosterone to cortisol

ratio of more than 30%

Elevated cortisol levels
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term “unexplained underperformance syndrome” rather than the OTS in

order to account for the role life stresses can play as just training load alone

may not be the total causative factor in the syndrome development.29–32

The research in exercisers (i.e., athletes) who are overreaching–

overtraining suggests that the endocrine system’s hormonal responses seem

to occur in two phases: an initial hyperactivity phase, followed by a latter

hypoactivity phase (see Table 4).27,28,33,34 In the hyperactivity phase, eleva-

tions in the circulating levels of hormones such as adrenocorticotrophic hor-

mone, cortisol, prolactin, and catecholamines have been reported at rest

and/or in response to an acute exercise session,27,33–36 although these hor-

monal findings are not completely universal.25,36 This hyperactivity phase

may be reflective of the “overreaching” status in the training continuum.

Interestingly, it should be noted that in some situations during

“overreaching,” if the athlete is given short-term rest and recovery

Table 4 Pathophysiologic Findings in Hyperactivity Versus Hypoactivity Phases of the
Overtraining Syndrome (OTS)
Parasympathetic, Hypoactivity Sympathetic, Hyperactivity

Decrease in physical performance Decrease in physical performance

Easily fatigued Easily fatigued

Depression Hyperexcitability

Lack of motivation to exercise train Lack of motivation to exercise train (?)

Normal sleep—excessive sleep Disturbed sleep—insomnia

Normal constant weight Weight loss

Low resting HR Increased resting HR and blood pressure

Hypoglycemia during exercise Slow recovery of HR and BP after

exercise

Loss of competitive desire Loss of competitive desire

Gonadal-reproductive function

normal (?)

Amenorrhea in women

Hypogonadism in men

Increased incidence of infections Increased incidence of infections

Decreased maximal lactate response

to exercise

Decreased maximal lactate response to

exercise

BP, blood pressure; HR, heart rate; ?, too little, or conflicting, data exist to make conclusive
statement.25–32
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(�2 weeks), they may actually compensate with greater than normal adap-

tations and enhancements of performance.25 The hypoactivity phase

seems to more closely correspond to the “overtraining” status and/or with

the occurrence of the OTS. For this phase, certain hormones (adrenocorti-

cotrophic hormone, catecholamines, cortisol, growth hormone, follicle-

stimulating hormone, luteinizing hormone, testosterone, thyroids) are

found to be suppressed.35–38 The development of the hypoactivity phase

appears to be the more serious outcome as it may require months for the

individual to rest and recover in order to regain normal endocrine function

and performance capacity.35 Space limitations do not allow an extensive dis-

cussion of this topic or the contrasting aspects of overtraining characteristics

and symptomology in endurance versus resistance-based activities (see Refs.

25 and 28 for discussions).

Currently, it is unclear as to what is the physiological mechanism that

induces the OTS. The most prevailing thoughts suggest that clinically the

syndromemay reflect some degree of the exhaustion stage of Selye’s General

Adaptation Syndrome.39

Several prevailing theories exist as to why the syndrome develops.

Currently, the most compelling theory is that put forth by Smith31,32

who proposes that with overtraining there is an excessive musculo-skeletal

loading (compounded by inadequate rest and recovery) resulting in tissue

damage; hence, local and systemic inflammation develops and becomes

excessive. Proinflammatory cytokines (hormone-like substances with endo-

crine actions), part of the immune system, such as IL-6, tumor necrosis

factor-α, and IL-1β in turn act upon multiple levels of the hypothalamic–

pituitary–adrenal axis, most notably the hypothalamic paraventricular

nucleus where CRF production occurs.31,32 The neuropeptide CRF influ-

ences adrenocorticotrophic hormone secretion (and the whole hypotha-

lamic–pituitary–adrenal axis) and can also affect mood, sexual, and additional

immune functions,33,35 either directly acting on brain sensitive regions or indi-

rectly via the sympathetic nervous system.26,27,35 Furthermore, the cytokine

changes noted may facilitate a suppression of the cell-mediated aspects of the

adaptive immune system. This creates an increased risk for infection and the

so-called “sick response or sickness behavior” which is associated with many

of the characteristics found in overtrained athletes.30,31,40 As these systems

interact, the negative events of overtraining intensify, and the athlete spirals

downward from being healthy and physically fit to syndrome development

and psychophysiologically compromised.25,41–43
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6. CELLULAR AND MOLECULAR ASPECTS OF EXERCISE
ENDOCRINOLOGY

6.1 Background Basics
As noted in Section 1, exercise training is an important contributor to a bet-

ter quality of life (i.e., health and fitness) and improved sporting–physical

performance of individuals through its impact on a variety of physiological

systems. The role of the endocrine system on these adaptive responses, how-

ever, is not just at the systemic organismal physiologic level. A multitude of

cellular and molecular events also occur and are regulated by the endocrine

system. The specific means of action for these cellular–molecular events

is dependent upon the major chemical classification and activation mecha-

nisms of hormones (e.g., steroidal—direct gene activation vs. peptide—

secondary messenger activation; see Table 2).

Steroid hormones (and thyroidal hormones) belong to a family of agents

that signal through the nuclear receptors that act as transcriptional factors.44

Structurally, all of these hormones are small lipophilic molecules that can

pass through cell membranes freely and even reach the chromatin directly.

These hormones interact with their associated nuclear receptors, which

form a superfamily comprising two broad classes, Type I and Type II recep-

tors.44 Type I nuclear receptors reside in the cytosol through interactions

with heat-shock proteins. When hormones bind to Type I receptors, the

receptors are activated, released from the heat-shock complex, and translo-

cate to the cell nucleus, where they bind to DNA sequences known as

hormone-responsive elements and initiate transcription. Type II receptors

reside in the nucleus even in the absence of a ligand and bind to cis-elements

as heterodimers. The activated receptor interacts with the hormone response

element, and the transcription process is initiated as with Type I receptors.

Furthermore, evidence also exists for the presence of cell membrane-bound

receptor mechanisms for some steroidal hormones.45 The circulating levels

of the steroid hormones are dependent upon the individual rate of biosyn-

thesis, the amount of their binding proteins in the circulation (which affects

how much free biologically active hormone is available), and the level of

degradation or activation (via receptors) through the MCR process.46

The other major class of hormones, peptides, is similar to other proteins

in that they are encoded by one to two genes for different subunits.47 These

hormones are frequently released as “prohormones” into the circulation

and transformed into active hormonal forms through steps of intracellular
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processing and posttranscriptional modifications. The actions of these hor-

mones are mediated through interactions with cell membrane receptors,

which when activated begins a cascade of reactions in the target cells usually

involving phosphorylations—typically referred to as the secondary messen-

ger process (e.g., involving cAMP, cGMP, calcium, or other mediating

agents). The action of peptide hormones is normally faster than that of

steroid hormones at the target cells because the immediate effects of these

hormones are mediated by enzymatic processes in the cytoplasm without

involving gene transcription and the synthesis of new proteins.48 Further-

more, the titer and biological activity of these hormones are not moderated

by specific binding proteins as seen with most steroid hormones.

6.2 Epigenetics and Exercise
Growing evidence points to exercise induced epigenetic events or alter-

ations as being a critical mechanism for effecting changes and responses in

physiological systems.49 In simplistic terms, epigenetics alterations are

changes that occur in the DNA or the chromatin structures of a cell that

influence the transcription of genes independent of their primary sequence

(i.e., controlling how genes are regulated without changing the actual gene

nucleotide sequence). Common epigenetic changes induced by exercise are

(a) the expression of different types of microRNAs (miRNAs), (b) histone

modifications (such as methylation and acetylation), and (c) DNA

methylation–demethylation.50 In brief, miRNAs are a group of small non-

codingRNAmolecules that generally function to mitigate or silence protein

translation. Histone modifications are posttranslational alterations on the

lysine-rich tail region of histones (especially H3 and H4 histones). The

DNA methylation (demethylation) is a reversible process which is catalyzed

by a family of DNA methyltransferases (DNMTs) enzymes (see Fig. 1).51

A more detailed explanation of the specific steps involved with these

epigenetic processes is beyond the scope of this chapter due to space

limitations, but the reader is directed to Ref. 51.

Relative to exercise, studies point to the important role DNA methyl-

ation and histone modification have in regulating key enzymes associated

with steroidal hormone biosynthesis and modification, or actual expression

of receptors (e.g., STAR—steroidogenic acute regulatory protein, a trans-

port protein that is the rate-limiting step in the production of steroid hor-

mones).52 Additionally, genes encoding peptide hormones or their receptors

are potential epigenetic targets. Evidence points to some, but not all, peptide
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hormone genes being influenced by DNA methylation and/or miRNAs.

Interestingly, epigenetic regulations of genes encoding peptide hormones

or their receptors are largely related to developmental stage- and tissue-

specific function or the development of metabolic or neural disorders. There

does not seem to be an entirely analogous situation for steroid-type

hormones.53

Finally, it is well established that endocrine glands and their target tissues/

organs, because they function to maintain homeostasis in the body, must be

highly responsive to environmental changes. The hormones released by

these glands have an important role in relating and relaying environmental

conditions as they signal the type, severity, and duration of different envi-

ronmental cues and stresses which can disrupt homeostasis. Hormones,

therefore, act as epigenetic signals in developmental programming and

can allow transmission of nongenomic factors important in developing

the optimal phenotype for functioning and survival.54 This suggests that

hormones are influenced by epigenetic environmental factors (e.g., exercise,

or the lack of it) and also serve as a means to induce epigenetic alterations;

hence “it is a two way street.”

7. CONCLUSIONS

In the endocrinological study of exercise, technological advancements

and increasing rigorous experimental approaches have allowed for new

Figure 1 Proposedmechanism bywhich exercise can influence and develop epigenetic
changes.
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discoveries in the existence of new hormones, hormonal interactions, and

the hormonal-like effects of many substances released from both glandular

and nonglandular tissues. For these reasons, the last 20 years have been an

extremely exciting time in this field of endeavor. There is still a tremendous

amount of uncertainty and questions in need of addressing. In particular, the

scientists who work in exercise aspects of endocrinology need to focus on

not just “what” happens with exercise, but “why” it happens, and what

are the “consequences” of it happening. Researchers have well defined what

the acute and chronic effects of exercise (and exercise training) are to either

increase or decrease the presence of many known hormones; but, the spe-

cific regulatory events to induce such actions and outcomes from the hor-

monal change induced are not completely understood and are an issue of

continued debate in the science community.21,55–57 The next-generation

exercise endocrinologists must develop studies to address such points

of “why,” “how,” and the “consequences of ” (especially in light of the

new epigenetic aspects of exercise adaptations58) if we are to gain a true

understanding of how the integral and interacting aspect of acute and

chronic exercise exposure completely affects the endocrine system and

the processes under the control of the hormones released by the system.
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Abstract

Skeletal muscle and white adipose tissue are the largest organs in the human body and
both tissues act as endocrine organs capable of secreting many bioactive molecules.
There has been some confusion about nomenclature and we suggest that the name
myokine should be restricted to a protein or molecule secreted frommyocytes, whereas
the term adipokine should be used to describe proteins and molecules secreted from
adipocytes. In fact, many myokines are also produced by adipocytes and we propose to
name them adipo-myokines. Many adipo-myokines produced by skeletal muscle or adi-
pose tissue are influenced by exercise. Therefore, it is likely that adipo-myokines may
contribute in the mediation of the health benefits of exercise and physical inactivity
probably leads to an altered adipo-myokine profile, which could provide a potential
mechanism for the association between sedentary behavior andmany chronic diseases.
Within this review, we evaluate the effects of acute and chronic exercise on myokine,
adipokine, and adipo-myokine production. By using the adipo-myokine concept and
including both skeletal muscle and adipose tissue, an attempt is made to gain a global
view on the beneficial effects of different exercise programs and the underlying
pathways.
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1. INTRODUCTION

Skeletal muscle plays a key role in postural control, locomotion, and

other physiological tasks requiring mechanical activity based on muscle fiber

contraction. As the largest organ in the body, the energy production and

consumption by skeletal muscle are fundamental for metabolic control

and homeostasis. More recently, skeletal muscle has gained considerable

interest as an endocrine organ and the release of myokines from contracting

muscle is assumed to be at least partly responsible for the health-promoting

effects of physical activity1 that protects against major chronic, low-grade

inflammatory diseases like type 2 diabetes, insulin resistance, the metabolic

syndrome, and many others. Myokines are part of a complex network of

interorgan communication and exert both auto-/paracrine and endocrine

effects.1 The most extensively studied myokine is interleukin 6 (IL-6),

which is profoundly upregulated during acute exercise and assumed to play

a key role in the anti-inflammatory effect of acute exercise.2 However, it is

now evident that skeletal muscle secretes hundreds of myokines, with many

of them being regulated by muscle contraction.3 At present, for the majority

of these molecules, the biological function has remained elusive. An addi-

tional complexity results from the broad spectrum of physical activity used

in lifestyle intervention studies and profound differences in the exercise

training programs. The textbox summarizes some of the major acute and

chronic exercise training programs that were used in the studies considered

for this review.

In this chapter, we have used the term acute exercise to describe structured

exercise mostly performed in laboratory settings under controlled intensity

and duration. A single bout of acute exercise will normally not cause major

adaptations in skeletal muscles or other organs, but acute exercise can

increase insulin sensitivity for the following 24–48 h. In this chapter, we

divide training as endurance and strength training and do not put much

attention on the fact strength as well as endurance training can be varied

unlimited by changing intensity, duration, and volume. Acute endurance

exercise in laboratory settings is normally performed at intensities

corresponding to �70% of maximal oxygen consumption for duration of

30–60 min. Strength training is normally performed with heavy loads

related to personal maximal strength. Intensity of strength training can be

related to maximal strength in the specific exercise (1-RM, 1 repetition

maximum). Intensity can also be related to the weight that can be lifted
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maximally, e.g., 8 times (8-RM). Strength training at intensities of 70–80%

of 1-RM (�8-RM) is known to improve strength. In studies of acute

strength exercise loads of 70–80%, 1-RM is normally used and sets are

repeated 3–5 times with 2–3 min rest between in sets. Relating training load

to individual strength (or VO2max) normalizes to some degree physiological

responses. However, well-trained subjects tolerate high-intensity training

better than untrained subjects and myokine responses may vary. Data from

young subjects are not always descriptive for old subjects.

In addition to being the paradigm myokine, IL-6 is a pro-inflammatory

adipo-cytokine and produced by adipose tissue in substantial amounts. In

fact, many myokines are also produced by adipose tissue and we suggested

to call them adipo-myokines4 (see Fig. 1). These molecules are mediators of

exercise and mediators of inflammation, most likely exerting as of yet

incompletely understood time- and concentration-dependent functions.

To gain a more comprehensive view on the molecular pathways involved

in physical activity, studies of myokines, adipokines, and adipo-myokines,

including those produced by adipose tissue, are required. In fact, exercise

training has been reported to reduce central adiposity independent of overall

weight changes,5 and this may represent an additional mechanism of the

anti-inflammatory action of acute exercise. Unfortunately, only very limited

information is available regarding direct effects of exercise on adipokine and

adipo-myokine production.

In this review, by focusing on the adipo-myokine concept and including

both skeletal muscle and adipose tissue, an attempt is made to gain a more

global view of the beneficial effects of different exercise programs and the

Figure 1 The adipo-myokine concept. A search of original articles in PubMed was per-
formed for the major exercise-regulated myokines and adipokines to identify molecules
that were produced and secreted in both tissues. The term adipo-myokines was used for
proteins fulfilling both of these criteria. The search terms we used were “skeletal muscle”
or “adipose tissue,” “myokine” or “adipokine,” and “exercise.”
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underlying pathways. The general approach for selecting published studies is

outlined in Fig. 2. Thus, we only considered human studies and molecules

that are detectable in the circulation. This does not exclude auto-/paracrine

effects of adipo-myokines, but emphasizes the cross talk between fat and

muscle and the potential mediators of this process.

2. SKELETAL MUSCLE AS THE SOURCE OF MYOKINES
AND ADIPO-MYOKINES AFTER ACUTE AND CHRONIC
EXERCISE

IL-6 is the prototype of an adipo-myokine meaning that it is expressed

and released by both skeletal muscle and adipose tissue.4 It acts in an auto-/

Figure 2 Scheme for the approach to selecting published studies. A search of original
articles in PubMed was performed to identify myokines, adipokines, or adipo-myokines,
which satisfied all of the following criteria: Themoleculemust be human and detectable
in serum or plasma. Furthermore, the molecule must be regulated by either acute or
chronic exercise and expressed in skeletal muscle or adipose tissue. The protein has to
be secreted by adipocytes ormyocytes. The search termswe usedwere “skeletalmuscle”
or “adipose tissue,” “myokine” or “adipokine,” and “exercise.”
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paracrine fashion within skeletal muscle and endocrine in a hormone-like

fashion to mediate metabolic and anti-inflammatory effects.6 IL-6 has been

shown to trigger an anti-inflammatory cascade by promoting the induction

of anti-inflammatory factors, such as IL-10 and IL-1ra (IL-1 receptor ago-

nist), and to inhibit the production of the pro-inflammatory cytokines IL-1ß

and TNFα.1 Moreover, IL-6 plays a role in hypertrophic muscle growth.7

Skeletal muscle releases IL-6 into the circulation in response to acute muscle

contractions. The increase of circulating IL-6 in response to acute exercise

occurs in an exponential manner and the maximum is reached at the end of

the exercise session.6 The magnitude by which IL-6 levels increase is related

to the type of exercise, its duration, intensity, and the amount of muscle mass

engaged in the exercise but is not affected by muscle damage.6,8,9 Moreover,

preexercise muscle glycogen stores impact on the amount of IL-6 released

during exercise.10,11 The most pronounced increase of plasma IL-6 has been

observed with running, which involves several large muscle groups.8 Based

on data from several epidemiological studies, a negative association between

the extent of regular physical activity and the basal plasma IL-6 levels has

been described; basal plasma IL-6 concentration is more closely associated

with physical inactivity than other cytokines associated with the metabolic

syndrome.8 However, data on the effect of regular exercise on circulating

IL-6 concentrations are more controversial. Aerobic training for 10 months

with overweight elderly subjects (age �64) reduced basal plasma levels of

IL-6, whereas strength training had no effect.12 A study with severely obese

humans that used a combination of hypocaloric diet and regular physical

activity for 15 weeks reported decreased basal plasma levels of IL-6 and

IL-6 mRNA expression in skeletal muscle along with a 13% reduction of

body weight.13 However, other studies observed no changes in circulating

IL-6 concentrations in response to chronic exercise.14,15 In summary, IL-6 is

released from contracting human skeletal muscle, and exercise-induced IL-6

has metabolic effects in human, and those include effects on insulin-

stimulated glucose disposal and fatty acid oxidation.

Another member of the IL-6 superfamily has been classified as a

myokine, namely leukemia inhibitory factor (LIF). LIF has multiple biolog-

ical functions such as induction of satellite cell proliferation, which is essen-

tial for muscle hypertrophy and regeneration after muscle damage.16

Broholm et al. reported in young healthy volunteers that LIF mRNA

expression in skeletal muscle increased following acute aerobic exercise

(4.5-fold)17 and heavy resistance exercise (9-fold).16 However, LIF protein

level in skeletal muscle tissue was not changed,17 and LIF could not be

detected in plasma in the same study.16 Due to the paucity of data, future
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studies should address regulation of plasma LIF levels during acute or chronic

exercise to determine whether the increased LIF mRNA expression in the

muscle also is reflected in the circulation.

More recently, interleukin 7 (IL-7) was described as a novel exercise-

regulated myokine. It belongs to the interleukin superfamily 2 and is

required for T-cell and B-cell development, but its relevance in nonimmune

cells has not been sufficiently explored. A study by Haugen et al. has shown

that IL-7 is expressed and secreted by primary human skeletal muscle cells.18

In vitro experiments suggested that IL-7 increased migration of satellite cells

without affecting their proliferation.18 There are only a few studies which

have examined the effect of acute or chronic exercise on circulating IL-7

concentrations. Andersson et al. observed a robust increase in plasma IL-7

levels following a 90-min soccer games in elite female soccer players.19 In

young healthy men, acute resistance exercise increased plasma IL-7 levels

30 min postexercise, while 12 weeks of chronic resistance training had no

effect on circulating IL-7 concentrations.20 Skeletal muscle mRNA expres-

sion of IL-7 was reported to be increased after 11 weeks of strength training

in healthy males.18 It has been concluded that IL-7 is an exercise-regulated

myokine and that it may play a role in the regulation of muscle cell

development.

Another member of the interleukin superfamily 2 is interleukin 15

(IL-15). The potential effect of exercise on IL-15 expression and secretion

by skeletal muscle is still unclear. In marathon runners, Nieman et al. found

no alteration of IL-15 mRNA expression in skeletal muscle immediately

after a 3-h treadmill run.21 Similarly, another study performed with healthy,

physically active men reported no difference in skeletal muscle IL-15

mRNA expression and circulating IL-15 after 3 h of cycling.22 Further-

more, chronic endurance training for 12 weeks had no effect on plasma

IL-15 levels and skeletal muscle mRNA expression. Interestingly, increased

IL-15 protein content was found in skeletal muscle in this study.22 In con-

trast, Tamura et al. have shown that 30-min treadmill running at 70% of

maximum heart rate promoted a significant increase in circulating IL-15

levels in untrained healthy young men.23 Another study reported increased

plasma IL-15 levels directly after acute resistance exercise in young, healthy

but previously inactive volunteers, whereas no change of plasma IL-15 con-

centrations was observed after chronic resistance training for 10 weeks.24 In

support of these results, a study by Nielsen et al. described increased skeletal

muscle mRNA expression of IL-15 after acute heavy resistance exercise in

healthy, normally activemen. However, no changes in skeletal muscle IL-15
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protein content or plasma IL-15 were found.25 Studies investigating the

effect of exercise on IL-15 in overweight and obese humans are still missing.

So far, it remains an open question which type of exercise is able to impact

on IL-15 and how important are duration and intensity of the training pro-

gram, as well as preexercise activity level and health status of the participants.

Myostatin is a member of the transforming growth factor beta (TGF-β)
superfamily that negatively regulates skeletal muscle size and was the first

described myokine.26

When subjected to moderate aerobic exercise training for 6 months,

overweight or obese men displayed a reduction of skeletal muscle expression

and circulating levels of myostatin.27 Moreover, acute endurance28 or resis-

tance exercise29–31 was shown to attenuate myostatin mRNA expression in

skeletal muscle. Importantly, myostatin is antagonized by different factors

such as follistatin32 and decorin.33 Following acute resistance exercise, Dalbo

et al. have found no effect on skeletal muscle follistatin mRNA expression in

lean young and old men,31 while another study performed with postmen-

opausal women reported enhanced follistatin mRNA expression.30 In addi-

tion, it was recently shown that decorin mRNA expression is enhanced in

skeletal muscle after chronic exercise combining strength and endurance

training.34 A study by Heinemeier et al. reported increased decorin mRNA

expression in skeletal muscle following an acute endurance exercise,35 and

decorin plasma levels were increased after acute resistance exercise.34

Another antagonist of proteins of the TGF-β superfamily is follistatin-

like 1 (FSTL1) which is a secreted glycoprotein belonging to the follistatin

family of proteins.36 Studies indicate that FSTL1 may have beneficial effects

on ischemia–reperfusion injury in muscle and heart tissue associated with

antiapoptosis.37,38 We have recently shown that FSTL1 is a myokine

expressed and secreted by primary human skeletal muscle cells. Moreover,

FSTL1 plasma levels were increased after acute endurance exercise per-

formed by young healthy men.39 In line with these results, Norheim

et al. reported elevated FSTL1 mRNA expression in skeletal muscle from

healthy male volunteers after chronic strength training.40 We can conclude

that members of TGF-β superfamily and their specific antagonist are strongly

regulated by acute and chronic exercise and are playing a role in exercise-

related restructuring processes of skeletal muscle.

Brain-derived neurotrophic factor (BDNF) also has been described as an

exercise-induced myokine,41 although the protein and its receptor are most

abundantly expressed in the brain.42 Acute endurance exercise increases

plasma BDNF levels,41,43,44 specifically with high-intensity exercise.45 In
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addition, Matthews et al. found significantly increased BDNF mRNA and

protein abundance in skeletal muscle after acute endurance exercise.41

Moreover, circulating BDNF concentrations increased in response to

chronic endurance training.46 On the other hand, a study using resistance

exercise could not find an effect on BDNF plasma levels after acute or

chronic exercise.47 In humans, it should be noted that 70–80% of plasma

BDNF originates from the brain during both rest and after exercise,

suggesting the brain as the major source of this factor.48 It might be that

muscle-derived BDNF acts primarily within skeletal muscle tissue, e.g.,

inducing lipid oxidation via AMPK activation,41 whereas brain-derived

BDNFmay act more systemically and is potentially involved in the apparent

beneficial effects of exercise with regard to Alzheimer’s disease, depression

or impaired cognitive function.49

Angiopoietin-like protein 4 (ANGPTL4) is detected in skeletal muscle as

well as in adipose tissue and is therefore classified as adipo-myokine which is

also regulated by exercise.50 Importantly, the induction of plasma

ANGPTL4 after exercise may depend on the increase of free fatty acids.

In healthy, untrained male volunteers, circulating ANGPTL4 was increased

after acute endurance exercise.50 Catoire et al. observed significantly

increased plasma ANGPTL4 levels in healthy men after one-legged cycling

exercise.51 Interestingly, ANGPTL4 mRNA is more highly induced in the

nonexercising leg than in the exercising leg.51 However, plasma ANGPTL4

levels were not changed after 2 weeks of intense endurance exercise training,

or by 12 weeks of endurance training.51 In line with these results, Norheim

et al. reported that acute endurance exercise significantly increased plasma

ANGPTL4 levels and skeletal muscle ANGPTL4 mRNA. However, a

chronic exercise intervention combining strength and endurance training

for 12 weeks had no effect on basal plasma ANGPTL4 concentrations

and skeletal muscle ANGPTL4 mRNA content.52 In conclusion,

ANGPTL4 is highly induced in muscle in response to exercise. However,

adipose tissue and the liver may contribute more thanmuscle to the exercise-

induced increase in circulating ANGPTL4.52

The chemokineMCP-1 is another adipo-myokine which is regulated by

exercise in muscle. Among other functions, it plays an important role in the

recruitment of monocytes and T lymphocytes into tissues.53 Acute resistance

exercise strongly increased MCP-1 mRNA expression in skeletal muscle of

young male volunteers 2 h postexercise.54 These results are supported by

another study that observed a significant increase in MCP-1 protein level

in skeletal muscle after acute resistance training in young and elderly healthy
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subjects.55 Furthermore, cycling at 70% VO2max for 40 min enhanced

MCP-1 mRNA expression in skeletal muscle of lean, obese, and type 2 dia-

betic subjects.56 Kraemer et al. observed in young lean males increased

plasma MCP-1 levels after an acute bout of resistance exercise that was nor-

malized 30 min postexercise.20 Another study found increased MCP-1

plasma levels after acute treadmill running at different intensities with signif-

icantly higher plasma levels ofMCP-1 following high-intensity compared to

moderate-intensity trials.57 These results suggest that the exercise-induced

production of MCP-1 is more influenced by the intensity of exercise than

by exercise-induced muscle damage, but it is not clear what role MCP-1

plays under exercising conditions. With regard to chronic resistance train-

ing, no effect on MCP-1 protein expression in the muscle of young and

elderly healthy subjects was observed after 12 weeks.55 Moreover, plasma

MCP-1 levels were not changed after 12 weeks of low-intensity resistance

training in a study with sedentary, lean, elderly women.58 However, other

studies observed a decrease in MCP-1 plasma levels after chronic strength

training which could be related to the observed reduction of body fat

mass.13,59

The pro-inflammatory molecule TNFα is an early mediator of local

inflammatory responses as well as initiator of the systemic acute phase

response. It is produced by adipose tissue, and circulating TNFα levels

are positively correlated with body fat mass.1 However, TNFα mRNA is

also detectable in skeletal muscle but no difference in its expression was

found between overweight and lean subjects60 or type 2 diabetics and

BMI-matched controls,61 while elevated TNFα mRNA content in skeletal

muscle was reported in elderly compared to young humans.62 Interestingly,

Febbraio et al. demonstrated that TNFα is not released by skeletal muscle

after acute exercise in either healthy subjects or patients with type 2 diabe-

tes.63 In contrast, chronic resistance or endurance training significantly

reduced TNFα mRNA and protein in skeletal muscle but had no effect

on circulating TNFα concentrations.62,64 More importantly, a large body

of evidence shows an inverse relationship between plasma TNFα levels

and the amount of physical activity even in healthy lean subjects as reviewed

by Golbidi et al.65 In contrast to the observation that regular moderate exer-

cise reduces pro-inflammatory cytokines such as TNFα, high-intensive
training cause a temporary depression of various aspects of immune function

and an increase in systemic inflammation during the postexercise period

(�3–24 h). TNFα levels increase only during a very intensive exercise (such

as marathon running) in response to muscle damage.66 It is well established
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that muscle repair and regeneration following acute muscle injury involve a

tissue-remodeling, growth-promoting local inflammation. The initial

inflammatory response seems to be required for the positive muscle repair

process.67

Nicotinamide phosphoribosyl transferase (NAMPT) is an ubiquitously

expressed NAD biosynthetic enzyme that occurs in an either intracellular

(iNAMPT) or extracellular (eNAMPT/visfatin) form.68 In mammals,

NAMPT is responsible for the first and rate-limiting step in the conversion

of nicotinamide to nicotinamide dinucleotide (NAD+) in the NAD+ salvage

pathway. Costford et al. reported a twofold higher NAMPT expression in

skeletal muscle of athletes as compared to sedentary obese, nonobese, and

type 2 diabetic subjects.69 Moreover, 3 weeks of endurance training

enhanced NAMPTmRNA expression and protein content more than two-

fold in skeletal muscle of nonobese sedentary individuals. A study by

Brandauer et al. using one-legged endurance exercise training for 3 weeks

confirmed these results and reported a specific upregulation of NAMPT

in the exercising leg.70 Interestingly, acute exercise (3 h of cycling at 60%

VO2max) had no effect on skeletal muscle NAMPT expression and circulat-

ing eNAMPT/visfatin was found unchanged.71 However, an acute bout of

high-intensity exercise was shown to increase plasma eNAMPT/visfatin

immediately after the challenge,72 suggesting that acute release of

eNAMPT/visfatin could be intensity-dependent. Interestingly, Costford

et al. found that skeletal muscle NAMPT protein was negatively correlated

with body fat, while in obesity and type 2 diabetes circulating eNAMPT/

visfatin were reported to be elevated compared to controls.69 In addition,

several chronic exercise intervention studies conducted with obese volun-

teers reported reductions in plasma eNAMPT/visfatin levels.73–75 Taken

together, these observations suggest a potential impact of the adipose tissue

on circulating levels of eNAMPT/visfatin and an independent regulation of

intracellular NAMPT and circulating eNAMPT/visfatin, which awaits fur-

ther investigations.

Although adiponectin is a classical adipokine, and therefore will be dis-

cussed in more detail in the next section, it is also expressed in skeletal mus-

cle.76,77 In obesity and insulin resistance, plasma adiponectin levels are

lower, whereas skeletal muscle expression of adiponectin receptors

AdipoR1 and AdipoR2 are increased.78 A study by Bluher et al. found that

chronic endurance training increased both plasma adiponectin levels as well

as expression of AdipoR1 and AdipoR2 in skeletal muscle of overweight/

obese subjects with impaired glucose metabolism and in lean healthy
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controls. However, in severely obese subjects, a combination of endurance

exercise and diet increased plasma adiponectin levels but had no effect on

AdipoR1 and AdipoR2 mRNA expression in skeletal muscle.13 Interest-

ingly, patients with chronic heart failure displayed elevated adiponectin

and lower AdipoR1 mRNA expression in skeletal muscle which was nor-

malized by a combined endurance and resistance exercise training for

4 months.79 So far, no other studies have investigated the regulation of

adiponectin expression in skeletal muscle with exposure to various types

of exercise in different groups of patients.

Leptin is a classical adipokine that has also been found to be expressed in

skeletal muscle.80 More importantly, release of leptin by human skeletal

muscle has been described by two studies. Wolsk et al. have shown that lep-

tin is released by human skeletal muscle in vivo81 and reported a release of

�0.8 ng per min per 100 g tissue from adipose tissue and �0.5 ng per

min per 100 g tissue from skeletal muscle. These data suggest that the con-

tribution of skeletal muscle to whole-body leptin production could be sub-

stantial in lean humans because of the greater muscle mass compared to fat

mass. In contrast, Lappas et al. observed a more than 10-fold higher release of

adiponectin from adipose tissue explants as compared to skeletal muscle

explants.82

Another set of genes that are highly expressed in cultured myotubes

encodes proteins related to extracellular matrix (ECM) in the resting state.40

In particular, proteoglycans and proteins related to their metabolism, like

secreted protein, acidic and rich in cysteine, collagen alpha-1, lumican,

gelsolin, cathepsin B, D, H, and L1, fibronectin, tissue inhibitor

metalloproteinase 1, and ECM protein 1, are expressed also in muscle biop-

sies and are enhanced during strength training.40 The enhanced expression

of these ECM-related proteins is likely due to restructuring of the muscle

tissue in response to increased mechanical demands. Moreover, some glyco-

proteins like serglycin may regulate storage of numerous proteases, growth

factors, and chemokines and could be important in addition to their struc-

tural functions in ECM.83

In summary, skeletal muscle tissues produce a wide range of different

molecules in vivo that can be classified as myokines or adipo-myokines.
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3. EXERCISE AND THE PRODUCTION OF ADIPOKINES
BY ADIPOSE TISSUE

While numerous studies have investigated the effect of different types

of exercise training on circulating levels of adipose tissue-derived factors,

only a few have addressed the adipose tissue-specific expression of these

factors.

Adiponectin is one of the best characterized classical adipokines and has

been shown to increase fatty acid oxidation and glucose uptake in skeletal

muscle and inhibit gluconeogenesis in liver.84 In macrophages, adiponectin

inhibits expression and secretion of TNFα while increasing the production

of anti-inflammatory cytokines such as IL-10.85 Moreover, it exerts cardio-

protective effects and is inversely related to BMI.86 Studies on the regulation

of adiponectin by exercise have shown divergent results, although most

studies indicate no effect of exercise. Two reports have investigated

adiponectin mRNA expression in adipose tissue following acute exercise

and found either increased87 or decreased60 expression after cycling in over-

weight, obese, and lean subjects with no difference between the groups.

Also, plasma adiponectin levels remained unchanged after acute exercise

at moderate intensity in healthy88,89 or overweight/obese participants.89–92

On the other hand, Saunders et al. reported increased adiponectin plasma

levels following an acute bout of exercise in sedentary obese men.93 With

regard to chronic exercise intervention, most studies using endurance type

training with moderate intensity reported no change in plasma levels of

adiponectin,88,94–97 while mRNA expression in adipose tissue was found

either increased94,96 or unmodified.97 In contrast, two studies that used

chronic endurance exercise protocols reported increased plasma adiponectin

levels in obese young women98 and in overweight patients with impaired

glucose metabolism78 after the intervention period. In studies using resis-

tance exercise for chronic intervention, the expression of adiponectin

mRNA in adipose tissue as well as circulating levels was found unchanged

in obese men99 and women.100 Interestingly, Fatouros et al. reported in

overweight elderly men that resistance training at high intensity for 6months

increased plasma adiponectin levels while a moderate-intensity training had

no effect.101 Similar results were reported for acute resistance exercise in

overweight elderly men.102 These data suggest that the intensity of exercise

may be an important factor in the regulation of adiponectin concentration in

plasma.
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Leptin is another classical adipokine predominantly secreted from adipo-

cytes into the circulation to regulate energy homeostasis.103 Following acute

endurance exercise, leptin mRNA in adipose tissue was found unchanged104

or decreased in lean and overweight subjects.60 Moreover, plasma leptin

levels analyzed immediately after an exercise challenge were found to be

no different compared to preexercise levels,89,105,106 while several studies

have shown a delayed decrease of circulating leptin levels in healthy active

men 24 and 48 h postexercise.100,107–109 On the other hand, acute resistance

exercise at different intensities had no effect on circulating leptin levels in

overweight elderly men.102 Also, preexercise training status of the partici-

pants has no effect on leptin levels after a single weight training session.106

Following chronic intervention of �12 weeks leptin mRNA expression

in adipose tissue remained unchanged after endurance training in obese

subjects.94,97 Leptin plasma concentrations are mostly found to be

decreased97,98,105,110 but also body weight and fat mass of the participants

were reduced after the intervention periods. However, Polak et al. reported

declined leptin plasma level which remained significant after adjusting for

BMI and fat mass,97 suggesting independent effects of the training besides

reduction of body weight. Moreover, studies using resistance training

reported decreased plasma leptin levels without changes in body weight

and fat mass and no effect on adipose tissue mRNA expression of lep-

tin.99,100 So far, the available data suggest that plasma leptin levels are

decreased in response to exercise training, while adipose tissue mRNA

expression seems to be not affected.

TNFα is a major inflammatory cytokine that is highly expressed in adi-

pose tissue in obese conditions and plays a role in the pathogenesis of insulin

resistance. Following acute exercise, TNFα mRNA expression in adipose

tissue was found to be unchanged in overweight, obese, and lean sub-

jects.60,87 Interestingly, Christiansen et al. reported higher TNFα mRNA

expression in the postexercise period, 2.5 h after completing the exercise

bout. With regard to circulating TNFα levels, either no effect of acute exer-

cise was found60,92,111 or increased plasma TNFα concentrations were

reported.87,89 Several studies on chronic exercise using either endurance94,97

or resistance training99 found no effect on adipose tissue mRNA expression

of TNFα, whereas one study reported lower TNFα mRNA expression in

obese humans.112 Circulating TNFα levels were mostly reported to be

reduced98,100,113 by chronic exercise. However, not all studies conducted

on obese humans have found an effect of long-term exercise on plasma

TNFα concentrations.97,110,114 In summary, chronic exercise seems to be
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able to reduce circulating TNFα levels without an effect on adipose tissue

expression.

As discussed above, IL-6 is the prototype of an adipo-myokine. It is well

established that the increase of circulating IL-6 upon exercise is mainly due

to its release from skeletal muscle.6 However, subjects with insulin resis-

tance, obesity, and type 2 diabetes display chronically elevated serum levels

of IL-6.115–117 An important source of circulating IL-6 in obesity is the

expanding visceral adipose tissue mass. Expression of IL-6 by macrophages

within the adipose tissue is dependent on activation of the NFκB signaling

pathway, whereas intramuscular IL-6 expression is regulated by different sig-

naling cascades.1 To clarify a potential contribution of adipose tissue to

increased IL-6 levels after acute endurance exercise, Hojbjerre et al. have

analyzed microdialysates from abdominal adipose tissue in overweight and

lean males.60 Interestingly, they observed increased IL-6 release from adi-

pose tissue in the postexercise phase but not during exercise in both groups.

Moreover, IL-6 mRNA expression in adipose tissue was increased during

and postexercise. Similar results were observed by Christiansen.87 Following

chronic endurance training with moderate weight loss, no reduction of

IL-6 mRNA expression in adipose tissue of obese subjects was found

and basal IL-6 concentrations remained unaffected.94,97 In the case of

chronic resistance exercise, no reduction of adipose tissue IL-6 mRNA

expression or basal circulating IL-6 in obese subjects was observed.99,100

Another study that combined chronic endurance training and a hypocaloric

diet reported decreased IL-6 mRNA expression in adipose tissue as well as

reduced plasma IL-6 levels.13 However, it has to be mentioned that this life-

style intervention also decreased body weight by 13% and that the reduction

of IL-6 mRNA expression and circulating levels could be related to the

reduced fat mass.

In addition to the above discussed adipokines/adipo-myokines, only a

few studies have investigated other adipose tissue-derived factors in response

to the exercise. Resistin is an inflammatory biomarker and potential medi-

ator of obesity-associated diseases. It is positively correlated to percent fat

mass and waist circumference, and evidence suggests that this adipokine cau-

ses endothelial dysfunction by promoting oxidative stress and down-

regulating the production of nitric oxide.106,118 Acute endurance training

had no effect on circulating resistin levels up to 48 h postexercise in over-

weight males.90 Similarly, in another study with lean and overweight vol-

unteers, resistin mRNA expression in adipose tissue was not affected.60

A lifestyle intervention combining chronic endurance training and
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hypocaloric diet with obese patients for 3 months had also no effect on

plasma resistin concentrations.119 Interestingly, a study using acute resistance

exercise observed that the exercise effect on plasma resistin levels was depen-

dent on the training status of the subjects.While a reduction was observed in

participants that performed regular weight training (�1 h, 3 times/week, for

6 months before the study), no effect was found in sedentary males or in

active runners (running �15 miles/week for 6 months before the study).106

With regard to MCP-1, which has been discussed above in more detail,

studies have found no effect of chronic endurance training on adipose tissue

mRNA expression despite reductions of circulating MCP-1 levels.94 Also,

chronic resistance training in obese women left MCP-1 mRNA expression

in adipose tissue unaltered but circulating levels were not measured in

this study.100

The expression of NAMPT/Visfatin in human adipose tissue has been

shown by several groups.71,120 So far, only one study has investigated adipose

tissue NAMPT expression after exercise and reported an increase after an

acute bout of endurance training which was not accompanied by elevated

plasma eNAMPT/visfatin concentrations. Reports on the effect of chronic

exercise on circulating eNAMPT/visfatin levels are not consistent. Obese

nondiabetic subjects were reported to have higher eNAMPT/visfatin levels

compared to controls which were reduced by 12 weeks of aerobic74,75 or

aerobic plus resistance exercise73 accompanied by decreased body weight.

However, Jorge et al. reported increased plasma eNAMPT/visfatin levels

after 12 weeks of exercise (endurance training, resistance training, or a com-

bination of both) in obese type 2 diabetic patients. Importantly, body weight

was not changed in the course of this study. Based on these data, it is most

likely that exercise-induced reduction of plasma eNAMPT/visfatin is the

result of weight loss and body composition changes.

Few reports are available on ANGPTL4 in human adipose tissue with

exercise. In a study by Norheim et al., it was reported that 30 min after

an acute bout of endurance exercise, ANGPTL4mRNA expressionwas sig-

nificantly higher in overweight dysglycemic subjects compared to lean con-

trols at the beginning of the intervention study.52 Interestingly, they found

that ANGPTL4 mRNA expression was much higher in adipose tissue than

muscle. Following 12 weeks of combined endurance and resistance training,

adipose tissue mRNA expression of ANGPTL4 as well as basal plasma levels

was unchanged in both groups. In contrast, another chronic endurance

training study in obese but otherwise healthy participants found significantly

reduced mRNA expression in adipose tissue but increased circulating
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ANGPTL4 levels.121 Clearly, more studies are required to understand the

regulation of ANGPTL4 in response to various types of exercise in different

types of subjects as well as the contribution of the different tissues to circu-

lating ANGPTL4.

4. CONCLUSION

There are hundreds of secretory proteins released from skeletal

muscle as well as adipose tissue with an array of biological effects on most

organs in the body. It is a striking observation that many of the myokines

and adipokines are expressed and secreted from many different tissues. It

seems as if there are very few of these adipo-myokines that are exclusively

expressed in one organ. However, considering that both adipose tissue

and skeletal muscle tissues are often closely associated with the same phe-

notypes or outcomes, it is likely that the pattern of signal molecules

released from these two tissues have marked physiological effects of

essential importance for health as well as well-being. The original expec-

tation that we would be able to describe discrete signatures of secretory

proteins from muscle and adipose has to be replaced by a much more

complicated model.

A single bout of exercise is predominantly characterized by the secretion

of myokines and adipo-myokines by the working skeletal muscles, which

exert a variety of autocrine and endocrine effects (Fig. 3). Acute induction

of myokines like myostatin, IL-7, decorin, and LIF is involved in the reg-

ulation of muscle growth and may play a role in exercise-related res-

tructuring of skeletal muscle. Muscle-derived IL-6 has metabolic effects

on insulin-stimulated glucose disposal and fatty acid oxidation. Further-

more, acute high levels of circulating IL-6 provide an anti-inflammatory

environment after exercise by induction of IL-1ra and IL-10, and inhibition

of TNFα production. One the other hand, regular exercise training is

associated with reduced levels of adipose tissue-derived pro-inflammatory

cytokines, which are linked to low-grade systemic inflammation and low

whole-body insulin sensitivity (Fig. 3). Chronic exercise reduces visceral

fat mass and has been reported to reduce central adiposity independent of

overall weight changes. The anti-inflammatory effects of regular exercise

training may be mediated by both, the reduction of body fat mass and the

induction of an anti-inflammatory environment associated with each single
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bout of exercise. In summary, regular exercise reduces the risk of chronic

metabolic diseases and various mechanisms may contribute to this beneficial

effect, including decreased production of adipose tissue-derived pro-

Figure 3 Differential effects of acute and chronic exercise. After acute exercise, a high
number of myokines are secreted by skeletal muscle exerting a variety of endocrine
effects. Acute induction of myokines like myostatin, IL-7, decorin, and LIF is involved
in the regulation of muscle hypertrophy and may play a role in exercise-related res-
tructuring of skeletal muscle. The high level of circulating IL-6 after exercise induces
an anti-inflammatory environment by inducing the production of IL-1ra and IL-10,
and also inhibits TNFα production. Furthermore, IL-6 has metabolic effects, by affecting
insulin-stimulated glucose disposal and fatty acid oxidation. The myokine FSTL1 has
protective effects on ischemia–reperfusion injury in muscle and heart tissue. On the
other hand, regular exercise training induces a reduction of adipose tissue-derived
pro-inflammatory cytokines like IL-6, TNFα, and MCP-1, which are associated with
low-grade systemic inflammation and a reduction of whole-body insulin sensitivity.
Exercise training has been reported to reduce central adiposity independent of overall
weight changes, and this may represent an additional mechanism of the anti-
inflammatory action of chronic exercise training.
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inflammatory cytokines and increased production of anti-inflammatory

myokines from contracting muscle.
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Abstract

Exercise initiates a cascade of inflammatory events, which ultimately lead to long-term
effects on human health. During and after acute exercise in skeletal muscle, interactions
between immune cells, cytokines, and other intracellular components, create an inflam-
matory milieu responsible for the recovery and adaption from an exercise bout. In the
systemic circulation, cytokines released frommuscle (myokines) mediate metabolic and
inflammatory processes. Moderate exercise training results in improvements in systemic
inflammation, evident by reductions in acute phase proteins. The anti-inflammatory
effects of regular exercise include actions dependent and independent of changes
in adipose tissue mass. Future research should encompass approaches, which attempt
to integrate other, less-recognized physiological processes with acute and long-term
inflammatory changes. This will include investigation into metabolic, endocrine, and
immune components of various tissues and organs.
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ABBREVIATIONS
CRP C-reactive protein

GPx glutathione peroxidase

IL interleukin

IL-10 interleukin-10

IL-1β interleukin-1 beta

ROS reactive oxygen species

SOD superoxide dismutase

TLR toll-like receptor

TNF-α tumor necrosis factor-alpha

1. A BRIEF HISTORY OF INFLAMMATION AND ITS
UNDERLYING RELATIONSHIP TO EXERCISE

In the first century medical encyclopedia, De Medicina, the Roman

physician Conrelius Celsus first introduced four cardinals signs of inflamma-

tion, “Rubor et tumor cum colore et dolore”; or “redness and swelling with heat

and pain.” Nearly two millennia later, in the mid-1800s, Rudolf Virchow

introduced the fifth cardinal sign of inflammation, “function laesa”; or “loss of

function,” which described the inadequate functionality of cells when

exposed to a stressful stimuli.1 Virchow proposed that these five character-

istics are a product of a larger inflammatory process that combats “cellular”

stress. These insights by Virchow broke sharply away from the traditional

view of “humor imbalance” as the mediator of health and sickness, and thus

helped usher in a new investigative era into inflammatory processes.1 Build-

ing on the work of Virchow and others, Eli Metchnikoff, in 1892, proposed

that inflammatory responses are not only vital for host defense but also

imperative for natural tissue homeostasis.2 Importantly, Metchnikoff

suggested that the innate immune system (i.e., macrophages and neutrophils)

might induce a broad range of remodeling processes, which are not neces-

sarily detrimental to a host organism.1,2 Following this, and just before the

turn of the nineteenth century, Robert Koch and Louis Pasteur proposed

the germ theory of diseases, a vital step for understanding microbes as major

inducers of acute inflammation.1

Over a century after Koch and Pasteur, a far more expansive understand-

ing of the underlying inflammatory processes of health and disease has been

revealed. Presently, inflammation is recognized as “a perpetual and essential

immune response that maintains tissue homeostasis under a variety of

noxious conditions.”1 Inflammatory process can be separated into four
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distinct components: inducers, sensors, mediators, and targets.1 Together,

various combinations of these components invoke inflammation that is vital

for host defense from pathogens as well as repair from other internal distur-

bances. Unfortunately, the necessity of the inflammatory insult to combat

such conditions may, paradoxically, lead to negative consequences within

an organism. More specifically, chronic low-grade inflammation disrupts

tissue homeostasis in ways that drive the progression of chronic conditions,

such as diabetes, atherosclerosis, autoimmune diseases, and cancer.3

With such devastating consequences, researchers and physicians have and

will continue to search for ways to combat such chronic inflammatory

insults.

Promisingly, a potent and long-lasting anti-inflammatory therapy exists

in the form of physical exercise. This is supported by a vast number of epi-

demiological studies, which show that the long-term exercise training

and/or increased physical activity greatly reduce the occurrence of chronic

inflammatory diseases.3–5 Interestingly, however, exercise only exerts its

anti-inflammatory effect after an intricate and time-dependent inflammatory

cascade that begins with largely proinflammatory actions. Such acute

inflammatory actions, if not resolved, may lead to immunosuppression

and long-term pathologies in chronic exercisers (i.e., upper respiratory tract

infections).6,7 In light of these variable effects, accounting for intensity,

duration, and recovery from exercise is key to understanding the time course

and resolution of the inflammatory response.

To help address how exercise regulates inflammation, this chapter will

aim to unravel both the molecular mechanisms and systemic inflammatory

effects of both acute and long-term exercise training. We will begin by dis-

cussing the timeline of acute, inflammatory actions within the primary tissue

that responds to exercise skeletal muscle. Next, we will explore the acute,

systemic inflammatory effects of acute exercise. Throughout this section,

readers will also be exposed to the major inflammatory regulators (i.e., cyto-

kines), as well as the possible sources and mechanisms which regulate sys-

temic inflammation. In Section 2 of this chapter, we will explore effects

of long-term exercise training on inflammatory processes. Here, we will also

aim to unravel the roles of exercise in regulating inflammation in tissues and

organ systems outside of skeletal muscle, including adipose tissue; a well-

established inflammatory mediator. Throughout all sections of this chapter,

we will include evidence from both humans and animal models, which

together will help integrate mechanistic data with clinical applications of

exercise training.
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2. EXERCISE AND ACUTE INFLAMMATION IN
SKELETAL MUSCLE

Muscular contraction is required for locomotion in mammals, thus

skeletal muscle seems the most appropriate tissue to begin the investigation

into the inflammatory processes regulated by exercise. This section will dis-

cuss the roles of metabolic and muscular injury by-products in inducing

inflammatory events within skeletal muscle during and after acute exercise.

We will also explore possible mechanisms by which inflammatory processes

initiate long-term adaptation within skeletal muscles.

A large portion of exercise-induced inflammation within the muscle can

be traced to mitochondrial uncoupling and the subsequent induction of

reactive oxygen species (ROS). Such accumulation results in numerous

downstream affects within the myocyte (muscle cell) and the surrounding

tissue.8 Namely, exercise-induced ROS generation may initiate a series of

redox-sensitive intracellular signaling events. For example, NF-kappaB

(NFkB) and activator protein-1 (AP-1), both potent transcription factors

involved in inflammation, are activated after exhaustive exercise.9 The rela-

tionship between exercise-induced ROS and these transcription factors

became apparent when a potent xanthine oxidase inhibitor, allopurinol,

was sufficient to attenuate NFkB binding in rat skeletal muscle.10 Other pro-

teins linked to inflammatory processes after exercise include the family of

stress-activatedmitogen-activated protein kinases (MAPKs), which together

initiate processes important for inflammation, muscular adaptation, andmet-

abolic control within skeletal muscle.11,12 Interestingly, the MAPK family

(p38, erk 1/2, jnk, and erk 5) are differentially activated depending on

the exercise modality.10,13 For example, it appears that concentric exercise

induces phosphorylation of MAPKerk 1/2 but not MAPKp38. On the other

hand, eccentric exercise can concurrently activate both kinases, leading to

separate downstream signaling events.14

The differentially activatedMAPK pathways highlight the complexity of

muscular pathways and the subsequent inflammatory processes that ensues

after exercise. These pleiotropic effects are highly dependent on the mode

of muscular contractions (eccentric vs. concentric) as well as the intensity,

the duration, and the novelty of an exercise task. In addition to the produc-

tion of ROS, these factors also contribute to the degree of muscle damage

after exercise. Current knowledge indicates that muscle damage is initiated

when myofibrils are stretched during contraction.8 An immediate response
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to muscle injury is the release of a vast array of damage-associated molecular

patterns (DAMPs), which are released into the extracellular environment in

response to trauma.15 The result is integrity disruption within the myocyte,

which includes disturbances in the sarcoplasmic reticulum, transverse

tubules, and myofibrillar proteins.8,16 Excessive damage to these areas can

lead to alterations in calcium homeostasis and subsequent proteolytic or

inflammatory events.8 Damage to proteins and membranes within these

areas also result in an increase in inflammatory agents such as prostaglandins,

substance P, and inflammatory cytokines, which promote the migration of

innate immune effectors (i.e., macrophages and neutrophils) to the damaged

area.17–19

3. THE RESOLUTION OF INFLAMMATION WITHIN
SKELETAL MUSCLE: A COORDINATED
INFLAMMATORY RESPONSE

The promotion of ROS and DAMPs by exercise can and has been

viewed as a deleterious response. However, there is growing evidence that

many of the pro-oxidative and proinflammatory processes that occur after

acute exercise may be vital for the long-term adaptive responses to exercise

training.8 The temporal regulation of antioxidant enzymes and anti-

inflammatory agents, which initiate metabolic adaptation and tissue repair

within skeletal muscle, is evidence of such a phenomenon. The adaptive

responses within skeletal muscle are modulated partially by antioxidant

enzymes and innate immune cells, mainly neutrophils and macrophages,

which produce a pattern of signals involved in satellite cell activation, matrix

remodeling, and neovasculature formation.20

Despite their negative connotation, ROS are important for the induc-

tion of endogenous antioxidant enzymes such as superoxide dismutase

(SOD), glutathione peroxidase (GPx), and catalase within skeletal muscle

and other tissues. Such antioxidant enzymes serve many protective functions

within the myocyte and other tissues.8 For example, reduced glutathione

acts as an electron donor and engages various biological roles, which include

the detoxification of electrophilic xenobiotics and the modulation of redox-

sensitive pathways.21 These antioxidant pathways also lead to reduction

in proinflammatory cytokines (i.e., tumor necrosis factor-alpha (TNF-α))
produced by skeletal muscle or the associated immune cells.22

The exercise-induced proinflammatory response and subsequent

immune cell recruitment and polarization may also be required for repair
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and adaptive processes within skeletal muscle. Evidence of this stems from

studies showing that the nonsteroidal anti-inflammatory drugs disrupt both

the early translational responses within skeletal muscle23and the resolving

lipid mediator response.24 A dynamic, time-dependent polarization of mac-

rophages during the tissue repair process further exemplifies the importance

of the initial inflammatory response to exercise. A switch from an initial M1

proinflammatory phenotype 24 h after eccentric exercise, to an M2, anti-

inflammatory phenotype 48–72-h after exercise, characterizes this phenom-

enon.25 It is hypothesized that the initial recruitment of M1 macrophages is

vital for the phagocytosis of necrotic cells as well as the proliferation of myo-

genic cells.15,25 The effector molecules (i.e., ROS and Reactive Nitrogen

Species (RNS)) and inflammatory cytokines (interleukin-1 beta (IL-1β),
TNF-α, and IL-6) produced by M1 macrophages are the most likely can-

didates that promote necrotizing and inflammatory processes.25

The subsequent induction of M2 macrophages is perhaps the least under-

stood of the inflammatory processes after exercise, but nevertheless is vital for

muscle repair and regeneration. Namely,muscle recovery is largely dependent

on the MAP kinase phosphatase-1 (MKP-1), which promotes p38 MAPK

downregulation in macrophages, and subsequently promotes M1 to M2

macrophage differentiation.26 Additionally, AMP-activated protein kinase

(AMPK) alpha1 and cAMP response element-binding protein may also play

integral roles in macrophage phenotype switching during muscle regenera-

tion.27 More recently, a unique population of T-regulatory cells has also been

shown to be a key component tomuscle repair and regeneration.More specif-

ically, there may exist a “muscle-specific” T-regulatory cell population which

is located in close proximity to regenerating satellite cells, exhibits anti-

inflammatory and regenerative properties (IL-10 and TGF-β), and produces

growth factors (i.e., Amphiregulin) that regulate myocyte regeneration.28

4. BEYOND THE MUSCLE: ACUTE EXERCISE AND
SYSTEMIC INFLAMMATION

Acute exercise can also induce changes in the inflammatory milieu in

areas beyond the skeletal muscle. Massive changes in circulating cytokines

(although interestingly not the prototypical proinflammatory cytokines

TNF-α and IL-1β) after acute exercise are evidence of this. Notably, some

of these cytokines are postulated to be released directly from skeletal muscle,

and thus have been termed “myokines.”29 In addition to proposedmetabolic

effects,30 one particular myokine, IL-6, has pleiotropic effects on systemic
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immune function.31 More specifically, IL-6 initiates the release of anti-

inflammatory cytokines such as IL-1 receptor antagonist (IL-1RA) and

IL-10.32 IL-1RAbinds to the IL-1 receptor (IL-1R),which inhibits the potent

and deleterious effects of proinflammatory cytokines, IL-1β and IL-1α.33

Meanwhile, IL-10 exerts anti-inflammatory effects on a variety of immune

cells including reducing the expression of Major Histocompatibility Protein

(MHC) molecules, cell adhesion molecules, and costimulatory molecules

(CD80 and CD86) on antigen-presenting cells.33,34 IL-10 also downregulates

proinflammatory cytokines, T cells, and other effector cells, thereby limiting

the capacity of these cells to maintain a prolonged inflammatory response.34

The anti-inflammatory effects of IL-6 were clearly demonstrated when

a recombinant version of the cytokine (infused at levels observed during

exercise) initiated a subsequent increase in circulating IL-1RA, IL-10,

and cortisol levels.35 However, the precise mechanisms of how exercise-

induced release of IL-6 leads to anti-inflammatory cytokine production

are still unclear. One prevailing theory is that exercise-induced IL-6 initiates

production of IL-1RA through peripheral blood mononuclear cells and/or

resident tissue macrophages.33 Regardless of the mechanism, the acute and

potent induction of anti-inflammatory cytokines after exercise has profound

effects on inflammation and immune function.

The inflammatory response following an exercise bout may also initiate

proinflammatory and cell death responses within immune cells and effected

tissue, but this largely depends on the modality and the intensity of the exer-

cise.36 Examples of these phenomena have been demonstrated in humans

and rodents, and likely involve numerous mechanisms. One example of such

a response was shown by an increase in circulating IL-17 and IL-23 after an

intensive endurance exercise event.37 Briefly, IL-17 and IL-23 represent

active components of the TH17 axis and have numerous inflammatory

effects on various tissues. IL-17 is the major proinflammatory effector of

TH17 cells, and IL-23 promotes the differentiation to an IL-17 producing

TH17 phenotype.38 A postulated mechanism by which IL-17 may initiate

an inflammatory response is through activation and recruitment of neutro-

phils through the chemokine IL-8.37 Perhaps not surprisingly then, IL-17

and IL-23 production after exercise were strongly correlated with neutro-

phil activation marker myeloperoxidase, and muscle damage marker myo-

globin (Mb), indicating a possible role of these cytokines in regulating

neutrophil activation and subsequently muscle damage.37 The source and

cause of IL-17 and IL-23 release after exercise is less understood, but may

be linked to IL-6 production.
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Systemic inflammation after exercise may also be dependent on other

unique events that occur after exercise. Notably, researchers have linked

intense, prolonged exercise with an increase in circulating lipopolysaccha-

ride (LPS), a major component of the outer membrane of Gram-negative

bacteria.39,40 Termed “endotoxemia,” the release of enteric Gram-negative

bacteria and/or its associated cell membrane components ultimately leads to

a systemic inflammatory response through activation of pattern-recognition

receptors (PRRs) on various cell types.41 The release of enteric bacteria into

circulation has been linked to a loss of barrier integrity in the gastrointestinal

tract (GI) partially caused by aberrant function or activity of the epithelial

cytoskeleton, tight junction proteins (TJPs), and/or Paneth cells.42–44 The

disruption in the epithelial barrier is likely a result of splanchnic hypo-

perfusion, a conserved evolutionary adaptation to enhance blood perfusion

to tissues required for movement and respiration.42

The regulation of inflammation and immune trafficking within the GI

after exercise may also be traced to local host–microbe interactions. For

instance, Uchida et al. showed that the administration of the bacterial protein

flagellin (FG) after exhaustive treadmill exercise exacerbated systemic

inflammation in mice as measured by circulating TNF-α.45 Moreover, these

authors found that the inflammatory response may be exacerbated by the

catecholamine, epinephrine, through an upregulation of the bacterial FG

receptor, toll-like receptor 5 (TLR-5), on GI epithelial tissue.45 Together,

these data suggest that the GI tract and associated immune tissue may be

especially sensitive to GI barrier disruption during and after acute exercise,

as intraluminal bacteria exposed to epithelial cells and immune cells can

induce an exacerbated inflammatory response. Despite this, data regarding

the regulation of inflammation by enteric microbes during and after acute

exercise are still lacking.

Despite the increases in circulating endotoxin and inflammatory cyto-

kines that can occur after strenuous exercise, the acute immunosuppressive

effects of exercise are still quite significant. Starkie et al. first demonstrated

such an effect by showing that a single endurance exercise bout significantly

reduced endotoxin-induced TNF-α production in humans.46 A likely

mechanism behind this blunted inflammatory response may be a result of

alterations in PRRs on innate immune cells. Indeed, Lancaster et al. dem-

onstrated a significant decrease in TLR (1, 2, and 4) receptor expression on

circulating monocytes 1.5 h after intensive endurance exercise.47 This find-

ing was later confirmed by others.48,49 Unfortunately, the mechanisms reg-

ulating TLR expression on circulating leukocytes after exercise are still not
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well understood, but may be related to core body temperature, stress hor-

mones, anti-inflammatory cytokines, and/or heat shock proteins.50

As discussed briefly in the previous sections, circulating hormones have

significant effects on the inflammatory process after exercise. The most stud-

ied of these hormones are catecholamines (epinephrine and norepinephrine)

and glucocorticoids (cortisol), likely due their relative ease of manipulation

and well-defined actions on the immune system. These hormones are

substantially increased after exercise by activation of the sympathetic

nervous system and the hypothalamic–pituitary–adrenal axis in dose- and

time-dependent fashions. Cortisol (the major glucocorticoid in humans)

can induce genomic and nongenomic anti-inflammatory effects, thus reduc-

ing the production of major inflammatory cytokines.51,52 Catecholamines

serve a parallel anti-inflammatory action by downregulating the production

of inflammatory cytokines from circulating leukocytes.53 However, as

previously discussed, catecholamines may have direct or indirect pro-

inflammatory actions within other areas of the body, most notably the GI

tract.45

5. SUMMARY OF ACUTE EXERCISE AND INFLAMMATION

In summary, an acute exercise bout initiates a complex, time-

dependent cascade of inflammatory events, which depends largely on the

mode, intensity, duration, and familiarity of the exercise bout (Fig. 1).

The inflammatory mediators which regulate this response act upon various

tissues, most notably the skeletal muscle. Here, the inflammatory cascade is

characterized by an initial proinflammatory response (�1.5–24 h after exer-

cise) which is followed by an anti-inflammatory muscle regenerative

response (�24–72 h after exercise). Acute exercise also initiates

“inflammatory” processes in the circulation, evident by significant rises in

circulating myokines (i.e., IL-6) followed by a subsequent increase in circu-

lating anti-inflammatory cytokines (IL-10 and IL-1RA). Acute exercise also

acts on immune cell receptor presentation, evidenced by a significant reduc-

tion of TLRs on circulating monocytes 1.5 h after strenuous exercise. It is

currently unclear how an acute inflammatory response to exercise initiates

long-term adaptive responses. Nevertheless, it is plausible that the acute anti-

inflammatory processes of exercise may propagate into some of the

well-known beneficial effects of exercise training, which will be discussed

in the section 6.
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6. EXERCISE TRAINING AND CHRONIC INFLAMMATION

Studies have demonstrated that chronic inflammation may increase

the risk of disability and mortality even in people who do not have clinical

disease.5 For instance, for individuals with infection, C-reactive protein

(CRP) levels may be 1000-fold higher than the standard values.54 CRP is

a hepatic acute phase protein that is commonly used as a biomarker of sys-

temic inflammation and risk factor for cardiovascular disease (CVD) if levels

are >3 mg/L55 and, importantly, its levels have been correlated with frailty,

morbidity, and mortality.56,57 Ridker et al. have shown that the CRP levels

predict CVD effectively in middle-aged and older population.58,59 In addi-

tion, increased CRP is related to diabetes,60 heart failure,61 physical

disability,62 and other diseases. Therefore, studying ways of diminishing

chronic inflammation is critical for reducing the risk of inflammation-

associated diseases.

Regular physical activity has the potential to improve chronic inflamma-

tion.63 A large number of cross-sectional studies have consistently reported

an inverse association between self-reported physical activities or objectively
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Figure 1 The effects of acute exercise on skeletal muscle and systemic inflammation.
Abbreviations: IL, interleukin; ROS, reactive oxygen species; TLR, toll-like receptor; ra,
receptor antagonist.
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measured aerobic capacity with inflammatory blood biomarkers.64 More

definitive evidence comes from intervention studies. Regular moderate

exercise training has been shown to act in an anti-inflammatory fashion

in a number of states where inflammation is chronic in nature including

aging,65 obesity,66 metabolic disease,67 spinal cord injury,68 and stroke69

among others. For example, we found that 10 months of cardiovascular

exercise training significantly reduce serum CRP in a cohort of

community-dwelling older adults.70 Many,70–72,61,73 but not all,74,75 inter-

vention studies have demonstrated reduced inflammatory biomarkers. The

evidence seems to indicate that if the exercise intervention is of long enough

duration (>3 months) and of sufficient intensity then reductions in inflam-

matory biomarkers will be realized. Moreover, exercise-induced reductions

in inflammation seem to occur at a higher rate in studies that have utilized

participants with elevated inflammatory markers to start with (e.g., obese,

aged, and diabetic).

7. POTENTIAL MECHANISMS OF THE EFFECT OF
EXERCISE TRAINING ON ANTI-INFLAMMATION

While the measurement of blood inflammatory biomarkers in people

is informative, they do not shed light on tissue-specific inflammation or its

causes. This is important because local tissue inflammation results in an

increase in blood inflammatory biomarkers. Animal models assist in localiz-

ing inflammatory defects to particular tissues of interest and will aid in the

identification of tissue-specific anti-inflammatory mechanisms associated

with regular exercise. There are several potential mechanisms (Fig. 2),

whereby regularly performed exercise may dampen chronic inflammation

and these include exercise-induced reductions in body fat, especially visceral

fat, increased production and secretion of anti-inflammatory cytokines from

contracting muscle, downregulation of TLRs on monocytes and macro-

phages, and adaptations in intracellular generation of ROS.33

Much of the work focusing on the mechanisms, whereby exercise

reduces inflammation has implicated adipose tissue. The current thinking

is that physical inactivity and elevated caloric intake result in adipose tissue

and adipocyte hypertrophy. As adipocytes grow beyond a critical size, the

distance for oxygen diffusion becomes too great and the cells undergo hyp-

oxic stress leading to necrosis or cell death. Necrosis is a potent stimulus

for inflammatory responses as the innate immune system attempts to clean

up the cellular debris and initiate adaptive and reparative response in the
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inflamed adipose.76 This effect is particularly damaging in visceral adipose

tissue which seems to have a high inflammatory potential relative to subcu-

taneous fat. Exercise, by creating a caloric imbalance and mobilizing fat from

adipose for fuel, reduces the size of the adipocytes thereby reducing hypoxic

stress and inflammation. Indeed, we have found that 6 or 12 weeks of

treadmill exercise training can significantly reduce both systemic and adipose

tissue inflammation in mice fed a high-fat diet, suggesting that exercise-

induced anti-inflammatory actions in adipose tissue are responsible for the

reduced systemic inflammation in this model.77

Exercise and physical activity can also invoke anti-inflammatory actions

independent of changes in fat mass. It has been suggested that, in the context

of exercise, transient elevations in IL-6 coming from exercising skeletal

muscle actually act in an anti-inflammatory fashion by inducing anti-

inflammatory cytokines such as IL-1 receptor antagonist (IL-1RA) and

soluble IL-10 which act to antagonize the actions of the quintessential

proinflammatory cytokines IL-1β and TNF-α.31 IL-6 also stimulates the

release of cortisol which is an anti-inflammatory hormone.35 Thus, IL-6

seems to be an important molecule that is elevated in response to
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M1 macrophages,
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Figure 2 The effects of long-term,moderate intensity exercise training on inflammatory
markers and immune mediators. The anti-inflammatory effects may manifest from both
adipose-dependent and -independent mechanism. Abbreviations: IL, interleukin; SOD,
superoxide dismutase; GPx, glutathione peroxidase.
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inflammatory stimuli and contributes to regulation of inflammatory reac-

tions, but its measurement is frequently used as a biomarker for inflamma-

tion. There is also one study showing that aerobic exercise training decreases

mononuclear cell production of TNF-α and IL-1α (atherogenic cytokines)

and increases IL-4, IL-10, and TGF-β1 (atheroprotective cytokines) in indi-
viduals with high risks of heart disease.78

TLRs are highly evolutionarily conserved transmembrane proteins that

play an important role in the detection of microbial molecular patterns and

endogenous “danger signals,” such as those induced by tissue damage.79

Activation of TLRs results in the production of proinflammatory cytokines.

Acute exercise can result in a reduction in the expression of TLR on blood

monocytes50 which would desensitize these cells to inflammatory stimuli

thus contributing an anti-inflammatory effect. However, in animal experi-

ments performed in our lab, exercise training failed to reduce the behavioral

and inflammatory effects of a wide range of doses of LPS; a TLR4 ligand

comprised of cell wall components of Gram-negative bacteria.80

The anti-inflammatory effect of exercise training may also be the result of

modulation of intracellular signaling pathways mediated by nitric oxide

(NO) and ROS. During exercise, increased production levels of NO and

ROS are important in inducing anti-inflammatory defense mechanisms81

and have long-term effects on muscle gene expression. Gielen et al. have

reported that after exercise training, there is a significant reduction of

NO synthase expression in skeletal muscle.82 The adaptive responses of

redox pathways in response to exercise training protect skeletal muscle from

exposure to the increase of ROS following exercise.81 In addition, TNF-α
levels in skeletal muscle will be changed byROS, which may reduce inflam-

mation. Therefore, exercise-induced adaptation in redox-sensitive pathways

may also attenuate inflammation.

8. SUMMARY

Exercise exerts a pleiotropic, time-dependent cascade of inflammatory

events, which have numerous roles in health and disease. These include

interactions between innate and adaptive immune cells, cytokines, and other

intracellular components, which under appropriate conditions, provide an

inflammatory milieu optimal for recovery, regeneration, and adaptation

from an exercise bout. The inflammatory response to an acute exercise bout,

however, does not necessarily provoke one type of “inflammatory

environment,” as the mode intensity and duration of exercise are vital

349Exercise and Inflammation



components of the exercise-induced inflammatory response. Nevertheless,

it is evident that exercise training, over time, exerts anti-inflammatory

actions through several distinct mechanisms. These include actions depen-

dent and independent of changes in adipose tissue mass. Despite the mount-

ing evidence regarding the anti-inflammatory potential of exercise, a

mechanistic understanding into the key mediators and processes behind such

response is still to be determined. As such, future research should encompass

multicomponent approaches to exercise immunology, which attempt to

integrate other, less-recognized physiological processes with acute and

long-term inflammatory changes. This will include investigation into the

metabolic, endocrine, and immune components of various tissues and

organs, including the brain and GI. Ultimately, a more comprehensive

understanding into the regulation of inflammation during and after exercise

may be established.
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Abstract

Exercise has a profound effect on the normal functioning of the immune system. It is
generally accepted that prolonged periods of intensive exercise training can depress
immunity, while regular moderate intensity exercise is beneficial. Single bouts of exer-
cise evoke a striking leukocytosis and a redistribution of effector cells between the blood
compartment and the lymphoid and peripheral tissues, a response that is mediated by
increased hemodynamics and the release of catecholamines and glucocorticoids
following the activation of the sympathetic nervous system and the hypothalamic–
pituitary–adrenal axis. Single bouts of prolonged exercise may impair T-cell, NK-cell,
and neutrophil function, alter the Type I and Type II cytokine balance, and blunt immune
responses to primary and recall antigens in vivo. Elite athletes frequently report symp-
toms associated with upper respiratory tract infections (URTI) during periods of heavy
training and competition that may be due to alterations in mucosal immunity, partic-
ularly reductions in secretory immunoglobulin A. In contrast, single bouts of moderate
intensity exercise are “immuno-enhancing” and have been used to effectively increase
vaccine responses in “at-risk” patients. Improvements in immunity due to regular
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exercise of moderate intensity may be due to reductions in inflammation, maintenance
of thymic mass, alterations in the composition of “older” and “younger” immune cells,
enhanced immunosurveillance, and/or the amelioration of psychological stress. Indeed,
exercise is a powerful behavioral intervention that has the potential to improve immune
and health outcomes in the elderly, the obese, and patients living with cancer and
chronic viral infections such as HIV.

1. INTRODUCTION

The immune system is a complex network of cells and molecules that

function to protect the host from invading microorganisms, prevent disease,

and facilitate wound healing. Although the immune system is generally

divided into two broad branches, innate (nonspecific, natural) and adaptive

(repetitive, specific) immunity, it is important to note that both arms of the

immune system often work synergistically in the overall immune response.

For instance, innate immune cells help facilitate specific (memory) immune

responses through antigen presentation, while adaptive immune cells may

release cytokines and other messenger molecules that regulate innate

immune cell function.

Interest in the effects of exercise on the immune system stemmed from

the early work of David Nieman, who showed that individuals engaged in

regular exercise of a moderate intensity reported fewer symptoms associated

with upper respiratory tract infections (URTI) compared to sedentary peers,

while, conversely, those engaged in frequent high-volume exercise training

appeared to be at a greater risk of infection than those who remained sed-

entary.1,2 Studies concerned with the effects of exercise on the immune sys-

tem have focused on the impact of acute bouts of exercise as well as the

chronic effects of exercise training. While athletes have been the focus in

many of these studies, there is also great interest in how exercise training

can improve immune function in the elderly and in diseased patients. In this

chapter, we describe the effects of acute and chronic exercise on immune

responses and briefly discuss their potential health and clinical implications.

2. THE EFFECTS OF ACUTE EXERCISE ON IMMUNE CELL
NUMBER AND COMPOSITION

A single bout of exercise has a profound effect on the total number and

composition of circulating leukocytes. It is not uncommon for the total
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leukocyte count to increase two- to threefold after even brief (order of

minutes) dynamic exercise, whereas prolonged endurance exercise

(0.5–3 h) may cause the leukocyte count to increase up to fivefold.3,4

Although increased leukocyte numbers are often indicative of infection

and/or inflammation, the exercise-induced leukocytosis is known to be a

transient phenomenon, with normal leukocyte and leukocyte subtype

counts typically returning to preexercise levels within 6–24 h after exercise

cessation. The predominant cells mobilized with exercise are neutrophils

and lymphocytes with a smaller contribution being made from mono-

cytes.3,4 During the early stages of exercise recovery (within 30–60 min

of exercise cessation), a rapid reduction in the blood lymphocyte count

(lymphocytopenia) occurs concomitantly with a sustained neutrophilia (ele-

vated blood neutrophil count). The exercise-induced lymphocytopenia is

believed by some to have potential clinical ramifications by leaving individ-

uals vulnerable to illness during exercise recovery (termed the “open-

window” hypothesis). In response to endurance-based exercise in particular,

the blood lymphocyte count may reach clinically low levels (<1.0�109/l)

by falling 30–50% below preexercise values and may remain diminished up

to 6 h later.3,4

While exercise evokes a general leukocytosis, the response across the

major leukocyte subtypes is not uniform (for a more detailed account, see

Walsh et al.3 and Simpson4). Moreover, many discrete neutrophil, mono-

cyte, and lymphocyte subtypes also show preferential levels of cell trafficking

in response to a single exercise bout. There are three main characteristics that

are shared by all leukocyte subsets that are preferentially redeployed follow-

ing a single bout of exercise.4 First, exercise-mobilized cells tend to have

increased cytotoxic/effector functions and have a mature/differentiated

phenotype. For instance, exercise preferentially mobilizes cytotoxic cells

such as NK-cells, CD8+ T-cells, and γδ T-cells,5 and nonlymphocyte cells

that have high effector functions and maturation profiles such as CD16pos

monocytes6 and CD16neg neutrophils.7 In contrast, those subtypes with

early maturation profiles and/or limited cytotoxic/effector functions such

as CD4+ T-cells, B cells, and classical (CD16neg) monocytes are redeployed

in relatively fewer numbers.3 Even within those cell types, such as CD8+

T-cells, that are considered highly cytotoxic as a whole, there is still a pref-

erential mobilization of those subsets shown to have greater relative cyto-

toxic functions (i.e., KLRG1pos/CD28neg/CCR7neg).8–10 Second, those

leukocyte subtypes that are preferentially redeployed with exercise tend

to exhibit phenotypes associated with tissue migration. Exercise-mobilized
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leukocytes express high levels of integrins and intracellular adhesion mole-

cules11 and a range of chemokine receptors (i.e., CXCR2, CXCR3, and

CXCR5) that have ligands for activated endothelium.12 Third, the leuko-

cyte subtypes that are preferentially redeployed with exercise have increased

expression levels of adrenoreceptors (β2-ARs) and glucocorticoid receptors,

and are therefore highly responsive to catecholamines and cortisol. Indeed,

similar cell types redeployed by exercise can also bemobilized with β-agonist
(i.e., epinephrine or isoproterenol) infusion,5,13,14 and the use of non-

selective β-blockers (propranolol) abrogates the response.13 Moreover, cer-

tain leukocyte subtypes that preferentially egress the blood compartment

during exercise recovery (particularly monocytes and lymphocytes) are very

responsive to glucocorticoids,15 indicating that leukocyte trafficking

between the blood and tissues is strongly influenced by both sympathetic

nervous system and hypothalamic–pituitary–adrenal (HPA) axis activation.

2.1 Factors Responsible for Exercise-Induced Leukocytosis
The mechanisms responsible for the redeployment of discrete leukocyte

subtypes with exercise are multifactorial. Among the main contributors is

the shear stress-induced demargination of leukocytes from the vascular, pul-

monary, hepatic, and/or splenic reservoirs that accompanies exercise-

induced increases in cardiac output and blood flow.4 Equally as important

is the action of catecholamines and glucocorticoids, which bind to

adrenoreceptors and glucocorticoid receptors that are expressed by the

exercise-responsive leukocytes causing their mobilization and egress from

the blood compartment both during and after exercise.

2.1.1 Leukocyte Demargination
Intravascular leukocytes are either in free circulation or adhered (margin-

ated) to the vascular endothelium that lines the entire circulatory system.16

Acute exercise causes substantial increases in hemodynamics such as

increases in cardiac output, vascular vasodilation, and blood flow, which

place greater mechanical forces on the endothelium causing leukocytes to

demarginate and enter the free-flowing circulation.4 This is coupled with

greater levels of shear stress within the capillary structures that contain mar-

ginated leukocytes, which can also sever leukocyte–endothelial cell interac-

tions and drive more leukocytes into the peripheral circulation.4 Moreover,

increased lymphatic flow with exercise is also likely to contribute to this

leukocytosis as lymph is emptied into the blood via the thoracic duct.

These hemodynamic factors account for the majority of the leukocyte
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demargination that occurs with exercise, particularly for neutrophils and

most monocytes. However, hemodynamics may not be responsible for

the vast majority of lymphocytes and some monocytes that are redeployed

with exercise, which appear to have a greater reliance on catecholamine-

mediated mechanisms.14

2.1.2 The Effects of Stress Hormones
Increased sympathetic nervous system activity and the resulting secretion of

catecholamines (i.e., the hormone epinephrine and the neurotransmitter

norepinephrine) are largely responsible for the mobilization of certain lym-

phocyte and monocyte subtypes during exercise. Moreover, exercise

increases activity of the HPA axis, causing the release of corticotropin-

releasing hormone, adrenocorticotrophic hormone, and cortisol, which

are known to have a profound effect on leukocyte trafficking.15,17 Addition-

ally, the release of catecholamines and glucocorticoids appears to affect the

kinetics of the leukocyte subtype response to exercise. Increased activation

of the sympathetic–adrenal–medullary axis and the resulting release of cat-

echolamines evokes a profound lymphocytosis within minutes of engaging

in dynamic exercise, whereas the release of cortisol from the adrenal cortex

causes leukocyte (neutrophil) numbers to continue their increase, often

reaching peak values within a few hours after exercise cessation.

2.1.3 Origins and Destinations of the Leukocytes Redeployed
by Acute Exercise

The demargination of leukocytes from the walls of the blood vessels under

the influence of shear stress due to increases in blood pressure and cardiac

output is an accepted mechanism for exercise-induced increases in the

peripheral leukocyte count.3 However, the leukocytosis that occurs with

exercise is often much greater than what could feasibly be provided by

the dislodging of leukocytes from the endothelium. Thus, the liver, lung,

and spleen are likely to be major sources of the leukocytes mobilized into

the circulation with exercise, as all harbor very large leukocyte reservoirs.

Moreover, the lymph nodes, intestines, bone marrow, thymus gland, and

even skeletal muscle also contain large numbers of white cells and may also

be responsible for deploying certain leukocyte subsets into the circulation

during or after exercise. The likely origin and destination of the redeployed

leukocyte subtypes will vary from one leukocyte subtype to another. For

instance, neutrophils may enter the circulation from the marginated pool

or the bone marrow, while lymphocyte demargination may occur from

359Exercise and the Regulation of Immune Functions



the spleen under the influence of catecholamines.4 As the cells mobilized

with exercise tend to have a more mature/differentiated profile, the

primary (i.e., bone marrow, thymus), and even some secondary (i.e., lymph

nodes), lymphoid organs are unlikely to contribute greatly to the initial

exercise-induced leukocytosis. However, the bone marrow likely contrib-

utes to the sustained neutrophilia during the recovery phase after pro-

longed exercise, while the lymph nodes and thymus may be responsible

for the restoration of the blood lymphocyte count following the transient

lymphocytopenia.

3. ACUTE EXERCISE AND IMMUNE FUNCTION

3.1 Innate Immune Responses to Acute Exercise
The innate arm of the immune system incorporates both cells and soluble

factors. Innate cells, such as neutrophils, are attracted to sites of infection

or inflammation via chemotaxis and ingest and destroy microbes by phago-

cytosis. The microbes are then attacked and digested within intracellular

vacuoles by granular lytic enzymes (degranulation) and reactive oxygen spe-

cies (oxidative/respiratory burst). Acute moderate intensity exercise has

been reported to enhance neutrophil chemotaxis but not their ability to

adhere to the endothelium,18 which is the first step in neutrophil migration

to sites of injury or infection. Regarding the phagocytic activity of innate

immune cells, the vast majority of studies have reported that neutrophil

phagocytosis is enhanced immediately after a single exercise bout, while

monocyte phagocytosis may increase after prolonged submaximal19 but

not exhaustive exercise.20 Spontaneous neutrophil degranulation may

increase after acute exercise, but neutrophil degranulation in response to

bacterial stimulation appears to be impaired.21 Neutrophil oxidative burst

is greatly influenced by the intensity and duration of the exercise bout, as

it was reported that cycling exercise at 50% and 80% of VO2max enhanced

and attenuated neutrophil oxidative burst, respectively.22 Moreover, during

exercise recovery, neutrophil oxidative burst continues to be enhanced after

moderate intensity exercise but remains impaired after exhaustive or pro-

longed exercise.23,24

NK-cell cytotoxicity is measured by coculturing human peripheral

blood mononuclear cells (PBMCs, which include NK-cells) with a tumor

target cell line, with the number of dead target cells being quantified relative

to the number of NK-cells in the PBMC fraction. While a single bout of

exercise causes an increase in NK-cell cytotoxicity that is quickly followed
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by a delayed suppression during exercise recovery, it has become apparent

that changes in the proportion of NK-cells among the PBMC fraction are

largely responsible for the biphasic response in NK-cell function. Indeed,

changes in NK-cell function with exercise mirror the changes in NK-cell

number, often resulting in the number of dead target cells per NK-cell to

remain unchanged.25 However, more recently, Bigley et al.26 challenged

this dogma by examining the effects of exercise on NK-cell cytotoxicity

using a wide range of tumor target cells. While supporting the finding that

exercise does not affect the per-cell killing of the K562 target cell (the cell

line that is used in practically all previous studies), they observed increases in

NK-cell function (on a per NK-cell basis) during the recovery phase of exer-

cise against tumor cell lines of lymphoma and multiple myeloma origin.26

Moreover, the increase in NK-cell function could be explained by propor-

tional shifts of discrete NK-cell subsets that overexpress activating receptors,

such as NKG2C, for idiosyncratic ligands expressed by the target cells.26

Thus, it remains unclear if exercise affects the functional capability of

NK-cells at the individual cell level, or whether changes in NK-cell function

merely reflect exercise-induced alterations in NK-cell number and subset

distribution.

3.2 Adaptive Immune Responses to Acute Exercise
3.2.1 Immune Responses Determined In Vitro and Ex Vivo
T-cells proliferate in response to an antigenic challenge to form multiple

effector T-cell clones. These expanded cells are then able to recognize

the antigen that caused the initial response and destroy any infected cell that

displays properties of that antigen on its surface. T-cell function is typically

modeled in vitro using a mitogen (i.e., PHA) or an antigen to trigger cell rep-

lication. Several studies have reported that T-cell proliferation decreases

both during and after exercise.3 This appears to be a consistent effect when-

ever mitogens are used to activate T-cells regardless of exercise modality,

intensity, or duration. Moreover, reductions in the migratory and homing

properties of T-cells have been reported during the recovery phase of pro-

longed exercise. Bishop et al.27 found that CD4+ and CD8+ T-cell migra-

tion toward the supernatants released from human rhinovirus-infected

bronchial epithelial cells was decreased 1 h after completing a 2-h treadmill

run at 60%VO2max. Although this may indicate that acute exercise compro-

mises T-cell function, it is debatable whether T-cell proliferation is truly

impaired during or after exercise, with many researchers arguing that mito-

gens elicit a very general T-cell response and are not indicative of the
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antigen-specific properties of memory T-cells. Indeed, when T-cells are

stimulated with viral peptides against common viral antigens such as cyto-

megalovirus (CMV) and Epstein–Barr Virus (EBV), T-cell activation and

proliferation is greatly enhanced after 30 min of steady-state exercise,28 with

many of the expanded T-cell clones being specific to the antigen that was

used to activate them.28 Further, although the T-cell proliferation index

is mathematically adjusted for the number of T-cells in the PBMC fraction29

(or, in some cases, isolated T-cells30 or NK-cell-depleted cells31 are used

instead of mixed PBMCs), as withNK-cells, it is likely that exercise-induced

alterations in the proportion of broad (i.e., CD4+ T-cells, CD8+ T-cells,

γδ T-cells) and more discrete T-cell subsets (i.e., naı̈ve, central memory,

effector memory (EM), and high differentiated or senescent cells) will con-

found T-cell functional measures after exercise.8,10 For instance, although

mitogen-activated proliferation and migration of blood T-cells appear to fall

during exercise recovery, the T-cell subsets that have the largest tissue

migrating and effector functions may have already egressed the peripheral

blood compartment in vivo.

3.2.2 Immune Responses Determined In Vivo
To overcome limitations associated with the in vitro experiments that have

been used to assess T-cell function after exercise, several studies have inves-

tigated the effects of exercise on immune responses to antigen challenge

in vivo. Trained triathletes were given an intradermal inoculation containing

several recall antigens, including tetanus, diphtheria, and streptococcus, fol-

lowing a half-Ironman race.32 The diameter of the resulting oedema at the

inoculation site was measured 48 h later as an indicator of the delayed-type

hypersensitivity (DTH) response. It was found that the DTH response was

significantly lower in the triathletes compared to both nonexercising triath-

letes andmoderately trained healthymen.32 This indicates that single bouts of

prolonged endurance exercise may inhibit immune responses to recall anti-

gens (i.e., memory T-cell responses). More recently, Harper Smith et al.33

showed that prolonged endurance exercise also inhibits immune responses

to the topically applied novel antigen, diphenylcyclopropenone (DPCP).

Separate groups of participants received a primary DPCP exposure 20 min

after 2 h of running at 60%VO2max or 2 h of seated rest. Participants received

aDPCP challenge 4weeks later on the upper inner arm and oedema (skinfold

thickness) and erythema (redness) were measured under blinded conditions

24 and 48 h later. The exercised participants displayed significantly reduced

responses to the DPCP challenge at both 24 and 48 h postexposure, evident
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by smaller changes in skinfold thickness and redness. A subset of the partic-

ipants, now presensitized to DPCP, completed both the exercise and seated

rest conditions and also demonstrated exercise-induced impairments in the

DPCP antigen recall response. The primary antigen response was �50%

lower in exercisers compared to controls, whereas the recall response was

�20% lower in the exercise versus control condition, indicating that the

immune response to a novel antigen is more susceptible to exercise-induced

impairment than the memory recall response.33

Some researchers have contended that a single bout of acute exercise is

“immuno-enhancing” and have tried to harness this natural stress response

to augment vaccine efficacy. Acute exercise involving whole-body dynamic

exercise, or localized eccentrically based resistance exercise designed to

evoke a local inflammatory response at the site of vaccination, have been

used.Vaccine response ismeasured in twoways: the production and presence

of antibodies against the vaccine strain in the serum, and the memory T-cell

response (i.e., proliferation, cytokine secretion) to antigen stimulation

in vitro. In a review of nine studies that examined the effects of acute exercise

on vaccine responses, Pascoe et al.34 reported that a single bout of moderate

intensity exercisemostly enhances immune responses to vaccination. Among

the vaccines used in these studies were the influenza, tetanus toxoid, diph-

theria, pneumococcal andmeningococcal vaccines, with the subjects ranging

from young, healthy adults to community-dwelling elderly. Interestingly,

the majority of these studies reported that exercise enhanced the response

against those vaccine strains that elicited the poorest response in the control

group, indicating that immune responses to those vaccine antigens with low

immunogenicity are most likely to be enhanced by exercise. Moreover, the

response to certain vaccine strains may also differ between males and

females.34 In summation, it appears that acute exercise is capable of both

augmenting and inhibiting adaptive immune responses in vivowith the inten-

sity, duration, and modality of exercise likely to serve as governing factors.

3.2.3 Mucosal Immunity
The mucosal immune system is responsible for protecting the mucosal sur-

faces of the respiratory tract, nasal passages, and the intestines. The effect of

acute exercise on mucosal immunity has been widely studied,35 with the

majority of studies focused on changes in the secretion of immunoglobin

A (SIgA) as determined in saliva. At present, there is little consensus on

the impact of acute exercise on SIgA due to the inconsistencies in the liter-

ature.3 It does appear that a number of factors may influence the response
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including training status, intensity and duration of the exercise bout, the

method of saliva collection, sleep patterns, nutrition, and diurnal variation.3

Conversely, saliva flow rate has consistently been shown to decrease after

exercise of moderate to high intensity, which may be due to a withdrawal

of the inhibitory effects of the parasympathetic nervous system.3

3.3 Factors Affecting the Immune Response to a Single
Exercise Bout

There are many factors that may affect the immune response to acute exer-

cise, including training status, repeated exercise bouts, and extreme environ-

ments (for a more detailed discussion of these topics, see the textbook edited

by Gleeson et al.36), but the factors that are particularly prominent are: inten-

sity and duration of the exercise bout, age, nutritional status, and infection

history. Here, we discuss how these factors can influence the immune

response to acute exercise.

3.3.1 Exercise Intensity and Duration
The intensity and duration of the exercise bout has a profound impact on

both innate and adaptive immune responses.3 Changes in blood lymphocyte

numbers during and after exercise are mostly dependent on the intensity of

exercise, whereas exercise duration has a stronger influence on the neutro-

phil and total leukocyte count. The egress of lymphocytes during the recov-

ery phase of exercise that results in lymphocytopenia is also greater following

high-intensity exercise.3,8,37 Exercise intensity largely influences the blood

monocyte count, although it is not uncommon for monocyte numbers to

continue increasing during recovery from very prolonged exercise. Neutro-

phil function is also affected by exercise intensity, with moderate workloads

found to increase respiratory burst activity, and more severe exercise asso-

ciated with reductions in respiratory burst.22–24 Most studies have shown

that NK-cell activity, when expressed on a per-cell basis, does not appear

to change much after acute exercise,38 unless the bout is intense and pro-

longed, in which case it may be impaired for up to several hours after exer-

cise.25 Changes in T-cell function after acute exercise appear to be

proportional to the exercise intensity and duration; Nieman et al.29 observed

50% and 25% reductions in T-cell proliferation after 45 min of treadmill

running at 80% and 50% VO2max, respectively. However, because exercise

intensity and duration also affect the composition of T-cell andNK-cell sub-

sets, it is possible that this underpins the observed functional changes. With

that being said, a recent study reported impaired in vivo immune responses to
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DPCP after 2 h of running at 60% VO2peak, but not after 30 min of running

at 80% or 60% VO2peak.
39 So while the altered composition of discrete lym-

phocyte subtypes after exercise may confound many immune cell function

measures determined in vitro, evidence from the in vivo studies indicates that

there are genuine effects of exercise intensity and duration on the normal

functioning of the immune system.

Antimicrobial proteins that are found in saliva and protect the upper

respiratory tract from invading microorganisms usually increase during acute

bouts of exercise, although the effects of acute exercise on SIgA responses are

largely inconsistent. A recent study by Kunz et al.40 reported that the secre-

tion and/or concentration of SIgA, lactoferrin, lysozyme, LL-37, HNP 1–3,

and alpha amylase increased after 30 min of steady-state cycling exercise at

intensities corresponding to �5%, +5%, or +15% of the individual blood

lactate threshold, although only alpha amylase was sensitive to the intensity

of the exercise bout.

3.3.2 Aging
Aging is associated with profound declines in immunity that are described by

the canopy term, immunosenescence.41 It has become apparent that older

individuals (>50 years) have an impaired ability to redeploy certain leuko-

cyte subtypes in response to a single exercise bout. Moreover, T-cell pro-

liferation to mitogens following exercise is significantly lower in older

compared to younger exercisers, while aging does not appear to affect

NK-cell mobilization and function in response to a single exercise bout.42,43

Apart from NK-cells, there is very little information available on the effects

of aging on the innate immune response to acute exercise.3 Although older

adults typically exercise at lower absolute and relative exercise intensities,

which could be a confounding factor, aging has been shown to impair

the recruitment of certain leukocyte subpopulations to the blood compart-

ment even when similar physiological responses to acute maximal and

steady-state exercise are observed between the age groups.43,44 Moreover,

even when there are no differences in the relative and absolute exercise

intensities between young and older subjects, older exercisers were still

found to mobilize substantially fewer CD8+ T-cells than their younger

counterparts.44 In an analysis of CD8+ T-cell subsets, it was found that this

effect was attributable to a lower mobilization of naı̈ve cells, possibly due to

the reductions in thymic output that are accompanied with aging.44 Inter-

estingly, this study also reported that older exercisers infected with CMV

(discussed in more detail below) were able to mobilize comparable numbers
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of CD8+ T-cells as their young counterparts, and substantially greater cell

numbers compared to their age-matched, noninfected counterparts.44 Thus,

it appears that infection history is a major confounding factor of apparent

age-related differences in the immune response to exercise.

A number of factors could be involved in the differences seen in leuko-

cytosis with age. Reductions in absolute T-cell number combined with age-

related declines in cardiac output may result in fewer cells being mobilized

into the circulation due to shear stress. Moreover, while the catecholamine

response to acute exercise is not affected by age, the sensitivity of β2-ARs

appears to be blunted,45 suggesting that older individuals have a higher

threshold for catecholamine-induced immune cell redeployment.

3.3.3 Nutritional Status
The effect of nutritional interventions on the immune response to acute

exercise has been studied extensively. For a more thorough overview, see

Davison and Simpson46 orWalsh et al.47 While many studies have examined

the impact of macro-and micronutrient intake on the immune responses to

exercise, they have yielded mostly equivocal results.46,47 However, there is

consensus that carbohydrate availability has a profound impact on the

immune responses to acute exercise. Performing a single bout of exercise

in a state of glycogen depletion, or after a few days of a low CHO diet,

evokes larger immune perturbations (increased catecholamine/glucocorticoid

response, greater leukocyte redistribution, and depressed immune function)

compared to exercise on a normal or high CHO diet (or when not glycogen

depleted).46,47 T-cell, NK-cell, and neutrophil functions have all been

reported to decline by a greater extent following exercise under

glycogen-depleted conditions. It is likely that CHO availability impacts

immunity during exercise via indirect mechanisms, as exercising under con-

ditions of low CHO intake or glycogen depletion evokes a larger stress

response. In comparison to similar exercise under conditions of normal

CHO availability, increased HPA axis activation (i.e., cortisol secretion),

catecholamine release, and muscle IL-6 production and release are often

observed,46,47 all of which profoundly impact the composition and function

of leukocyte populations in blood. Acute CHO ingestion in the region of

30–60 g/h is usually sufficient to blunt the cortisol response and reductions

in immune function during prolonged exercise.46,47 These include blunting

the inhibitory effects of exercise on T-cell proliferation, T-cell migration

toward infected cell culture supernatants, and neutrophil phagocytosis/

oxidative burst activity.
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3.3.4 Infection History
The human immune system is largely shaped by the pathogens that have pre-

viously infected the host. The idea that infection history may govern

immune responses to acute exercise is new, with recent attention being paid

to CMV, a β-herpes virus that, by 40 years of age, infects 50–80% of the US

population. Latent CMV infection has been shown to have somewhat

dichotomous effects on immune cell distribution following a single exercise

bout. While total CD8+ T-cells and γδ T-cells are redeployed in relatively

greater numbers,44,48,49 NK-cell mobilization and egress is markedly

reduced in people with CMV.50,51 This effect appears to be due to the

impact CMV has on the proportion of discrete CD8+ T-cell and

NK-cell subsets. People with CMV have more KLRG1+, EM, and

CD45RA expressing effector memory cells (EMRA) T-cell subsets that

are known to be highly responsive to exercise,8,10 but also have greater pro-

portions of NKG2C+ NK-cell subsets, that have been shown to be poorly

responsive to exercise and catecholamine stimulation in vitro.51 CMV also

enhances NK-cell function at rest, although any enhancements in

NK-cell function due to exercise appear to occur only in people without

CMV.51 Conversely, changes in neutrophil and monocyte number and

function after exercise are not influenced by CMV serostatus.52 Although

CMV-infected individuals typically harbor other latent herpesvirus infec-

tions [i.e., EBV, herpes simplex virus-1 (HSV-1)], the effects of CMV on

CD8+ and γδ T-cell redeployment appear to be independent of these

coinfections.48,53

4. CHRONIC EXERCISE AND IMMUNE FUNCTION

Regular exercise has the potential to exert both positive and delete-

rious effects on the normal functioning of the immune system. Studies con-

cerned with the effects of chronic exercise on immunity have focusedmostly

on athletes or the elderly, with the overall goals of ascertaining the extent of

immune decline in athletes due to excessive exercise training or identifying

the factors responsible for improving immunity in the elderly or the immu-

nocompromised due to regular moderate intensity exercise training.

4.1 The Effects of High Volume Exercise Training
It is generally accepted that excessive high intensity, high-volume exercise

training can contribute to transient, and sometimes long-term, depressions

in immunity that can increase infection risk. Single bouts of prolonged
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endurance exercise are believed to leave an “open window” for opportunis-

tic infections that may last up to 72 h postexercise54 (Fig. 1). When repeated

bouts of acute strenuous exercise are performed without adequate recovery,

this “open window” is prolonged and may cause the transient depressions in

immunity after acute exercise to cumulate, resulting in a chronic state of

impaired immunity. In addition, the physical and psychological stress of

high-intensity training, and travel associated with competition, may increase

pathogen exposure and increase the incidence of viral reactivation, placing

additional burden on the immune system.47 Although this “open window”

is believed to underpin the increased reporting of URTI symptoms in

athletes following prolonged bouts of endurance exercise, it has been

debated whether or not these symptoms are attributable to actual infections.

Indeed, Spence et al.55 obtained throat and nasopharyngeal swabs from

athletes reporting symptoms of URTI and found that pathogens were

isolated in fewer than 30% of the cases, suggesting that noninfectious

factors, such as local inflammation which occurs as a result of increased
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Figure 1 The “open-window” hypotheses adapted from the originalmodel proposed by
Pedersen and Ullum.54 A single bout of exercise is associated with an initial enhance-
ment in immune function that is quickly followed by a transient period of immune
depression (the “open window”) that can last for 3–72 h after the initial exercise bout
(although in most cases immune function is restored to normal levels within 24 h). It
is believed that this “open window” leaves the host susceptible to opportunistic infec-
tions. If a secondbout of exercise is performedduring thewindow (i.e., without adequate
recovery), then the exercise-induced enhancement in immunity is blunted and the post-
exercise immune depression is more severe and prolonged (i.e., the window is opened
wider and for longer), rendering the athlete more susceptible to infection. The response
is exacerbated with subsequent exercise bouts that, if completed without adequate
recovery, may result in a state of chronic immune suppression (a third bout is used here
for illustrative purposes, but in reality, it is likely to be many more).
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respiration, and exposure to irritants, such as environmental air pollutants,

may also be involved.47,3

4.2 Potential Factors Involved in Exercise-Induced Immune
Depression

It has consistently been shown that those engaging in frequent bouts of pro-

longed strenuous exercise report more symptoms associated with URTI,

particularly during the subsequent hours and days following major sporting

events and competitions.3,47 Although the evidence to suggest that these self-

reported symptoms are due to actual infections is sketchy, there is evidence

that high-volume exercise training can depress certain aspects of immune

function that may leave athletes susceptible to opportunistic infections.56

4.2.1 Immune Cell Frequency and Function
Declines in the number of circulating immune cells are known to increase

infection susceptibility. Total leukocyte and leukocyte subset numbers tend

to be similar between athletes and healthy age-matched controls, although

endurance athletes (particularly runners) may present with lower resting

lymphocyte numbers. Horn et al.57 collected peripheral blood samples

from over 2000 elite Australian athletes spanning a 10-year period. They

found that total leukocyte, monocyte, and neutrophil counts were

lowest among cyclists and triathletes. Around 17% of cyclists and triathletes

were neutropenic (<2.0�109/l) compared to 5% across all other sports.

Lymphocytopenia, although transiently observed after prolonged bouts of

acute exercise, was only evident in 2% of athlete resting blood samples across

all sports.57 Longitudinal training studies have also reported declines in total

NK-cells and CD8+ T-cells after 12 weeks and 6 months of intensive train-

ing in swimmers and cyclists, respectively.58,59

Neutrophil respiratory burst23 andNK-cell activity60 have been reported

to decrease due to heavy exercise training. Moreover, athletes undertaking

prolonged periods of intensive trainingmay also present with impairments in

adaptive immunity, with reports on reduced T-cell proliferation, numbers

of circulating Type 1 T-cells, and stimulated B-cell immunoglobulin syn-

thesis.58,61,62 A common practice among athletes is to “overreach,” which

is characterized by intensified short-term training periods incorporated into

their schedules to enhance future performance. Studies that have tracked

athletes during periods of overreaching have observed discernible declines

in neutrophil and monocyte oxidative burst activity, T-cell proliferation,

CD4+/CD8+ T-cell ratios, antibody synthesis, and NK-cell function.56
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Although these declines are not indicative of clinical immune deficiency,

they may leave athletes more susceptible to opportunistic infections during

these heavy training periods.56 A recent study reported that naı̈ve T-cell

number and thymic output were drastically reduced in elite athletes and that

their peripheral immune compartments closely resembled those of an older

adult population.63 This could have important implications for the long-

term health of the high-performance athlete as low naı̈ve T-cell numbers

due to reductions in thymic output could impair adaptive immune responses

to novel pathogens. Functional declines in adaptive immunity due to pro-

longed periods of intensive exercise training appear to be related to alter-

ations in the pro- and anti-inflammatory cytokine balance and elevated

plasma stress hormone levels, particularly cortisol.56

4.2.2 Latent Viral Reactivation
Few studies have looked at the effects of infection history and immune

responses to exercise training. There is evidence that latent herpesviruses,

such as EBV, can reactivate during periods of high-intensity/volume exer-

cise training.64 Gleeson et al.64 reported that EBV serostatus was associated

with self-reported symptoms of URTI in a group of elite swimmers follow-

ing a 30-day period of intensive training. Moreover, EBV DNAwas detect-

able in saliva (indicative of viral shedding) prior to the manifestation of

URTI symptoms, causing the authors to speculate that the two could be

causally related.64 In contrast, a recent study found that prior exposure to

both CMV and EBV exerted protective effects against URTI incidence over

a 4-month winter training period in a large number of student athletes,65

although this study did not link infection risk with viral shedding. It is pos-

sible that having CMV, due to the increased frequency of effector T-cells

and highly cytotoxic NK-cells, strengthens immunosurveillance. However,

when immune integrity is breached and CMV or EBV is allowed to

reactivate from their latent states, it can overburden the immune system

and increase the risk for opportunistic infections. Indeed, latent viral reac-

tivation has been frequently documented in astronauts during spaceflight

missions and is associated with shifts in the Type 1 T-helper cells (Th1)

and Type 2 T-helper cells (Th2) cytokine balance.66 Additionally, viral reac-

tivation has been linked with acute and chronic stress67,68 that may be exac-

erbated by frequent training and competition.47

4.2.3 Nutritional Status
The impact of nutrition and supplementation on maintaining immune

health during exercise has been extensively studied.46,47 It is widely accepted
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that reductions in nutrient availability and poor dietary practices during

periods of heavy training are involved in the etiology of exercise-induced

immune depression.46,47 Inadequate fluid intake may lead to dehydration,

which can impair the normal functioning of the immune system. Low sub-

strate availability (i.e., muscle glycogen depletion, decreased blood glucose

concentration) due to malnutrition may augment the stress response to exer-

cise, particularly cortisol, which can have direct immunosuppressive effects.

Moreover, many cells of the immune system have high-energy requirements

and reduced substrate availability, such as glucose, can limit their capacity to

function effectively. Athletes are therefore advised to consume sufficient

fluids during exercise and recovery and maintain a diet that is high in

CHO, not only to facilitate athletic performance, but to also inhibit the del-

eterious effects of cortisol. Indeed, consuming 30–60 g of CHO every hour

during or shortly after prolonged exercise has been shown to reduce cortisol

release and blunt exercise-induced immune perturbations.46,47 Finally, ath-

letes with known nutritional deficiencies may benefit from supplementa-

tion, although there is little scientific evidence supporting the use of

many so-called “immune-enhancing” supplements at preventing alterations

in immunity following both acute exercise bouts and chronic exercise

training.46,47

4.2.4 Mucosal Immune Function
There is consensus that intensified periods of exercise training is associated

with a decrease in the concentration and secretion of SIgA, which have often

been linked with subsequent URTI symptoms, particularly when saliva

samples are collected frequently over several months during the training

period. In a study of elite swimmers over a 7-month training season, the pre-

season and pretraining SIgA concentration was found to predict the number

of infectious episodes.69 Moreover, when saliva samples were collected on a

weekly basis from elite yachtsmen over a 12-month period, significant

reductions in SIgA were observed in the 3 weeks prior to clinically con-

firmed respiratory infection.70 It was further reported that SIgA values less

than 40% of the individual’s “normal” value were associated with a 50%

chance of contracting a respiratory infection within 3 weeks.70

4.3 The Effects of Moderate Intensity Exercise Training
In contrast to the excessive exercise behaviors typically practiced by highly

competitive athletes, regular exercise training of a moderate intensity is

believed to exert beneficial effects on immune function. Immunity is gen-

erally well maintained up until age 50; therefore, the effects of regular
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exercise training on immune function has typically been studied in older

adults,41 although many more studies are examining the effects of moderate

exercise training in obese and diseased patients, including those living with

cancer and HIV. Moreover, the exercise mode (i.e., aerobic, resistance, or

combinations) most likely to exert the greatest influence on immunity is

debatable, but is likely dependent on the subject/patient group and any

underlying disease. Although it is beyond the scope of this chapter to discuss

all of these factors in turn, this section briefly highlights those aspects of

immunity that typically change with aging and are likely to be positively

impacted by regular moderate intensity exercise training.

4.4 Potential Factors Involved in Exercise-Induced Immune
Enhancement

4.4.1 Immune Biomarkers and Function
Regular moderate intensity exercise has been linked with enhanced

vaccine responses,71,72 lower numbers of exhausted/senescent T-cells,73

increased T-cell proliferation,2,74 lower levels of circulating inflammatory

cytokines,75 increased neutrophil phagocytic activity,76 lowered inflamma-

tory response to bacterial challenge,77 greater NK-cell cytotoxic activity,2,78

and increased IL-2 production,79 all of which indicate that regular moderate

intensity exercise is capable of improving, or at least maintaining, immunity

across the life span.41,80 Moreover, many studies done in animals have also

revealed positive effects of moderate intensity exercise training on immune

responses and outcomes to viral infections and cancer.81,82 Hallmark features

of immunosenescence include an inverted CD4+/CD8+ T-cell ratio and

an increased frequency and proportion of senescent T-cells.41 It has been

hypothesized that regular exercise may facilitate the selective apoptosis of

these “older” senescent T-cells allowing them to be replaced by

“younger” T-cells capable of responding to novel antigens.83 Indeed, high

fitness levels have been associated with more naı̈ve and less senescent cells in

healthy men.73 Furthermore, regular exercise may help prolong or

reinvigorate thymic activity. In both mice and humans, IL-7 therapy has

been shown to increase thymic mass and activity,84 and exercise, in turn,

has been shown to increase plasma levels of IL-785 that is most likely released

by contracting skeletal muscle.86 Thus, exercise may play an instrumental

role in the acquisition of “new recruits,” and reduce the burden on the exis-

ting T-cell pool to expand and maintain T-cell diversity.80

There are, however, discrepancies between the longitudinal exercise-

training studies and those studies that have used a cross-sectional design
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to compare physically active with sedentary people. While the positive

differences in many markers of immune function between exercisers and

nonexercisers are striking, exercise-training interventions have oftentimes

failed to change immune function measures in previously sedentary individ-

uals.41 A common problem with many of the longitudinal studies is that

immune function has been assessed before and after exercise training in pre-

viously sedentary but otherwise healthy people. It is therefore not surprising

that very few of these studies show enhancements in immune function in

these healthy subjects.41 Indeed, training studies in cancer survivors,87 the

obese,88 and those living with HIV89 have reported positive effects of exer-

cise on the immune system. Moreover, improvements in vaccine response

to exercise training have provided the strongest evidence to date that the

plasticity of the immune system can be positively affected by exercise in

nondiseased people. Compared to nonexercising controls, antibody titers

to the H1N1 and H3N2 strains of the influenza A virus were enhanced

in older adults immunized with a trivalent influenza vaccine before and

after a 10-month aerobic exercise-training intervention.71Woods et al.72 also

found that community-dwelling elderly subjects randomized to a 10-month

cardiovascular exercise-training program had increased seroprotection rates

compared to controls who performed flexibility/stretching exercise up to

24 weeks after receiving the influenza vaccine (Fig. 2).
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Figure 2 Compared to 10 months of flexibility training, 10 months of cardiovascular
training increased the percentage of participants who achieved seroprotection (defined
as a hemagglutination inhibition titer >40) at 24 weeks posttrivalent influenza vaccine.
Statistically significant difference from the flexibility training group indicated by *. Data
from Woods et al.72
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4.4.2 Reducing Inflammation
Systemic low-grade inflammation is involved in the etiology of many

chronic disease states and regular exercise may reduce the risk of disease

due to its anti-inflammatory effects. Various mechanisms have been pro-

posed to explain means by which exercise reduces the low-grade, systemic

inflammation associated with obesity and sedentary behavior.90 Regular

exercise reduces visceral fat mass, the accumulation of which results in

elevated production of proinflammatory adipokines.90 The release of

anti-inflammatory cytokines following an acute bout of exercise may also

contribute to the reduction in systemic inflammation. IL-6 released from

skeletal muscle during exercise results in a subsequent increase in IL-10 and

IL-1 receptor antagonist, both of which are considered anti-inflammatory.91

Further, the hormones released during exercise have anti-inflammatory

properties: cortisol acts as an anti-inflammatory mediator92 and adrenaline

downregulates the production of the inflammatory cytokines IL-1β and

TNF.93 Exercise also downregulates surface expression of TLRs on mono-

cytes and macrophages, and in turn mitigates their downstream inflamma-

tory cascades.94 Exercise may also promote the switching of M1-type

inflammatory macrophages to anti-inflammatory M2-type and reduce the

infiltration of macrophages into adipose tissue, resulting in a reduction in

the production of inflammatory cytokines.95

4.4.3 Indirect Mechanisms
Regular exercise may also positively affect the immune system via indirect

mechanisms, particularly due to its effects on regulating body composition.

Reducing fat mass may prevent chronic low-grade inflammation by

inhibiting the inflammatory pathways described earlier. Moreover,

exercise-induced reductions in the cholesterol content of cell membranes

that accompany fat loss may improve T-cell receptor signaling and the trans-

location of MHC molecules for antigen presentation.96 The preferential

mobilization of cells with effector phenotypes during acute exercise, com-

bined with enhancements in cardiovascular function, may improve immu-

nity by increasing the frequency and efficiency of immune cell trafficking

between the circulation, lymphoid, and peripheral tissues.41 Exercise may

enhance immunity by reducing stress, which has been associated with fre-

quent infections, fewer naı̈ve cells, an inverted CD4:CD8 ratio,97 latent viral

reactivation,67,68 and overall immune decline. Finally, regular exercise may

also increase the body’s antioxidant defense system,98 preventing oxidative

DNA damage to lymphocytes and other immune cells.
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5. SUMMARY

The effects of exercise on the normal functioning of the immune sys-

tem are profound. Although immune responses to single exercise bouts are

transient, it is likely that these effects cumulate over time and form the

immunological adaptations to chronic exercise training. With regard to

exercise “dose,” the generally accepted hypothesis is that prolonged periods

of intensive exercise training can depress immunity, while regular moderate

intensity exercise is beneficial. Studies in athletes are done with the purpose

of identifying immunological underpinnings of infection risk so that they

may be counteracted by an appropriate intervention: be it nutritional, phar-

macological, or behavioral. In contrast, moderate exercise-training inter-

ventions are used to positively modulate the plasticity of the immune

system. Exercise is a powerful behavioral intervention that is being used

in earnest to improve immune and health outcomes in the elderly and

the obese, as well as patients living with cancer and chronic viral infections

such as HIV. While studies focused on the immune response to acute exer-

cise are mostly descriptive, the effects of single exercise bouts on immunity

may also have clinical implications. For instance, acute exercise increases the

numbers of CD34+ hematopoietic stem cells99 and viral-specific

T-cells28,44 in the circulation, which may increase the yield of these cells

for therapeutic use in stem cell transplantation and adoptive immunother-

apy, respectively. Moreover, acute exercise has already proven to be a simple

and economical method to improve vaccine responses, and the implemen-

tation of such methods in “at-risk” populations such as the elderly could

have important implications for public health.
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Abstract

Regular exercise broadly enhances physical and mental health throughout the lifespan.
Animal models have provided us with the tools to gain a better understanding of the
underlying biochemical, physiological, and morphological mechanisms through which
exercise exerts its beneficial cognitive effects. One brain region in particular, the hippo-
campus, is especially responsive to exercise. It is critically involved in learning and mem-
ory and is one of two regions in the mammalian brain that continues to generate new
neurons throughout life. Exercise prevents the decline of the hippocampus from aging
and ameliorates many neurodegenerative diseases, in part by increasing adult
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hippocampal neurogenesis but also by activating a multitude of molecular mechanisms
that promote brain health. In this chapter, we first describe some rodent models used to
study effects of exercise on the brain. Then we review the rodent work focusing on the
mechanisms behind which exercise improves cognition and brain health in both the
normal and the diseased brain, with emphasis on the hippocampus.

1. INTRODUCTION

As compared to many other animals, humans have a sustained long-

distance running capability.1–3 This high running ability has evolved in

concert with cellular and molecular mechanisms that aid in the proper func-

tioning of the human body.2,3 This chapter will explore some of these

health-enhancing effects of exercise in the brain.

Keeping physically active as you age maintains the speed of central ner-

vous system processing. One of the earliest mentions of this beneficial effect

was in a study by Spirduso and Clifford.4 In their study, older active men

(60–70 years old) with an established pattern of playing racket sports or run-

ning at least 3 miles four times a week moved and reacted faster to simple

stimuli when compared to their sedentary aged-matched counterparts.4

Since then, positive correlations between physical activity, brain health,

and cognitive performance consistently have been demonstrated in humans.5

Moreover, consistent exercising maintains cardiovascular, immune, and

mental health and also delays aging.6,7 In order to examine how exercise

achieves its dramatic influence over body and mind, researchers have devel-

oped many different animal models in order to uncover the mechanisms.

They can typically be divided into two categories: aerobic or anaerobic. Each

model of exercisemay uniquely impact the brain and the body. Section 2will

discuss the functionality and use of animal models of exercise.

2. ANIMAL MODELS OF EXERCISE

In humans, aerobic exercise consistently has been associated with

improved cognition and increased volume of certain regions of the brain.

Aerobic exercise involves low- to high-intensity activities that increase

the efficiency and endurance of the cardiovascular system. This includes

activities such as walking, jogging, swimming, and cycling. As such, aerobic

exercise has been shown to increase both frontal cortex and hippocampal

blood flow and oxygen delivery. This increase in blood flow appears to
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aid in earlier recall for complex spatial objects.8,9 Further, in elderly subjects,

6 months of aerobic training has been shown to mitigate age-related decline

in both verbal and spatial memory,10 while a low activity, 8-week yoga

intervention significantly improved performance on task switching, work-

ing memory, and the n-back task.11 In young males, high-intensity cycling

has been associated with better acquisition and retention 7 days later on the

visuomotor tracking task.12 Further, in aging human adults, those that par-

ticipated in leisure time physical activity at midlife had 60% lower odds of

developing Alzheimer’s disease compared to their sedentary counterparts.13

Moreover, a 16-week exercise intervention (treadmill, 30 min, twice a

week andmoderate intensity of 60%VO2max) aids in cognitive functioning

of elderly adults suffering from mild dementia.14 Thus, exercising a few

times a week for approximately 30–45 min at a moderate level of intensity

improves mental health in humans.

Therefore, the question becomes, can we see the same beneficial effects

of aerobic exercise in rodents, given their use in the laboratory setting.

Doing so would allow us to identify and study the mechanisms through

which exercise exerts its influence. The most commonly used model of aer-

obic activity in rodents is free access to a running wheel (Fig. 1). Mice enjoy

running and they will take advantage of the access to the running wheel,

somemore than others. In fact, mice have been recorded as running as much

as 2–10 km/day.15 Thus, using the voluntary wheel-running model,

Figure 1 Wheel-running paradigm. (A) A standard laboratory cage where a mouse has
24-h access to a running wheel. (B) Standard laboratory cage without a running wheel.
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researchers do not have control over how much the animal will run, but the

researcher can precisely record wheel-running activity, and then use indi-

vidual variation in running as a the predictor or dependent variable influenc-

ing the neurological outcomes.

Similar to the effects in humans, voluntary wheel running produces a

plethora of positive consequences including enhanced cognitive performance

and regional changes in brain volume. For example,male and femaleC57BL/

6J mice that were given 40 days voluntary access to running wheels exhibited

significantly enhanced performance on the Morris Water Maze when com-

pared to their nonrunning peers.16 The Morris Water Maze is a standard

behavioral test in the laboratory setting that tests whether an animal can

remember where a location is based on the surrounding environment

(Fig. 2). Further, similar to its influence in humans, voluntary aerobic exercise

alters thevolumeof certainbrain regions that are linked to spatialmemoryper-

formance. In fact, voluntary access to a runningwheel in rodents has also been

shown to increase hippocampal volume.17 Therefore, voluntary wheel run-

ning produces similar benefits in rodents as aerobic exercise does in humans.

A second model of aerobic activity that is known to be beneficial is

forced running. This model is exactly what it sounds: an animal is placed

on a treadmill and forced to run (either via mild shocks or via foam pads that

Figure 2 Morris Water Maze. A photo of a mouse in the middle of a trial. For this task,
the animal is placed in one of the four cardinal starting points, and then using landmarks
around the room, it must navigate the water as quickly as possible to find the platform
that is submerged under the water (note the black dot in the bottom left-hand corner).
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restrict the animal’s placement to only the treadmill) for a period of time.

Similar to both the human aerobic and rodent voluntary wheel-running lit-

erature, forced treadmill running improves cognitive performance and brain

health in rodents. For example, rats that are forced to run on a treadmill for

6 weeks (30 min at 8 m/min 5 days/weeks18) or 12 weeks (50 min

30 m/min19) exhibit improved performance on the Morris Water Maze.

Additionally, forced exercise has been shown to improve cognitive impair-

ments that result from amphetamine withdrawal in rats.20 The benefits of

forced exercise are not restricted to cognitive performance. About 16 weeks

of forced exercise (60 min �10.9�1.6 m/min 5 days/week) increased the

hippocampal volume of mice when compared to their sedentary counter-

parts.17 However, rats exposed to forced exercise exhibit signs of stress such

as increased anxiety levels.18 Further, research shows that voluntary exercise

produces more prominent plastic changes in the hippocampus when com-

pared to the impact of forced exercise on the hippocampus.21 This suggests

that forced exercise may not be the best way to model aerobic activity in

rodents as it unintentionally produces stress-inducing side effects that make

it more difficult to tease apart the influence of exercise from psychological

stress effects on the brain. Despite this, forced exercise still improves learning

and memory along with overall brain health in rodents.

Much less research has explored the influence of anaerobic exercise, such

as strength training, on cognitive performance and behavior as compared to

aerobic exercise in rodents and humans. The limited evidence suggests cog-

nitive performance is enhanced with strength training. In humans, strength

training refers to sets of repetitions of certain exercises (i.e., leg presses, leg or

arm-extensions, chest presses, lat-pulldowns, etc.) performed multiple times

per week with a gradual increase in weights. Strength training uses resistance

to induce muscular contractions and thus increases muscle strength and

endurance. Unlike aerobic exercise, however, it does not necessarily

enhance cardiovascular endurance. In humans, strength training has been

shown to increase gray and white matter volume in multiple brain regions

of aging adults, including the hippocampus.22 Further, in aged adults, a

resistance-type exercise program of two sessions per week improved atten-

tion and working memory on a variety of tasks.23 Further, a 24-week

strength training intervention significantly reduced scores of the Geriatric

Depression Scale in elderly females. It is interesting that strength training

failed to impact cognitive function in this study.24 Finally, in late-middle-

age adults, a single bout of resistance exercise (two sets of 10 repetitions

of 70% of 10-repetition maximum of seven exercises) led to better
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performance on the Tower of London task,25 suggesting that acute strength

training has a positive effect on cognition. Together, these data suggest that

strength training improves brain function in humans, but more research in

this area is needed.

Until recently, most of the rodent literature has focused on aerobic exer-

cise given their natural desire to run, thus leaving a gap in the field for effects

of anerobic exercise on cognitive performance in rodent models. However,

more recently, the field has begun to develop rodent models of strength

training. Strength training in rodents can be achieved through resistance-

based training such as a squat-training apparatus,26 weight pulling on a

treadmill,27 and ladder climbing with weights attached to their tails.28

Studies examining the beneficial effects of strength training in rodents are

not as plentiful as the aerobic exercise studies. However, it has been found

that adult maleWistar rats that underwent 8 weeks of resistance training on a

vertical ladder showed improved learning and spatial memory on the Morris

Water Maze that mirrored their treadmill-running peers, when compared to

control animals.29 Additionally, the resistance training group exhibited

enhanced performance on a step-through passive avoidance task, when

compared to both a sedentary and a sham-treated group that were left at

the top of the vertical ladder for 15 min while resistance training animals

exercised on the same apparatus.30 Still, similar to forced exercise, these

models of strength training are riddled with confounding stress variables,

as the animals are many times motivated to lift the weights or to move

through food deprivation or mild shocks (for review, see Ref. 31). Still,

strength training does appear to be a viable new avenue to examine the ben-

eficial role of exercise on brain function.

While we have so far focused on chronic exposures to exercise (i.e., con-

sistent running over a long period of time), it is important to recognize the

influence of acute exercise exposure on brain function in both rodents and

humans. Acute refers to a single exercise bout. In humans, a single 12-min

aerobic exercise exposure (jogging in place while maintaining target heart

rate range) improved the selective visual attention performance in adoles-

cents, a benefit that lasted 45 min.32 Children exposed to an aerobic fitness

assessment (PACER task), demonstrated significantly better learning of the

word lists and significantly better recall of the words after a brief delay.33 Fur-

ther, rodent work demonstrates that a single 3-h bout of wheel running sig-

nificantly enhanced the acquisition, extinction, and reconsolidation of

context-conditioned fear.34 It is clear that both acute and chronic exercise

paradigms influence learning and memory. However, the influence of acute
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exercise is ephemeral. Benefits from acute exercise are no longer apparent

after 24 h.33 Therefore, the remainder of this chapter will focus on the influ-

ence of chronic exercise exposure. Specifically, in section 3, wewill examine

the mechanisms through which chronic exercise exposure exerts it influence

on cognitive function.

3. HOW EXERCISE IMPACTS THE PHYSIOLOGY
OF THE BRAIN

Overall, the message of this chapter is clear: exercise is good for the

brain. High levels of exercise lead to larger regional brain volumes and better

brain functioning. For example, older adults who participated in light aer-

obic activity for 6 months (walked for 40 min a day once a week) exhibited a

2% increase in hippocampal volume compared to adults that did not.35 Thus,

exercise effectively reversed the natural age-related decline of hippocampal

volume. Not only does aerobic fitness appear to prevent cortical decay, but it

also improves cognitive performance. In humans, exercise has been shown

to enhance spatial learning, pattern separation, executive function, working

memory, and processing speed, among others.5,36 For example, 6 months of

aerobic training mitigated age-related decline in both verbal and spatial

memory10 and a low activity, 8-week yoga intervention significantly

improved performance on working memory.11

Still, how does exercise produce these changes in brain function?

To produce both acute and chronic neurological effects on many brain

regions and systems, exercise triggers a variety of neurobiological mecha-

nisms. These neurobiological mechanisms produce long-term neurological

changes. For example, chronic exposure to exercise increases the total num-

ber of granule neurons in the dentate gyrus of the hippocampus.37,38 It is

theorized that the increased production of these neurons may play a substan-

tial role in the improved hippocampal-dependent spatial learning and mem-

ory that is seen following chronic exercise. Still, the influence of exercise on

the hippocampus is immense, and it will be described in more detail later in

Section 5. First, we must focus on the neurobiological mechanisms through

which exercise produces such drastic changes both morphologically and

functionally in the brain.

3.1 Exercise and Neurotransmitters
Exercise modulates chemicals that communicate information in the brain

known as neurotransmitters. This influence over neurotransmitters may play

387Exercise Regulation of Cognitive Function



a role in how exercise exerts its neurological effects. Physical activity directly

influences the central dopaminergic, noradrenergic, and serotonergic sys-

tems (for review, see Ref. 39). Alterations in these systems can cause disor-

ders (i.e., depression). Therefore, it is possible that activation of these systems

through exercise could repair brain function. In fact, both administra-

tion of a 6-month low-dosage dopamine agonist (ropinirole—Adartrel®,

GlaxoSmithKline, UK) and a 6-month exercise training intervention

(cycling in a recumbent position at an intensity of 60–65% of the patient’s

maximal exercise intensity three times per week) in patients suffering from

restless legs syndrome were effective in treating symptoms, such as depres-

sion.40 Further, 16 weeks of aerobic training (45 min, 6 km/h, 3 days/week)

has been shown to produce transient elevations in plasma tryptophan (a sero-

tonin precursor) availability to the brain.41 Together, these data illustrate

that exercise increases neurotransmitter levels and suggest that in doing so

exercise may restore proper brain function.

Still, in order to determine the functional role of neurotransmitters,

researchers have utilized rodent models wherein they can directly manipu-

late andmeasure levels of neurotransmitters in the brain. Rodent models also

demonstrate the link between exercise, neurotransmitters, and improved

brain function. For example, exercise has been shown to alter levels of

monoamines as a mechanism for alleviating symptoms in rodent models

of Parkinson’s disease,42 ADHD,43 and Huntington’s disease.44 Together,

these data illustrate the overt influence exercise has on the neurotransmitter

systems in order to promote healthy brain plasticity.

3.2 Exercise and Hormones
An interaction between exercise and hormones may be vital to a properly

functioning brain. In regularly menstruating women (24–37 years old),

physical activity levels are strongly associated with salivary levels of estradiol.

Low levels of physical activity produced high levels of estradiol, while high

levels of physical activity produced low levels of estradiol.45 Alterations in

hormonal levels can lead to health problems (i.e., high levels of estradiol

are associated with a higher risk of cancer).

Approximately 50% of the world’s population will suffer a significant

loss in sex steroid hormones due to menopause. Female menopause occurs

due to a cessation of estradiol and progesterone production by the ovaries.

This causes a variety of symptoms that include short-term memory loss

and difficulty concentrating. The most commonly utilized treatment for
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postmenopausal cognitive decline in women is hormone therapy. However,

it has been shown that a combination of exercise and hormone therapy is

much more efficient. In fact, higher fitness levels can augment the effects

of shorter durations of hormone treatment, which can offset the associated

risks of a longer hormone replacement therapy.46 Through the use of rodent

models, researchers have further validated the role of exercise in rescuing

behavioral deficits caused by low levels of hormones. For example,

Garcia-Mesa and colleagues47 examined the neuroprotective effect of vol-

untary running exercise in a mouse model of Alzheimer’s disease (3�
Tg-AD female mice). Mice were either ovariectomized or sham operated

at 4 months of age and then 2 months later received either voluntary wheel

running or remained in standard housing for 3 months. Ovariectomized

mice without access to a running wheel exhibited major cognitive impair-

ments on the Morris Water Maze, which was rescued by exposure to a run-

ning wheel. Therefore, exercise and estrogen levels may interact in order to

maintain proper brain function.

3.3 Exercise and Neurotrophic Factors
Growing support implicates the role of neurotrophic factors in exercise-

induced neurological changes. Voluntary wheel running increases the con-

centration of several different growth and trophic factors that likely support

the morphological changes in the brain discussed above including fibroblast

growth factor-2 (FGF-2),48 insulin-like growth factor-1 (IGF-1),49 brain-

derived neurotrophic factor (BDNF),50 and vascular endothelial growth

factor (VEGF)18 among others. BDNF in particular appears to be especially

susceptible to regulation by exercise.50,51 Physical activity increases levels of

BDNF in the lumbar spinal cord, cerebellum, cortex, and hippocampus.51,52

BDNF promotes the differentiation, neurite extension, and survival of a

variety of neuronal populations, and it potentiates synaptic transmission, par-

ticipates in gene transcription, modifies synaptic morphology, and enhances

neuronal resilience,53 implicating BDNF as a prime candidate behind

exercise-induced neuronal plasticity and learning enhancement. Adult

humans participating in intense rowing exercise and treadmill exercise

exhibit increased levels of plasma BDNF.54 Further, forced treadmill exer-

cise, voluntary exercise, and strength training paradigms have all proven to

increase serum levels of BDNF in rodents.55–57 However, in the human

studies, the source of the BDNF in the plasma is not clear as it could come

from many different tissues including brain or muscle.
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The activity-dependent enhancement of BDNF in the brain may pro-

vide a mechanism through which exercise improves learning and memory.

About 1 week of forced treadmill exercise significantly enhanced BDNF

levels throughout the hippocampus and resulted in both spatial and non-

spatial learning improvements in rodents.56 Further, Vaynman, Ying, and

Gomez-Pinilla51 showed that in rats, 1 week of voluntary exercise enhanced

spatial memory performance on the Morris Water Maze along with

increased hippocampal BDNF levels. Interestingly, blockade of hippocam-

pal TrkB receptors during the pretesting exercise period eliminated the

behavioral performance enhancement from exercise, suggesting the neces-

sity of BDNF for the exercise-induced memory enhancements.

3.4 Exercise, Blood Flow, and Microvasculature
Physical activity may produce neurological changes by altering cerebral

blood flow, microvasculature, and VEGF expression. In humans, aerobic

exercise has been shown to increase frontal cortex blood flow and oxygen

delivery with more intense exercise creating a greater enhancement.9 Addi-

tionally, Sato and colleagues58 reported increased blood flow through the

carotid and vertebral arteries in an intensity-graded manner in adults

involved in graded cycling exercise.

In animal models, angiogenesis has been shown to be a prerequisite for

many forms of neural and behavioral plasticity.59 More recently, the bene-

ficial effects of exercise-enhanced microvasculature have been shown in

macaque monkeys given 1 h a day of treadmill exercise for 5 months. This

exercise paradigm increased vascular density in the motor cortex and

resulted in the monkeys needing fewer trials to reach criterion on a spatial

learning task.60 Interestingly, when the monkeys were left sedentary for

3 months, their performance diminished. This suggests exercise must remain

continuous in order to gain benefit. This is further evidenced in mice given

access to a running wheel for either 1, 3 or 10 days. Although both blood

vessel density increased after only 3 days and levels of hippocampal neuro-

genesis increased after 10 days, both measures returned to baseline following

24 h removal of the running wheel.61 Thus, it appears that the continuous

exercise exposure is essential to produce substantial changes in microvascu-

lature and blood flow.

3.5 Exercise and Oxidative Stress
Physical activity may produce neurological changes in the brain, in part,

through a reduction in oxidative stress levels. Oxidative stress occurs when
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an organism cannot eliminate chemically reactive molecules (produced from

metabolism) fast enough before they start attacking and degrading important

molecules for biological functions. In rodents, exercise reduces levels of

reactive oxygen species62,63 and oxidative protein damage64 and increases

levels of some endogenous antioxidants.62 For example, voluntary access

to a running wheel reduced levels of reactive oxygen species and increased

endogenous antioxidants in the hippocampus of 12-month-old female

rats.65 Further, in 12-month-old male and female mice, moderate treadmill

exercise significantly extended lifespan and behavioral performance on spa-

tial and nonspatial tasks. This was associated with decreased oxidative stress

markers in the brain, heart liver, and kidney.66 These data illustrate the ben-

eficial influence of exercise on reducing oxidative stress.

3.6 Exercise and Apoptosis
Exercise has consistently proven to alter levels of apoptosis in the brain. For

example, during the first week of voluntary wheel running, there is a rapid

increase of apoptosis that is evident in the hippocampus67; however, this

effect is transient and signs of apoptosis are no longer present following

268 or 8 weeks69 of voluntary exercise. This temporary increase in apoptosis

at the onset of exercise may trigger a cascade of events that promotes the

birth of new cells and enhanced functioning in the hippocampus. One

example of this can be found in a study that utilized aged animals. Approx-

imately 24-month-old aged rats were given 30 min of forced treadmill run-

ning once a day for 6 weeks. This exercise exposure significantly reduced the

number of hippocampal apoptotic cells, while it significantly increased the

number of newly born hippocampal cells. Moreover, the treadmill exercise

exposure prevented age-related impairments on a short-term memory

task.70 Still, it is important to note that alongside these aged animals, Kim

and colleagues70 also tested a cohort of young 5-month-old animals and

although they saw an increase in the number of newly born hippocampal

cells, there was no impact on apoptosis levels. Therefore, it appears that

the influence of exercise on apoptosis is more apparent in the aged brain.

Exercise appears to cause a transient increase in apoptosis that triggers neu-

roprotective mechanisms (e.g., the birth of new cells).

4. EXERCISE-INDUCED SIGNALING PATHWAYS
IN THE BRAIN

It is through the modulation of many different signaling pathways that

exercise ultimately influences behavior and cognition (Fig. 3). In fact, the
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Figure 3 An overview of the major signal transduction pathways modulated by exercise in mammals. Please note that this still does not
include all of the pathways.



response to exercise is so massive that the ability to pinpoint a single signaling

pathway through which exercise exerts its effect is next to impossible.

Rather, exercise appears to activate various components of different signal-

ing pathways that promote cellular growth and brain plasticity concurrently.

Cassilhas and colleagues29 alluded to this vast influence by exposing

90-day-old male rats to either an aerobic treadmill intervention (week 1:

15 m/min for 25 min and increased to week 8: 20 m/min for 30 min) or

an anaerobic strength training intervention (vertical ladder training: eight

climbing series with a progressively heavier load). The results demonstrated

that not only did both forms of exercise enhance spatial learning and mem-

ory but, interestingly, they activated divergent intracellular signal transduc-

tion pathways. For example, aerobic exercise increased levels of IGF-1,

BDNF, TrkB, and calcium/calmodulin-dependent kinase II (β-CaMKII)

in the hippocampus, while strength training acted on the central nervous

system through induced IGF-1 with concomitant activation of receptor

for IGF-1 (IGF-1R) and AKT in the hippocampus. Still, the end result

was the same: increased synapsin 1 and synaptophysin protein expression,

which are important for synaptic transmission and neurotransmitter release

(i.e., greater neuronal function). This study illustrates that depending on the

form of exercise; different signaling pathways may be activated in order to

enhance cellular plasticity and, resultantly, improve spatial learning and

memory. There are many different intracellular signaling pathways that

influence cellular plasticity and proliferation, and through its ability to mod-

ulate them, exercise may produce both neurobiological and behavioral

improvements.

Exercise also exerts its influence by causing stable long-term change of

gene expression (in which genes are turned on or off ), i.e., epigenetic

changes. For example, adolescent male mice exposed to 1 week of wheel

running exhibited increased global acetylation of histone 3 in the hippocam-

pus that was correlated with increased hippocampal BDNF.71 Further, in

3-month-old male Sprague–Dawley rats, 1 week of voluntary exercise

increased DNA demethylation, specifically in the BDNF promotor IV,

which is known to be highly responsive to neuronal activity. Further, exer-

cise increased levels of chromatin remodeling through elevated levels of

phosphorylated CAMKII and cAMP response element-binding protein.72 Exer-

cise exerts a similar influence on Wnt signaling, proteins known to play an

important role in adult hippocampal neurogenesis. About 5-week-old

Sprague–Dawley rats exposed to 4–5 days of forced treadmill exercise (start

speed of 4.2 m/min, increased progressively by 1 m/min every 30 s to a
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speed of 12 m/min) for 36 weeks exhibited significantly lower levels of

Dkk-1, a Wnt antagonist that has been associated with neuronal death in

Alzheimer’s disease and Parkinson’s disease, when compared to levels

exhibited by sedentary animals. In comparison to their sedentary counter-

parts, exercising animals also expressed higher protein levels of the anti-

apoptotic protein Bcl-2.73 Exercise may activate the Wnt pathway in

order to prevent neuronal degeneration in both the aging and the diseased

brain. These studies illustrate that changes in gene expression are occurring

alongside long-term continued activation of the signaling pathways, which

produce the neurobiological changes. Overall, the impact of exercise on

molecular mechanisms is complex and vast (Fig. 3; for review, see Ref.

5). Perhaps, the reason exercise is such a powerful therapeutic tool is that

it can modulate a variety of pathways in order to promote enhanced brain

health and function.

5. THE HIPPOCAMPUS IS THE BRAIN REGION MOST
INFLUENCED BY EXERCISE

The hippocampus is located in themedial temporal lobe (Fig. 4), and it

plays an integral role in learning and memory. This was notably exemplified

by H.M., one of the most well-known case studies in the neuroscience field.

In order to cure his epilepsy, H.M. underwent a bilateral medial temporal

lobectomy, which resulted in severe anterograde amnesia, and he was unable

to commit new events to his explicit memory. Still, over the years, H.M.

retained his short-term working memory and intellect, and he was left with

residual learning capabilities.74 For example, he could still perform many

Figure 4 Gross anatomy of the hippocampus. The hippocampus is located in themedial
temporal lobe of the brain.
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types of motor learning tasks, though he could not remember learning them.

The case of H.M. was pivotal in demonstrating the important role of the

hippocampus in long-term memory formation, given that he was unable

to create new memories following the removal of his hippocampus.

5.1 The Influence of Exercise on Hippocampal Adult
Neurogenesis

One important region of the hippocampus is the dentate gyrus. The dentate

gyrus is the first region where all sensory modalities merge together to form

unique representations and memories that bind stimuli together, and thus, it

plays a critical role in learning and memory. Furthermore, the dentate gyrus

is one of two known regions in which adult neurogenesis—the continuous

birth of new neurons throughout adult hood—occurs.75 The process of hip-

pocampal adult neurogenesis begins with the proliferation of a precursor

progenitor cell and ends with the integration of a functional cell into the

preexisting hippocampal network. Exercise not only increases levels of hip-

pocampal adult neurogenesis, the continuous birth of new neurons in adult-

hood37,38,76 but it also increases the dendritic length and complexity of

dentate granule cells.76 Thus, exercise appears to modulate both the struc-

ture and function of the hippocampal dentate gyrus.

Adult neurogenesis can be modulated by many different extrinsic and

intrinsic factors, but none is greater than the influence of exercise over adult

neurogenesis. In fact, many of the intrinsic factors governed by exercise (i.e.,

hormones, neurotrophic factors) are known to regulate levels of adult neu-

rogenesis. Thus, as a result, when it comes to modulation of adult neuro-

genesis, exercise is a powerful source. Exercise triggers a multitude of

intrinsic factors and in doing so, it substantially increases levels of adult-born

neurons, more so than a single intrinsic factor alone.

In 1999, van Praag hypothesized that exercise increased levels of adult

neurogenesis by increasing the survival of proliferating cells in the dentate

gyrus. This effect has been countlessly replicated.15,16,37 In fact, the distance

an animal runs strongly predicts the level of neurogenesis. This is evident in a

study by Clark and colleagues15 in which running activity was studied in

12 different strains of mice that varied greatly with respect to voluntary run-

ning levels. For example, 129S1/SvlmJ mice ran approximately 2 km/day,

whereas B6129SF1/J mice ran approximately 10 km/day. As a result,

B6129SF1/J mice had a four- to fivefold increase, while 129S1/SvlmJ mice

exhibited a modest two- to threefold increase in levels of adult neurogenesis.

Additionally, in genetically identical mice, levels of adult neurogenesis were
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positively correlated with the level of their physical activity in an environ-

mental enrichment cage.77 Thus, physical activity modulates levels of adult

neurogenesis, and this effect is dependent on the amount of physical activity

an animal undertakes.

Not only does exercise consistently increase levels of hippocampal adult

neurogenesis, but it also enhances cognitive performance. In particular, it

improves spatial memory: the ability to remember the location of an object

relative to other objects in the environment.15,37 For example, allowing

mice access to a running wheel for either 1 or 6 months improves perfor-

mance on the Morris Water Maze and increased levels of adult neurogenesis

when compared to aged-matched controls.78

More recently, adult-born neurons have been implicated in pattern sep-

aration. Pattern separation is the ability to recognize and encode a subtle dif-

ference between two very similar stimuli (e.g., objects, textures, patterns,

etc.). Creer and colleagues79 examined the relationship between levels

of adult neurogenesis and pattern separation. In their study, 3- and

22-month-old male mice were given either housed with a running wheel

or in standard cages and then tested on a spatial discrimination task. In

the young mice, exercise significantly increased levels of adult neurogenesis,

and these levels were tightly correlated with their improved performance on

the spatial pattern separation task. In contrast, the aged mice were impaired

on the spatial discrimination task regardless of exercise condition coincident

with greatly reduced cell genesis that was refractory to running. Together,

these data imply a causal link between exercise-induced levels of adult neu-

rogenesis and spatial learning and memory. In fact, when levels of adult

neurogenesis are ablated through focal irradiation, the procognitive effects

of exercise are no longer present on Morris Water Maze performance in

C57BL/6J mice.16 Recently, Groves and colleagues80 performed a meta-

analysis that explored the relationship between newly generated neurons

and performance on spatial tasks. The results showed that the new neurons

were not required for baseline performance. Although this meta-analysis did

not take into account the role of exercise, the results are still important, as

they indicate a possible limitation of the neurogenesis lesion method. It is

possible that the brain is able to compensate from the loss of neurons. There-

fore, one hypothesis may be that new neurons are preferentially recruited

when an animal is learning a task; however, if they are not present, then

there are redundant mechanisms in the brain to compensate for their loss.

Exercise-enhanced levels of adult neurogenesis also are correlated with

improved performance on a multitude of nonspatial tasks. For example,
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Wojtowicz and colleagues (2008) found that a 68% reduction in neuro-

genesis produced a striking 68% reduction in freezing in the contextual fear

conditioning task. Moreover, performance on the motor performance task,

the rotarod, is consistently enhanced from wheel running and hence associ-

ated with increased levels of adult neurogenesis.16,78 Therefore, although

exercise-enhanced levels of adult neurogenesis correlate with improved per-

formance on spatial memory tasks, a causal role remains unclear.

6. THERAPEUTIC ROLE OF EXERCISE

The beneficial influence of exercise appears to be even greater in the

damaged brain. The hippocampus is a brain region severely impacted by fetal

alcohol spectrum disorders (FASD),81–83 Alzheimer’s disease,84–86 and

aging.6,35,86 If we can understand how to grow new neurons in this region,

perhaps through exercise, we may be able to treat these diseases and others.

Researchers have therefore begun to explore the therapeutic role of exercise

on the diseased brain. In this section, we will examine how exercise protects

against some brain-related diseases.

6.1 Exercise as an Intervention for FASD
Despite growing awareness of the dangers of prenatal alcohol exposure,

between 2.4% and 4.8% of children have some form of FASD. Furthermore,

this number is not decreasing and is a conservative estimate.87 From an eco-

nomic standpoint, annual cost estimates for theUnited States were 75million

dollars in 1984. However, as of 1998, this cost had blossomed to be as high as

4 billion dollars.88 Therefore, the need for interventions is overdue. Thus,

research has focused on the therapeutic role of exercise.

Developmental alcohol exposure can disrupt proper functioning of the

cerebellum. For example, postnatal day (PD) 4–9 alcohol exposure

(4.5 g/kg/day), in rats, reduced cerebellar Purkinje and granule cell number,

and also impaired performance on a complexmotor task. However, a 10-day

exposure to a rehabilitative motor skill training paradigm, but not pure

running alone, enhanced cerebellar plasticity along with motor skill perfor-

mance.89 Further, pure running alone was sufficient to reverse increased

levels of oxidative stress in the cerebellum of rats exposed to alcohol during

all three trimester equivalents.90 These studies suggest that exercise may pro-

tect against some alcohol damage in the cerebellum.

In addition, postnatal alcohol exposure impairs hippocampal-associated

learning and memory, an effect that is mitigated by exercise. Christie and
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colleagues81 administered a liquid diet of ethanol (35.5% ethanol) to preg-

nant rat dams, provided a running wheel intervention to half the pups

beginning on PD28 and then tested the pups at PD60 on the Morris Water

Maze. Alcohol exposure produced pronounced deficits in both reference

and working memory; however, this was attenuated by exercise. Further,

exercise also rescued deficits on Morris Water Maze performance along

with open field performance that resulted from a third trimester equivalent

(PD4–9; 5.25 g/kg/day) alcohol exposure.83 In addition, exercise can

enhance long-term potentiation in the perforant pathway in prenatally

exposed animals,81 and it can also increase hippocampal expression of

immediate early gene c-Fos, which is a marker of neuronal activation,91

suggesting that anatomical changes may be correlated with behavioral

changes.

In fact, exercise has been found to increase levels of adult neurogenesis in

rodent models of FASD. Sprague–Dawley rats exposed to alcohol through-

out gestation that were provided access to a running wheel from PD35–50

exhibited enhanced levels of cell proliferation and cell survival.92 While, in

Long–Evan rats administered alcohol on PD4–9 (5.25 g/kg/day), a 12-day

exposure to a running wheel was sufficient to increase cell proliferation but

not cell survival.82 In contrast, Sprague–Dawley rats administered alcohol

through all three trimesters equivalents receiving 12 days of voluntary exer-

cise exhibited a robust benefit in both cell proliferation and cell survival.93

Reasons for these conflicting results could be the sex or strain of the animals

used, as well as differing developmental time points for wheel-running

access (early vs. late adolescence), timing of BrdU administration and tissue

analysis. Together, these data suggest that exercise is a potential behavioral

therapy for individuals with FASD.

6.2 Exercise as an Intervention for Alzheimer's Disease
Physical activity is a strong candidate for treatment against Alzheimer’s dis-

ease (for review, see Ref. 84), a disease from which approximately 5.2 mil-

lion Americans suffer.94 In aging human adults, those that participated in

leisure time physical activity at midlife had 60% lower odds of Alzheimer’s

disease compared to their sedentary counterparts.13 Further, elderly adults

suffering from mild dementia presented with significant improvement on

the Cambridge Cognitive Examination following a 16-week exercise inter-

vention (treadmill, 30 min, twice a week and moderate intensity of 60%

VO2 max14).
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Rodent work has attempted to understand the mechanisms through

which exercise inhibits the progression of Alzheimer’s disease. Through

the use of a transgenic mouse model of AD (APP/PS1), Liu and colleagues85

investigated the long-term influence of treadmill exercise. Results showed

that a 5-month exposure to exercise significantly reduced hippocampal

β-amyloid (Aβ) deposition and tau phosphorylation along with APP phos-

phorylation and PS1 expression. Further, inhibition of the GSK3-dependent

signaling pathway was observed, suggesting this may be a potential target to

attenuate Alzheimer’s disease-like neuropathology. In addition, transgenic

Alzheimer’s disease mice given 4 months of voluntary exercise exhibited

improved spatial learning in the Barnes maze along with lowered soluble

Aβ1–42 levels in the cortex and hippocampus.86 It is possible that the neu-

roprotective effect of physical activity is achieved through BDNF mecha-

nisms47 or through lowered levels of apoptosis.95 Overall, it appears that

in patients with dementia or Alzheimer’s disease, simply being more active

may stimulate brain plasticity, and provide neuroprotection.

6.3 Exercise as an Intervention for Aging
Aerobic fitness appears effective as an intervention to prevent age-related

cortical decay and cognitive impairments. In older adults (58–77 years

old), there is a positive association between cardiovascular fitness and

executive functioning36 and cognition.96 Further, continued exercise

performance in older adults is associated with larger left and right

hippocampi,6,10 increased prefrontal cortical volume,53 and increased pre-

frontal and cingulated gray matter.97 A 3-month aerobic exercise interven-

tion produced changes in hippocampal perfusion of older adults along earlier

recall for complex spatial objects.8 Further, 6 months of exercise mitigated

age-related decline in both verbal and spatial memory.98 Finally, in older

adults, a low activity, 8-week yoga intervention significantly improved per-

formance on task switching, running memory, and the n-back task.11 Again,

these data illustrate that simply being physically active will promote brain

plasticity and serve to protect against aging.

6.4 Exercise as an Intervention for Stroke
Exercise has proven to be an effective treatment in stroke recovery. Rand

and colleagues99 investigated the effectiveness of a 6-month program of

exercise for 2 h and recreation for 1 h weekly in aged adults suffering from

chronic stroke. The exercise intervention improved performance on the

399Exercise Regulation of Cognitive Function



dual task (walking while talking), response inhibition (Stroop test), and

memory (Rey Auditory Verbal Learning Test-long delay). In rodent

models, mice subjected to focal cerebral ischemia have impaired perfor-

mance on the Morris Water Maze; however, voluntary exercise mitigated

these effects, increased levels of adult neurogenesis, and upregulated phos-

phorylation of cAMP response element-binding protein.100 Similarly, in

rats, exercise rescued stroke-induced deficits on the Morris Water Maze;

however, this was accompanied by a reduction in oxidative stress101 along

with increased hippocampal dendritic complexity, levels of BDNF and

PSD-95.102 In fact, exercise-induced levels of BDNF appear to play a key

role in stroke recovery.103–105 Thus, physical activity induces neuro-

plasticity, which aids in the recovery from stroke.

7. CONCLUSION

This chapter illustrates that exercise is critical for physical and mental

health throughout the lifespan. Despite the many different forms of exercise,

the overall result appears to be that any type of activity be it acute or chronic,

forced or voluntary improves cognitive functions and enhances brain plas-

ticity. In fact, through the use of a variety of animal models of exercise in

both humans and rodents, research has demonstrated that exercise increases

longevity and improves cognitive and spatial memory performance in both

the healthy and the damaged brain. Further, given its role in learning and

memory, this chapter focused on the influence of exercise on the hippocam-

pus. The hippocampus is a highly plastic brain region, due, in part, to the

continuous birth of adult neurons that occur in the dentate gyrus. As such,

it is highly susceptible to beneficial factors such as exercise and detrimental

factors such as disease and decay. The ability of exercise to not only improve

hippocampal learning and memory but also increase levels of hippocampal

neurogenesis is remarkable. Further, exercise activates a multitude of signal-

ing pathways that promote neuroplasticity and that are associated with

enhanced learning and memory, which indicates the therapeutic role of

exercise in both a healthy and a diseased brain. Exercise also produces ben-

eficial long-term epigenetic changes that have the potential to be passed on

to future generations. The evidence justifies serious consideration of a role

for exercise in therapeutics. Overall, the data presented in this chapter pro-

vide evidence in support of exercise as a means to promote enhanced cog-

nitive function and brain plasticity, both in the healthy and in the

diseased brain.
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Abstract

Exercise is a form of physiological stress which is known to induce an adaptational
response.

It is proposed that both apoptosis and autophagy are processes which are neces-
sary for adaptation to exercise. Apoptosis and autophagy are induced during exercise to
limit tissue damage, restore tissue integrity, terminate inflammatory responses, or
induce direct signals for adaptation. Apoptosis is induced by specific mediators like reac-
tive oxygen species, cytokines, and hormones. Autophagic pathways are activated by
altered proteins/organelles with the aim to conserve and recycle the cellular resources.
In this case, the cell is flooded with damaged molecules, the repairing mechanisms are
overtaxed, and apoptosis is induced. In conclusion, autophagy seems to be necessary
for adaptation by providing locally the conditions for muscle plasticity and apoptosis
systemically by mobilizing progenitor cells.
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1. APOPTOSIS

The term apoptosis describes a special process of cell death that allows

cells to die and be lysed in a well-controlled fashion. In general, apoptotic

processes play an important role during development and in maintaining tis-

sue homeostasis by guaranteeing a balance between the generation of new

cells and the removal of damaged or aged cells. In case of apoptosis induc-

tion, the cell is eliminated without necrotic processes which are known to

result in local inflammatory conditions.1 Therefore, apoptosis offers the

opportunity to remove cells without any collateral damage in adjacent tis-

sues. Besides physiological cell turnover, apoptosis has also an important role

in a variety of pathophysiological conditions like inflammatory responses,

cell stress or cell damage, or in preventing neoplastic diseases. The process

of apoptosis is highly controlled and orchestrated, and is characterized by a

specific morphology.2,3

1.1 Morphology of Apoptosis
Early processes of apoptosis comprise cell shrinkage and pyknosis.4 During

cell shrinkage, the cells get smaller in size and the cytoplasm gets more dense

because the organelles are tightly packed. Pyknosis, which represent the

most characteristic feature of apoptosis, is the result of chromatin conden-

sation. During chromatin condensation, nuclear material aggregates under

the nuclear membrane. Extensive plasma membrane blebbing occurs

followed by karyorrhexis and separation of cell fragments into apoptotic

bodies. Apoptotic bodies consist of cytoplasm with tightly packed organelles

with or without a nuclear fragment. The organelle integrity is still

maintained and all of this is enclosed within an intact plasma membrane.

These bodies are subsequently phagocytosed by macrophages, parenchymal

cells, or neoplastic cells.5,6 However, currently, their role in signal transduc-

tion is not fully understood.

1.2 Pathways of Apoptosis
Cells have specific intracellular signaling pathways which control the balance

between surviving or dying signals. In many cell types, apoptosis depends on

the presence or absence of specific death-promoting or cell-stabilizing sig-

nals. Based on the nature of the apoptotic stimuli, two main pathways for

apoptosis induction have been differentiated: first, an extrinsic pathway
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which is initiated by the binding of a ligand. These ligands are more fre-

quently expressed after specific physiologic stimuli and bind to a death-

promoting receptor. The second main pathway is known as the intrinsic

pathway, which is mainly triggered by damage to the cell or single

components.1,2

1.2.1 The Extrinsic Signaling Pathway
The extrinsic signaling pathway leading to apoptosis is initiated by ligands

and transmembrane death receptors. The receptors are members of the

tumor necrosis factor (TNF) receptor gene superfamily. In case of apoptosis

induction, members of this receptor family bind to extrinsic ligands and

transduce intracellular signals that result in the process of apoptosis. Some

of the ligands like Fas ligand (FasL), TNF-alpha, Apo3L, and Apo2L are well

characterized. These ligands bind to their corresponding receptors known as

Fas receptor (FasR), TNFR1, DR3, and DR4/DR5. The signal transduc-

tion of the extrinsic pathway involves specific proteins like caspases which

are proteases with specific intracellular targets. After activation, caspases

affect several cellular functions as part of a process that results in the death

of the cells. A major signaling pathway for the extrinsic induction of apo-

ptosis is the FasR/FasL pathway.1,7 After binding, the receptor is trimerized

and the Fas adaptor protein, Fas-associated death domain protein (FADD),

binds to the trimerized Fas cytoplasmatic region. After recruitment of

procaspase-8 to FADD, the FasR, FADD, and procaspase-8 form a func-

tional death-inducing signaling complex. This process induces self-

activation of caspase-8, which is released into the cytosol and activates

the downstream effector caspase-3, which cleaves cellular targets and

induces cell death.3

1.2.2 The Intrinsic Pathway of Apoptosis
The intrinsic signaling pathways that initiate apoptosis involve a diverse array

of nonreceptor-mediated stimuli that produce intracellular signals. These

stimuli act directly on targets within the cell and are mitochondrial-initiated

events. The stimuli that initiate the intrinsic pathway produce intracellular

signals that may act in either a positive or negative fashion. Cellular stress

stimuli like heat shock, oxidative stress, growth factor withdrawal, and

DNA damage are known to activate the intrinsic apoptosis pathway. Mito-

chondria are involved in both caspase-dependent and caspase-independent

apoptosis pathways.
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There are several links between the receptor and themitochondrial path-

ways. In case of death receptor triggering, activation of caspase-8 may result

in cleavage of Bid, a Bcl-2 family protein with a BH3 domain only, which

translocates to mitochondria inducing the release of cytochrome c. Thereby,

a mitochondrial amplification loop is initiated.8 The cleavage of caspase-6

downstream of mitochondria may feedback to the receptor pathway by

cleaving caspase-8.5,8

2. EXERCISE AND APOPTOSIS

Exercise is a type of physiological stress which affects concentration of

several cytokines, hormones, growth factors, and the oxidative status. Addi-

tionally, exercise affects energy balance by mobilizing andmetabolizing high

amounts of substrates like carbohydrates and free fatty acids. All these factors

are known to potentially mediate either accelerated death or prolonged cel-

lular survival. Thereby, exercise-induced apoptosis signaling depends on

exercise intensity and duration, which affect the critical balance between

prosurvival and proapoptotic factors as well as the intracellular protection

systems contributing to apoptosis resistance.9

2.1 Exercise Leukocytes Apoptosis
Because in the field of exercise, apoptosis is mainly investigated in leukocytes

and muscle cells, this chapter focuses on these cell types. In leukocytes, apo-

ptosis is of special importance because these cells have high rates of cell turn-

over, and apoptosis plays an important role in inflammatory processes. For

instance, in lymphocytes, apoptosis is necessary during development and dif-

ferentiation in thymus. Thereby, immature thymocytes expressing either

self-reactive or nonfunctional T-cell receptors are eliminated. In case of

an inflammatory response, cells develop a certain apoptosis resistance to

increase cell population (clonal expansion), while after termination of the

immune reaction, these cells have to be deleted effectively through con-

trolled cell death (clonal contraction).1 In neutrophils, a special form of apo-

ptosis is called NETosis. NETosis is a process of generation of neutrophil

extracellular traps (NETs), which represent chromatin structures associated

with antimicrobial molecules. They are produced to trap and kill nonspecific

bacterial, fungal, and protozoal pathogens. NETs production is suggested to

be an essential immune response to infection. In addition to the antimicro-

bial function, NETosis is involved in many inflammatory and autoimmune

disorders and participates in the regulation of noninfectious processes.10
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Several studies demonstrated that exercise has a marked impact on num-

bers and functions of leukocytes in blood and tissues. Postexercise blood

lymphopenia is suggested to be the result of either redistribution into various

tissues and organs or apoptotic cell death. In this regard, exercise intensity is

assumed to be a main effector of apoptosis induction. An increase of apopto-

sis was observed after endurance as well as resistance exercise. In particular,

an increase of apoptosis was observed after ultramarathon,11 marathon run,12

intensive treadmill running and ergometer cycling,13,14 and triathlon.14 In

contrast, moderate exercise did not or only marginally affected lymphocyte

apoptosis.12 There are some reports indicating that an increase of lympho-

cyte apoptosis occurs after exceeding a threshold of 40–60% of VO2max.
15 It

can be speculated that the concentration of potential apoptosis mediators is

gradiently expressed with increasing exercise intensity and that they induce

apoptosis after exceeding a specific threshold.9 Moreover, after the athlete

exceeds a specific duration of exercise, expression of several potential medi-

ators is amplified andmight exceed a death-inducing threshold.9 In addition,

it was also shown that lymphocyte apoptosis increased also after intensive

resistance exercise.16 Because the blood compartment represents only a small

fraction of total lymphocytes, some studies investigated lymphocyte apopto-

sis inside organs or tissues. Using mouse models, increased lymphocyte apo-

ptosis was investigated for several lymphatic organs. Here, it was shown that

intensive treadmill exercise increased lymphocyte apoptosis in several other

organs like gut tissue, thymus, spleen, bone marrow, and others in mice.17,18

Thus, the extent of apoptosis, the kinetics, and the inducing mechanisms

seemed to have a certain tissue specificity.

Regarding neutrophil apoptosis and exercise, results are conflicting.

While Syu et al. demonstrated that acute incremental exercise induced an

oxidative state in neutrophils which resulted in an increase of spontaneous

neutrophil apoptosis others found a significant delay of neutrophil cell death

after different exercise types.19,20 Thus, the delay of apoptosis seemed to be

related to exercise intensity because it was not observed after moderate exer-

cise types. It is suggested that the delay is related to inflammatory processes

after exercise because G-CSF signaling seems to be involved.20 Recently,

first evidence was provided that exercise induces an increased NET forma-

tion. It is suggested that these structures might contribute to exercise-

induced liberation of circulation-free DNA (cf-DNA).21 It was further

shown that an excess cf-DNA in response to intense exercise is immediately

and efficiently counterbalanced in healthy individuals by a transient increase

in serum deoxyribonuclease activity. The emergence of NETs in the
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“exercising vasculature” raises important questions considering short-term

and long-term effects of exercise on immune homeostasis (Fig. 1).

2.2 Exercise and Apoptosis in Skeletal Muscle
Apoptosis in multinucleated cells, like myocytes, and as a mechanism for

myonuclear loss with atrophy is controversial. Some studies have analyzed

molecular signals which displayed unique features of apoptosis. Here, the

activation of the apoptotic cascade was shown to result from the removal

of myonuclei and a relative portion of sarcoplasm, a process known as

myonuclear apoptosis. This process is followed by fiber atrophy rather than

wholesale cell death. In addition, apoptotic signaling may stimulate muscle

protein degradation through the activation of the ubiquitin–proteasome sys-

tem. Accordingly, muscle proteolysis and apoptosis are strongly connected,

and it is suggested that apoptotic signaling is required for and precedes pro-

tein degradation during muscle atrophy.22,23

Current data indicate that exercise affects apoptotic signals in myocytes

differently. First apoptotic signals are stimulated after acute prolonged or

eccentric exercise which are known to cause skeletal muscle damage.24

A significant increase in DNA fragmentation, myofibril and cytoskeletal
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Figure 1 Suggested mediators and signaling pathways on lymphocyte and neutrophil
apoptosis during exercise.
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damage, TUNEL-positive nuclei, increased expression of Bax proteins, and

activation of caspase-3 were found. Accordingly, it is suggested that apopto-

sis might be involved during muscle remodeling and repair in response to

certain types of functional demand. Second, regular physical exercise is con-

sidered to attenuate myocyte apoptosis.25,26 In this regard, Song et al.

showed that a 12-week treadmill exercise program reduced the expression

of Bax in the gastrocnemius muscle of old rats.27 Levels of Bcl-2 were

increased in exercised rodents, resulting in a decrease in the Bax-to-Bcl-2

ratio. Furthermore, cleavage of caspase-3 was lowered in old rats after exer-

cise training. Consequently, the extent of apoptotic DNA fragmentation

was significantly attenuated by exercise training, resulting in a similar apo-

ptosis level as in young animals.27 These changes were accompanied by an

increased fiber cross-sectional area and diminished extramyocyte space. Sim-

ilarly, it was found that the age-related increase of the death receptor path-

way was reversed by exercise. In this regard,Marzetti et al. demonstrated that

exercise training downregulated the expression of TNF-R1, active caspase-

8, and cleaved caspase-3 in the extensor digitorum longus muscle of old rats.

In parallel, treadmill running reduced levels of apoptotic DNA fragmenta-

tion. These adaptations were accompanied by improvements in exercise

capacity and grip strength.25,26

2.3 Apoptosis Signaling and Mediators During Exercise
Regarding signaling pathways, there is evidence that exercise induces apo-

ptosis by the intrinsic as well as the extrinsic pathways. For peripheral human

lymphocytes, it was shown that intensive treadmill running, marathon run-

ning, and intensive resistance training lead to an upregulation of CD95

receptors and ligands.13 Experiments with intestinal lymphocytes suggest

that the intrinsic pathway of apoptosis is also engaged by exercise. Here, apo-

ptosis after exercise was accompanied by mitochondrial membrane depolar-

ization, an increase of cytosolic cytochrome c, and a significant reduction of

Bcl-2 protein content.18 The mediators of exercise-induced apoptosis are

intensively discussed. Intensive exercise is known to affect the balance

between the production of free radicals and their depletion by antioxidant

defense mechanisms. Reactive oxygen species (ROS) are known to affect

certain pathways of apoptosis. On the one hand, ROS reduce cellular

Bcl-2 and depolarize the outer layer of the mitochondrial membrane. On

the other hand, ROS crosslink the intrinsic with the extrinsic apoptosis

pathway by increasing Fas expression.1,9 Glucocorticoids are known to
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induce apoptosis in monocytes, macrophages, and T cells. They act via bind-

ing to their intracellular receptors known as the glucocorticoid receptors.

A first step in glucocorticoid apoptosis induction is mitochondrial dysfunc-

tion followed by the release of cytochrome c into the cytosol. Further steps in

glucocorticoid-induced apoptosis involved the activation of the caspase cas-

cade (Fig. 1).16

2.4 Potential Role of Apoptosis in Adaptation
In early studies, lymphocyte apoptosis was often considered to contribute to

postexercise lymphopenia. In this regard, leukocyte apoptosis was inter-

preted as loss of immunological competence. This idea was supported by

studies which demonstrated a transient increase of upper respiratory tract

infections after prolonged intensive exercise.28 However, a potential role

of apoptosis in a clinical context of immunosuppression has never been

shown. Beside detrimental effects on immunity, researchers also considered

that lymphocyte apoptosis is a regulatory mechanism involved in adaptation

to regular training. In this regard, leukocyte apoptosis is suggested to be a

mechanism to remove senescent, activated, or autoreactive lymphocytes.29

Other studies demonstrated that exercise stimulates both apoptosis and pro-

genitor cell mobilization.30 Therefore, exercise promotes both cell death

and cell production. It can be speculated that an increased turnover of cells

might be part of exercise-induced adaptation processes.

3. AUTOPHAGY

Under physiological conditions, autophagy is an intracellular

recycling system, which is involved in the clearance of damaged cell com-

ponents. For proper function, proteins need to be folded into a correct

three-dimensional structure, which is challenged by internal processing

errors like transcriptional and translational errors as well as external stressors

such as high temperature, osmotic stress, and hypoxia. Cells employ several

systems to guarantee protein quality control. Heat-shock proteins and other

chaperone-like molecules modulate protein folding and repair, while the

ubiquitin–proteasome system and lysosome-dependent systems, such as

autophagy, degrade dysfunctional proteins or organelles. So far, three main

forms of autophagy have been described—macroautophagy, micro-

autophagy, and chaperone-mediated autophagy.31 The major distinctions

between these forms are the substrate selection and delivery mechanisms

involved. While microautophagy and chaperone-mediated autophagy
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degrade small portions of cytosol and selected proteins, macroautophagy

(autophagy) is a more complex process which includes the genesis of

double-membrane vesicles which engulf either large portions of cytosol

or entire organelles for degradation after fusion with cellular lysosomes.

As part of the cell’s catabolic machinery, autophagy is responsible for the

degradation of both long-lived structural proteins and organelles. Therefore,

basal autophagy is involved in the normal protein turnover. On specific stress

stimuli, such as starvation or exercise, autophagy is enhanced in order to

meet the altered nutritional and energy demands. In this context, autophagy

takes on the responsibility for cell homeostasis, development, and function.

Autophagy was long considered a coarse nonselective degradation system,

but recent data indicate that autophagy represents a specific recycling

machinery for the selective elimination of defective organelles.32

In contrast, autophagic dysfunction is associated with cellular malfunc-

tion in a wide range of diseases including neurodegenerative disorders, can-

cer, infections, inflammatory diseases, and insulin resistance. Thus,

deviations of autophagic functions in both directions may be detrimental

for the cell’s fate. With respect to muscle tissue, excessive autophagy induces

muscle atrophy, while impaired autophagic function results in muscle weak-

ness and muscle degeneration.33,34

3.1 Autophagic Process and Its Regulation
The autophagic process comprises several steps such as initiation, vesicle

nucleation, vesicle expansion, cargo recognition, fusion with lysosomes,

and finally cargo degradation.35 It occurs in every cell type albeit the exact

mechanism and regulation may vary. Therefore, the processes described

belowmay not be valid for every tissue. Everything starts with the formation

of a phagophore, which most likely originates from existing membrane

material from endoplasmic reticulum, golgi apparatus, and mitochondria.36

A central switch for autophagy activation is mammalian target of rapamycin

(MTOR). It is part of the IGF-1/Akt/MTOR axis which is the main sig-

naling pathway for protein synthesis in skeletal muscle.37,38 In contrast, upon

amino acid starvation, low cellular ATP content, and the accumulation of

ROS, mTOR is inhibited, which results in activation of a multiprotein

complex comprising unc-51-like-kinase (ULK1), autophagy-specific gene

(Atg) number 13, Atg101, and FAK-family-interacting protein (FIP200).

Together with the Beclin-1/VPS34/VPS15/Atg14 protein complex,

nucleation of vesicles is promoted. Beclin-1 is a substrate of ULK1 and
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activated upon phosphorylation on a serine residue.39 In contrast, the anti-

apoptotic protein BCL-2 (B-cell leukemia/lymphoma-2) inhibits

autophagy by binding to Beclin-1. Many other intracellular stress signals

and signaling pathways, e.g., C-jun N-terminalkinase 1, seem to converge

on these two protein complexes thereby affecting autophagy. Expansion of

autophagosomal membranes is regulated by two other complexes, the

Atg12/Atg5/Atg16 complex and a conjugation of the microtubule-

associated protein 1 light chain 3 (LC3) with phosphatidylethanolamine

referred to as LC3-II.39 Their formation depends on the interplay of several

different Atgs, such as 4, 7, and 10. LC3-II is also important for cargo rec-

ognition as it binds to adaptor proteins such as p62 which in turn selectively

recognize autophagy substrates through an ubiquitin-associated

domain.40,41 Finally, the growing autophagosome fuses with the lysosome.

This process seems to require a number of different molecules such as micro-

tubules, presenilins, SNAP29, VAMP7/8, MFN2, and Tecpr1, while tubu-

lin polymerization-promoting protein, two-pore channel 2 (TPC2), and

vacuolin-1 inhibit the formation of the autophagosome–lysosome complex.

After protein degradation, the released amino acids are exported to the cyto-

sol through lysosomal amino acid transporters. Together, the complete

autophagic machinery comprises more than 30 proteins and regulators.

Another major regulator of autophagy is adenosine monophosphate-

activated protein kinase (AMPK) known to be a master player in skeletal

muscle homeostasis which is activated by energy deprivation during various

conditions such as exercise and starvation. In this regard, AMPK is known to

enhance catabolic metabolism of carbohydrates and fatty acids for the gen-

eration of ATP, while glyconeogenesis and fatty acid synthesis are inhibited.

Recently, the role of AMPK in activation of autophagy has been described

in more detail. First, AMPK phosphorylates and activates Ulk1 directly and

via inhibition of MTOR.42 Second, AMPK also induces the transcription of

several Atgs via activation of the Forkhead box class O protein 3 (FOXO3).

Moreover, FOXO3 is responsible for the transcription of several E3 ligases,

such as muscle ring finger protein 1 (MuRF1) and muscle atrophy F-box

(MAFbx/atrogin-1), which promote the breakdown of both muscle-

specific transcription factors, such as myogenin and sarcomeric proteins.43

4. EFFECTS OF EXERCISE ON AUTOPHAGY

Exercise is a newly defined stimulus that induces autophagy in vivo.

Although a first description of exercise-induced autophagy dates back to
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1984, this topic has attracted more attention just recently. In 2011, Grumati

and coworkers showed that physical exercise activated autophagy in skeletal

muscle as indicated by an enhanced conversion of LC3-I to LC3-II and the

presence of autophagosomes. In collagen VI null mice, which show an

impaired autophagic flux, the acute exercise stimulus exacerbated a dystro-

phic phenotype as indicated by muscle-fiber apoptosis and degeneration.44

In humans, expression of autophagy-related genes and proteins has been

found upregulated in vastus lateralis muscle samples after ultraendurance

exercise.45,46 Acute exercise is a challenge to cell and tissue integrity. Alter-

ations of intracellular calcium homeostasis may result in the activation of

intracellular proteases. Increased mitochondrial activity is accompanied by

enhanced generation of ROS leading to lipid peroxidation and protein car-

bonylation. Electrolyte and osmotic changes have the ability to perturb cell

metabolism. Together, these exercise-associated factors can substantially

affect cell viability and function. By the removal of damaged molecules

and structures, autophagy plays an important role in maintaining and restor-

ing cell health after exercise as indicated by the above-mentioned exercise

studies. But it can be speculated that autophagy supports also cellular energy

homeostasis during and after exercise as the released amino acids may serve as

alternative energy substrates. The role of autophagy in mediating metabolic

effects during exercise is further supported by a study of He et al.. They used

transgenic mice containing knock-in mutations in BCL-2 phosphorylation

sites (BCL2AAA), which showed normal levels of basal autophagy but were

deficient in stimulus-induced autophagy.47 During acute exercise,

BCL2AAA mice showed an altered glucose metabolism as indicated by less

of a decline in plasma glucose and insulin than in wild-type animals. More-

over, BCL2AAA mice failed to increase Glut4 glucose transporter insertion

into the plasma membrane of the vastus lateralis and soleus muscles. These

molecular events were accompanied by functional impairments such as a

lower maximal exercise capacity. Furthermore, in a model of diet-induced

obesity, they found evidence that exercise-induced autophagy mediates the

improvements of insulin sensitivity by regular exercise.47 However, con-

flicting results have been presented about exercise-induced autophagy and

its role in metabolism. Kim et al. demonstrated that, in the recovery period

after acute exercise, the expression of some autophagic proteins such as LC3-

II and Atg7 was decreased, while components of the ubiquitin–proteasome

machinery like MuRF1 were enhanced.48 Furthermore, autophagy was

shown to improve fat metabolism, glucose control, and insulin sensitivity

in diet-induced obesity. To overcome these discrepancies, it has been
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suggested that the induction of autophagy by exercise stimulus is regulated in

an exercise duration and/or intensity-dependent manner. It was demon-

strated recently by Schwalm et al. that increasing exercise intensity resulted

in higher autophagic activity.49 Nutrient availability may also be a factor to

consider as. Jamart et al. found that exercise performed in the fasted state

induced higher autophagic flux, as indicated by higher increases of

LC3B-II levels, than in the fed state.43 There are only limited data available

about the effects of resistance exercise on autophagy. Fry et al. showed that

autophagy was reduced after an acute bout of resistance exercise in skeletal

muscle of both young and old adults.50

The effects of chronic exercise training on autophagy-related proteins

showed also considerable variability. After training rodents from 5 days to

3 months, no significant changes were found for autophagy-related proteins

such as Atg5/12 or LC3-II/LC3-I ratio.44,51 Others found an upregulation

of LC3, Atg7, Beclin-1, and FOXO3 after 4 or 8 weeks of training.52,53

However, the response of the autophagic machinery was fiber type depen-

dent with a dichotomous regulation of basal autophagy and autophagy pro-

tein expression.53 While an upregulation of autophagy protein expression

occurs after increased contractile activity, the increase of autophagic flux

depended on an enhanced oxidative phenotype. In contrast, in young mice,

the expression of Beclin-1 and Atg7 was downregulated following 8 weeks

of aerobic exercise training.42 In the same study, an upregulation of these

autophagy-related proteins was shown for aged mice after endurance train-

ing. Nonetheless, training experiments with Atg6-deficient mice suggest

that autophagy is required for metabolic and structural adaptation of skeletal

muscle to endurance exercise as well as for improving aerobic

performance.53

Finally, the effects of chronic resistance training on autophagy have also

been investigated. Luo et al. found that this type of exercise resulted in an

increased autophagic activity as suggested by increased levels of autophagy

regulatory proteins including Beclin-1, Atg5, 12, and 7, while levels of p62

and the ratio of LC3-II/LC3-I were reduced.54Moreover, the upstream sig-

naling pathways including total AMPK, phosphorylated AMPK, and

FOXO3 were upregulated. Interestingly, the enhanced autophagic activity

was accompanied by reduced muscle apoptosis.

In summary, the available data suggest an important role of autophagy for

the regulation of the acute response to exercise stimulus as well as the adap-

tive response to exercise training. However, more studies are needed to clar-

ify the effects of different exercise modalities with respect to intensity,

418 Frank C. Mooren and Karsten Krüger



duration, and type of exercise and to determine the effects of cofactors such

as nutritional and prior training status.

5. AUTOPHAGY AND APOPTOSIS: CONCLUDING
REMARKS

The “self-destroying” ability of cells displayed during apoptosis shows

some similarities with the cellular “self-eating” mechanisms during

autophagy. Therefore, the relationships or interactions between both

degrading mechanisms are of considerable interest. Both autophagy and

apoptosis can be activated by similar stress signals. Both processes show sim-

ilar regulation by BCL-2 which exhibits both antiautophagic and anti-

apoptotic characteristics. However, the antiautophagic effects of BCL-2

are dependent on an intact apoptotic signaling chain including proapoptotic

BAX and BAK.55 Otherwise, autophagy-related proteins such as Beclin-1,

Atg 5, 7, and 12 are involved in modulating apoptosis.56 It can be proposed

that during exercise both processes act together in the pursuit of similar

aims—to limit tissue damage and to restore its integrity—but might be acti-

vated at different thresholds. Autophagic pathways will be activated early

after the appearance of exercise induced by altered proteins/organelles with

the aim to conserve and recycle the resources. When the cell is flooded

with damaged molecules, the repairing mechanisms are overtaxed and

apoptosis is induced. However, both processes seem to be involved in

the adaptive response to exercise—autophagy by providing locally the

conditions for muscle plasticity and apoptosis systemically by mobilizing

stem/progenitor cells. After exposure to exercise training, the upregulation

of ROS-defending systems as well as of the autophagic machinery seems to

be adaptive responses which limit the release of damaged proteins/organelles

leading eventually to decreased exercise-induced apoptosis as demonstrated

recently.9,30
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autophagy and ubiquitin-proteasome pathways during ultra-endurance running.
J Appl Physiol (1985). 2012;112(9):1529–1537.

46. Jamart C, Benoit N, Raymackers JM, Kim HJ, Kim CK, Francaux M. Autophagy-
related and autophagy-regulatory genes are induced in human muscle after
ultraendurance exercise. Eur J Appl Physiol. 2012;112(8):3173–3177.

47. He C, Bassik MC, Moresi V, et al. Exercise-induced BCL2-regulated autophagy is
required for muscle glucose homeostasis. Nature. 2012;481(7382):511–515.

421Exercise and Cell Death

http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0130
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0130
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0130
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0135
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0135
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0140
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0140
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0145
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0145
http://dx.doi.org/10.1152/japplphysiol.00287.2015
http://dx.doi.org/10.1152/japplphysiol.00287.2015
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0155
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0155
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0155
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0160
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0160
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0160
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0165
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0165
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0170
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0175
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0175
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0175
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0180
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0180
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0185
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0185
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0190
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0190
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0195
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0195
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0205
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0205
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0210
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0210
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0210
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0215
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0215
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0220
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0220
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0225
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0225
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0225
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0230
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0230
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0230
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0235
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0235
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0235
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0240
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0240


48. KimYA, KimYS, SongW. Autophagic response to a single bout of moderate exercise in
murine skeletal muscle. J Physiol Biochem. 2012;68(2):229–235.

49. Schwalm C, Jamart C, Benoit N, et al. Activation of autophagy in human skeletal
muscle is dependent on exercise intensity and AMPK activation. FASEB J.
2015;29(8):3515–3526.

50. Fry CS, Drummond MJ, Glynn EL, et al. Skeletal muscle autophagy and protein break-
down following resistance exercise are similar in younger and older adults. J Gerontol
A Biol Sci Med Sci. 2013;68(5):599–607.

51. Smuder AJ, Kavazis AN, Min K, Powers SK. Exercise protects against doxorubicin-
induced markers of autophagy signaling in skeletal muscle. J Appl Physiol (1985).
2011;111(4):1190–1198.

52. Feng Z, Bai L, Yan J, et al. Mitochondrial dynamic remodeling in strenuous exercise-
induced muscle and mitochondrial dysfunction: regulatory effects of hydroxytyrosol.
Free Radic Biol Med. 2011;50(10):1437–1446.

53. Lira VA, OkutsuM, ZhangM, et al. Autophagy is required for exercise training-induced
skeletal muscle adaptation and improvement of physical performance. FASEB J.
2013;27(10):4184–4193.

54. Luo L, Lu AM, Wang Y, et al. 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(4):427–436.

55. Lindqvist LM, Heinlein M, Huang DC, Vaux DL. Prosurvival Bcl-2 family members
affect autophagy only indirectly, by inhibiting Bax and Bak. Proc Natl Acad Sci USA.
2014;111(23):8512–8517.

56. Rubinstein AD, Eisenstein M, Ber Y, Bialik S, Kimchi A. The autophagy protein Atg12
associates with antiapoptotic Bcl-2 family members to promote mitochondrial apoptosis.
Mol Cell. 2011;44(5):698–709.

422 Frank C. Mooren and Karsten Krüger

http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0245
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0245
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0250
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0250
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0250
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0255
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0255
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0255
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0260
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0260
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0260
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0265
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0265
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0265
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0270
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0270
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0270
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0275
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0275
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0275
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0280
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0280
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0280
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0285
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0285
http://refhub.elsevier.com/S1877-1173(15)00155-6/rf0285


CHAPTER EIGHTEEN

Exercise and Stem Cells
Marni D. Boppart*,†,1, Michael De Lisio*, Sarah Witkowski{
*Department of Kinesiology and Community Health, University of Illinois, Urbana, Illinois, USA
†Beckman Institute for Advanced Science and Technology, University of Illinois, Urbana, Illinois, USA
{Department of Kinesiology, School of Public Health and Health Sciences, University of Massachusetts,
Amherst, Massachusetts, USA
1Corresponding author: e-mail address: mboppart@illinois.edu

Contents

1. Stem Cell Definition 424
2. Introduction to Stem Cells and Exercise 424
3. Hematopoietic Stem Cells 426

3.1 Effect of Acute Exercise on HSCs 427
3.2 Effect of Exercise Training on HSCs 429

4. Endothelial Progenitor Cells 431
4.1 The Struggle to Define EPCs—Overlap with HSCs 432
4.2 Exercise and EPCs 434
4.3 Effect of Acute Exercise on EPCs 434
4.4 Effect of Exercise Training on EPCs 440

5. Mesenchymal Stem Cells 442
5.1 Effect of Acute Exercise and Exercise Training on MSCs 443

6. Conclusion 448
References 448

Abstract

Stem cells are traditionally studied in the context of embryonic development, yet stud-
ies confirm that a fraction remains in the adult organism for the purpose of daily rem-
odeling and rejuvenation of multiple tissues following injury. Adult stem cells (ASCs) are
found in close proximity to vessels and respond to tissue-specific cues in the microen-
vironment that dictate their fate and function. Exercise can dramatically alter strain sens-
ing, extracellular matrix composition, and inflammation, and such changes in the niche
likely alter ASC quantity and function postexercise. The field of stem cell biology is still in
its infancy and identification and terminology of ASCs continues to evolve; thus, current
information regarding exercise and stem cells is lacking. This chapter summarizes the
literature that reports on the ASC response to acute exercise and exercise training, with
particular emphasis on hematopoietic stem cells, endothelial progenitor cells, and mes-
enchymal stem cells.
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1. STEM CELL DEFINITION

Stem cells are unspecialized cells that have the potential to self-renew

and differentiate into a specialized cell type for the purpose of developing an

embryo (embryonic stem cell, ESC) or replacing tissue in the adult organism

(adult stem cell, ASC). The property of self-renewal ensures maintenance of

a stem cell pool. Cells that appear in a developing embryo postfertilization

are totipotent or “totally potent” and have the capacity to differentiate into

one of over two hundred different cell types that compose the human body

(Fig. 1). Upon gastrulation, or the creation of the three germ layers that pro-

vide the basis for body structure, ESCs become increasingly lineage

restricted and give rise to a subset of cell types. Pluripotent or multipotent

stem cells can be extracted as the inner cell mass from the blastocyst of a

developing embryo and provide the basis for ESC therapies for the treatment

of disease or tissue injury, yet risk of teratoma and ethical concerns has largely

diminished enthusiasm for use of these cells in the clinic.

2. INTRODUCTION TO STEM CELLS AND EXERCISE

The discovery of stem cells in multiple tissues of the adult organism for

the purpose of tissue replacement and turnover has generated new and excit-

ing questions regarding the role for the ASC in organ and whole system

health and has generated significant interest in the potential use of these cells

to treat a wide variety of degenerative conditions throughout the lifespan.

The fact that physical activity is a potent stimulator of tissue remodeling,

as well as an essential component of maintaining health and wellness, sug-

gests that ASCs may provide a basis for some of the positive outcomes asso-

ciated with exercise.

Hematopoietic andmesenchymal stem cells are two populations of ASCs

that retain multilineage potential and are distributed in small concentrations

in the bone marrow, blood, and multiple tissues in the adult human.2,3 Rel-

ative to multipotent stem cells, the majority of ASCs in the human body

have been described as unipotent stem cells, or resident progenitor cells,

with limited capacity for differentiation. Examples of these lineage commit-

ted stem cells include endothelial cells (vasculature), satellite cells (skeletal

muscle), neural stem cells, intestinal stem cells, bulge cells (skin), germ cells,

oval cells (liver), cardiac progenitors, and bronchioloalveolar cells (lung).4–13

Endothelial, satellite, and neural stem cells aside, minimal information exists

424 Marni D. Boppart et al.



Figure 1 Introduction to stem cells. Embryonic stem cells (ESCs) are important for development of a fetus and may be extracted from the
inner cell mass of the blastocyst for the purpose of ESC-based therapies. Adult or somatic stem cells (ASCs) reside in the body after birth for
the purpose of routine remodeling or repair and regeneration of tissues following injury. While some ASCs retain multilineage potential, the
majority are unipotent and differentiation capacity is limited to the tissue type in which they reside. Positive health outcomes associated with
exercise, including enhanced repair and improvements in function, may occur as a result of alterations in ASC quantity and/or function in a
variety of tissues. Reprinted with permission from O'Connor and Crystal.1



regarding the multipotent and resident progenitor cell responses to exercise.

Studies that have evaluated the effects of exercise on neural stem cells will be

reviewed in a separate chapter of this volume and limited information

regarding satellite cells will be provided in this chapter. The purpose of this

chapter is to provide an overview of ASCs, with particular emphasis on

hematopoietic stem cells (HSCs), endothelial progenitor cells (EPCs), and

mesenchymal stem cells (MSCs), and of our current understanding of the

response of these cells to acute or repeated bouts of exercise.

3. HEMATOPOIETIC STEM CELLS

HSCs are the most primitive cells of the hematopoietic system from

which all other blood cells are derived. First functionally characterized in

mice in 1961 by Drs. Till and McCulloch,14 and later characterized pheno-

typically and functionally in humans by the lab of John Dick,15 HSCs are

among the longest and most studied ASC population. HSCs are extremely

rare, comprising only �1/104�105 cells in whole bone marrow.15 The

function of HSCs is to ensure continual maintenance of peripheral blood

cell populations through replenishment of mature hematopoietic cells lost

through naturally occurring cell turnover, or as a result of stress. HSCs carry

out this function by continuous activation, proliferation, and differentiation

throughout the lifespan. During times of hematopoietic stress, such as with

an acute infection, blood loss, or loss of hematopoietic cells due to chemo-

therapy or radiation for cancer treatment, expansion of HSCs is rapidly

increased to quickly regenerate the hematopoietic system. This impressive

capacity for regeneration has made HSCs the stem cell of choice for cell

therapy interventions as is evidenced by their use in bone marrow transplan-

tation since the late 1950s.16,17

The initial assays used to examine HSCs relied on their ability to form

colonies in vitro and to regenerate all hematopoietic lineages in vivo. The

“gold standard” assay for evaluating HSC quantity and function is the hema-

topoietic cell transplantation (HCT) assay.18 In this assay, HSCs or whole

bone marrow from mice or humans are transplanted into lethally irradiated

recipient mice and hematopoiesis can be evaluated in vivo.19 Due to the large

quantity of mice and extended period of time required to perform the HCT

assay, in vitro colony-forming unit (CFU) assays were developed to evaluate

hematopoiesis in vitro. Progenitors from the macrophage, monocyte, gran-

ulocyte, and erythrocyte lineages as well as more primitive long-term cul-

ture initiating cells can be evaluated using these in vitro assays over a relatively
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short period of time. Recently, much effort has been devoted toward defin-

ing the cell surface phenotype of mouse and human HSCs for direct quan-

tification and isolation by flow cytometry or fluorescence-activated cell

sorting. In both humans and mice, the markers presently available allow

for the isolation of a heterogeneous population of HSCs and not necessarily

a completely pure population. In mice, HSCs are enriched within the cell

population coexpressing c-kit and Sca-1 in the lineage negative population,

the so-called LSK population.20 When combined with the signaling lym-

phocyte activation molecule family of markers, LSK cells can be further

enriched for populations of HSCs (LSK CD150+CD244�CD48�) and

multipotent progenitors (LSK CD150�CD244+CD48�).21,22 In humans,

HSCs are enriched in the population of cells from the bone marrow, circu-

lating in peripheral blood and in cord blood expressing the CD34 antigen.23

CD34-positive cells represent a heterogeneous population consisting of a

variety of stem/progenitor cells including endothelial progenitors and mes-

enchymal progenitors with the most primitive HSCs found within the rare

CD34+CD38� population.15 Additionally, in bothmice and humans, HSCs

have been found to be highly enriched within the side population (SP) of

cells in bone marrow and peripheral blood.24,25 The term SP denotes a sub-

population that is distinct from the main population of cells extracted from a

tissue as analyzed via flow cytometry.

3.1 Effect of Acute Exercise on HSCs
The effects of exercise onHSCs have been recently reviewed.26 The follow-

ing section will provide an updated discussion of the relevant literature only

with regard to HSCs defined by CFUs, LSK, CD34, CD34+/CD38�, or SP
as well as speculate on their physiological function following exercise-

stimulated mobilization. Due to the heterogeneity of HSC populations,

these cells will be described as hematopoietic stem/progenitor cells

(HSPCs). This section will only review the literature that defined human

CD34+ or SP cells by in vitro colony assays, or referred to them directly

as HSPCs. Studies that added additional phenotypic markers to their

CD34 evaluation to examine endothelial progenitors will be discussed in

Section 4.

It was first determined that an acute bout of exercise could increase the

quantity of HSPCs in peripheral blood in 1978 when Barrett and colleagues

detected a fourfold increase in the number of peripheral blood CFUs follow-

ing an acute exercise session.27 This early study generated a great deal of
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excitement as it was suggested that exercise may enhance HSPC mobiliza-

tion for stem cell transplantation. Two follow-up studies attempted to better

define the time course of changes in HSPC quantity in peripheral blood to

determine if HSPCs were elevated for enough time to be clinically useful in

stem cell transplant. Both of these studies found that HSPC quantity, as

determined by CFU-GM, was increased immediately following cessation

of exercise, but returned to baseline after 15 min.28,29 This brief period of

elevation was considered to be too short to be clinically useful for aiding

in HSPC harvest for clinical bone marrow transplantation as normal aphe-

resis can last many hours. Importantly, the increase in HSPC quantity was

only observed with maximal exercise, stair climbing in this case, and not

with submaximal exercise lasting only 1 h.28,29 These data have been repli-

cated in many subsequent studies using maximal exercise in the form of

rowing,30 running,25,31–33 and cycling.34,35 In all of these subsequent

studies, the increase in peripheral blood HSPCs was transient, increasing

within the first 30 min following short-duration, maximal-intensity exer-

cise, and quickly returning to baseline values thereafter (Fig. 2). Few studies

have examined the more primitive CD34+CD38� cells population in

response to exercise. These studies demonstrate that primitive HSPCs are

not responsive to acute exercise,30,36 suggesting that exercise may be mobi-

lizing a more differentiated population of progenitors and not the most

primitive HSPCs.

Acute maximal
exercise

Mobilization

H
S
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nt

0 15
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60

Figure 2 HSPC response to acute exercise. HSPCs (open circles), located in the bone
marrow and enriched within the LSK (mouse) and CD34 (human) populations, are mobi-
lized from their bone marrow niche to peripheral blood peaking at around 15 min fol-
lowing an acute, maximal exercise bout. HSPC quantity in peripheral blood returns to
preexercise levels rapidly following acute exercise. It is believed that mobilized HSPCs
are involved in tissue repair.
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The kinetics of HSPC mobilization to long-term, lower intensity exer-

cise has been less well examined. In a study examining the quantity of

HSPCs in peripheral blood over 4 h of continuous cycling at 70% of

VO2max, HSPC quantity did not increase until very late into the exercise

session (3 h) and quickly returned to basal levels upon cessation of exercise.37

Bonsignore and colleagues36 examined the effects of running a marathon on

HSPC quantity. In their study, HSPC quantity was not altered immediately

after the marathon, but was significantly decreased 24 h post,36 whereas

Adams and colleagues38 observed a significant decrease in CD34+ cell quan-

tity immediately upon completion of a marathon in elderly individuals. It

was suggested that the increased tissue damage induced by long-duration

exercise provides a signal for removal of HSPCs from circulation to aid

in tissue repair.38 In summary, HSPCs are transiently mobilized into periph-

eral blood by a maximal acute exercise stimulus, and the transient increase is

due to mobilization of more differentiated progenitors than the most prim-

itive HSPC population (Table 1). This response is consistent between both

men and women25 and young and elderly populations.34 The transient

increase may be due to rapid removal of HSPCs from circulation to aid

in repairing tissue damage induced by exercise.

3.2 Effect of Exercise Training on HSCs
Studies examining the effects of exercise training on HSPC quantity are few

and mostly equivocal. In young participants, trained marathon runners have

a three- to fourfold increase in circulating CD34+ cell quantity versus sed-

entary controls; however, the magnitude of increase was not related to vol-

ume of training.36 Thijssen and colleagues34 examined CD34+ cell content

in a cross-sectional study where sedentary and trained individuals were

defined as<1 h of exercise per week and>8 h of exercise per week, respec-

tively. In this study, HSPC content did not differ between sedentary and

trained individuals.34 Similarly, Wardyn and colleagues25 did not observe

any difference in peripheral HSPC quantity in trained (10 METS for at least

250 min/week over preceding 12 weeks) versus sedentary individuals, and

Witkowski and colleagues43 also did not observe any differences in CD34+

cell quantity in trained versus sedentary individuals. Finally, young adult ath-

letes exhibited lower levels of circulating HSPCs compared to age-matched

sedentary controls.42 The equivocal findings from these exercise training

studies may be related to their use of a cross-sectional design, or timing

of analysis as athletes in season experience higher training volumes, thus

greater hematopoietic stress.42
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Table 1 HSC Response to Exercise
Cell Type Response to Exercise References

Acute exercise

CFU 4� increase immediately after stair climbing Barrett et al.27

CFU-GM Increase immediately after stair climbing Heal and

Brightman28

CFU-GM Increase immediately after running Jootar et al.29

CD34+ and

CD34+/CD38�
No change immediately after marathon,

decrease CD34+ 24 h post

Bonsignore

et al.36

CD34+ and

CD34+/CD38�
�2� increase in CD34+, no change in

CD34+/CD38� after 1000 m sprint on

rowing ergometer

Morici et al.30

CD34+/CD45low Increase in sedentary and trained healthy older

and young adults after maximal cycling test

Thijssen et al.34

CD34+ Increase in pre- and late pubertal boys

postintermittent cycling

Zaldivar et al.35

SP 1.5� increase after treadmill test to exhaustion Wardyn et al.25

CD34+ 3� increase over 4 h cycling at 70% IAT M€obius-
Winkler et al.37

CD34+ No change after a marathon, but increase after

1500 m run

Bonsignore

et al.32

CD34+/CD45+ Increase after incremental cycling test Kroepfl et al.33

Exercise training

CD34+ 3–4� increase in trained marathon runners Bonsignore

et al.36

SP No difference in active young adults Wardyn et al.25

CD34+/CD45low No change after 8 weeks of cycling in healthy

older adults and no difference between

sedentary and trained young

Thijssen et al.34

Secondary CFU Restored to level of young sedentary in aged

rats exposed to running wheel

Stelzer et al.39

CFU-GM, CFU-

GEMM, BFU-E

Significant increases in CFUs in mice exposed

to forced treadmill exercise

Baker et al.40

LSK 20% increase in mice exposed to forced

treadmill exercise

De Lisio and

Parise41

CD34+/CD45dim �50% decrease in football players measured in

season

D’Ascenzi

et al.42
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Longitudinal training studies evaluating HSPC content have been con-

ducted in rodents. HSPC content increased�20% within the bone marrow

in mice as determined by flow cytometry,40,41 while extramedullary hema-

topoiesis was increased with training as well as determined by CFU assays.41

Despite this increased quantity, HSPCs from exercise trained donors did not

enhance engraftment in ablated recipient mice.41 In rats, lifelong exposure

to a running wheel restored secondary colony-forming capacity to that of

young, sedentary mice,39 and light aerobic exercise combined with inter-

mittent hypoxia increased circulating HSPC quantity.44 Overall, these ani-

mal data suggest that a well-designed training program under controlled

conditions can increase the quantity of HSPCs both within the bone mar-

row and in extramedullary sites such as peripheral blood and spleen. A few

studies in humans have conducted longitudinal training studies and exam-

ined changes in peripheral blood HSPC content. In elderly individuals

trained by cycle ergometry for 8 weeks HSPC content did not increase;

however, the training protocol used in this study also did not induce an

increase in VO2max,34 suggesting that it may not have been of sufficient

intensity. Two studies have examined the effects of long-term physical activ-

ity interventions in children and both demonstrated an increase in HSPC

quantity with increased physical activity.45,46 Additionally, in young healthy

adults, exercise training increased HSPC quantity, and the effects of exercise

were augmented by training under hypoxic conditions.47 These data suggest

that in response to a properly designed training program under well-

controlled conditions, HSPC content may indeed increase with exercise

training. The increase in response to training may depend on the age of par-

ticipants, as well as whether HSPC quantity is evaluated in the bone marrow

or extramedullary sites of hematopoiesis. To summarize longitudinal train-

ing studies conducted in rodents, elderly and children have demonstrated an

increase in HSPC quantity; however, the cross-sectional data obtained from

young adults is equivocal (Table 1). It is important to consider the timing of

HSPC analysis as athletes studied in season, during the period of intense,

high volume training, demonstrated a decrease in HSPC quantity.

4. ENDOTHELIAL PROGENITOR CELLS

The disruption of vascular integrity is a central component of diabetes,

peripheral artery disease, coronary heart disease, and other ischemic condi-

tions. Endothelial cells line the luminal surface of blood vessels, chiefly com-

prise capillaries of the microcirculation, and are important for vascular
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homeostasis. Modulating blood vessel repair, growth, and maintenance are

therefore important for prevention and treatment of cardiovascular diseases

(CVDs). Asahara and colleagues48 first identified circulating cells with

angiogenic potential in 1979, a discovery that led to the use of the term EPCs

and later to the identification of other circulating and resident cell

populations with angiogenic capacity.

4.1 The Struggle to Define EPCs—Overlap with HSCs
EPCs have been defined as bone marrow-derived cells with the capacity to

home to sites of vascular injury and participate in endothelial repair and

angiogenesis via differentiation into endothelial cells (Fig. 3); however,

the precise cellular definition of the EPC remains unclear and highly con-

troversial. This controversy led to identification of diverse cell types defined

as “EPC,” as reflected in the literature on EPC and physical activity. In addi-

tion, progenitor cells resident to the blood vessel wall are now considered

Clonal proliferative status

CFU-Hill CAC ECFC

– – +

– – +

+/– +/– +

– – +

+ + +

+ + +

CD34+/– CD34+/– CD34+/–

CD133+ CD133+ CD133–

VEGFR2+ VEGFR2+ VEGFR2+

CD45+/– CD45+/– CD45–

CD146+/– CD146+/– CD146+

CD115+ CD115+ CD115–

CD31+ CD31+ CD31+

ALDHbright ALDHbright ALDHbright

acLDL uptake acLDL uptake acLDL uptake

Replating ability

In vitro tube formation

In vivo de novo vessel formation

Homing to ischemic sites in vivo

Paracrine augmentation of
angiogenesis

Phenotypic appearance

Figure 3 Comparison of the phenotypic and functional characteristics of putative EPC
determined by different assays. The cells isolated by the CFU-Hill and CAC assays iden-
tify essentially similar proangiogenic hematopoietic subsets. In contrast, the cells iso-
lated in the ECFC assay differ from the proangiogenic cells by displaying clonal
proliferative potential, replating ability, and in vivo vessel forming ability. In addition,
the phenotype of the ECFC can be distinguished from the proangiogenic cells by the
lack of CD133, CD45, and CD115 expression by the ECFC. Abbreviations: ALDH, aldehyde
dehydrogenase; acLDL, acetylated low density lipoprotein; VEGFR2, vascular endothelial
growth factor receptor 2. Reprinted with permission from Basile and Yoder.49
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important for vessel growth and repair via differentiation into endothelial

cells,50,51 suggesting that our knowledge regarding EPC biology continues

to evolve.

EPCs are defined with cell surface markers via flow cytometry, and/or

characteristics from in vitro culture methods.52 Asahara et al.48 first defined

putative endothelial progenitors as cells positive for expression of CD34

and vascular endothelial growth factor 2 receptor (i.e., VEGFR2, KDR

for human or Flk-1 for rodents). This definition was widely accepted until

Peichev et al.53 added evidence to suggest the HSC marker AC133 consti-

tuted endothelial precursors as mature endothelial cells do not contain

AC133 and AC133+VEGFR2+ cells colonized the surface of left ventricular

assist devices in humans. Although later, use of CD133 to define EPCs

became controversial when CD34+AC133+KDR+ cells did not form

capillary-like structures in vitro or integrate to human vascular lumen.54,55

The relationship of EPCs to hematopoietic stem and progenitor cells is still

disputed, yet many EPC populations coexpress hematopoietic markers

including CD34, CD133, CD117, and CD105.

Three types of in vitro culture assays have been used to isolate EPCs and as

a result let to the emergence of three distinct EPC populations: (1) endothe-

lial colony-forming cells (ECFC or “late” EPC), (2) circulating angiogenic

cells (CAC or “early EPC”), and (3) colony-forming unit-Hill (CFU-Hill or

CFU-CAC). These populations display different phenotypic and functional

characteristics (Fig. 3). ECFC form colonies and cobblestone appearance

after extended time in culture (�2–4 weeks), have robust proliferative

capacity, form cells that express mature endothelial surface markers such

as CD31+, and contribute directly to revascularization. CAC or early EPCs

form colonies in culture after�1 week, have a low capacity to self-replicate,

and do not directly contribute to the formation of new vessels in vitro or

in vivo but promote vascular repair by secretion of proangiogenic growth

factors. Transcriptomic and proteomic analyses of the ECFC and early

EPC revealed that early EPCs have a molecular phenotype similar to mono-

cytes, whereas late EPCs had a phenotype similar to endothelial cells.56 The

third population, CFU-CAC or CFU-Hill CAC, were determined to be

related to endothelial function and CVD risk.57 These cells were subse-

quently identified as a mixed population of cells of hematopoietic lineage

including T cells and monocytes with few endothelial progenitor, which

contribute to angiogenesis via secretion of paracrine factors.58,59

As definitions of EPC populations have been refined, many cells origi-

nally defined as EPCs are no longer considered endothelial progenitors but
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share characteristics with HSCs, monocytes, and lymphocytes58–61 and are

now considered important regulators of angiogenesis.62 In fact, it has been

recently proposed that EPCs should be defined according to whether they

are hematopoietic or nonhematopoietic lineage EPCs.63 This categorization

scheme reconciles observations that EPCs with and without hematopoietic

markers contribute to vascular maintenance, repair, and angiogenesis: some

that directly form vessels through differentiation to endothelial cells and

others that support endothelial health and vascular growth via the secretion

of soluble factors such as growth factors and cytokines but do not directly

differentiate into endothelial cells.15 Importantly, hematopoietic and

nonhematopoietic “EPCs” have been associated with CVD such that low

appearance of EPCs in circulation and EPC dysfunction are related to ele-

vated CVD risk and poor outcomes.64–71

4.2 Exercise and EPCs
Exercise can restore endothelial function and decrease CVD risk. The main-

tenance of endothelial integrity and function is paramount as CVD risk is

strongly influenced by endothelial function.72 Increased EPC appearance

in circulation and EPC functional improvements via exercise are hypothe-

sized to constitute novel mechanisms by which physical activity promotes

cardiovascular health (Fig. 4). However, the controversies in EPC definition

described above are reflected in the literature on exercise and many publi-

shed reports describing EPCs may in fact be HSCs or other CACs as very

few studies in the exercise literature have included experiments confirming

that the cells described differentiate into endothelial cells and integrate into

vessels or contribute to endothelial homeostasis via the secretion of para-

crine factors. Therefore, the term CAC will be used to collectively refer

to the EPC populations and will be specifically defined where appropriate

in sections 4.3 and 4.4 on physical activity. As the definition of EPCs

evolves, a reevaluation of the literature on exercise will be necessary. The

effect of acute exercise and exercise training on CACs has been recently

reviewed elsewhere.73–75 The focus of the following is a review of the effect

of exercise on CACs, highlighting studies that lend novel insight into the

CAC response to exercise or potential mechanisms to explain the role of

exercise to change CAC characteristics.

4.3 Effect of Acute Exercise on EPCs
In general, acute exercise is associated with an increase in appearance of

CACs in the blood of healthy volunteers,37 patients with CVD risk
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factors,74 and patients with established CVD75 although the acute response

varies according to CAC subtype, and exercise type, duration, and intensity

as well as disease status (Table 2).43,75 With a standard acute bout of mod-

erate to intense exercise (30–45 min), maximal, or symptom-limited tread-

mill or bicycle tests, CACs are mobilized quickly, demonstrating significant

increases from rest within approximately 10–30 min following exercise

completion and returning to resting levels within 24 h. In patients with heart

failure, the mobilization of CD34+KDR+ was smaller and returned to base-

line more quickly than healthy subjects.79 Under ischemic conditions, the

CAC response to acute exercise may be delayed. One study used blood flow

restricted acute treadmill exercise (via tourniquet) in healthy individuals and

patients with peripheral artery occlusive disease and exercise-induced ische-

mia, to show that under artificial and diseased limb ischemia, CD34+KDR+

and CD133+KDR+ CACs peaked 24 h postexercise and returned to base-

line within 72 h in both groups.78 In this study, the healthy participants

increased CACs fourfold compared with threefold in the patients. It is

unclear whether the magnitude of the response varies with ischemic versus

nonischemic exercise. Longer duration exercise also leads to a different CAC

response. For example, with 240 min of high-intensity cycling exercise,

many CACs including CD34+, CD34+KDR+, CD133+KDR+, and

Niche compartments

Liberation

Proliferation

Differentiation

Homing

Paracrine action Engraftment

Vessel

Figure 4 The efficacy of CAC to support vascular growth and regeneration is dependent
on the successful participation in several functions. Exercise has the potential to affect
each separately, in combination, or all of these functions. Characterization of the mech-
anisms by which exercise may influence CAC function may help optimize cardiovascular
regenerative medicine. Reprinted with permission from Witkowski et al.73
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Table 2 EPC Response to Exercise
Cell Type Response to Exercise References

Acute exercise

CD34+/KDR+

AC133+/KDR+
Population: healthy men

Result: increased progressively over

2400 of cycling

Mobius-

Winkler et al.37

AC133+/CD144+ Population: men with CVD risk

Result: increased �fourfold with

symptom-limited treadmill or bicycle

test

Rehman et al.76

CD34+/KDR+ Population: three groups (1) patients

with exercise-induced ischemia, (2)

no exercise-induced ischemia, and (3)

healthy

Result: increased 24 and 48 h

following symptom-limited bicycle

test only in exercise-induced

ischemia group

Adams et al.77

CD34+/KDR+

AC133+/KDR+
Population: male and female, two

groups (1) PAOD patients with

exercise-induced limb ischemia and

(2) healthy individuals—ischemic

exercise (tourniquet)

Result: both groups increased 12 and

24 h with ischemic treadmill exercise.

Healthy ischemic group had greater

response

Sandri et al.78

CD34+/KDR+ Population: CHF and healthy

individuals

Result: cells increased in healthy

subjects within 10 min following

exercise test and returned to baseline

within 2 h, response in CHF patients

was attenuated

Van

Craenenbroeck

et al.79

CD34+/KDR+

CD34+

“early” EPC

Population: mild and severe CHF

patients and healthy participants

Result: Cardiopulmonary exercise

test resulted in increased CAC

migration in CHF groups only. No

change in CD34+/KDR+ or CD34+

cells with exercise

Van

Craenenbroeck

et al.80
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Table 2 EPC Response to Exercise—cont'd
Cell Type Response to Exercise References

CFU-CAC Population: healthy active and

sedentary men

Result: CFU-CAC increased with

acute treadmill exercise in active men

only

Jenkins et al.81

Exercise training

CD34+/KDR+

CFU-CAC

Population: stable CHF

Training: 8 weeks, 3�/week, 45 min

cycling 60% HRR

Result: CD34+/KDR+ and CFU-

CAC increased. After 8 weeks

discontinued training

CD34+/KDR+ decreased CFU-

CAC remained elevated

Sarto et al.82

CD133+/CD34+/KDR+ Population: CVD or CVD risk factors

Training: 12 weeks, 3�/week,

30–60 min running

Result: threefold increase in CAC

Steiner et al.91

CD34+/KDR+ Population: stable CAD

Training: 4 weeks, cycling 60–80%

VO2max, 20 min, moderate muscle

strength training, and walking

Result: 78�34% increase in cell

number, 41�11% reduction in EPC

apoptosis

Laufs et al.83

CD34+/KDR+

“early” EPC

Population: CHF (EF �40%),

control group, and healthy group

Training: 6 months, 3 days/week,

60 min

Result: CHF group increased early

EPC migration and CD34+/KDR+

Van

Craenenbroeck

et al.84

CD34+/KDR+ Population: young and older men

Training: 8 weeks older men only,

cross-sectional for training status in

other groups

Result: older men had lower resting

and exercise-induced EPC, and

training status did not alter baseline or

exercise-induced EPC

Thijssen et al.34
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CD133+ progressively increased in the blood with continued exercise and

decreased within 1–2 h postexercise.37 In the latter study, CD146+ circulat-

ing endothelial cells, a marker associated with damaged endothelium, also

increased during cycling and progressively declined after exercise in a fashion

similar to the CAC response. It is possible that the mobilization of CACs

assists the replacement of normal endothelial cell turnover that results from

enhanced shear stress as seen with acute, particularly long-duration exercise.

However, there are currently no mechanistic studies evaluating this

hypothesis.

Due to overlapping definitions of EPC and hematopoietic progenitors in

the literature, the exercise-induced responses of CD45+CD34+ hematopoi-

etic progenitors and CD45�CD34+KDR+ endothelial progenitors were

recently compared.85 Differences in the kinetics and magnitude of appear-

ance of the two populations were revealed, which may explain some of the

discrepancies in the literature that stem from the presence of hematopoietic

markers such as CD45 on cell populations defined as EPCs. In the same

study, the authors also reported cell-type differences in the time course of

response to three forms of exercise: concentric endurance exercise, resis-

tance exercise, and eccentric exercise. Concentric endurance exercise mobi-

lized HPCs to a greater degree than EPCs although both cell populations

were not significantly different from resting levels by 24 h. Interestingly,

when all exercise types were combined, the HPC, but not EPC response,

was significantly associated with creatine kinase, a marker of muscle damage.

The HPC response is likely part of the normal regenerative response to mus-

cle damage, whereas EPCs may not play a role in this process.

Acute exercise studies have aided in the discovery of events that mobilize

CAC. The mechanisms responsible for the increase in CAC with exercise

include changes in blood flow in bones, ischemia, signaling proteins, and

angiogenic cytokines. Endothelial nitric oxide synthase (eNOS) is the

enzyme responsible for the production of the vasodilator nitric oxide

(NO) by endothelial cells. Increased shear stress that accompanies greater

blood flow with exercise is known to lead to the release of NO by endothe-

lial cells causing smooth muscle cell relaxation and blood vessel dilation.86

The NO system is also a main regulator of CAC biology. eNOS is an

essential component of the bone marrow stromal microenvironment and

mobilization of CAC through its regulation of matrix metalloproteinase

(MMP)-9.87 Cubborn et al.88 reported that mobilization of CD34+KDR+,

CD133+CD34+KDR+, and CD34+CD45� CAC in response to 30 min
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of high-intensity cycling was blocked with administration of the eNOS inhib-

itor L-NMMA, indicating that eNOS is likely the main mechanism respon-

sible for exercise-induced CAC mobilization. Data from a mouse model

corroborate the importance of eNOS wherein eNOS knockout mice

(NOS3�/�) and wild-type mice that were delivered the eNOS inhibitor

(L-NAME) had lower Sca-1+FLK-1+ CAC after only 7 days of exercise

training.83

Ischemia mobilizes CACs from the bone marrow in patient populations

but does not appear to be a mechanism of mobilization in healthy individuals

during exercise. Adams et al.77 quantified the response of CD34+/KDR+

CACs to an acute bout of maximal exercise in three groups of patients:

(1) CAD patients with exercise-induced ischemia, (2) asymptomatic

CAD patients with no exercise-induced ischemia, and (3) healthy age-

matched controls. In response to a symptom-limited exercise test, CACs

increased only in CAD patients with exercise-induced myocardial ischemia

and the increases were correlated with the changes in plasma vascular endo-

thelial growth factor (VEGF) levels. Others have confirmed an association

between VEGF and CAC mobilization with ischemic exercise.31 Acute

exercise may also be associated with the release of cytokines and growth fac-

tors that mobilize CAC. Granulocyte colony-stimulating factor (G-CSF), a

cytokine produced by various tissues, induces the production and release of

progenitors from the bone marrow, has been used to mobilize progenitors

for use in stem cell therapy, and is associated with HPC and EPC mobiliza-

tion with acute exercise.85

CACs from patients with disease are not only reduced in circulation but

are dysfunctional compared with those from healthy individuals (i.e., they

show increased senescence and apoptosis with decreased migratory capac-

ity), whichmay contribute to poor vascular outcomes and prognosis. Studies

with acute exercise in patients with disease reveal that exercise can improve

CAC function. For example, acute exercise improved CAC migration in

severe and mild CHF patients to a level similar to that evident in healthy

controls,80 demonstrating that as little as one bout of exercise can influence

CAC intracellular function. CAC function with acute exercise is influenced

by intracellular NO production, which may be one of the mechanisms of

CAC dysfunction with disease and chronic inactivity.89 Jenkins et al.81 dem-

onstrated that, in sedentary men, acute exercise increased CAC intracellular

NO (NOi), which was in part due to reduced NADPH oxidase, the main

enzyme that produces oxidative stress in endothelial cells.
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4.4 Effect of Exercise Training on EPCs
The effect of exercise training in patients with CVD (heart failure, coronary

artery disease, and peripheral artery disease) on CAC has been systematically

reviewed.75 Although the nature of the exercise programs of the studies var-

ied, most showed significant increases in resting CACs (defined mainly as

CD133+CD34+KDR+ or CD34+KDR+) with training. Most of the pro-

grams involved aerobic exercise (70–85% of max heart rate or 60–70%

VO2max) and in many, but not all, blood was drawn at least 24 h following

the final exercise session to eliminate the effect of acute exercise. In patients

with heart failure, Sarto et al.82 reported a significant increase in CAC num-

ber and CAC function with 8 weeks of aerobic training. CAC number ret-

urned to baseline values 8 weeks after discontinuation of aerobic training

demonstrating that changes in physical activity level are related to CACs

in this population. These data support the hypothesis that CACs may con-

tribute to improvements in cardiovascular health observed in this patient

population with exercise regimens. However, additional studies are neces-

sary to verify these results and establish an exercise prescription necessary for

positive outcomes.

Exercise training appears to improve CAC more consistently in patient

populations than healthy individuals, as both training studies34 and cross-

sectional comparisons43 in healthy participants have reported no effect of

exercise on CACs. Since exercise has a wide range of effects, it is likely that

the overall benefits of exercise for patients with disease may be both direct

(i.e., on CACs) and indirect (i.e., improvement of individual CVD risk fac-

tors associated with CAC impairment). Further, many studies in healthy

populations include young active individuals with low CVD risk and the

absence of CAC improvements with training may be due to a CAC system

that is already optimal. In heart failure patients, Van Craenenbroeck et al.84

reported that the improvement in CAC function with acute exercise prior to

training was absent following training, indicating that 6 months of training

may have been sufficient to elicit sustained CAC improvements in these

patients to levels comparable to healthy controls. A similar finding was

reported in a comparison of regularly active and inactive young but healthy

men where CAC NOi increased with an acute bout of exercise in the inac-

tive but not active men.81 However, in this study, the inactive group did not

improve CAC NOi to the level of the regularly active men. The repeated

acute exercise bouts that accumulate with training are important for resting

CAC number and function.When highly active older menwith a long-term
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history of endurance exercise stopped training for 10 days, the number of

CACs fell to the level of sedentary men of the same age.43 In younger active

men, 10 days of reduced physical activity resulted in diminished CAC

colony-forming capacity and CAC NOi.90 Overall, these studies demon-

strate flexibility of CACs, along with increased quantity with repeated bouts

of activity in both healthy and diseased populations and reversal with

detraining.

One of the most important questions is whether exercise improves the

capacity of CAC to home to and either incorporate into existing endothe-

lium or release factors that assist angiogenesis and endothelialization. Indirect

evidence is available that demonstrates an association between CACs and

improved vascular function with exercise training. Steiner et al.91 found that

12 weeks of exercise training in patients with asymptomatic CAD and/or

CVD risk factors resulted in an approximately threefold increase in

CD133+CD34+KDR+ CACs, an increase that was correlated with an

enhanced flow-mediated dilation and plasma NO synthesis. In chronic heart

failure patients, exercise training increased CD34+KDR+ CAC and CAC

migratory activity as well as flow-mediated dilation.84 In healthy highly

trained older men, the reduction in CD34+KDR+ cells was related to the

reduction in forearm blood flow response with 10 days of detraining.43 Ani-

mal models have provided evidence for the improvement of angiogenesis

with exercise. Using a disk model of neoangiogenesis in mice, exercise

enhanced CACs and new vessel formation compared to sedentary animals.83

In aged mice, swim training improved the capillary/myofibril ratio, recov-

ery of blood flow, and CAC homing to neovascularization following

hindlimb ischemia compared with nontrained mice.92

Early EPCs and CFU-CACs (CFU-Hill) are two populations hypothe-

sized to participate in angiogenesis and reendothelialization via angiogenic

growth factor and cytokine secretion. Pula et al.93 used a proteomics

approach to evaluate the secretome of early EPC and CFU-CAC. They

identified peptides known for their angiogenic potential94,95 and novel

peptides not previously recognized as CAC derived including interleukin

(IL)-8, MMP-9, monocyte chemotactic protein-1, pre-B cell-enhancing

factor, S100 protein family, and thymidine phosphorylase. Currently, mech-

anistic studies evaluating the effect of exercise on the release of angiogenic

factors related to angiogenesis and endothelialization are lacking. This is an

important area for future research in order to optimize cell-based therapies

for disease.
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The contribution of CACs to the maintenance and repair of the vascu-

lature has been investigated for the past 20 years. It has become clear that

physical activity greatly influences mobilization and function of CAC

populations, particularly in patients with CVD risk or disease, and they

may be important mechanisms by which exercise promotes vascular health.

There are many unresolved questions regarding CAC biology and the role

of physical activity. For example, as CVDs continue to be highly prevalent

and level of activity declines with age while the older segment of the pop-

ulation grows, it is particularly important to evaluate the effect of age on

CAC and whether the benefits of physical activity on CAC persist with

aging and age-related conditions (i.e., menopause). Women are especially

not well represented in the current body of literature. Additionally, the opti-

mal exercise prescription to improve CAC characteristics for various

populations is still unclear. Finally, it will be important to delineate cell func-

tion in vivo using novel evaluative tools that are yet to be created.

5. MESENCHYMAL STEM CELLS

MSCs, also currently referred to as multipotent stromal cells, originate

from embryonic connective tissue, or mesenchyme, and give rise to hema-

topoietic and connective tissue in the developing fetus. The MSC was first

identified in bone marrow in the adult organism by Friedenstein and

colleagues.96 The cells were identified as fibroblast-like cells with colony-

forming capacity that demonstrate osteogenic potential both in vitro and fol-

lowing heterotopic transplantation. The ability for these fibroblast-like cells

to give rise to multiple mesodermal tissues, such as bone, adipose, and car-

tilage, has been verified for decades.97 However, similar to HSCs and EPCs,

confusion exists regarding the homogeneity of the population isolated from

bone marrow and agreement on the procedures used for identification of

MSCs from a variety of tissues.98–101 A single, unique biomarker does

not exist for identification and numerous environmental cues can rapidly

alter the transcriptome and cell surface protein expression in vitro and

in vivo. In addition, MSCs have long been recognized to secrete factors, such

as IL-1, IL-6, colony-stimulating factor (CSF-1), and granulocyte

macrophage-CSF (GM-CSF) that sustain HSC survival and function in

bone marrow.102 The observation that MSCs synthesize and secrete numer-

ous growth factors, cytokines, and extracellular matrix (ECM) proteins in

the context of multiple tissue types suggests a predominant supportive or
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stromal role in repair, growth, and remodeling. The dynamic nature of

this cell type, both with regard to identification and function, presents a

challenge that will need to be addressed with sophisticated lineage tracing

studies. At present, MSCs are identified and isolated from multiple tissues

based on one or more of the following criteria: (1) cell surface expression

of CD73, CD90, and CD105 and absence of hematopoietic markers

CD14 and CD45; (2) evidence of clonal expansion; and (3) capacity for

differentiation into multiple cell types, including bone, cartilage, adipose,

and tendon.98

5.1 Effect of Acute Exercise and Exercise Training on MSCs
MSCs have been identified in peripheral blood and localized to the vascular

niche in numerous adult human tissues, including bone marrow, adipose,

skeletal muscle, lung, heart, cartilage, tendon, and dental pulp.3 MSCs rep-

resent a very small fraction of the total mononuclear cell in bone marrow

(0.001–0.01%).103 Current studies have investigated the effect of injury

on MSC migration, proliferation, and function, yet to our knowledge,

few studies exist which have evaluated the MSC response to either acute

exercise or exercise training. Ocarino and colleagues104 isolated MSCs from

bone marrow (�90% CD45�CD73+CD90+) of healthy and osteopenic rats

following 3 months of moderate intensity treadmill running (15 m/min,

30 min/day, 5 days/week). Physical activity restoredMSC capacity for oste-

oblast differentiation in osteopenic rats as detected by alkaline phosphatase

expression and formation of mineralized nodules. Bone marrow-derived

MSCs from adult (6 months) rats also exhibit greater ALP expression to

an extent comparable to young (1 month) rats following 7, 14, and 21 days

of treadmill exercise.105 Physical exercise can also increase bone formation

rate and decrease marrow adipocyte volume in the proximal tibia metaphysis

following 5 weeks of progressive treadmill running exercise, likely due to

suppression of MSC adipogenesis as a result of mechanical loading as dem-

onstrated in vitro.104,106 In a similar study, 10 weeks of progressive treadmill

running (3 days/week) reduced marrow cavity adipose content by 78% in

mice.40 Despite these intriguing results, studies that evaluate the tissue-

specific MSC response to exercise do not exist outside of skeletal muscle.

Therefore, the remaining section onMSCs will focus on current knowledge

of the effect of exercise on skeletal muscle resident MSCs and their subse-

quent influence on satellite cells.

443Exercise and Stem Cells



5.1.1 The Resident Progenitor Cell in Skeletal Muscle and Its Response
to Exercise

Cellular remodeling, including destruction and regrowth, is a predominant

outcome of acute or repeated bouts of exercise in multiple tissues. Identified

in 1961 byMauro,107 the satellite cell is the predominant resident progenitor

cell in skeletal muscle responsible for repair and/or regeneration of the

myofiber in response to injury. The quiescent Pax7+ satellite cell residing

in the interstitial space between the sarcolemma and the basal lamina can

become “activated” upon injury, an event that includes upregulation of

myogenic transcription factors Myf5 and MyoD, migration to the site of

injury, and asymmetric cell division (Fig. 5). Asymmetric cell division allows

the satellite cell to give rise to one daughter cell that will return to quiescence

and one daughter cell that will express myogenin and terminally differentiate

into a myoblast with capacity for myofiber fusion (repair) or new fiber syn-

thesis (regeneration).5 Verification that the satellite cell is a bona fide stem cell

Figure 5 Skeletal muscle resident stem cells. Satellite cells (Pax7+) reside in the space
between the sarcolemma and the basal lamina and are required for repair and regen-
eration of the myofiber following injury. Satellite cell activation in response to injury
includes upregulation of the myogenic regulatory factors Myf5 and MyoD and asym-
metric cell division. Newly formed myoblasts or myocytes can fuse with damaged fibers
or fuse together to form new fibers in the muscle environment. Pax7� (nonsatellite)
stem cells (interstitial cells) and pericytes are located outside the basal lamina in close
proximity to vessels. The majority of nonsatellite stem cells in muscle contribute to
repair via secretion of factors that allow for satellite cell activation. Reprinted with per-
mission from Dr. Péter Balogh, University of Pecs, Hungary.
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has been demonstrated, as a single luciferase-expressing Pax7+ satellite cell

can give rise to 20,000–80,000 progeny upon transplantation.108 Studies that

allow for the conditional ablation of the Pax7+ satellite cell have clearly

delineated an important role for the satellite cell in muscle repair and regen-

eration in response to injury following myotoxin exposure or mechanical

overload.109,110 The satellite cell indeed exhibits limited potential for differ-

entiation aside from myogenesis,111 and nearly all studies to date have

focused on the satellite cell in the context of muscle repair and adaptation

to injury.

Pax7+ satellite cells are increased in skeletal muscle following acute and

repeated bouts of strength training, with preferential enhancement observed

in the niche surrounding Type II fibers, the fiber type most susceptible to

contraction-induced injury and age-related atrophy. Type II fiber-

associated enhancement of satellite cell content and activation (as reflected

by DLK1 expression) has been observed in young recreationally active men

1–3 days following an acute bout of maximal unilateral isolated eccentric

exercise or traditional resistance-type exercise.112–115 Resistance exercise

training can also increase satellite cell content in young and aged men and

women,113,116–119 and the increase has been demonstrated to be specific

to type II fibers in elderly men and correlated with fiber size or muscle vol-

ume in young and agedmen.120,121 The strong relationship between satellite

cell content and muscle fiber size postexercise would suggest a role for the

satellite cell in growth, yet myonuclear accretion and/or new fiber synthesis

are not consistently observed posttraining.117,118,120,122,123 Conditional

ablation of the Pax7+ cell using genetically altered mice (Pax7iCE/+:

R26RDTA/+) also does not compromise growth in response to chronic load-

ing in mice,110 suggesting that the satellite cell may fulfill an alternative or

additional role in muscle postexercise. Satellite cells are enriched in the

motor endplate and around capillaries,124,125 yet the extent to which they

protect or repair these structures postexercise is not known. The Pax7+ sat-

ellite cell also can suppress fibroblast-mediated collagen deposition.126 Thus,

the satellite cell may regulate cell–cell communication in muscle and its role

postexercise may extend beyond myofiber repair and regeneration.

Skeletal muscle fiber injury associated with high-intensity or eccentric

(lengthening) contractions and the subsequent requirement for repair are

hypothesized to provide the underlying basis for satellite cell activation

and differentiation postexercise. However, satellite cell accumulation has

been observed postexercise in the absence of injury and/or inflamma-

tion117,127,128 and current studies demonstrate that less intense contractions
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associated with endurance exercise training may be sufficient for satellite cell

activation in rodents and humans.122,123,129 Multiple intrinsic and extrinsic

factors, including growth factors, mechanical strain, hypoxia, inflammation,

ECM composition, and topography, are altered by exercise and ultimately

dictate the satellite cell response tomuscle contraction. Themajority of stud-

ies that evaluate satellite cell activation and differentiation are conducted

either in vitro or in response to stimuli that do not mimic the exercise con-

dition, such as myotoxin injection or injection of isolated growth factors in

mice. Despite this limitation, it is clear that satellite cells proliferate in

response to a wide variety of growth factors, cytokines, and hormones in

sterile culture conditions that are also present in muscle during exercise,

including fibroblast growth factor, hepatocyte growth factor, insulin-like

growth factor (IGF-I), IGF-II, transforming growth factor-β, leukemia

inhibitory factor, interleukin-6 (IL-6), platelet-derived growth factor

(PDGF), epidermal growth factor, tumor necrosis factor-α, and testoster-

one.130,131 While satellite cell expression of myostatin (a satellite cell cycle

inhibitor) is decreased at 12 h, IGF-1 and phosphorylated STAT3 (a target of

IL-6 receptor activation) are transiently localized to satellite cells 24 h fol-

lowing an acute bout of eccentric or resistance exercise in young

men.115,132,133 Guerci et al.134 demonstrated that serum response factor, a

ubiquitous transcription factor expressed in muscle, can regulate the synthe-

sis of IL-6, an event necessary for satellite cell proliferation in response to

mechanical load in rodents. Together, these studies suggest an important

role for the paracrine factor milieu in satellite cell activation postexercise.

5.1.2 Mesenchymal-Like Stem Cells in Skeletal Muscle and Their
Response to Exercise

Muscle-derived stem cells, SP cells, mesenchymal progenitor cells, pericytes,

fibro/adipogenic progenitor cells (FAPs), and PW1+ cells have been iden-

tified and isolated from skeletal muscle and further characterized as Pax7�

(nonsatellite) stem cells with multilineage capacity (Fig. 5).135–141 A review

of the history and characterization of each cell type has been previously pres-

ented, with particular emphasis on the response of each type to injury as a

result of myotoxin injection.142 Briefly, Gussoni et al.143 identified the first

Pax7� stem cell in skeletal muscle as an SP cell (based on Hoechst 33342 dye

exclusion) that could reconstitute the entire hematopoietic system in lethally

irradiated mice. While only the CD45+ subfraction was found capable of

hematopoiesis, the CD45� subfraction did not express hematopoietic line-

age markers and demonstrated myogenic capacity following transplantation

into regenerating tibialis anterior muscle.143,144 Enthusiasm for the
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discovery of a nonsatellite stem cell with myogenic capacity was diminished

when engraftment was found to be limited. However, Motohashi and col-

leagues136 later characterized a CD45�CD31� SP cell in muscle that could

synthesize regenerative growth factors which indirectly enhance satellite cell

expansion and fusion postinjury. The majority of studies completed to date

suggest the existence of a multipotent, nonmyogenic Pax7�Sca-1+CD45�

CD31�CD34+/�, PDGFRα+ population in muscle that can proliferate in

response to injury and provide stromal support that allows for satellite cell

activation.136,137,139,140,145 Expression of PDGFRα appears to be a key cell

surface marker that determines myogenic potential, with PDGFRα� non-

satellite cells exhibiting some potential for myogenesis and PDGFRα+ non-
satellite cells demonstrating MSC-like stromal capacity and indirect capacity

for muscle repair.139,145,146

The extent to which Sca-1+CD45� nonsatellite stem cells can become

enriched and contribute to muscle repair following eccentric exercise was

recently addressed in a series of studies in mice. Mice were subjected to a

single bout of eccentric exercise (20° decline, 17 m/min, and 30 min)

and flow cytometry was used to evaluate the percentage of Sca-1+CD45�

cells.141 Sca-1+CD45� cells increased twofold at 24 h postexercise and cells

were localized to large vessels and nerves in the interstitium. Following iso-

lation from muscle and short-term culture, the cells were characterized by

flow cytometry and found to express both MSC (CD29, CD73, CD90, and

CD105) and pericyte markers (NG2, CD146, and PDGFRβ) and were neg-
ative for endothelial cell markers (CD31 and CD34). In addition,

Sca-1+CD45� cells were fibroblastic in morphology, adherent to plastic,

and exhibited multilineage potential, including capacity for differentiation

into osteoblasts, chondrocytes, and adipocytes. The predominance of

MSC markers and differentiation capacity lead to the use of the term

“mMSC” to denote the isolation of stem cell from muscle with MSC prop-

erties. mMSCs are most likely FAPs or type 1 pericytes previously

described.137,146 Interestingly, transplantation of young (5 week) muscle-

derived mMSCs (1�104) into recipient muscle 1 h following an acute bout

of exercise (protocol described above) significantly increased satellite cell

number and new fiber synthesis141 In addition, transplantation increased

myonuclear accumulation, myofiber growth, and strength following

repeated bouts of eccentric exercise (3�/week, 4 weeks) in adult mice.147

In both studies, mMSCs did not express Pax7, form new fibers, or fuse with

existing fibers. The fact that transplanted cells localized to areas of CLN+

fibers and vessels and contributed to vessel remodeling following an acute

bout of exercise148 suggests the ability of mMSCs to repair multiple tissues
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via release of local factors. Finally, mMSCs are highly sensitive to mechanical

strain and release a wide variety of growth and neurotrophic factors in a

substrate-dependent manner that likely dictates their functional capacity

and the ability to stimulate satellite cells throughout the lifespan.141,148,149

The human homologue for Sca-1 has not been determined, thus limiting

the ability to use this marker for identification of mMSCs in samples of

human muscle. The increase in NF-κB expression in NG2+ and ALP+ peri-

cytes 3 h posteccentric exercise suggests a role for the pericyte in the early

adaptive response to exercise in human skeletal muscle.150 However, it is

clear that studies have not fully delineated the pericyte response to acute

exercise or exercise training. Future studies will need to optimize immuno-

histochemistry and flow cytometry methods to identify pericyte (NG2 and

ALP), as well as traditional MSC markers (CD90, PDGFRα), for identifi-
cation of the interstitial multipotent stem cells in adult skeletal muscle. Given

the hypothesis that pericytes become detached from vessels in response to

injury and express MSCmarkers, it will be important to evaluate the poten-

tial for pericyte–MSC transition using a combination of markers over an

extensive time course postexercise. In addition, consideration should be

given to the nonsatellite stem cell response to different types of exercise

(endurance, resistance, isolated concentric/eccentric contractions, and flex-

ibility), age of individuals, and disease status.

6. CONCLUSION

HSC, EPC (CAC), andMSC quantity and function are critical for tis-

sue and whole body health. The extent to which these stem cells change in

response to exercise and are involved in the commonly recognized beneficial

adaptations to exercise is not fully understood. The field of stem cell biology

is still in its infancy and many questions remain that will be addressed pend-

ing the development of new tools necessary for identification and examina-

tion of ASCs. Such information may provide the impetus for future stem

cell-based therapies perhaps offering opportunities to optimally repair tis-

sues, resist disease, and improve healthspan.
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Abstract

Acute and transient changes in gene transcription following a single exercise bout, if
reinforced by repeated exercise stimuli, result in the longer lasting effects on protein
expression and function that form the basis of skeletal muscle training adaptations.
Changes in skeletal muscle gene expression occur in response to multiple stimuli asso-
ciated with skeletal muscle contraction, various signaling kinases that respond to these
stimuli, and numerous downstream pathways and targets of these kinases. In addition,
DNA methylation, histone acetylation and phosphorylation, and micro-RNAs can alter
gene expression via epigenetic mechanisms. Contemporary studies rely upon “big
omics data,” in combination with computational and systems biology, to interrogate,
and make sense of, the complex interactions underpinning exercise adaptations. The
exciting potential is a greater understanding of the integrative biology of exercise.

1. EXERCISE ADAPTATIONS

Physical exercise results in profound changes in virtually all of the

physiological systems of the body to ensure that contracting skeletal muscles

are appropriately supplied with fuels and oxygen, that metabolic waste prod-

ucts are removed, and that key whole body functions are preserved in the

face of major challenges to homeostasis. Numerous chapters in this volume

describe these various changes in more detail, as do recent reviews.1,2

Repeated bouts of exercise (i.e., training) elicit adaptive responses that

enhance functional capacity and improve health and well-being. Skeletal
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muscle, by virtue of its mass, capacity for substrate utilization and storage,

and remarkable plasticity, has attracted much attention in terms of studying

exercise responses. This has been amplified by observations in the last 10–15

years that contracting skeletal muscles release biologically active molecules

(myokines) that influence the function and characteristics of other tissues and

organs and, in so doing, may partly mediate the beneficial effects of regular

exercise on whole body function (see chapter Exercise and regulation of

adipokine and myokine production by Eckel et al. of this volume). For these

reasons, the focus of this chapter will be on adaptive responses in skeletal mus-

cle and will draw primarily on studies in human volunteers whenever possible.

The molecular bases of skeletal muscle adaptations to exercise, be they

increased mitochondrial mass, altered substrate metabolism, enhanced

angiogenesis, or myofiber hypertrophy, fundamentally involve the function

and/or mass of key proteins. This is mediated by an array of signaling events,

pre- and posttranscriptional processes, regulation of translation and protein

expression, and modulation of protein (enzyme) activities and/or intracel-

lular localization. There are multiple stimuli associated with skeletal muscle

contraction, various signaling kinases that respond to these stimuli, and

numerous downstream pathways and targets of these kinases. Some of these

are listed in Table 1 and more detailed summaries can be found in recent

reviews.3,4 There are complex spatial and temporal interactions between

these various elements that combine to produce the integrated response

Table 1 Selected List of Putative Stimuli, Sensors, and Signal Transduction Mechanisms
That Potentially Mediate Skeletal Muscle Adaptive Responses to Exercise

Stimuli

[Ca2+], energy charge, [CP], [glycogen], amino acids, redox state, oxygenation,

muscle temperature, [NAD+], muscle tension and length, hormones

Sensors

AMPK, calcineurin, CaMK, FAK, MAPK, mTOR, SIRT

Signal transduction

ATF2, CREB, FoxO, HDAC, HIF1-α, MEF2, NFAT, PGC-1α, SRF

Abbreviations: AMPK, AMP-activated protein kinase; ATF2, activating transcription factor 2; CaMK,
calcium/calmodulin-dependent protein kinase; CP, creatine phosphate; CREB, cAMP response
element-binding protein; FAK, focal adhesion kinase; FoxO, forkhead box O transcription factors;
HDAC, histone deacetylase; HIF1-α, hypoxia-inducible factor 1-alpha; MAPK, mitogen-activated
protein kinase; MEF2, myocyte enhancer factor 2; mTOR, mammalian target of rapamycin; NAD+,
nicotinamide adenine dinucleotide; NFAT, nuclear factor of activated T cells; PGC-1α, peroxisome
proliferator-activated gamma coactivator-1 alpha; SIRT, sirtuin; SRF, serum response factor.

458 Mark Hargreaves



to an exercise challenge. They may also account for the observed differences

in skeletal muscle responses to exercise of differing intensity, duration,

and mode.

An important concept in the past�20 years has been that the responses to

exercise training reflect the cumulative effects of the responses to repeated,

single exercise bouts. Acute and transient changes in gene transcription fol-

lowing a single exercise bout (see Section 2), if reinforced by repeated exer-

cise stimuli, result in the longer lasting effects on protein expression and

function that form the basis of skeletal muscle training adaptations

(Fig. 1).5–7 Similarly, removal of the regular, exercise stimulus during a

period of “detraining” results in the rapid reversal of the training adaptation.8

Hence, there has been a great interest in understanding the molecular reg-

ulation of altered skeletal muscle gene transcription in response to a single

exercise bout.

2. EXERCISE AND GENE TRANSCRIPTION

An increase in skeletal muscle oxidative capacity and the associated

alteration in substrate metabolism is a hallmark of endurance exercise

adaptation.9 The regulation of mitochondrial biogenesis and increased

12 1.8

CS max. activity

PGC-1α protein

PGC-1α mRNA

1.6

1.4

1.2

1.0

8

m
R

N
A

re
la

tiv
e 

re
sp

on
se

P
rotein

relative response

4

0

Pre

1s
t–

4h

1s
t–

24
h

3r
d–4h

3r
d–24

h

5t
h–4h

5t
h–24

h

7t
h–4h

7t
h–24

h

Figure 1 Temporal relationships between PGC-1α mRNA and protein and citrate
synthase (CS) maximal activity during 2 weeks of high-intensity exercise training. Muscle
samples obtained before training and 4 and 24 h after the 1st, 3rd, 5th, and 7th exercise
training sessions. Reproduced from Perry et al.5 with permission.
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mitochondrial protein expression involves the interplay between the nuclear

and mitochondrial genomes. One of the first studies to probe the molecular

basis of this adaptation was from Williams et al.,10 who observed increased

cytochrome cmRNA and mitochondrial DNA following chronic electrical

stimulation of rabbit tibialis anterior muscle. Although changes in mRNA

stability can influence mRNA levels, it is generally believed that an increase

in mRNA largely reflects an increase in gene transcription. Indeed, regula-

tion at the transcriptional level was confirmed when it was observed that a

single bout of exercise transiently increased GLUT4 and citrate synthase

gene transcription in rat skeletal muscle.11 Subsequently, a number of groups

observed transient increases in GLUT4 and glycogenin,12 hexokinase,12,13

and lipoprotein lipase14 mRNA levels in human skeletal muscle following

a single bout of exercise. Modification of the method for assessing gene tran-

scriptional activity enabled measurements in small samples of human skeletal

muscle and it was demonstrated that a single bout of exercise increased

transcription of a number of metabolic genes15 and the IL-616 and PGC-

1α (peroxisome proliferator-activated gamma coactivator-1 alpha)17 genes.

Measurements of mRNA were extended to various transcription factors

involved in the metabolic adaptations to endurance exercise,18 metabolic

and mitogenic gene responses to resistance and endurance exercise,19 and

gene expression changes following high-intensity interval exercise.20 In par-

allel with advances in analytical technologies, measurement of skeletal mus-

cle gene expression (as reflected by mRNA levels) soon became a regular

component of many exercise studies. The mRNA responses to acute exer-

cise were shown to be influenced by training status,15,17,21 preceding diet22

and muscle glycogen,16,23 blood glucose24,25 and amino acid26 availability.

The use of gene microarrays enabled analysis of acute exercise27,28 and train-

ing29 effects on skeletal muscle gene expression. These studies demonstrated

that acute and chronic exercise altered transcription of genes involved in a

diverse range of cellular functions, reinforcing the power of exercise to dra-

matically influence skeletal muscle phenotype. Interestingly, it was also

observed that gene expression in inactive muscle exercising individuals

was also altered,28 most likely as a consequence of changes in circulating

hormones (catecholamines) and free fatty acids.

To elaborate on the interactions between exercise stimuli, sensors, and

signal transduction that mediate exercise-induced alterations in skeletal mus-

cle gene expression, our own work on the regulation of GLUT4 expression

is a useful example. As mentioned above, a single bout of exercise increases

GLUT4 mRNA in human skeletal muscle for several hours after exercise.12
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This has been associated with an increase in GLUT4 protein,30 although this

is not always observed.31,32 Our current understanding of the regulation of

exercise-induced changes in GLUT4 expression is summarized in Fig. 2.33

It is known that the skeletal muscle expression of GLUT4 is dependent

upon two transcription factors: myocyte enhancer factor 2 (MEF2) and

GLUT4 enhancer factor (GEF).34 MEF2 is subject to transcriptional repres-

sion by the class II histone deacetylases (HDAC), notably HDAC4 and

HDAC5. Phosphorylation of these HDACs results in their nuclear export

and removal of the inhibition of MEF2 transcriptional activity. Upstream

kinases are AMP-activated protein kinase (AMPK)35 and calcium/

calmodulin-dependent protein kinase (CaMK).36 The increase in transcrip-

tion of the human GLUT4 gene by exercise is dependent upon response

elements within �895 bp of the promoter,37 implicating both MEF2 and

GEF. In human skeletal muscle, a single bout of exercise reduces nuclear

abundance of HDAC4,38 HDAC5,38,39 and MEF2-associated HDAC5,39

with a concomitant increase in GLUT4 mRNA.39 Exercise also increased

Figure 2 Overview of the molecular events involved in the exercise-induced increase in
GLUT4 expression in human skeletal muscle. Reproduced from Richter and Hargreaves33

with permission.
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MEF2-associated PGC-1α,39 known to recruit histone acetyltransferases

(HATs) such as p300, and p38 mitogen-activated protein kinase-mediated

phosphorylation of MEF239 which, together with the removal of HDAC5

repression, increases MEF2 transcriptional activity. These changes were

associated with increased nuclear abundance of the AMPK α2 isoform,40

activation of both AMPK and CaMK,38 and increased MEF2 and GEF

DNA binding.41 As for resting muscle,42 there is redundancy in the control

of GLUT4 expression by exercise, which is preserved in the absence of

AMPK43 andwith inhibition of calcineurin activity.44 Interestingly, exercise

in mice lacking AMPK activity results in compensatory activation of protein

kinase D, another knownHDAC5 kinase, and preservation of the metabolic

responses to energetic stress.45

As mentioned, there are complex interactions between various kinases

and transcription factors and transcriptional coactivators that mediate exer-

cise effects on gene transcription. The activity of these factors and

coactivators can be modified by their expression, their phosphorylation,

and/or acetylation status and by their intracellular localization. The tran-

scriptional coactivator PGC-1α has attracted considerable attention due

to its role in mediating exercise-induced alterations in skeletal muscle mito-

chondrial biogenesis and angiogenesis.46 A single bout of exercise increases

PGC-1α gene expression17,47 and protein level47,48; however, there is evi-

dence that mitochondrial biogenesis commences before the increase in

PGC-1α protein levels,48 suggesting that changes in PGC-1α activity

and/or localization may be important initial responses to exercise. Indeed,

it has been observed that exercise results in translocation of PGC-1α to

the nucleus and mitochondria in skeletal muscle,49–52 thereby promoting

nuclear–mitochondrial communication51 and increased nuclear MEF2–

PGC-1α association.39

3. EXERCISE AND EPIGENETIC MODIFICATIONS

Exercise effects on gene transcription and the transcriptome have not

involved fundamental changes in the gene sequence; rather, they arise

through epigenetic modifications on DNA. There has been debate on the

exact definition of epigenetics, but that proposed by Bird53 is useful: “the

structural adaptation of chromosomal regions so as to register, signal or per-

petuate altered activity states”. Such epigenetic modifications link changes in

the environment, notably exercise or activity level, with alterations in gene

expression and function. The two major epigenetic modifications are DNA
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methylation and posttranslational histone modifications, including acetyla-

tion, methylation, phosphorylation, and ubiquitination.54 The modulation

of gene transcription and translation by noncoding RNAs, including micro-

RNAs, is another form of epigenetic modification and is covered in more

detail in the next chapter of this volume. In relation to GLUT4 expression,

it has recently been shown that the micro-RNAmiR-199a is elevated in the

plasma of patients with type 2 diabetes and is associated with reduced

GLUT4 expression and insulin resistance.55

DNA methylation is thought to suppress gene expression by restricting

access of the transcriptional machinery to chromatin. Relatively, few studies

have examined exercise effects on DNA methylation in skeletal muscle.

Recently, it was demonstrated that increased gene expression following a

single bout of exercise was associated with transient DNA hyp-

omethylation.56 Further experiments in L6 myotubes implicated increased

Ca2+ as necessary, but not sufficient, for DNA promoter hyp-

omethylation.56 Increased DNA methylation of various genes was seen in

skeletal muscle from individuals with a family history of type 2 diabetes,

an effect that was reduced by 6 months of exercise training.57 In contrast,

reduced physical activity due to a bed rest intervention resulted in

hypermethylation of the PGC-1α gene.58 Finally, an interesting observation
is that elite athletes harbor polymorphisms in DNA methylation enzymes

that generally favor DNA hypomethylation and enhanced gene expres-

sion.59 In terms of the intergenerational transmission of such epigenetic

modifications, it has recently been shown that maternal exercise prevented

PGC-1α gene hypermethylation and the transmission of the negative effects

of maternal high fat feeding to aging offspring.60 This is an exciting obser-

vation that demonstrates the potential long-term benefits of physical activity

in pregnancy.

Chromatin consists of double-stranded DNA wrapped around a core of

histone proteins. The histone core is positively charged and forms a tight

structure with the negatively charged DNA backbone, thereby restricting

access of transcriptional regulators to DNA and suppressing gene expression.

Modifications to the amino acid residues in the histone proteins, notably his-

tones 3 (H3) and 4 (H4), have major effects on chromatin structure and gene

expression by altering the histone–DNA association and facilitating recruit-

ment and access of key transcriptional regulators to DNA. Such modifica-

tions include lysine acetylation, methylation and ubiquitination, arginine

methylation, and serine phosphorylation. We have shown that exercise does

not change global H3 lysine (K)9/14 acetylation, but increases global
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H3-K36 acetylation,38 epigenetic marks that are associated with transcrip-

tional initiation and elongation, respectively. Given that global acetylation

will reflect hyper- and hypoacetylation on various residues, the significance

of such changes requires further investigation. Notably, in follow-up studies

on exercise effects on genome-wide histone modifications, we have

observed increased acetylation of the H3 K9/14 and K36 residues on the

PGC-1α and GLUT4 genes (M. Hargreaves and A. El Osta, unpublished

observations). Histone modifications are controlled by various enzymes that

are also subject to regulation. These include HATs and deacetylases

(HDACs), histone methyltransferases and demethylases, histone kinases,

and histone ligases. Exercise activates AMPK and CaMK, resulting in phos-

phorylation and nuclear export of the class II HDACs HDAC4,38 and

HDAC5,38,39 thereby removing repression of MEF2 and activating tran-

scription of MEF2-dependent genes. Given the importance of acetyl-

CoA for these acetylation reactions,61 it is likely that it provides the link

between increased substrate metabolism and histone acetylation during

exercise, although this has not been directly studied.

Exercise has also been shown to increase H3 serine phosphorylation62

and this may be another modification with implications for exercise-induced

changes in gene expression. We have also observed an increase in

ubiquitinated HDAC5 following exercise,38 which may be relevant for lon-

ger term adaptations to exercise. It has been shown that the class II HDACs

can be ubiquitinated and degraded by the proteasome system, increasing

MEF2 activation, and increasing muscle oxidative capacity and endurance

performance.63 It was suggested that lower steady state levels of the class

II HDACs accounted for the oxidative phenotype in slow twitch fibers.

In our studies,38,39 we have not seen changes in skeletal muscle HDAC5

expression following a single bout of exercise; however, an increase in

ubiquitinated HDAC5 after exercise38 may be the precursor to HDAC5

degradation later in recovery or following repeated exercise bouts within

a longer training program.

4. EXERCISE, “OMICS,” AND SYSTEMS BIOLOGY

The remarkable advances in molecular and cell biology, and analytical

technologies and methodologies have resulted in a much greater under-

standing of the molecular bases of skeletal muscle adaptations to acute and

chronic exercise. Contemporary studies rely upon “big data” generated from

genomics, transcriptomics, epigenomics, proteomics, phosphoproteomics,
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and metabolomics, in combination with computational expertise, to inter-

rogate, and make sense of, the complex interactions underpinning exercise

adaptations.64–72 The power of these approaches lies in the identification of

molecular networks and pathways that interact to ultimately affect physio-

logical function. Investigation of the skeletal muscle responses to resistance

and endurance exercise training,64–68,71 aging,67 diabetic obesity,69 and

altered dietary protein intake72 are examples of how these techniques can

provide novel insights on common and/or distinct mechanisms underpin-

ning changes in skeletal muscle adaptation or maladaptation, identify the

molecular bases of the variation in responses between individuals and inform

the development of interventions that target specific molecular networks

and pathways. Over the next few years, there is likely to an increase in stud-

ies on the “systems biology of exercise,” taking advantage of the emerging

and rapidly changing “omics” approaches, in partnership with computa-

tional and quantitative scientists. As exercise scientists, we should embrace

the potential of such approaches to enhance our ability to investigate the

“exercise response,” while recognizing their limitations.73 The exciting

potential is a greater understanding of the integrative biology of exercise and

the ability to optimize individualized exercise interventions and to identify

novel therapeutic strategies that enhance health and well-being.
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Abstract

Regular exercise stimulates numerous structural, metabolic, and morphological adapta-
tions in skeletal muscle. These adaptations are vital to maintain human health over the
life span. Exercise is therefore seen as a primary intervention to reduce the risk of chronic
disease. Advances in molecular biology, biochemistry, and bioinformatics, combined
with exercise physiology, have identified many key signaling pathways as well as tran-
scriptional and translational processes responsible for exercise-induced adaptations.
Noncoding RNAs, and specifically microRNAs (miRNAs), constitute a new regulatory
component that may play a role in these adaptations. The short single-stranded miRNA
sequences bind to the 30 untranslated region of specific messenger RNAs (mRNAs) on
the basis of sequence homology. This results in the degradation of the target mRNA or
the inhibition of protein translation causing repression of the corresponding protein.
While tissue specificity or enrichment of certain miRNAs makes them ideal targets to
manipulate and understand tissue development, function, health, and disease, other
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miRNAs are ubiquitously expressed; however, it is uncertain whether their mRNA/
protein targets are conserved across different tissues. miRNAs are stable in plasma
and serum and their altered circulating expression levels in disease conditions may pro-
vide important biomarker information. The emerging research into the role that miRNAs
play in exercise-induced adaptations has predominantly focused on the miRNA species
that are regulated in skeletal muscle or in circulation. This chapter provides an overview
of these current research findings, highlights the strengths and weaknesses identified to
date, and suggests where the exercise-miRNA field may move into the future.

1. INTRODUCTION

Physical exercise typically results in the activation of multiple intra-

and extracellular signals that positively or negatively influence the transcrip-

tion and translation of genes and proteins controlling skeletal muscle

structure and function.1,2 The transcription and translation processes are

conjointly controlled by transcription factors,3,4 histone modification,5

and DNA methylation.6,7 microRNAs (miRNAs) were first identified

20 years ago and have generated an additional level of complexity in our

understanding of transcriptional and translational regulation.8,9 miRNAs

are short, single-stranded RNA molecules (20–30 nucleotides) that bind

to specific messenger RNAs (mRNAs) on the basis of sequence homol-

ogy10,11 and repress the corresponding protein expression.12,13 miRNAs

usually bind to specific sites of the 30 untranslated region (UTR) of their tar-

get transcripts11 thanks to a conserved nucleotide sequence called the “seed”

region and located at base positions 2–8 on the 50 end of the miRNA.

miRNA/mRNA binding principally results in the degradation of the target

mRNA,12 but can sometimes directly inhibit protein translation. In rare

cases, miRNAs can also stabilize mRNA targets.14 miRNAs are now dem-

onstrated major regulators of biological processes15 and play an essential

role in the cellular response to stress stimuli and the maintenance of healthy

cellular function.

Specific miRNAs are found to be particularly enriched in specific tis-

sues.16 MyomiR is the term referring to the miRNAs highly expressed in

skeletal muscle and includes miR-1, miR-133a, miR-133b, miR-206,

miR-208, miR-208b, miR-486, and miR-499.17,18 These miRNAs regu-

late fundamental biological processes in the muscle, including muscle

growth, development, metabolism, and repair.19 For example, myogenesis

is a complex process mediated by several key transcription factors (known as

myogenic regulatory factors, MRFs), including MyoD, myogenin, Myf5,
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and MRF4,20,21 that closely control and coordinate every aspect of muscle

growth. miRNAs in turn regulate the MRFs and therefore play an essential

role in the control of muscle development. Similarly, miRNAs have been

shown to be involved in muscle fiber-type regulation,22 muscle protein

synthesis,23,24 and muscle regeneration.25 In the muscle, physical exercise

triggers multiple short- and long-term adaptive physiological responses that

essentially depend on these biological processes. Therefore, exercise influ-

ences the expression of the miRNAs present in skeletal muscle as well as

the members of their biogenesis machinery.

2. THE REGULATION OF miRNA BIOGENESIS
MACHINERY WITH EXERCISE

miRNAs originate from the eukaryotic genome.15 In the nucleus,

miRNAs are primarily transcribed in a several kilobases-long double-

stranded RNA molecule referred to as primary miRNAs (pri-miRNA).15

Pri-miRNAs are cleaved by the RNase-III-type endonuclease Drosha asso-

ciated with Pasha (DGCR8) into 60–70 nt long precursor molecules called

pre-miRNAs.26 Exportin-5 (XPO5) then mediates the transport of pre-

miRNAs into the cytoplasm,27 where Dicer-1 cleaves them into their

mature form.26 Two mature miRNAs can originate from the opposite arms

of the same pre-miRNA and are differentiated with a -3p or -5p suffix.

Alternatively, the less abundant of the two mature miRNA species is some-

times identified by an asterisk following its name. For example, miR-149

and miR-149* share a same pre-miRNA sequence, but miR-149 is more

abundant in the cell. To exert their effects, mature miRNAs are incor-

porated into the RNA-induced silencing complex (RISC),15,28 a protein

complex that uses the miRNA as a template for identifying and binding

the complementary mRNA molecule, binding that eventually results in

the repression of the target expression. Very few studies have investigated

the influence of exercise on the miRNA biogenesis machinery. To date,

an increase in XPO5, Drosha, and Dicer mRNA has been observed 3 h

following a single bout of endurance exercise in untrainedmales.29 Similarly,

XPO5 and Drosha mRNA were increased in old but not young subjects

during the 6-h period following a single-bout resistance exercise.30 Surpris-

ingly, XPO5 protein levels were reduced in both groups. Presently, how

the exercise-induced changes in components of the miRNA biogenesis

machinery influence miRNA levels has not been determined. In addition

to XPO5 exporting pre-miRNA from the nucleus to the cytoplasm, it can
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also stabilize pre-miRNAs31 and potentially increase the pool of

pre-miRNAs. With this in mind, the exercise-induced upregulation of

skeletal muscle XPO5 may assist in processing of new pre-miRNAs that

regulate exercise-induced adaptations.

3. THE REGULATION OF SKELETAL MUSCLE miRNAs
BY EXERCISE

Exercise plays an important role in maintaining muscle health

throughout the lifespan, with resistance exercise being a potent anabolic

stimulus that enhances muscle protein synthesis and muscle growth.32–36

On the other hand, endurance exercise is essential to maintain whole-body

energy metabolism, largely via the uptake, storage, and oxidation of

metabolic substrates by skeletal muscle. As miRNAs influence numerous

intracellular networks, their regulation by exercise and contribution to

exercise-induced adaptations is starting to be investigated.

3.1 Resistance Exercise—Single-Bout Exercise
Few studies have investigated the changes in skeletal muscle miRNA species

following a single bout of resistance exercise. Six young (29�2 years) and

six older (70�2 years) subjects completed 8�10 repetitions of two-legged

extension exercises at 70% of 1 repetition maximum (1 RM).30 One hour

postexercise, the subjects consumed 20 g of a leucine-enriched essential

amino acid (EAA) solution. Molecular analysis was performed in muscle

samples taken preexercise, 3 and 6 h postexercise. Expression of primary

(pri-), but not mature, miR-1 and 133a was higher in the older when com-

pared to the younger subjects. At 6 h postexercise, pri-miR-1 and -133a

were reduced in the young but not the older subjects. Pri-miR-206 was ele-

vated at 3 and 6 h postexercise in the older subjects only. Compared to basal,

the mature miR-1 was decreased only in the young subjects 3 and 6 h post-

exercise. The functional significance of elevated basal levels of pri-miRNAs

without a concomitant increase in the mature miRNA isoforms is

unknown. Furthermore, the biological role of decreasing miR-1 levels post

resistance exercise combined with EAA ingestion has not been established.

In vitro, miR-1 inhibits IGF-1.18,37 It is plausible that miR-1 down-

regulation post resistance exercise combined with EAA ingestion may pro-

mote muscle protein synthesis by removing its repression on IGF-1.

Therefore, failure to downregulate miR-1 in elderly subjects following

an acute bout of resistance exercise and EAA ingestion may be partially
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responsible for the attenuated muscle protein synthesis in response to the

anabolic stimuli.

High-throughput miRNA screening has recently been performed in

muscle biopsies taken from young and older subjects following a single-bout

of resistance exercise. In a study by Rivas et al., eight young (22�1 years)

and eight older (74�2 years) subjects completed 3�10 repetitions of

two-legged knee extension exercises at 80% of 1 RM.23 Biopsies were taken

pre- and 6 h postexercise from the left and right vastus lateralis muscles,

respectively. miRNA analysis was performed on a custom-made PCR array

containing 60 assays for miRNAs previously observed to play a role in the

regulation of skeletal muscle function. At baseline, 14 miRNAs were signi-

ficantly lower in the older subjects compared to the younger subjects. Exer-

cise did not alter the expression of any miRNAs in the older subjects but

decreased 16 and increased 1 miRNA species in the younger subjects.

The lack of miRNA regulation in the older subjects was mirrored at the

mRNA level, with 42 genes altered in the older subjects compared with

175 genes in the younger subjects, when measured 6 h postexercise. Of

the miRNAs identified, bioinformatics analysis predicted that miR-126

may regulate targets involved in muscle growth. An important addition

to this human exercise study was the in vitro investigation into the potential

growth mechanisms controlled bymiR-126. Inhibiting miR-126 in C2C12

myoblasts increased IRS1 protein levels and decreased FOXO1 protein

levels, while increasing miR-126 levels in myoblasts reduced MyoD and

Myf5 protein levels. In differentiated C2C12 myotubes, inhibiting miR-

126, followed by anabolic simulation with IGF-1 for 30 min, increased

the phosphorylation of Akt and its downstream target FOXO1 to a greater

extent than in the vehicle-treated cells. These in vitro observations suggest

that downregulating miR-126 following resistance exercise may be an

anabolic adaptive response; however, this requires validation in vivo.

Zacharewicz et al. completed an extensive high-throughput miRNA

screening following single-bout resistance exercise in 10 young

(24�0.9 years) and 10 older (67�1.0 years) males.24 Here, the subjects

completed 3�14 repetitions of leg extension exercise at 60% of 1 RM.

The expression levels of 754 microRNAs were screened via PCR in the

vastus lateralis muscle biopsy samples taken before and 2 h postexercise.

Of these, 257 miRNA species were reliably expressed in the muscle samples

analyzed. Twenty-six miRNAs were regulated with age, exercise, or a com-

bination of both factors. Bioinformatics pathway analysis predicted nine of

these microRNAs to regulate targets within the Akt-mTOR signaling
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pathway. Specifically, six of these miRNAs, miR-99a, miR-99b, miR-100,

miR-149-3p, miR-196, and miR-199a, have been validated to target sev-

eral mRNAs that encode proteins within the protein synthesis pathways in

various cell types.38–44

3.2 Resistance Exercise—Training
The relationship between miRNA regulation and muscle growth following

resistance training was investigated in 56 young (18–30 years) healthy males.

Resistance training used a progressive overload design and was performed

5 days per week, consisting of upper and lower body exercises. Table 1 pro-

vides details of the different training protocols used. Selected miRNAs were

measured in skeletal muscle samples of subjects defined as “high responders”

versus “lowresponders” (n¼8–9per group).High responders had an increase

of approximately 4.5 kg of lean bodymass (LBM),while low responderswere

judged as those having little or nomuscle hypertrophy following the training

intervention.45 Following training, there was an increase in skeletal muscle

miR-451 and a decrease in miR-26a, miR-29a, and miR-378 in the “low

responder” group only. A positive correlation was observed between the

LBM (kg) and the change in miR-378 levels. A gene ontology analysis of

the predicted targets of these miRNAs suggested the regulation of the

mTORpathway, known topositively regulatemuscle growth48, extra-cellular

matrix (ECM)-receptor interaction and focal adhesion kinase, both involved

in skeletal muscle mechanotransduction.49 Low muscle hypertrophy

response to resistance exercise training in healthy young subjects is referred

to as anabolic resistance,49 and this phenomenon is also linked to age-related

musclewasting.WhethermiR-451,miR-26a,miR-29a, andmiR-378 con-

tribute to the resistance exercise training-induced muscle hypertrophy and

the mechanisms they control still require experimental validation.

3.3 Endurance Exercise—Single-Bout Exercise
Single bout of endurance exercise has also been used to investigate changes

in skeletal muscle miRNAs. Skeletal muscle samples were taken before and 1

and 3 h after 60 min of cycling at 60% of peak Watt in 10 untrained healthy

men (30.5�5 years).46 An increase in miR-1 and miR-133a was observed

1 h, but not 3 h postexercise. Interestingly, when the same subjects per-

formed the same single exercise bout in the trained state, there was no

increase in these miRNAs. This suggests that unaccustomed endurance

exercise induces a stress that rapidly and transiently upregulates several
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Table 1 Overview of Studies Focused on Skeletal Muscle miRNAs Following Acute and Long-Term Resistance and Endurance Exercise

References
Type of
Exercise Protocol Time miRNA " miRNA #

miRNAs
Investigated
(qPCR)

30 Acute

resistance

+EAA

ingestion

Young

subjects

8�10 repetitions of

two-legged extension

exercises at 70% of 1

repetition maximum

(1 RM) with 3 min rest

between sets

3 h

6 h

N/A miR-1

miR-1

3

30 Acute

resistance

+EAA

ingestion

Old

subjects

8�10 repetitions of

two-legged extension

exercises at 70% of 1

repetition maximum

(1 RM) with 3 min rest

between sets

3 h

6 h

N/A N/A 3

23 Acute

resistance

Young

subjects

3�10 repetitions of

two-legged knee

extension exercises at

80% of 1 repetition

maximum (1 RM)

6 h miR-23b-3p, miR-24-

3p, miR-26a-5p, miR-

26b-5p, miR-27a-3p,

miR-27b-3p, miR-29c-

3p, miR-30a-5p, miR-

30d-5p, miR-95-3p,

miR-126-3p, miR-

133a, miR-133b, miR-

140-3p, miR-181a-5p,

miR-378a-5p

miR-423-5p 60

Continued



Table 1 Overview of Studies Focused on Skeletal Muscle miRNAs Following Acute and Long-Term Resistance and Endurance
Exercise—cont'd

References
Type of
Exercise Protocol Time miRNA " miRNA #

miRNAs
Investigated
(qPCR)

23 Acute

resistance

Old

subjects

3�10 repetitions of

two-legged knee

extension exercises at

80% of 1 repetition

maximum (1 RM)

6 h N/A N/A 60

24 Acute

resistance

Young

subjects

3�14 repetitions of leg

extension exercise at 60%

of 1 RM consisting of

3�14 repetitions with

2-min rest periods

between each set

2 h miR-486-3p miR-149-3p, miR-99b-

5p, miR-520-5p

754

24 Acute

resistance

Old

subjects

3�14 repetitions of leg

extension exercise at 60%

of 1 RM consisting of

3�14 repetitions with

2-min rest periods

between each set

2 h miR-499a-5p, miR-

99a-5p

miR-489-5p, miR-

196b-5p, miR-628-5p,

miR-186-5p, miR-

335-5p

754



45 Resistance

training

Low

responders

only

5 days/week for 12 weeks

including pushing

exercises, including

military press, bench

press, seated chest fly, and

seated triceps extension;

pulling exercises,

including seated lateral

pull down, seated wide

grip row, seated reverse

fly, seated biceps curl, and

a series of abdominal

exercises without

weights; and leg exercises

including incline (45°) leg
press, 2-leg knee

extension, 2-leg

hamstring curl, and seated

calf raise. All exercises

were performed at 80% of

1 RM. The program was

progressively overloaded

over 12 weeks

Posttraining miR-451 miR-26a, miR-29a,

miR-378

21

46 Acute

endurance

Young

subjects—

untrained

only

60 min of cycling at 60%

of peak Watt

1 h miR-1, miR-133 N/A 4

Continued



Table 1 Overview of Studies Focused on Skeletal Muscle miRNAs Following Acute and Long-Term Resistance and Endurance
Exercise—cont'd

References
Type of
Exercise Protocol Time miRNA " miRNA #

miRNAs
Investigated
(qPCR)

46 Acute

endurance

Young

subjects—

untrained

only

60 min of cycling at 60%

of peak Watt

3 h N/A N/A 4

29 Acute

endurance

Young

subjects

60 min of cycling at 70%

of VO2 peak

3 h miR-1, miR-133a,

miR-133b, miR-181

N/A 12

46 Endurance

training

Cycling training

5 days/week for 12 weeks

(75–90% Pmax for

70–81 min)

Posttraining N/A miR-1, miR-133a,

miR-133b, miR-206

4

47 Endurance

training

Cycling training

4 days/week for 6 weeks

(45 min at 70% VO2max)

Posttraining miR-125a, miR-183,

miR-189, miR-432*,
miR-575, miR-616,

miR-637

miR-101, miR-133,

miR-144, miR-15b,

miR-26b, miR-28,

miR-29b, miR-338,

miR-455, miR-92,

miR-98, miR-451,

miR-589, miR-1

1488

(probes)

4 confirmed

by qPCR



29 Endurance

training

10 days cycling training

(75% of VO2peak for

45 min on days 1, 5, 6,

and 10, 60 min on day 3,

and 90 min on day 8;

6�5 min intervals at

90–100% VO2peak with

2 min recovery below

40% VO2peak on days 2,

4, 7, and 9)

Posttraining miR-1, miR-29b miR-31 12



muscle-enriched miRNAs. How this regulation influences muscle adapta-

tion to exercise is not known. Similarly, in nine healthy untrained males

(23�5 years) miR-1, -133a, -133-b, and miR-181a were increased in

skeletal muscle samples taken 3 h following 60 min of cycling at 70% of

VO2 peak.29 In this study, several miRNAs previously shown to be

dysregulated in muscle myopathies, including miR-9, -23a, -23b, and -31,

were decreased. Negative correlations were observed between miR-9

and HDAC4 protein, miR-31 and HDAC4 protein, and between miR-31

and NRF1 protein levels when measured 3 h postexercise. In vitro reporter

assays performed in C2C12 myoblasts indicated that miR-31 directly inter-

acts with HDAC4, a component of the MAPK pathway, as well as with

nuclear respiratory factor-1 (NRF1), which is involved in mitochondrial

biogenesis and metabolism. The in vivo human observations combined with

the in vitro data suggest that mitochondrial and metabolic adaptations in

skeletal muscle following endurance exercise may involve the regulation

of miR-31. The direct role of miR-31 in skeletal muscle in vivo still requires

experimental validation.

3.4 Endurance Exercise—Training
The effect of supervised endurance cycling training over a period of 5 days

per week for 12 weeks (55–90% at maximal power for 60–150 min,

depending on the intensity) on the expression of muscle-enriched miRNAs

in 10 healthy males (30�5 years) was investigated. miR-1, miR-133a,

miR-133b, and miR-206 were all significantly downregulated following

training. These miRNAs returned to pretraining baseline levels 2 weeks

after the cessation of training.46 While the transient response of these

miRNAs supports an endurance training effect, their role in muscle adap-

tation to exercise is unknown. Following 6 weeks of supervised endurance

training (4�45 min at 70% VO2max per week) in young sedentary males

(23�1 year), a miRNA screening identified 14 miRNAs that were

decreased and 7 that were increased in skeletal muscle.47 Of the 14 miRNAs

that were decreased, miR-92, -98, -101, and -104 were predicted to target

RUNX1, SOX9, and PAX3. These genes targets were upregulated in the

same muscle samples suggesting that the downregulation of miR-92, -98,

-101, and -104 during endurance training may permit aerobic adaptation

to occur. However, this requires further experimental validation. The effect

of 10 days endurance training consisting of cycling at 75% of VO2 peak or

intervals at 90–100% VO2 peak on skeletal muscle miRNA levels has been
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investigated. This protocol increased miR-1, concomitantly with an

increase in miR-29b and a decrease in miR-31.29 These studies demonstrate

that muscle miRNA expression is sensitive to endurance exercise training

and can be rapidly reversed following a period of inactivity. The precise

miRNA targets and the molecular processes regulated by changes in these

miRNAs remain to be established and should be a priority for future

research.

3.5 Role of miRNAs Is the Adaptation to Exercise
Validating the precise role of a single miRNA or miRNA family in exercise-

induced adaptations requires a controlled manipulation of the miRNA spe-

cies of interest. At present, these experiments can only be performed in vivo

in non-human models. So far, the role of miR-23a in regulating adaptations

to endurance exercise has been investigated. miR-23a binds to and down-

regulates peroxisome proliferator-activated receptor gamma, coactivator 1

alpha (PGC-1α) in a 30UTR-dependent manner in vitro.50 Endurance exer-

cise in mice and humans increases skeletal muscle PGC-1α expression1,51,52

and reduces miR-23a expression.29,53 Transgenic mice overexpressing

miR-23a (whole body) have a reduction in skeletal muscle PGC-1αmRNA

and protein and in several PGC-1α downstream targets required for efficient

mitochondrial function.54 If the exercise-induced downregulation of miR-

23a is required for adaptation, then it might be expected that mice with ele-

vated miR-23a levels may not adapt to exercise as well as wild-type mice.

Under basal conditions and when compared to wild-type mice, miR-23a

transgenic (miR-23a Tg) mice have lower levels of protein markers of mito-

chondrial content, including PGC-1α, and cytochrome c oxidase complex

IV (COX IV), in the slow soleus muscle, but not the fast plantaris muscle.

There is also a decrease in type IId/x fibers only in the soleus muscle. Fol-

lowing 4 weeks of voluntary wheel running, there was no difference in the

endurance exercise capacity or in several muscle adaptive responses, includ-

ing an increase in muscle mass, capillary density, or the protein content of

myosin heavy-chain (MHC) IIa, PGC-1α, COX IV, and cytochrome c,

between the miR-23a Tg mice and the wild-type mice. These results show

that miR-23a targets PGC-1α and regulates basal metabolic properties of

slow-, but not fast-twitch muscles. Elevated levels of miR-23a do not

impact whole-body endurance capacity or exercise-induced muscle adapta-

tions in the fast plantaris muscle. This suggests that miR-23a plays a limited

role in regulating the skeletal muscle adaptation to endurance exercise.
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Future studies investigating the role of other miRNAs, individually or in

combination, in exercise adaptation are required. Alternative technologies

to manipulate miRNA species in vivo, as well as the use of different

in vivomodels, are required to identify the miRNAs that may be responsible

for exercise-induced health and performance adaptations.

4. THE REGULATION OF CIRCULATING miRNAs
BY EXERCISE

The expression of miRNAs across the body may be tissue specific or

tissues may be enriched with certain miRNAs. In addition, miRNAs are

present and highly stable in the bloodstream.55,56 Whereas miRNAs circu-

lating under their free form would be susceptible to ribonucleases (RNases),

blood miRNAs exist within exosomes, lipoprotein, and ribonucleoprotein

complexes that prevent them from RNAse degradation.57,58 It is likely that

circulating miRNAs originate from tissues, and from hematopoietic cells in

particular.59,60 However, their function in circulation remains mostly

unclear. Recent studies suggested a possible role in cell-to-cell communica-

tion, where circulating miRNAs might be able to mediate gene expression

in target tissues in a way comparable to hormones and cytokines.59,61,62

Aberrant expression of certain miRNAs in blood has been linked to specific

pathologies or health conditions,55,63–65 and recently, it became apparent

that an abnormal blood expression pattern might constitute the signature

of a disease burden in a specific tissue. It follows that miRNAs are now con-

sidered as promising biomarkers for various diseases, including cancer, type 2

diabetes, and other chronic syndromes. Stress situations such as nutrition,

hypoxia,66,67 and exercise also have the potential to modify the blood

miRNA expression profile. Circulating miRNAs may therefore represent

important novel indicators of muscle adaptation to exercise.

4.1 Endurance Exercise—Single-Bout Exercise
Studies have shown that various types and durations of exercise induce spe-

cific changes in plasma or serum miRNA expression. Table 2 provides a

summary of the exercise-induced changes in blood miRNAs following

exercise. Single, acute exercise sessions have the ability to elicit rapid mod-

ifications of the blood miRNA profile. Early studies investigated the expres-

sion of circulating miRNAs immediately after exercise with a focus on

muscle-enriched miRNAs (myomiRs), but also on miRNAs involved in

angiogenesis, inflammation, ischemia, and hypoxia and therefore,
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Table 2 AnOverview of CirculatingmiRNAs Relevant to Exercise andMuscle Function That Are Regulated Immediately After Acute Endurance
or Resistance Exercise

miRNA Roles Exercise Stimulus "miRNA
Exercise Stimulus
#miRNA No Effect Detectability

miR-146a Inflammation

Hypoxia

Cycling VO2max test

(pre- and posttraining)68
1 h cycling 65%

VO2max (trained)
69

–

miR-221 Angiogenesis

Muscle cell

differentiation

Cycling VO2max test

(pretraining)68
1 h cycling 65%

VO2max (trained)
69

Cycling VO2max test

(posttraining)68
–

miR-222 Angiogenesis

Muscle cell

differentiation

Cycling VO2max test

(pre- and posttraining)68
1 h cycling 65% VO2max

(trained)69
–

miR-21 Inflammation

Hypoxia

Cycling VO2max test

(pretraining)68
Cycling VO2max test

(posttraining)68

1 h cycling 65% VO2max

(trained)69

–

miR-133a Muscle function

Muscle cell

proliferation

Marathon race (trained)

Resistance exercisemax

intensity70–72

Cycling VO2max test

(pre- and posttraining)68

4 h cycling 70% VO2max

(trained)71

1 h cycling 65% VO2max

(trained)69

resistance exercise 70%

max73

Questioned74

Continued



Table 2 AnOverview of CirculatingmiRNAs Relevant to Exercise andMuscle Function That Are Regulated Immediately After Acute Endurance
or Resistance Exercise—cont'd

miRNA Roles Exercise Stimulus "miRNA
Exercise Stimulus
#miRNA No Effect Detectability

miR-126 Vascular

endothelium

Protein synthesis

Marathon race (trained)71

4 h cycling 70% VO2max

(trained)71

1 h cycling 65% VO2max

(trained)69
–

miR-1 Muscle function

Muscle cell

differentiation

Marathon race (trained)70,72 1 h cycling 65% VO2max

(trained)69
Questioned74

miR-499 Muscle function

MHC expression

fiber type

Marathon race (trained)70,72 1 h cycling 65% VO2max

(trained)69
Questioned74

miR-206 Muscle function

Muscle cell

differentiation

Marathon race (trained)72 1 h cycling 65% VO2max

(trained)69
Questioned74,75

miR-208b Muscle function

MHC expression

fiber type

Marathon race (trained)72 1 h cycling 65% VO2max

(trained)69
Questioned74

miR-486 Protein synthesis 1 h cycling 70%

VO2max (untrained)
74

1 h cycling 65% VO2max

(trained)69
–



potentially regulating biological processes relevant to exercise adaptation. In

competitive rowers (19.1�0.6 years), a classicalVO2max test completed on a

cycling ergometer to maximal exertion transiently increased the expression

levels of circulating miR-146a, miR-222, miR-21, and miR-221; miRNAs

all involved in angiogenesis or in hypoxia-induced stress response.76–79

Interestingly, miR-146a and miR-222 but not miR-21 and miR-221 were

responsive to the same acute exercise bout following 90 days of organized,

team-based rowing training period aimed to optimize 5 km performance,

suggesting a training-induced habituation specific to some plasma

miRNAs.68 Three studies showed that a marathon race increased the

expression levels of circulating miR-133a,70–72 with additional increases

reported for miR-12671 and for several myomiRs including miR-1,

miR-499, miR-206, and miR-208b.70,72 Four hours of cycling exercise

at 70% VO2max exclusively increased miR-126 plasma concentration in

12 healthy well-trained men (32.4�2.3 years).71 miR-133 is a muscle-

enrichedmiRNA that is known to regulate myogenesis in vitro via increasing

myoblast proliferation.80 Its expression levels in skeletal muscle are sensitive

to muscle contraction in response to various types of endurance

exercise,46,81,82 making it a good candidate for potential postexercise regu-

lation at the plasma level. However, a classical VO2max test performed on a

cycling ergometer or a 4-h cycling exercise at 70%VO2max failed to increase

its expression in plasma in young healthy subjects,68,71 while another study

reported that circulating miR-133a and other myomiRs, including miR-1,

miR-499, miR-206, and miR-208b, were too lowly expressed at rest and

following exercise to be reliably measured in serum,74 an observation partly

shared by others.75 Interestingly, miR-126, an endothelial-specific miRNA

that was originally investigated as a marker for endothelial cell damage,83,84

was also identified as a regulator of the transcriptional response to resistance

exercise able to activate IGF-1/Akt signaling in vitro.23 Whether it plays a

different role in endurance exercise-induced adaptation is unknown. In

contrast to miR-126, miR-486, a recognized myomiR that also positively

regulates the IGF-1/Akt pathway,85 was significantly decreased following a

60-min cycling exercise at 70% VO2max in 11 healthy young men

(21.5�4.5 years).74 Exercise-induced changes in circulating myomiRs

are contraction mode dependent. In nine young healthy males (27–36

years), 30 min eccentric (downhill) but not concentric (uphill) walking

exercise induced an increase of miR-1, miR-133a, and miR-208b during

the early recovery period and were therefore proposed as alternative bio-

markers for contraction-induced muscle damage.75 A more recent study
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used miRNA array technology to screen the expression levels of circulating

miRNAs following moderate intensity cycling exercise.69 The advantage of

this platform is that it allows for the simultaneous and accurate quantitation

of hundreds of human miRNAs and importantly contains their own nor-

malization miRNAs and internal controls. It showed that a 60-min cycle

ergometer exercise bout at 65% of maximum power (n¼13 trained men,

28�8 years) decreased the expression levels of eight circulating miRNAs

immediately after exercise,69 including miR-221 and miR-146, two

miRNAs for which an increase had previously been reported following a

classical VO2max test performed on a cycling ergometer.68

4.2 Resistance Exercise—Single-Bout Exercise
The effect of an acute bout of resistance exercise on circulating miRNA

expression has been less studied. AmiRNA array completed after a resistance

exercise session consisting of bench press and bilateral leg press repetitions at

70% of maximum strength revealed no immediate changes in plasma

miRNA expression in 12 males aged 29.9�1.2.73 This is in contrast to

another study reporting that in 13 men and women aged 37�2, circulating

miR-133a increased immediately after a single bout of resistance exercise

constituted of three different resistance exercises (lateral pulldown, leg press,

and butterfly) performed at maximal intensity.71 However, an increase in

miR-149*, a miRNA that directly targets the Akt signaling pathway in can-

cer cells,43 and a decrease in miR-221 and miR-146a levels were observed

3 days post-resistance exercise.73 Interestingly, these miRNAs involved in

angiogenesis and stress-induced response, respectively, are the same that

were reported to decrease immediately after a 60-min cycling exercise,

suggesting a dynamic and exercise mode-dependant regulation of the blood

miRNA profiles.69

4.3 Exercise Training
Little is known about the regulation of circulating miRNAs with long-term

exercise training. Trained rowers aged 19.1�0.6 were subjected to plasma

sampling prior and following a 3-month sustained training period.68 Plasma

levels of miR-20a, a miRNA mediating angiogenesis,86 were significantly

higher at the completion of the training period. Interestingly, none of

the miRNAs influenced by an acute cycling session in the same athletes

pre- and posttraining68 were altered by sustained training. Finally,

miR-486 plasma levels decreased following 4 weeks of cycling training
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(70% VO2max for 30 min three times per week) in 11 healthy young men

(21.5�4.5 years).74

4.4 Discrepancies in Circulating miRNA Detectability
and Regulation

Discrepancies in circulating miRNA detectability at baseline or in miRNA

regulation with exercise are not unusual. Differences between exercise

protocols, subjects training, or fitness status certainly account for some of

these contrasting results. However, these disparities may also be attributable

to the various miRNA extraction protocols87 and normalization approaches

used in the different studies. There is therefore an urgent need to establish

stringent standards in both domains, a process successfully initiated in a

recent study.69 Moreover, hemolysis is susceptible to occur during blood

collection and to induce changes in circulating miRNA levels that will

reflect exercise-induced changes in blood cell numbers88–90 rather than

muscle-specific adaptations. Altogether, these factors can potentially gene-

rate significant differences in the expression levels of circulating miRNAs

and need to be considered interpreting results and comparing studies.

4.5 Circulating miRNAs as Potential Biomarkers
of the Adaptation to Exercise

Associations between blood miRNAs profile and aerobic exercise capacity

have been made. An early study demonstrated a positive linear correlation

between training-induced changes in miR-20a levels and training-induced

changes in VO2max, suggesting for the first time that circulating miRNAs

could represent potential biomarkers of cardiorespiratory fitness trainabil-

ity.68 Similarly, the magnitude of the decrease in miR-486 following a single

bout of steady-state cycling exercise at 70% VO2max for 60 min was nega-

tively correlated with the subjects VO2max
74 and the magnitude of the

increase in the plasma concentrations of the myomiRs miR-1, miR-

133a, and miR-206 following a marathon race was correlated to several

aerobic performance parameters including VO2max.
72 A screening study

confirmed this hypothesis and revealed that the basal expression levels of

three miRNAs involved in hypoxia adaptation (miR-21 and miR-210)

and/or angiogenesis (miR-210 and miR-222)77,79,91,92 were increased in

healthy subjects with low VO2max when compared to subjects with high

VO2max.
93 Altogether, these studies suggest interesting perspectives for cir-

culating miRNAs, which might one day be used as biomarkers to assess

adaptation to training, fitness, or blood doping status.94
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5. LIMITATIONS AND CONCLUSION

While the important role played by miRNAs in health and disease is

now well established, the regulation of the different miRNA species with

exercise has just started to be investigated. The majority of studies have

investigated the influence of exercise stimuli on the expression of skeletal

muscle and circulating miRNAs. However, as other systems, including

the immune and the cardiovascular system, are also responsive to exercise,

it is nonsurprising that changes in the corresponding miRNA expression

have been reported. For example, an acute bout of resistance exercise com-

pleted by untrained subjects led to significant changes in the expression of

20–40 miRNAs in different populations of circulating leukocytes, including

neutrophils, peripheral blood mononuclear cells, and natural killer cells.95–97

Similarly, in healthy young males, 30 min of treadmill running at 80%

VO2max led to the differential regulation of 56 miRNAs expressed in leu-

kocytes postexercise. Of interest, four of these miRNAs were identified

to potentially regulate telomeric mRNAs, providing a potential mechanism

for the maintenance of longer leukocyte telomere length with exercise.98

Exercise training also induces cardiac hypertrophy. In rodents, swimming

and treadmill running training regulate miRNA expression in the heart.99

These exercise-induced responses may be able to restore the normal expres-

sion of some miRNAs that are aberrantly expressed in cardiac pathologies,

such as miR-208a,99 a negative regulator of the contractile efficiency of the

heart. Interestingly, some of the miRNAs identified in leukocytes had a sim-

ilar response to exercise in other tissues such as skeletal muscle, heart, or

plasma, suggesting the existence of individually coordinated regulation pro-

cesses potentially cross talking between the different systems.

To date, most of the exercise studies are purely descriptive, measuring

changes in miRNA expression following acute and long-term exercise in

skeletal muscle, serum, or plasma. These studies have contributed to our

understanding of which miRNAs are sensitive to the stress of exercise-

induced muscle contractions. However, they have not yet identified the role

that miRNAs play in skeletal muscle adaptation to exercise. To move the

field, forward studies are now required to establish biological cause-and-

effect relationships and to identify the specific genes or proteins regulated

by these miRNAs during exercise or during the recovery period post-

exercise. This is necessary to fully understand the role that specific miRNAs

play in the numerous skeletal muscle adaptations, such as muscle structure,
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function, and metabolism, in response to acute and chronic exercise. In vitro

experimental validation using miRNA mimics or inhibitors as well as

reporter assay experiments are required to investigate the potential mecha-

nisms regulated by miRNAs in skeletal muscle cells and their target genes

and proteins. These steps are essential to identify the most promising

miRNA candidates and to validate their precise function in exercise-

induced adaptations by manipulating their expression in vivo in non-human

models. Presently, most studies investigate only a limited number of

miRNAs and use differing exercise models and protocols. This often fails to

provide reliable comparison points between different studies. Implementing

high-throughput miRNA screening technologies that allow the accurate

quantification of hundreds of miRNAs as well as using consistent endurance

and resistance exercise protocols will help to overcome this problem.

Ultimately, the use of deep-sequencing technology might allow the

discovery of numerous, so far unidentified miRNA species that may be

of importance in the regulation of the molecular response of human skeletal

muscle to exercise in health and disease conditions.
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Abstract

Exercise may be described as a polypill to prevent and/or treat almost every chronic
disease, with obvious benefits such as its low cost and practical lack of adverse effects.
Implementing physical activity interventions in public health is therefore a goal at the
medical, social, and economic levels. This chapter describes the importance of health
promotion through physical activity and discusses the impacts of exercise on the most
prevalent chronic diseases, namely metabolic syndrome-related disorders, cardiovascu-
lar diseases, cancer, and Alzheimer's disease. For each of these chronic conditions, we
discuss the epidemiological evidence supporting a beneficial role of exercise, provide
guidelines for exercise prescription, and describe the biological mechanisms whereby
exercise exerts its modulatory effects.

ABBREVIATIONS
Aβ amyloid-β
AD Alzheimer’s disease

BDNF brain-derived neurotrophic factor

CHF Chronic heart failure

CHD Coronary heart disease
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CRP C-reactive protein

CVD Cardiovascular disease

eNOS endothelial nitric oxide synthase

GDF15 growth differentiation factor 15

GLUT-4 muscle glucose transport protein

HbA1c Glycosylated hemoglobin

HDL High-density lipoprotein

IGF-1 insulin-like growth factor-1

IL Interleukin

LDL Low-density lipoprotein

MS Metabolic syndrome

NK natural killer

NO• nitric oxide

PA Physical activity

PAR Population-attributable risks

RCT Randomized control trial

SPARC secreted protein acidic and rich in cysteine

sTNF-R Soluble TNF receptor

T2D Type 2 diabetes

TC Total cholesterol

TG Triglycerides

TNF-α tumor necrosis factor-α
VEGF vascular endothelial growth factor

VLDL Very low-density lipoproteins

VO2max Maximal oxygen uptake

WC Waist circumference

WHO World Health Organization

1. INTRODUCTION

1.1 Chronic Diseases
According to recent estimates by the World Health Organization (WHO),

more than 14 million people aged 30–70 die yearly worldwide of a chronic

disease and 85% of these people are from a developing country. The Non-

communicable Diseases Country Profiles 2014 by the WHO1 reports that mor-

tality due to chronic disease in the United States reaches 31% from

cardiovascular diseases (CVDs), 23% from cancer, 8% from chronic respira-

tory diseases, 6% from injuries, 3% from type 2 diabetes (T2D), and 23%

from other chronic diseases.

1.1.1 Metabolic Syndrome-Related Disorders
Metabolic syndrome (MS) is a cluster of risk factors for CVD and T2D.2 The

clinical diagnosis of MS is based on a high waist circumference (WC);
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elevated triglycerides (TG;�150 mg/dL); reduced high-density lipoprotein

(HDL; <40 mg/dL in males and <50 mg/dL in females); elevated blood

pressure (systolic �130 mmHg and/or diastolic�85 mmHg); and elevated

fasting glucose (�100 mg/dL).2 Accordingly, several abnormalities such as

glucose intolerance, insulin resistance, central obesity, dyslipidemia, and

hypertension are typical of the physiopathology of MS.3 These conditions

are biologically and clinically interconnected as evidenced by the high prev-

alence of T2D coexisting with risk factors such as overweight (80%), hyper-

tension (60–80%), and dyslipidemia (40–50%).4

Insulin resistance is a widely acceptedmechanism in the pathophysiology

of MS.3 Its main cause is the overabundance of circulating fatty acids derived

mainly from adipose tissue TG stores through lipolysis of TG-rich lipopro-

teins in different tissues by lipoprotein lipase.5 Insulin acts as an antilipolytic

agent in adipose tissue6 and as an inducer of lipoprotein lipase.3 Thus, insulin

resistance leads to increased lipolysis which generates more fatty acids, in

turn, inducing further lipolysis. The high fatty acid levels generated in this

way prevent insulin actions in sensitive tissues, mainly skeletal muscle and

liver.3 This impaired insulin activity produces glucose metabolism dysfunc-

tion due to an inability to suppress glucose production or mediate glucose

uptake and metabolism in insulin-sensitive tissues. Moreover, insulin resis-

tance in pancreatic islet β-cells affects insulin secretion due to the lipotoxicity
of excessive concentrations of fatty acids.3

Dyslipidemia is caused in some measure by insulin resistance because

increased free fatty acid flux to the liver produces apolipoprotein

B-containing TG-rich very low-density lipoproteins (VLDL). Hyper-

triglyceridemia leads also to a reduction in the total cholesterol (TC) content

of HDL due to its transformation into a small, dense molecule and via

increased HDL clearance from the circulation. Finally, high TG levels raise

LDL and modify its molecular composition.3 Such modifications make LDL

more atherogenic, more toxic to the endothelium, capable of crossing the

endothelial basement membrane, able to adhere to glycosaminoglycans,

more susceptible to oxidation, and confer LDL particles a capacity to bind

to scavenger receptors on monocyte-derived macrophages.3 Thus, hyper-

triglyceridemia can be considered an independent risk factor for CVD.7

Hypertension also contributes to MS through different mechanisms related

to insulin and fatty acids.3

T2D is caused by abnormal insulin secretion and insulin resistance,

which give rise to glucose, protein, and fat metabolism modifications8 pro-

ducing hyperglycemia. Diabetes is the clinical consequence of most of the

pathophysiological conditions detailed above. Chronic hyperglycemia is
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associated with long-term complications including damage to the eyes,

heart, kidneys, nerves, and blood vessels.9 T2D usually develops in adult-

hood and is associated with obesity, sedentary behavior, and an unhealthy

diet.8 Mortality rates in diabetic patients are one to four times higher than

in the general population, the main cause of death being CVD.10

1.1.2 Cardiovascular Disease
ACVD is any disease that affects blood vessels or the heart and includes con-

ditions such as high blood pressure, subclinical atherosclerosis, coronary

heart disease (CHD), acute coronary syndrome (myocardial ischemia),

angina pectoris, stroke (cerebrovascular disease), congenital cardiovascular

defects, cardiomyopathy, chronic heart failure (CHF), and other less prev-

alent conditions. In this chapter, we describe the most frequent CVDs,

namely hypertension and CHD.

More than 62% of all North American adults suffer from hypertension

defined as a systolic blood pressure �140 mmHg, a diastolic blood pressure

�90 mmHg, or a need for blood pressure-lowering medication. High blood

pressure is also an important risk factor for other CVDs such as stroke, acute

myocardial infarction, cardiac failure, and sudden death.4 Conversely, low

blood pressure (<115 mmHg of systolic and 75 mmHg of diastolic) is asso-

ciated with a reduced risk of cardiovascular death.11

Responsible for one in every six deaths in the United States in 2006,12

CHD is a disease of the heart and the coronary arteries characterized by

myocardial ischemia due to inadequate local blood supply relative to myo-

cardial oxygen requirements. This process is usually caused by atheroscle-

rotic arterial deposits that block blood flow to the heart. When blockage

persists for about 20 min, myocardial ischemia leads to infarction which

may manifest as chronic stable angina pectoris, acute and chronic heart fail-

ure, acute and chronic cardiac arrhythmia, acute unstable angina pectoris,

acute myocardial infarct, or sudden death.4

1.1.3 Cancer
Cancer is the term used for diseases in which excessive cell growth results in

the compression, invasion, and degradation of adjacent healthy tissue.

Malignant cells are transported by the blood or lymph to other organs where

they give rise to secondary colonies called metastases. The molecular mech-

anism common to all cancer types consists of mutations in the DNA of

tumor cells. Many factors, including exposure to chemical carcinogens (such

as tobacco), physical inactivity, and diet, play major roles in the development
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of cancer.13,14 In the United States, cancer is the second cause of death

accounting for �23% of all deaths.15 Prostate cancer, followed by lung

and colon cancer, is the most prevalent in men, while in women breast can-

cer is the most common, followed by lung and colorectal cancer.16 The

symptoms of cancer are innumerable and depend on the type of tumor,

its localization, and its stage. However, there are features common to many

forms of cancer and these include cachexia—reduced muscle strength and

fitness; and increased fatigue—a feeling of being unwell, poor appetite,

and infections, among others.4

1.1.4 Neurodegenerative Diseases
Neurodegenerative disorders are characterized by a loss of structure or func-

tion and even death of neurons and include diseases such as amyotrophic

lateral sclerosis, Parkinson’s disease, Huntington’s disease, and Alzheimer’s

disease (AD). AD, the most common chronic neurodegenerative disease,

is suffered by 35 million people worldwide and 5.5 million in the United

States.17 Of all causes of dementia, AD is the most prevalent. It accounts

for 50–56% of all dementias with 13–17% of all AD characterized by the

presence of other cerebrovascular disorders.17 The risk of AD increases with

age. Its prevalence doubles every 5 years from the age of 60 years, such that,

for instance, 8% of people aged 75 years suffer from AD. By 2050, the

Alzheimer’s Association estimates that 11–16 million North Americans will

be affected by the disease.

1.2 Health Policy Strategies Against Chronic Diseases: Exercise
as an Effective Strategy

The high economic burden of chronic diseases makes their prevention and

treatment a first order priority. For example, in 2012 the estimated cost of

diagnosed T2D in the United States was $245 billion, including $176 billion
in direct medical costs and $69 billion in decreased productivity.18 Medical

costs linked to obesity were estimated at $147 billion in 2008. In 2006, med-

ical costs for obese people were $1429 higher than those for normal-weight

persons.19 The cost of heart disease and stroke has been calculated to reach

$315.4 billion,20 while cancer care cost $157 billion in 2010.21 AD Interna-

tional estimates that the worldwide cost of dementia in 2010 was $604 billion.
The US Centers for Disease Control and Prevention (CDC) defines

physical inactivity as an actual cause of chronic disease.22 In 2011, 52% of

adults aged 18 years or older did not meet recommendations for physical

activity (PA) and 76% did not reach the minimum recommendations for

muscle-strengthening PA.23 These statistics worsen from childhood to
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adulthood and aging24 and may be aggravated by the presence of several dis-

ease states.24,25 It should be noted that most of these recommendation state-

ments refer to aerobic- and resistance-type exercise.26 In 2012, one in every

three adults worldwide was inactive and it was proposed that this endemic

inactivity starts early in life.27 In its Noncommunicable Diseases Action Plan,

WHO defined political actions regarding four modifiable risk behaviors—

i.e., tobacco use, unhealthy diet, physical inactivity, and harmful use of

alcohol—linked to the four main preventable chronic diseases: CVD, can-

cers, T2D, and chronic respiratory diseases. Besides tobacco use, the most

modifiable cancer risk factors are dietary choices, weight control, and levels

of exercise.13,14

Based on the Booth and Laye review,28 Table 1 shows the main health

problems worsened by physical inactivity.

Table 1 Health Problems Worsened by Physical Inactivity
Brain Heart

Alzheimer’s disease Congestive heart failure

Dementia Endothelial dysfunction

Depression Greater damage in an ischemic event

Stroke (incidence and recovery) Inflammation of vascular wall

Neurogenesis Lower maximal cardiac output

Executive control in memory Liver

Smaller frontal and superior lobes

with aging

Non alcoholic fatty liver disease

Metabolic and lipid profile Vascular

High LDL Hypertension

Low HDL Arterial stiffness

T2D Peripheral artery disease

Visceral obesity Erectile dysfunction

Reduced glucose uptake/insulin

sensitivity

Musculoskeletal tissues

Reduced oxidative capacity Osteoporosis

Cancer Structure/function of joints, ligaments, and

tendons

Breast and colon cancer Neuromuscular strength

Adapted from Booth and Laye.28
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One of the first observational studies describing the impact of regular

exercise on all-cause mortality was performed by Paffenbarger et al.29 This

study examined some 17,000 Harvard University alumni aged 35–74 years

and showed that death rates declined steadily as expended energy increased

from less than 500 to 3500 kcal/week, beyondwhich rates increased slightly.

The National Health Interview Survey provided data on adult levels of

adherence to PA recommendations in the 2008 Physical Activity Guidelines

for Adults.30 Adherence to recommended PA levels was associated with a

substantial survival benefit as indicated by the all-cause mortality risk, which

dropped by 27% among people without existing chronic comorbidities, and

by almost half in individuals with chronic comorbidities. These results were

supported by the findings of Arrieta and Russell,31 who observed beneficial

effects of moderate and leisure PA on survival. However, the positive effects

of elite sport on mortality were not easily demonstrated. In a recent meta-

analysis, we reviewed 10 cohort studies to assess mortality rates in elite ath-

letes.32 Results showed that top-level athletes live longer than the general

population and carry a lower risk of two major causes of mortality, i.e.,

CVD and cancer. A meta-epidemiological study by Naci and Ioannidis33

compared the effectiveness of exercise versus drug interventions on mortal-

ity outcomes through the review of 16 meta-analyses of randomized control

trials (RCTs). They concluded that exercise and many drug interventions

are often similar in terms of mortality benefits in the secondary prevention

of CHD, rehabilitation after stroke, treatment of CHF, and prevention

of T2D.

2. EXERCISE AS A POLYPILL FOR CHRONIC DISEASES

2.1 Metabolic Syndrome-Related Disorders
2.1.1 Insulin Resistance and Type 2 Diabetes
2.1.1.1 Epidemiological Evidence
For many years, exercise has been an integral component of T2D manage-

ment. As reported in a recent review by our group,34 endurance, resistance,

or combined exercise training reduces glycosylated hemoglobin (HbA1c)

levels compared with controls.35 In addition, it seems that nondrug inter-

ventions (diet or exercise) prevent more T2D than drug approaches.36 These

findings are supported by several meta-analysis studies that have shown that

PA reduces insulin resistance and improves glucose intolerance in obese

persons,37 reduces HbA1c levels in T2D patients trained for at least

8 weeks,38 improves glycemia, and reduces visceral adipose tissue and plasma

TG, also in patients with T2D.39
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In a systematic review, it was determined that aerobic training alone or

combined with resistance training reduced HbA1c, systolic blood pressure,

TG, and WC.40 These findings conflict with those of Cauza et al.,41 who

observed lower HbA1c, glycemia, and insulin resistance in their T2D-patient

strength training group compared with the aerobic training group. In the

RCT conducted in 2010 by Church et al.,42 it was found that the

aerobic-resistance training combined was the only intervention leading to

reduced levels of HbA1c compared to levels in sedentary patients. Neither

aerobic nor resistance training alone was able to downregulate HbA1c.

The combined exercise group also showed an improved maximal oxygen

uptake (VO2max) and all interventions reduced WC relative to measure-

ments recorded in the control group. This is important, since a lack of fitness

seems to be an independent prognostic marker of death in T2D patients.43

2.1.1.2 Exercise Prescription
Despite the classic prescription of aerobic training in patients with metabolic

diseases, resistance training is an important addition because the combina-

tion of both may be equally, if not more, beneficial to health.42,44,45 Endur-

ance plus resistance training has been noted to be better at reducing HbA1c

and improving other MS-related factors than each intervention alone.44

Recently, Earnest et al. compared the effects of three 9-month training pro-

grams (aerobic, resistance, or both) in patients with T2D. Training-induced

decreases in MS scores were higher with the aerobic program or the com-

bination of the aerobic and resistance programs compared to the control and

resistance programs.45 The meta-analysis by Boule et al.38 revealed that both

aerobic and resistance training reduced HbA1c levels in T2D patients com-

pared with control groups. According to the studies reviewed, aerobic train-

ing regimens consisted of a mean (standard deviation) of 3.4 (0.9) days/week

for 18 (15) weeks; and strength training programs of 10 (0.7) exercises, 2.5

(0.7) sets, 13 (0.7) repetitions, 2.5 (0.4) days/week, and over 15 (10) weeks.

In a later study, Boule et al.46 positively correlated postintervention HbA1c

with exercise intensity but not with exercise volume. According to Cauza

et al.,41 strength training is more effective than aerobic training in terms of

improving glycemia, HbA1c, and insulin resistance in T2D patients.

For aerobic exercise in T2D patients, the standard recommendation by

the American College of Sports Medicine (ACSM)47 is a minimum of

150 min/week of moderate-intensity exercise or 60 min/week of vigor-

ous exercise. For resistance exercise training, ACSM recommendations

are 2–3 sessions/week at a moderate relative intensity (50% of

1-repetition maximum, 1-RM) or high intensity (75–80% of 1-RM).
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Training sessions should include 5–10 exercises involving major muscle

groups as 10–15 repetitions. Combining aerobic, resistance, and flexibility

training is also recommended.

2.1.1.3 Biological Mechanisms
The acute effects of exercise include fuel mobilization, glucose production,

muscle glycogenolysis, and insulin-independent and insulin-dependent

muscle glucose uptake.47 Although these responses reverse rapidly after

exercise is stopped, they are followed by a marked increase in the sensitivity

to insulin of both muscle glucose transport and glycogen synthesis.48 There

are several biological adaptations to exercise training that are beneficial for

the prevention and treatment of insulin resistance, impaired glucose toler-

ance, and T2D. PA also counteracts the reduced ability of insulin to stim-

ulate muscle blood flow that is a characteristic of insulin-resistant obese and

T2D individuals by improving the control of insulin over blood glucose.48

Exercise enhances insulin sensitivity and muscle contraction-induced glucose

uptake in the exercisedmuscle via different physiologic mechanisms including

improved postreceptor insulin signaling,49 GLUT4 mRNA and protein

induction,50 glycogen synthase activity,51 reduced release and enhanced clear-

ance of free fatty acids,52 increased hexokinase activity,53 glucose influx to

muscles due to improved muscle capillarization and blood flow,54 and

enhanced β-cell function.55 PA also beneficially impacts endothelial dysfunc-

tion through endothelial nitric oxide (NO•) synthase (eNOS) modulation.56

Muscle hypertrophy increases the depot size available for glucose disposal

thereby improving glycemic control in T2D patients.57,58 Changes in muscle

morphology due to exercise training are associated with improvements in

fasting insulin levels and glucose tolerance since exercise increases the conver-

sion of fast-twitch glycolytic, type IIX fibers to fast-twitch oxidative, type IIA

fibers. The latter have a greater capillary density and are more sensitive and

responsive to insulin than IIX fibers.48 Exercise also modulates the over

hepatic glucose production by regulating blood free fatty acid levels. Indeed,

free fatty acids induce hepatic gluconeogenesis which stimulates hepatic glu-

cose productionwhile inhibiting skeletal muscle uptake and storage. Thus, the

exercise-mediated modulation of blood free fatty acids increases peripheral

glucose clearance and reduces hepatic glucose formation48 (see Fig. 1).

2.1.2 Dyslipidemia
2.1.2.1 Epidemiological Evidence
In a recent meta-analysis of RCTs by Kelley et al.,59 it emerged that PA

reduced TG but not TC, HDL, and LDL. These same authors had
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previously shown that resistance training reduced TC, the TC:HDL ratio,

LDL, and TG, while HDL changes were not significant in adults.60 Even

earlier, Kelley et al.61 had examined the effects of aerobic exercise on lipids

and lipoproteins in overweight and obese adults. They found that only TG

decreased with PA, while increased HDL levels were correlated with

increased VO2max and lower body weight, whereas LDL reductions were

correlated with lower body weight. In contrast, the US National Physical

Activity Guidelines Advisory Committee Report (NPAGCR) stated that regular
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Figure 1 The main biological effects of physical activity on metabolic disorders, cardio-
vascular disease, Alzheimer's disease, and cancer.
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PA increases blood HDL and decreases TG though this evidence does not

clarify whether exercise training reduces LDL.62 These conclusions are

supported by the meta-analysis by Halbert et al.,63 who showed that aerobic

exercise training led to significantly reduced TC, LDL, and TG levels and

increased HDL levels in both hyperlipidemic and normolipidemic adults.

In a meta-analysis centered on T2D patients, Hayashino et al.64 correlated

PA with reduced LDL, elevated HDL, and improved blood pressure.

2.1.2.2 Exercise Prescription
The quantitative analysis by Durstine et al.65,66 reveals a dose–response rela-

tionship between exercise training volume and blood lipid changes. Thresh-

olds derived from cross-sectional and longitudinal exercise training studies

indicate that 15–20 miles/week of brisk walking or jogging

(1200–2200 kcal/week) produces TG reductions and HDL increases. As

stated by the authors, weekly exercise regimens that match or go beyond

this range are more likely to produce the desired lipid changes.

Greene et al.67 compared the impacts of acute exercise and exercise train-

ing on the lipid and lipoprotein profiles of obese subjects. These authors

found that exercise training (500 kcal/session, 3 sessions/week, and

12 weeks) increased HDL in men and reduced LDL levels in women,

whereas acute exercise reduced the TC:HDL ratio in men.

2.1.2.3 Biological Mechanisms
Exercise promotes enzyme activation at the muscle level which enhances

lipid metabolism over glycogen metabolism.4 As mentioned above, exercise

improves glycogen synthase activity,51 reduces the release and enhances the

clearance of free fatty acids,52 increases hexokinase activity,53 and enhances

glucose influx to muscles via improved muscle capillarization and blood

flow.54 The combination of these mechanisms leads to an improvement

in blood lipid profile and, as such, exercise leads to a reduction in the risk

of atherogenic dyslipidemia caused by the presence of low blood levels of

HDL and high levels of LDL and VLDL. PA reduces fasting and nonfasting

TG concentrations which, in turn, is attributed to an increase in lipoprotein

lipase activity with a concomitant reduction in apolipoprotein C-III levels, a

decrease in cholesteryl ester transfer protein activity, and an increased catab-

olism of TG-rich lipoproteins.68 The exercise-induced increase in lipopro-

tein lipase and hepatic lipase activity stimulates TG lipolysis, but the

biological signaling of exercise-induced increase in lipoprotein lipase activity

remains uncertain68 (Fig. 1).
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2.1.3 Metabolic Syndrome and Obesity
2.1.3.1 Epidemiological Evidence
Physical inactivity is a causal mechanism of every MS risk factor including

visceral obesity, along with dyslipidemia, hypertension, hyperglycemia,

thrombosis, and inflammation.3,8,12 Exercise training as co-treatment for

MS-related disorders such as obesity is thus universally accepted.

Dynamic endurance training reduces WC and blood pressure and

increases HDL.69 In the systematic review by Strasser et al.,70 the impact

of resistance training on different MS components was assessed. However,

no effects were detected on TC, HDL-C, LDL, TG, and diastolic blood

pressure, while impacts were produced on obesity, HbA1c levels, and systolic

blood pressure. The CARDIA study found that low fitness predicted the risk

of MS as powerfully as conventional risk factors,71 in agreement with the

findings of other studies.3,72,73 Of note is the cross-sectional study by Lakka

et al.,73 in which the relationship between leisure-time PA or VO2max and

MS was investigated. Their findings revealed that individuals who engaged

in moderate-intensity PA �1.0 h/week were 60% more likely to suffer MS

than those who performed�3.0 h/week of this type of exercise. In addition,

those with a VO2max�29.1 mL kg�1 min�1 were around seven times more

likely to have MS than those whose VO2max was �35.5 mL kg�1 min�1.

The combination of weight loss plus exercise reduced the incidence of

T2D in patients with glucose intolerance.74 Weight reduction is the conse-

quence of reduced energy intake and increased energy expenditure (i.e.,

exercise). Thus, weight loss alone will improve all risk factors associated with

MS75 including T2D.76,77 The effects of exercise on obesity are widely

known. In their meta-analysis, Ross and Janssen78 concluded that short-

term training interventions (<16 weeks) in obese persons (body mass index

(BMI)<25) reduced total fat in a dose-dependent manner. These results are

supported by those emerging from other studies.79–81 Other studies noted

reduced visceral adipose tissue in response to aerobic exercise but not resis-

tance training.82

2.1.3.2 Exercise Prescription
ACSM recommendations are similar to those for individuals with insulin

resistance and T2D,47 specifically, at least 150 min/week of moderate-

intensity PA. However, a dose effect of exercise is likely, and it has been

reported that moderate-intensity PA doses of 250–300 min/week lead to

both improved weight loss and better weight regain prevention.83
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2.1.3.3 Biological Mechanisms
According to Booth et al.,12 physical inactivity is a primary causal mechanism

of every risk factor for the MS. Thus, since the latter is a cluster of factors

related to insulin resistance, T2D, obesity, hypertension, and dyslipidemia,

the biological mechanisms involved in the response to PA are a combination

of those described above. These mechanisms include an attenuation of low-

grade inflammation, an improvement in glucose and lipid metabolism, and a

reduction of both total body fat and visceral adipose tissue. The amelioration

of the inflammatory processes due to exercise is mediated by a reduction in

resting C-reactive protein (CRP), interleukin-6 (IL-6), IL-8, and tumor

necrosis factor-α (TNF-α).34,84 The metabolic adaptations induced by PA

also include increased postreceptor insulin signaling, increased GLUT4

and glycogen synthase activity, and reduced release (as well as enhanced

clearance) of free fatty acids. Exercise also enhances muscle capillarization

and blood flow, which improves influx of glucose to muscles.4 In addition,

endothelial dysfunction, a critical factor of the MS, is improved by exercise

training, independent of changes in BMI, or blood pressure.85 (Fig. 1).

2.2 Cardiovascular Diseases
2.2.1 Hypertension
2.2.1.1 Epidemiological Evidence
According to Pedersen and Saltin,4 there is strong evidence in support of the

beneficial effects of exercise on blood pressure. Aerobic exercise reduces sys-

tolic and diastolic blood pressure in healthy subjects and hypertensive

patients, though these effects are more pronounced in the latter.86 Resis-

tance training, involving either dynamic87–89 or static exercises,88–90 also

has a blood pressure-lowering effect both in healthy and in hypertensive

individuals. However, despite substantial evidence, in a recent meta-analysis

by Semlitsch et al.,91 it was concluded that, although blood pressure

decreases as a consequence of increased PA, there is still insufficient data

from large well-designed RCTs confirming the benefits of exercise in

patients with high blood pressure as an isolated health problem.

2.2.1.2 Exercise Prescription
Classically, physicians recommend their hypertensive patients to undertake

aerobic physical exercise.4,91,92 Despite the limited literature addressing the

effect of resistance training on hypertension, several studies have highlighted

the effectiveness of both dynamic resistance and isometric handgrip training
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at reducing blood pressure.88,93 Recently, a meta-analysis by Carlson et al.94

revealed that isometric resistance training lowers systolic and diastolic blood

pressure more effectively than dynamic aerobic or resistance training.

According to the ACSM, the training frequencies, intensities, durations,

and exercise modalities needed to lower blood pressure remain unclear.95

Recommendations include 3–5 sessions/week as effective for reducing

blood pressure. Physical exercise induces a blood pressure drop that lasts

4–10 h after finishing the bout of exercise,95 although it may persist for

up to 24 h.96 This means that a hypertensive individual can be normotensive

for much of the day.95 Accordingly, more sessions per week can help control

hypertension. The ACSM recommends 30 min or more of continuous or

cumulative exercise executed at intensities between 40% and 60% of

VO2max. In addition, it recommends combined endurance-resistance

training.

2.2.1.3 Biological Mechanisms
Numerous mechanisms give rise to the blood pressure-lowering effect of

exercise.97 Hypertension often goes hand in hand with insulin resistance

and hyperinsulinemia, left ventricular diastolic dysfunction, chronic low-

grade inflammation, endothelial dysfunction, and dyslipidemia. Neurohu-

moral, vascular, and structural adaptations to exercise are responsible for its

effects on hypertension.4 The physiological mechanisms whereby exercise

improves insulin resistance and hyperinsulinemia may also regulate hyperten-

sion (via themechanisms described above).4 Exercise augments left ventricular

diastolic filling98 with favorable effects on hypertension. The antihypertensive

effect of exercise is also partially mediated by reduced sympathetic vasocon-

striction.99 Exercise-mediated reduction of systemic vascular resistance

involves the sympathetic nervous system and renin–angiotensin system.100

Exercise increases blood flow reducing the effects of shear stress on the blood

vessel wall, and this induces eNOS production which, in turn, causes smooth

muscle vasodilatation,56 preventing vascular stiffness.101 Exercise also triggers

anti-inflammatory mechanisms and decreases catecholamine levels34 (Fig. 1).

2.2.2 Coronary Heart Disease
2.2.2.1 Epidemiological Evidence
Regular PA delays the development of atherosclerosis and reduces the

incidence of CHD events, as has been known for many years.102–104 The

American Heart Association has recognized since 1992 that physical

inactivity is a risk factor for CHD and CVD105 and the US Surgeon General
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concluded in 1996, that regular PA reduces the risk of CVD and CHD.106

The Physical Activity Guidelines Advisory Committee Report emphasizes that

there is a strong inverse relation between a person’s usual level of PA and

both CHDmorbidity and mortality.62 Individuals who undertake moderate

to high volumes of PA lower their CHD risk by 20–30%, compared to sed-

entary persons.62

Tanasescu et al.107 analyzed the relationship between potential CHD risk

factors and newly diagnosed cases of CHD and leisure-time PA in 44,452

North American men. Relative risks related to moderate and high exercise

intensities were 0.94 and 0.83R compared to low exercise intensity. Inter-

estingly, half an hour per day or more of brisk walking was associated with an

18% CHD risk reduction. Total PA, running, weight training, and walking

were each correlated with a reduced CHD risk. Average exercise intensity

was linked to a reduced risk regardless of the number of metabolic

equivalent-hours spent on PA. Similar findings were reported for the cohort

study by Lee et al.,108 in which even light to moderate activity was related to

lower CHD rates in women. An inverse relationship between CHD devel-

opment and PA was also detected in women at high risk of CHD.

A systematic review by Heran et al.109 analyzed the prevalence of all-cause

and cardiac mortality in patients enrolled in cardiac rehabilitation programs

and found that exercise-based cardiac rehabilitation reduced overall and car-

diovascular mortality along with hospital admissions. Cardiac rehabilitation

did not, however, reduce the risk of myocardial infarction, coronary artery

bypass graft, or percutaneous transluminal coronary angioplasty.

2.2.2.2 Exercise Prescription
Exercise prescription in CHD patients should include dynamic aerobic

exercise involving large muscle groups. Strength training is also beneficial

in selected patients. Resistance training sessions may consist of up to

10–12 exercise sets of 10–12 repetitions. The ACSM recommends a mini-

mum exercise frequency and duration of 30–60 min sessions including

warm-up and cool-down periods on 3 nonconsecutive days per week.

CHD patients can perform exercises at a relative intensity of 40–85% of

VO2max, starting slowly and gently and then gradually increasing duration

and intensity.110

2.2.2.3 Biological Mechanisms
Joyner and Green111 proposed the following mechanisms for the favorable

effects of PA on CHD: (i) enhanced vagal tone via improved peripheral
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baroreflex function and central nervous system cardiovascular regulation;

(ii) enhanced endothelial function through vasodilatation improving periph-

eral baroreflex function by limiting age- or risk factor-associated increases in

vascular stiffness; and (iii) positive interactions between enhanced endothe-

lial function and sympathetic outflow, minimizing the effects of high base-

line sympathetic outflow on blood pressure.12 Further proposed

mechanisms included increased NO• and antioxidant levels, decreased cir-

culating pro-inflammatory biomolecule levels (mainly CRP), and enhanced

regenerative capacity of the endothelium, manifesting as an increased num-

ber of circulating endothelial precursor cells.112 Exercise training also

increases functional capacity and VO2max in CHD patients by increasing

the arteriovenous oxygen difference and, in some cases, maximal stroke vol-

ume. In addition, some effects of exercise on CHD may be mediated

through beneficial effects on the lipid profile (reduced TC, TG, and LDL

levels; and increased HDL levels) along with an improvement in blood rhe-

ology and viscosity, and reduction in homocysteine levels113 (Fig. 1).

2.3 Cancer
2.3.1 Epidemiological Evidence
Evidence from cohort and case–control studies indicates that regular PA

protects against the risk of cancer, and that the response is dose depen-

dent.114 Studies have shown that physically active individuals are less prone

to develop certain types of cancer, especially colon and breast cancer.114 This

idea is supported by numerous meta-analyses that have examined the effects

of PA on cancer recurrence, improvement of cancer-associated side effects,

and mortality. As we have observed, even strenuous exercise seems protec-

tive of cancer as elite athletes show a lower risk of cancer mortality.32

Both prediagnosis and postdiagnosis exercise have been associated with

reduced breast cancer-specific mortality.115 Friedenreich and Orenstein116

found that 32 of 44 studies analyzed revealed an average breast cancer risk

reduction of 30–40% in women who were more physically active. More-

over, they noted a dose–response relationship between PA and breast cancer

risk in 20 of 23 studies. These findings are supported by those of another

meta-analysis examining the effects of PA on mortality in breast and colo-

rectal cancer survivors, concluding that an active lifestyle before or after can-

cer diagnosis is associated with a lower mortality risk.117 Friedenreich and

Orenstein116 also found strong evidence for PA reducing the colon cancer

risk. Of 51 studies analyzed, 43 demonstrated a 40–50% reduction in the risk

of this cancer among more physically active men and women. Of 29 studies
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designed to test whether there is a dose–response, 25 detected that increasing

levels of exercise were associated with a decreasing colon cancer risk. The

risk of colorectal cancer was also found to be reduced by PA in a Japanese

population-based cohort study including 65,022 subjects.118 Indeed, PA is

the main lifestyle change proven to reduce an individual’s risk of colon can-

cer.119 Exercise also reduces the risk of other cancer types including endo-

metrial120 and lung cancer.121 Thus, a large study including 81,516 subjects

followed for 19 years revealed a 25% reduction in lung cancer risk in men

who walked or cycled at least 4 h/week.122 Based on the studies analyzed by

Thune and Furberg,114 regular PA seems also protective of prostate cancer

with risk reduction in the range of 10–70%.

Fatigue and poor fitness are severe problems in cancer patients such that

the therapeutic regimen for cancer patients should aim at improving physical

performance. Effectively, research has shown an improvement in cancer-

related fatigue attributable to exercise both during and after cancer

treatment.123–125

2.3.2 Exercise Prescription
There is a paucity of data regarding the best exercise prescription for the dif-

ferent phases of carcinogenesis. General recommendations are individual-

ized and progressive exercise prescription targeting specific symptoms.

Any type of ambulation is beneficial for most patients with a low fitness

level.126 Despite the scarcity of evidence, McArdle et al.126 recommended

exercise to improve movement amplitude and flexibility, programs to

improve muscle strength, and global mobility (e.g., static submaximal exer-

cises for antigravitational muscles, deep breathing exercises, and dynamic

trunk rotation movements). In addition, they recommend starting with

short periods of low-intensity exercises several times per day followed by

continuous exercise.

The American Cancer Society (ACS) and ACSM recommend avoiding

inactivity and performing moderate regular exercise during and after treat-

ment.127,128 During treatment, the intensity of exercise may be reduced but

patients should try to stay as fit as possible. Sedentary patients may need to

start with short periods of low-intensity exercise. When the disease has

resolved or stabilized, the ACS127 advocates a cautious approach to exercise

prescription, which should be guided by blood counts during and after treat-

ment. Thus, it is recommended: not to exercise when anemic, or at public

gyms when white blood cell counts are low, when under immunosuppres-

sion treatment, when levels of minerals in blood (e.g., sodium and
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potassium) are abnormal, when there is unresolved pain or nausea/vomiting.

When a catheter or feeding tube is in place, situations with a risk of infection

should be avoided, as should resistance training using muscles in the area of

the catheter to prevent dislodging it. To avoid skin irritation, patients receiv-

ing radiation treatment should not expose the skin in the treatment area to

chlorine in swimming pools. In patients with feet numbness or problems

with balance, stationary exercises could be appropriate. Physicians should

watch for swollen ankles, unexplained weight gain, or shortness of breath

while at rest or when undertaking low volumes of exercise. Bleeding should

also be watched for, especially if the patient is taking blood thinners.

According to Pedersen and Saltin,4 patients who are receiving treatment,

even when hospitalized and bedridden, can benefit from exercise training.

Patients undergoing chemo- or radiotherapy would be ill-advised to take up

exercise training when leukocyte <0.5�109/L, hemoglobin <6 mmol/L,

thrombocyte <20�109/L, and temperature >38 °C. In addition, patients

with bone metastases should not lift heavy weights when strength training.4

Davey Smith et al.129 reported that men who walk at a slow pace have a

greater cancer risk than those who walk at a fast pace, suggesting a link

between exercise intensity and cancer prevention. This link is also affected

by the frequency of exercise as well as exercise conditions.130 Based on the

data from epidemiological studies, Lee121 suggested that the risk of develop-

ing colon and breast cancer may be reduced by carrying out 30–60 min/day

of moderate-to-vigorous PA.

2.3.3 Biological Mechanisms
Since cancer refers to a heterogeneous cluster of diseases, it has different

underlying pathophysiological causes although immune dysfunction seems

common to all cancers. At the blood and tissue levels, cancer patients show

higher than normal levels of inflammatory cytokines such as IL-1, IL-6, and

TNF-α from macrophage or monocyte lineages as well as lower levels of

IL-2, interferon-γ, class-II major histocompatibility complex molecules,

and natural killer (NK) cell activity.131–133 Hence, cancer treatment usually

includes therapy to improve immunity. The exact mechanism whereby PA

benefits cancer patients remains unclear. However, several pathways have

been suggested and supported by the findings of intervention studies.

As shown in Fig. 1, exercise enhances immune function through differ-

ent mechanisms related to enhanced leukocyte function. Physical exercise

suppresses tumorigenesis by regulating the activation and proliferation of

circulating NK cells. NK cells recognize and destroy carcinoma cells.134,135
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Antioxidant mechanisms are also antitumorigenic because oxidative stress

can lead to DNA damage.136 Exercise induces various antioxidant defense

pathways137 that mitigate oxidative damage to lipids, proteins, and DNA

in a wide range of tissues.138 Exercise promotes systemic autophagy, a tumor

suppressor pathway that is altered in different types of cancer.139,140 Levels of

calprotectin, a protein that induces apoptosis in certain tumor lines,141 rise in

response to an acute exercise bout.142

The idea that exercise stimulates antitumorigenic myokines is supported

by several lines of evidence.143 A novel myokine, secreted protein acidic

and rich in cysteine (SPARC), which modulates cell proliferation and migra-

tion, is released from skeletal muscle into the circulation in response to a single

bout of exercise.144 Preventive effects of SPARC on colon cancer are thought

to be mediated by suppression of the formation of aberrant crypt foci, prob-

ably via stimulation of apoptosis through caspase-3 and -8.145 As observed in a

recent review, the cumulative effect of regular exercise bouts is protective

against cancer through the release of myokines such as IL-4, IL-13, and

IL-6 which, in turn, promotes the production of other anti-inflammatory

cytokines including IL-1Ra, IL-10, or soluble TNF receptor (sTNF-R),

while inhibiting the pro-inflammatory cytokine TNF-α.34 In addition,

exercise downregulates unbound sex hormones (testosterone, estrogen, and

dihydrotestosterone) and increases levels of circulating sex hormone-binding

globulin, which binds these hormones, thus diminishing their function.85

Exercise also reduces levels of metabolic hormones, such as insulin146 and

insulin-growth factor (IGF)-1,147 associated with increased risks of

prostate,148 breast,149 and colorectal cancers.150 IGF-1 suppresses the action

of the p53 gene (the genome guardian) and it has been shown that both

p53 and the downstream p21 genes are upregulated in lysates of serum-

stimulated LNCaP cells obtained from exercised individuals.151

Other proposed mechanisms whereby exercise exerts positive effects in

cancer patients include increased levels of corticoid hormones, enhanced

insulin receptor expression on T-lymphocytes, induced interferon pro-

duction, enhanced glycogen synthase activity, increased ascorbic acid

metabolism, and beneficial effects on provirus and oncogene activation.126

Moreover, since obesity is correlated with the physiopathology of several

types of cancer,152–155 exercise as a weight management tool is receiving

growing attention in the fight against cancer.156–158 Finally, considering

the reduced fitness and chronic fatigue of cancer patients, exercise

improves muscle strength and fitness which leads to better physical

functioning.
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2.4 Alzheimer's Disease
2.4.1 Epidemiological Evidence
We review here the effects of exercise on AD which globally provide sup-

port for its role in both preventing musculoskeletal decline159 and attenuat-

ing disease severity.160,161

Recently, Norton et al.162 examined meta-analyses and estimated

population-attributable risks (PAR) of AD for seven potentially modifiable

risk factors (T2D, midlife hypertension, obesity, physical inactivity, depres-

sion, smoking, and poor educational achievement). Physical inactivity was

considered a risk factor when adults did neither 20 min of vigorous PA on 3

or more days nor 30 min of moderate PA on 5 or more days per week. They

found that, although the highest estimated PAR worldwide was poor edu-

cational achievement, the greatest PAR in the United States, Europe, and

United Kingdom was physical inactivity. Thus, it was estimated that world-

wide, about 13% (nearly 4.3 million) of cases of AD are potentially attrib-

utable to physical inactivity. Interestingly, it was also estimated that a 25%

reduction in the prevalence of physical inactivity could prevent about 1 mil-

lion cases of Alzheimer’s in the world.

A systematic review and meta-analysis identified 16 prospective studies

examining the link between PA and neurodegenerative disease risk.163 It

showed that exercise was inversely associated with risk of dementia.

A systematic review by Rolland et al.164 focused on studies published between

1966 and 2007 in which PA and AD were correlated. Out of 24 studies

included, 20 showed a significant and independent preventive effect of exercise

on cognitive decline and dementia. A Finnish study including 1500 individuals

concluded that those who exercised regularly reduced their risk of developing

ADby 60% comparedwith sedentary controls.165 Similar results were obtained

in another study conducted on 2600 older adults.166 Remarkably, Larson

et al.167 noted, during 6 years of follow-up, a reduction of about 40% in the

risk of AD in individuals who exercised 3 days/week exercise. Finally, in a

recent cohort study by Grande et al.,168 conducted in persons with mild cog-

nitive impairment, higher PA levels were associated with a lower risk of AD.

2.4.2 Exercise Prescription
Low-intensity exercise programs are often prescribed in patients with AD,

with special attention to the memory loss and depression these patients usually

suffer.169 The cornerstones of any exercise program should be consistency,

patience, and enjoyment. Simple repetitive activities can help in the early
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stages of an exercise program (i.e., walking and cycling). The ACSM specifies

that activities should be enjoyable, involve large muscle groups, and have a

rate of perceived exertion ranging from 10 to 15 on the 20-point scale. Each

session is suggested to last for 40–60 min (although it may be divided into

15–20 min periods of activity). Since AD patients commonly show a higher

level of restlessness or agitation at the end of the day, along with high levels of

fatigue and tiredness, it is recommended that exercise sessions be performed in

the morning. Exercise should include strength, aerobic, and flexibility train-

ing. Strength training aims to strengthen postural muscles, especially those in

areas of weakness (i.e., quadriceps and hip extensors), with 10–12 repetitions

or fewer, as tolerated. Aerobic exercise aims to maintain cardiorespiratory fit-

ness and musculoskeletal function and is based on walking or cycling, while

flexibility training targets postural muscle groups and joints.

2.4.3 Biological Mechanisms
Evidence for the beneficial effects of exercise on the prevalence of AD has

been provided by human epidemiological studies. However, most biological

mechanisms involved have been identified in animal studies. Several mech-

anisms have been proposed to explain the link between improved

Alzheimer’s symptoms and PA170 (Fig. 1). Oxidative damage leads to a neu-

ron death and, in turn, brain atrophy. Exercise reduces oxidative stress in the

brain by inducing antioxidant enzymes.171–175 In addition, exercise increases

tissue-specific levels of several neurotrophic factors (IGF-1, brain-derived

neurotrophic factor (BDNF), and vascular endothelial growth factor

(VEGF)) that promote neurogenesis, neuroprotection, and survival.176 In

humans, lower levels of serum BDNF have been detected in AD

patients,177 while increasing BDNF levels through aerobic exercise may offer

protective effects in elderly patients.178 BDNF mediates several mechanisms

that could explain why exercise improves cognitive and behavioral perfor-

mance as we have shown in a triple transgenic mouse model of AD.174 In

addition, exercise seems to attenuate the physiopathology of Alzheimer’s

directly by modulating various mechanisms involved in amyloid-β (Aβ) deg-
radation170 such as the neprilysin179 and proteasome systems.180

3. CONCLUDING REMARKS

Exercise exerts positive effects on the major chronic diseases, i.e.,

MS-related disorders, CVD, cancer, and AD. The evidence supporting such

beneficial effects comes not only from epidemiological research but also
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from a growing number of mechanistic studies. Indeed, human and animal

research has given us some insights into the molecular pathways by which

exercise has both preventive and therapeutic (drug-like) effects on the phys-

iopathology of common chronic diseases. These include, among others,

gene expression modulation, decreased inflammation, and several

proteostatic mechanisms, all of which can counteract, at least partially,

disease-induced molecular alterations.
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Claude Bouchard, Figure 1 Schematic description of the sedentary behavior, physical
activity level, exercise training, and fitness domain with its multiple dimensions and
some of its implications.

Claude Bouchard, Figure 2 Distribution of VO2max/kg body weight values in 174 sed-
entary men, 17–35 years of age, from the HERITAGE Family Study (A). Distribution of the
VO2max changes in % of baseline levels in response to a standardized endurance train-
ing program of 20 weeks in the same sedentary subjects (B).
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Joram D. Mul et al., Figure 1 Exercise and insulin regulation of glucose transport.
Proposed model for the signaling pathways mediating exercise- and insulin-induced
skeletal muscle glucose transport. Insulin is initiated by binding to its cell service recep-
tor leading to a cascade of phosphorylation reactions involving IRS-1, PI 3-kinase, and
Akt among other proteins. Exercise works through a proximal signaling mechanism
from that is distinct form that of insulin and is less well defined. It is likely that the prox-
imal exercise signaling mechanism has redundancy as number of stimuli have been
implicated in this process including changes in intracellular Ca2+, the AMP:ATP ratio,
generation of reactive oxygen species, andmechanical stresses. The insulin and exercise
signaling pathways are thought to converge at the level of the Rab GAP proteins
TBC1D1 and AS160, which allow for the release of the GLUT4-containing vesicles from
intracellular stores, translocation to the transverse tubules and sarcolemma, and an
increase in glucose uptake. Adapted from Ref. 50.



Robert C. Noland, Figure 1 Cellular fatty acid uptake and intracellular lipid handling in
skeletal muscle. During moderate-intensity exercise, delivery of lipid (LCFA:albumin and
VLDL-TG) through the circulatory system to skeletal muscle increases. In response,
upregulation of fatty acid transporters at the plasma membrane during exercise
increases fatty acid uptake into skeletal muscle. Additionally, exercise increases lipolysis
of intramuscular triglycerides. Collectively, these actions significantly increase fatty acid
delivery to the mitochondria for use as metabolic fuel during moderate-intensity endur-
ance exercise. Abbreviations: LCFA, long-chain fatty acid; VLDL-TG, very-low-density lipo-
protein triglyceride; FABP-PM, plasma membrane fatty acid-binding protein; FAT/CD36,
fatty acid translocase, cluster of differentiation 36; FATP, fatty acid transport protein;
FABP-C, cytosolic fatty acid-binding protein; ACBP, acyl-CoA-binding protein; IMTG,
intramuscular triglyceride; ATGL, adipose triglyceride lipase; HSL, hormone-sensitive
lipase; MGL, monoacylglycerol lipase; DAG, diacylglycerol; MAG, monoacylglycerol.



Robert C. Noland, Figure 2 Role of the carnitine shuttle in mitochondrial import and
export of fatty acids. Carnitine palmitoyltransferase-1 (CPT-1) converts long-chain
acyl-CoA (LCFA-CoA) into long-chain acylcarnitine (LCFA-carnitine), which subsequently
enters the mitochondria through carnitine–acylcarnitine translocase (CACT). Within the
mitochondrial matrix, carnitine palmitoyltransferase-2 (CPT-2) converts LCFA-carnitine
back into LCFA-CoA, which then enters the β-oxidation pathway for use as metabolic
fuel. The ability of carnitine to facilitate mitochondrial fatty acid import is essential
and supports lipid metabolism during exercise. In the event that mitochondrial lipid
entry overwhelms the requirement for metabolic fuel, excess acyl-CoAs generated
within the β-oxidative pathway can be converted into acylcarnitine esters by CPT-2
or carnitine acetyltransferase (CRAT). The resultant acylcarnitines can then be exported
from the mitochondrial matrix. The ability of carnitine to facilitate the export of excess
acyl moieties from the mitochondrial matrix likely preserves optimal mitochondrial per-
formance during exercise. Abbreviations: ACSL, long-chain acyl-CoA synthetase; PPi,
inorganic pyrophosphate.



Robert C. Noland, Figure 3 Energy cost of triglyceride/fatty acid (TG/FA) cycling. During
exercise, adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) activity
are heightened, which increases mobilization of lipids via lipolysis of triglyceride stores
(adipose tissue and IMTG). Heightened lipolysis can be maintained for prolonged
periods in the postexercise recovery phase when energy demand drops substantially.
Since the mobilized long-chain fatty acids (LCFA) are not utilized as rapidly during the
recovery period, they undergo re-esterification. Together, this phenomenon is referred
to as triglyceride/fatty acid (TG/FA) cycling. Re-esterification of lipids into the TG pool
requires conversion of LCFA to LCFA-CoA via the action of long-chain acyl-CoA synthe-
tase (ACSL). This reaction consumes two ATP equivalents; therefore, TG/FA cycling can
be considered an energy-dependent futile cycle. Abbreviations: IMTG, intramuscular tri-
glyceride; DAG, diacylglycerol; MAG, monoacylglycerol; MGAT, monoacylglycerol
acyltransferase; DGAT, diacylglycerol acyltransferase.



Robert C. Noland, Figure 4 Synergistic coactivation of Ppard by Pgc-1a and Ampk to
enhance lipid utilization and exercise performance. Ligand (L)-activated Ppard
heterodimerizes with the retinoid X receptor (Rxr) and the resultant complex translo-
cates to the nucleus where it binds to a Ppar response element (Ppre) within the
DNA. This increases capillary density and upregulates lipid metabolism pathways, but
has no effect on exercise performance. Pgc-1a and Ampk activation induce mitochon-
drial biogenesis, which modestly enhances exercise performance. During exercise,
Pgc-1a and Ampk bind to the Ppard:Rxr heterodimer complex resulting in a synergistic
improvement in exercise performance. Abbreviations: L, ligand—synthetic agonist or
endogenous fatty acid; Ppard, peroxisome proliferator-activated receptor delta;
Pgc-1a, Ppar-gamma coactivator-1alpha; Ampk, AMP-activated protein kinase alpha;
△, change.
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Philip J. Atherton et al., Figure 1 Schematic showing the use of stable isotope tracers for
the calculation of protein synthesis and breakdown. (A) represents arterio-venous balance
measures, (B) fractional synthetic rate measures. Abbreviation: APE, atom percent excess.



David A. Hood et al., Figure 1 Effect of exercise and training onmitochondrial turnover.
During muscle contraction, action potentials propagate down α-motoneurons which
innervate muscle fibers (1). Electrical signals are transmitted along the sarcolemma
of skeletal muscle and are coupled with the release of Ca2+ from the sarcoplasmic retic-
ulum (2). Increases in intracellular Ca2+ levels allow formuscle contraction to occur, while
also activating Ca2+-sensitive signaling pathways. Contractile activity also consumes cel-
lular ATP, causing a decrease in ATP/ADP ratio and an increase in the formation of AMP,
which can activate AMP-activated protein kinase (AMPK). Reactive oxygen species (ROS)

(Continued)



David A. Hood et al., Figure 1—Cont'd production from the mitochondrial electron
transport chain (ETC) and other intracellular sources are also enhanced during muscle
activity, likely leading to the phosphorylation of kinases such as p38 MAPK (3). These
signal transduction pathways target transcription factors (TFs), as well as the transcrip-
tional coactivator peroxisome proliferator-activated receptor γ coactivator-1α (PGC-1α),
which stimulates mitochondrial biogenesis (4), among other beneficial adaptations
to skeletal muscle. PGC-1α is especially critical in augmenting the transcription of
NuGEMPs, which need to be translated and imported into the mitochondrion. Addition-
ally, other nuclear-encoded factors such as mitochondrial transcription factor A (Tfam)
must be imported into the mitochondrion, where they can interact with mitochondrial
DNA (mtDNA) to assist the expression of mtDNA-encoded subunits of the ETC (5). This
coordinated expression of both nuclear and mitochondrial genomes is key to the
expansion of the mitochondrial pool. Chronic muscle activity also increases the ratio
of fusion-to-fission proteins, promoting the fusion of mitochondria to form a reticular
network (6). Essential mammalian skeletal muscle fusion proteins involved in these pro-
cesses include Mfn2 and the inner mitochondrial membrane protein Opa1, which are
necessary for fusion of the outer and inner mitochondrial membranes, respectively.
Under conditions of cellular stress, mitochondrial fission can occur, allowing for the iso-
lation of dysfunctional components of the organelle (7). Mitochondrial fission is exe-
cuted by the formation of a Drp1 oligomer and can occur due to a reduction in
mitochondrial membrane potential (Ψmt) to a portion of the organelle. Mitochondrial
fission precedes apoptosis, and exercise training can reduce the susceptibility of both
skeletal and cardiac muscle to this process, likely by reducing release of proapoptotic
factors, such as cytochrome c and apoptosis-inducing factor (AIF) from the mitochon-
drion (8). Mitochondrial fission is also coupled withmitophagy, the specific degradation,
and recycling of dysfunctional mitochondria through the autophagosome–lysosomal
system (9). This process is thought to occur through AMPK/ULK1 signaling, in cooper-
ation with the activation of other mitochondrial-specific kinases and ubiquitin ligases,
such as Parkin. The activation of this pathway is also crucial for the formation of the
autophagosomal membrane, which occurs through the Atg7-mediated lipidation of
LC3-I with phosphatidylethanolamine (PE), to form LC3-II (10). Specific interactions
between ubiquitinated proteins (Ub) on themitochondrion and autophagosomal mem-
brane are facilitated by p62, ensuring the precise engulfment of the malfunctioning
component of the mitochondrial network. The autophagosome subsequently fuses
with a lysosome, and its cargo is degraded and recycled within the cell (11).
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Thomas Tsiloulis and Matthew J. Watt, Figure 1 Adipose tissue localization and com-
position in humans. (A) White and brown adipose tissue is located in various anatomical
locations in humans. Subcutaneous adipose tissue is located under the skin and
includes the abdominal and gluteal–femoral depots. Visceral adipose tissue is located
near the digestive organs and includes the omental and mesenteric adipose tissue
depots. (B) The vast majority of the adipose tissue mass is composed of adipocytes.
There are many other cell types that constitute adipose tissue. It is highly vascularized
and contains a number of immune cells* such as B cells, mast cells, Tregs (T regulatory
cells), macrophages, leukocytes, and lymphocytes.
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Thomas Tsiloulis and Matthew J. Watt, Figure 2 Regulatory control of lipolysis. Lipo-
lytic and antilipolytic hormones act through their receptors to activate signaling path-
ways. Thereafter, changes in the cellular localization of key lipolytic proteins, their
phosphorylation state, and protein–protein interactions dictate the breakdown of tri-
glyceride stored in lipid droplets. The red arrows denote inhibitory pathways, and the
blue arrows stimulatory pathways of lipolysis. Abbreviations: AC, adenylyl cyclase;
ATP, adenosine triphosphate; ATGL, adipose triglyceride lipase; CGI-58, comparative
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Elijah Trefts et al., Figure 1 Hepatic energy discharge in response to short term and
exhaustive exercise in C57Bl/6J mice. Hepatic energy charge decreases with exercise
and becomes critically lowwith exhaustive exercise (top). Skeletal muscle energy charge
is not affected by exercise. The decrease in energy charge is associated with an increase
in hepatic AMPK activation (bottom). Energy charge is calculated by the equation
(ATP+0.5ADP)/(ATP+ADP+AMP). Data are mean�SE. *Significantly different from
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Substrate fluxes accelerated by exercise
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these processes are accelerated by physical exercise.
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provide energy in the form of glucose, recycle carbon-based metabolites, and prevent
nitrogen toxicity. The demand on these pathways is accentuated during exercise and
driven by glucagon secreted from pancreatic alpha-cells.
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Elijah Trefts et al., Figure 4 Net hepatic glucose uptake in dogs following 150 min of
exercise or an equivalent sedentary period. Glucose was infused into a portal vein to
increase the liver glucose supply by twofold, and arterial glucose was clamped at
180 mg dl�1. Insulin was infused at basal rates (0.2 mU kg�1 min�1) or at rates designed
to simulate a meal (1.2 mU kg�1 min�1). *p�0.05 versus basal insulin. †p�0.05 versus
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Liver is a metabolic hub
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Elijah Trefts et al., Figure 5 The liver is exquisitely sensitive to the actions of glucagon,
exceeding glucagon sensitivity in the sedentary state (inset). Glucagon action is fully
manifested during exercise because (i) the increased glucose utilization of working mus-
cle prevents the hyperglycemia that accompanies an experimental increase in glucagon;
(ii) prolonged exercise creates a physiological environment that supports gluconeogen-
esis as gluconeogenic substrates are mobilized from muscle, adipose, and intestine; and
(iii) exercise causes a fall in insulin that sensitizes the liver to glucagon.
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T. Dylan Olver et al., Figure 1 Mechanical and metabolic factors involved in exercise
training-induced vascular adaptations. Schematic representation of vascular adaptation
in skeletal muscle, coronary, and cerebral vascular tissues. Stimuli include mechanical
influences, interluminal metabolites, soluble release factors, and neurohumoral factors.
Specific receptor upregulation associated with vascular remodeling and a generalized
signaling mechanism are included (inset). Abbreviations: ATP, adenosine triphosphate;
NE, norepinephrine; NPY, neuropeptide Y; Ach, acetylcholine, PGE2, prostaglandin E2;
GABA, gamma aminobutyric acid; VEGFR1/Flt-1, vascular endothelial growth factor
receptor 1; VEGFR2/Flk-1, vascular endothelial growth factor receptor 2; VEGFR3/Flt-4,
vascular endothelial growth factor receptor 3; IGF-1 receptor, insulin-like growth factor
receptor; NO, nitric oxide; H+, hydrogen ion; VEGF, vascular endothelial growth factor;
Ang2, angiopoietin; PDGF, platelet-derived growth factor; IGF-1, insulin-like growth
factor; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; Akt, protein kinase B;
eNOS, endothelial nitric oxide synthase; mTORC1, mammalian target of rapamycin
complex 1; EC, endothelial cell; SMC, smooth muscle cell.
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Michael Kjaer et al., Figure 1 A schematic representation of the connective tissue in the
musculoskeletal system. The analogy to the transformation of force applied to bicycle
pedals, through the chain and the resulting wheel turn, is similar to the muscle cell
contraction, the force transmission through the intramuscular connective tissue
(IMCT), the myotendinous junction (MTJ), the tendon, over the ligament-stabilized joint
with its cartilage, and to the bone tissue, resulting in limb movement.

Sven W. G€orgens et al., Figure 1 The adipo-myokine concept. A search of original arti-
cles in PubMed was performed for the major exercise-regulated myokines and
adipokines to identify molecules that were produced and secreted in both tissues.
The term adipo-myokines was used for proteins fulfilling both of these criteria. The sea-
rch terms we used were “skeletal muscle” or “adipose tissue,” “myokine” or “adipokine,”
and “exercise.”



Sven W. G€orgens et al., Figure 2 Scheme for the approach to selecting published stud-
ies. A search of original articles in PubMed was performed to identify myokines,
adipokines, or adipo-myokines, which satisfied all of the following criteria: Themolecule
must be human and detectable in serum or plasma. Furthermore, the molecule must be
regulated by either acute or chronic exercise and expressed in skeletalmuscle or adipose
tissue. The protein has to be secreted by adipocytes or myocytes. The search terms we
usedwere “skeletalmuscle”or “adipose tissue,” “myokine”or “adipokine,” and “exercise.”



SvenW. G€orgens et al., Figure 3 Differential effects of acute and chronic exercise. After
acute exercise, a high number of myokines are secreted by skeletal muscle exerting a
variety of endocrine effects. Acute induction of myokines like myostatin, IL-7, decorin,
and LIF is involved in the regulation of muscle hypertrophy and may play a role in
exercise-related restructuring of skeletal muscle. The high level of circulating IL-6 after
exercise induces an anti-inflammatory environment by inducing the production of
IL-1ra and IL-10, and also inhibits TNFα production. Furthermore, IL-6 has metabolic
effects, by affecting insulin-stimulated glucose disposal and fatty acid oxidation. The
myokine FSTL1 has protective effects on ischemia–reperfusion injury in muscle and
heart tissue. On the other hand, regular exercise training induces a reduction of adipose
tissue-derived pro-inflammatory cytokines like IL-6, TNFα, and MCP-1, which are asso-
ciated with low-grade systemic inflammation and a reduction of whole-body insulin
sensitivity. Exercise training has been reported to reduce central adiposity independent
of overall weight changes, and this may represent an additional mechanism of the anti-
inflammatory action of chronic exercise training.
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Jacob Allen et al., Figure 1 The effects of acute exercise on skeletal muscle and sys-
temic inflammation. Abbreviations: IL, interleukin; ROS, reactive oxygen species; TLR,
toll-like receptor; ra, receptor antagonist.
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may manifest from both adipose-dependent and -independent mechanism. Abbrevia-
tions: IL, interleukin; SOD, superoxide dismutase; GPx, glutathione peroxidase.
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Richard J. Simpson et al., Figure 1 The “open-window” hypotheses adapted from the
originalmodel proposed by Pedersen andUllum.54 A single bout of exercise is associated
with an initial enhancement in immune function that is quickly followed by a transient
period of immune depression (the “open window”) that can last for 3–72 h after the ini-
tial exercise bout (although in most cases immune function is restored to normal levels
within 24 h). It is believed that this “open window” leaves the host susceptible to oppor-
tunistic infections. If a secondbout of exercise is performedduring thewindow (i.e., with-
out adequate recovery), then the exercise-induced enhancement in immunity is blunted
and the postexercise immune depression ismore severe and prolonged (i.e., thewindow
is openedwider and for longer), rendering the athletemore susceptible to infection. The
response is exacerbated with subsequent exercise bouts that, if completed without ade-
quate recovery, may result in a state of chronic immune suppression (a third bout is used
here for illustrative purposes, but in reality, it is likely to be many more).

Gilian F. Hamilton and Justin S. Rhodes, Figure 1 Wheel-running paradigm.
(A) A standard laboratory cage where a mouse has 24-h access to a running wheel.
(B) Standard laboratory cage without a running wheel.



Gilian F. Hamilton and Justin S. Rhodes, Figure 2 Morris Water Maze. A photo of a
mouse in the middle of a trial. For this task, the animal is placed in one of the four car-
dinal starting points, and then using landmarks around the room, it must navigate the
water as quickly as possible to find the platform that is submerged under the water
(note the black dot in the bottom left-hand corner).

Gilian F. Hamilton and Justin S. Rhodes, Figure 4 Gross anatomy of the hippocampus.
The hippocampus is located in the medial temporal lobe of the brain.
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Frank C. Mooren and Karsten Krüger, Figure 1 Suggested mediators and signaling
pathways on lymphocyte and neutrophil apoptosis during exercise.



Marni D. Boppart et al., Figure 1 Introduction to stem cells. Embryonic stem cells (ESCs) are important for development of a fetus andmay be
extracted from the inner cell mass of the blastocyst for the purpose of ESC-based therapies. Adult or somatic stem cells (ASCs) reside in the
body after birth for the purpose of routine remodeling or repair and regeneration of tissues following injury. While some ASCs retain
multilineage potential, the majority are unipotent and differentiation capacity is limited to the tissue type in which they reside. Positive health
outcomes associated with exercise, including enhanced repair and improvements in function, may occur as a result of alterations in ASC
quantity and/or function in a variety of tissues. Reprinted with permission from O'Connor and Crystal.1
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Marni D. Boppart et al., Figure 2 HSPC response to acute exercise. HSPCs (open circles),
located in the bone marrow and enriched within the LSK (mouse) and CD34 (human)
populations, are mobilized from their bone marrow niche to peripheral blood peaking
at around 15 min following an acute, maximal exercise bout. HSPC quantity in periph-
eral blood returns to preexercise levels rapidly following acute exercise. It is believed
that mobilized HSPCs are involved in tissue repair.

Marni D. Boppart et al., Figure 5 Skeletal muscle resident stem cells. Satellite cells
(Pax7+) reside in the space between the sarcolemma and the basal lamina and are
required for repair and regeneration of the myofiber following injury. Satellite cell acti-
vation in response to injury includes upregulation of the myogenic regulatory factors
Myf5 and MyoD and asymmetric cell division. Newly formed myoblasts or myocytes
can fuse with damaged fibers or fuse together to form new fibers in the muscle
environment. Pax7� (nonsatellite) stem cells (interstitial cells) and pericytes are located
outside the basal lamina in close proximity to vessels. The majority of nonsatellite stem
cells in muscle contribute to repair via secretion of factors that allow for satellite cell
activation. Reprinted with permission from Dr. Péter Balogh, University of Pecs, Hungary.



Mark Hargreaves, Figure 2 Overview of the molecular events involved in the exercise-
induced increase in GLUT4 expression in human skeletal muscle. Reproduced from
Richter and Hargreaves33 with permission.
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Helios Pareja-Galeano et al., Figure 1 Themain biological effects of physical activity on
metabolic disorders, cardiovascular disease, Alzheimer's disease, and cancer.
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