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ABSTRACT 
 

Mitochondria are key components of skeletal muscles as they provide the energy required for almost 

all cellular activities. Different forms of exercise training have been associated with mitochondrial 

adaptations, such as increased mitochondrial content and function, and enhanced mitochondrial 

biogenesis, as well as improved endurance performance. High-intensity interval training and sprint 

interval training have been demonstrated to be the most effective training modalities to induce 

mitochondrial adaptations. However, surprisingly, greater changes in mitochondrial content and 

biogenesis were also observed after repeated resistance training interventions separated by prolonged 

detraining. This mechanism, defined muscle memory, has been well established for hypertrophy and 

skeletal muscle growth in response to resistance training and it has been related to the retention of 

acquired myonuclei or epigenetic modifications. Thereby, even mitochondrial adaptations might be 

influenced by muscle memory, but it remains to be explored whether repeated endurance training 

interventions can rely on the same mechanism. Therefore, the overarching aim of the present thesis 

was to investigate the potential presence of mitochondrial memory in response to repeated high-

intensity endurance training interventions. An experimental design composed of two periods of 8 

weeks of interval training interspersed by 3 months of detraining was conducted on murine model 

and humans. In mice, maximal running velocity (Vmax) by graded exercise test (GXT) on a rodent 

treadmill. In addition, biomarkers of mitochondrial biogenesis and content, and fusion-fission 

mitochondrial key factors were analyzed on gastrocnemius muscle by western Blot. Results revealed 

that endurance performance improved to a greater extent after retraining than training. This functional 

adaptation was supported by a larger mitochondrial content resulting from a more pronounced 

mitochondrial biogenesis response after retraining. Mitochondrial dynamics were shifted mainly 

towards fusion, suggesting larger and more elongated mitochondria and finally, the retraining period 

elicited increased mitophagic flux, which, associated with a smaller increment in the amount of 

respiratory chain complexes, suggests an improvement in clearance of damaged mitochondria in 

order to ensure healthier mitochondria and more efficient respiratory function. In humans, maximal 

aerobic capacity and peak power output were measured and muscle sample from vastus lateralis was 

used for mitochondrial respiration and epigenetic analysis. Mitochondrial function resulted in a 

greater improvement after high intensity aerobic stimulus when previous exposure to an identical 

stimulus has been occurred separated by long-term period of stimulus cessation. The underlying 

mechanism could reside in epigenetic modifications induced by interval training which led to DNA 

hypomethylation. Two memory profiles were highlighted at epigenetic level characterized by 

retention of hypomethylation even during the prolonged detraining period and involving differentially 
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methylated regions related with genes implicated in skeletal muscle metabolic pathways. Overall, 

these studies provided evidence for a skeletal muscle memory mechanism, specifically at 

mitochondrial level, elicited by high-intensity aerobic training that affects muscle aerobic phenotype 

initiating at the epigenetic level and extends upstream to affect mitochondrial function and endurance 

performance. 

 

In addition, a methodological project was carried out to assess a novel in vivo approach to estimate 

muscle oxygen diffusion capacity (DmO2). DmO2 is indeed a crucial component in the O2 cascade 

during exercise along with the microvascular-to-intramyocyte PO2 difference. Non-invasive methods 

to determine DmO2 in humans are currently unavailable. Muscle oxygen uptake (mV̇O2) recovery 

rate constant (k), measured by near-infrared spectroscopy (NIRS) in well-oxygenated muscle, is 

associated with muscle oxidative capacity in vivo. We reasoned that k would be limited by DmO2 

when muscle oxygenation is low providing an experimental condition to estimate DmO2 using 

specific arterial occlusions NIRS protocol. We measured mV̇O2 k in limiting and not-limiting O2 

conditions and muscle sample were obtained from biopsy to measure ex vivo muscle oxidative 

capacity by respirometry and capillary-to-fiber ratio. Results showed that mV̇O2 k reflects muscle 

oxidative capacity only in well-oxygenated muscle. ∆k, the difference in k between well- and poorly-

oxygenated muscle, was associated with capillary-to-fiber ratio, a mediator of DmO2. Assessment of 

muscle k and ∆k using NIRS provides a non-invasive window on both muscle oxidative capacity and 

O2 diffusing capacity. 

  



III 

TABLE OF CONTENTS 

ABSTRACT ........................................................................................................................................ I 
TABLE OF CONTENTS ............................................................................................................... III 
LISTS OF FIGURES ........................................................................................................................ V 
LISTS OF TABLES ....................................................................................................................... VII 
LISTS OF ABBREVIATIONS ................................................................................................... VIII 
INTRODUCTION .............................................................................................................................. 1 

MITOCHONDRIA ........................................................................................................................ 4 
Mitochondrial Morphology ..................................................................................................... 4 
Intrafibrillar and Peripheral Mitochondria ........................................................................... 5 
Mitochondrial Function ........................................................................................................... 9 
Mitochondrial Biogenesis ....................................................................................................... 10 
Mitochondrial Dynamics ........................................................................................................ 13 

PHYSIOLOGICAL RESPONSES TO EXERCISE AND TRAINING ADAPTATIONS ... 17 
Physiological bases of cardio-respiratory and metabolic responses to exercise ............... 18 
Training modalities and Interval Training .......................................................................... 20 
Training Adaptations ............................................................................................................. 21 
Molecular bases of Skeletal Muscle Adaptations ................................................................. 23 
Contraction-Induced Signal Transduction Pathways in Skeletal Muscle ......................... 26 
Mitochondrial Adaptations and Endurance Training ........................................................ 30 
Summary ................................................................................................................................. 32 

DETRAINING ............................................................................................................................. 33 
Cardiovascular and metabolic responses to detraining ...................................................... 33 
Skeletal muscle responses to detraining ............................................................................... 36 
Summary ................................................................................................................................. 37 

EPIGENETIC .............................................................................................................................. 38 
Histone modifications ............................................................................................................. 39 
Micro RNA .............................................................................................................................. 39 
DNA methylation .................................................................................................................... 40 

MUSCLE MEMORY .................................................................................................................. 50 
Resistance muscle memory .................................................................................................... 50 
Epi-memory to resistance training ........................................................................................ 52 
Aerobic muscle memory ......................................................................................................... 53 
Epi-memory to endurance training ....................................................................................... 56 
Summary ................................................................................................................................. 57 



 

IV 

AIMS ................................................................................................................................................. 58 
STUDY 1 ........................................................................................................................................... 60 

Near-infrared spectroscopy estimation of combined skeletal muscle oxidative capacity and 
O2 diffusion capacity in humans ................................................................................................ 61 

ABSTRACT ........................................................................................................................................... 61 
INTRODUCTION .................................................................................................................................. 62 
MATERIALS AND METHODS ........................................................................................................... 64 
RESULTS ............................................................................................................................................... 71 
DISCUSSION ........................................................................................................................................ 76 
CONCLUSIONS .................................................................................................................................... 80 

STUDY 2 ........................................................................................................................................... 81 
Two repeated interventions of high-intensity interval training induce different functional 
and molecular adaptations of skeletal muscle in mice ............................................................. 82 

ABSTRACT ........................................................................................................................................... 82 
INTRODUCTION .................................................................................................................................. 83 
MATERIALS AND METHODS ........................................................................................................... 85 
RESULTS ............................................................................................................................................... 92 
DISCUSSION ...................................................................................................................................... 100 
CONCLUSION .................................................................................................................................... 103 

STUDY 3 ......................................................................................................................................... 105 
Human skeletal muscle possesses an epigenetic memory of high intensity interval training 
affecting mitochondrial function ......................................................................................... 106 
ABSTRACT ......................................................................................................................................... 106 
INTRODUCTION ................................................................................................................................ 107 
MATERIALS AND METHODS ......................................................................................................... 110 
RESULTS ............................................................................................................................................. 125 
DISCUSSION ...................................................................................................................................... 147 
CONCLUSIONS .................................................................................................................................. 153 

DISCUSSION ................................................................................................................................. 154 
CONCLUSION ............................................................................................................................... 158 
REFERENCES ............................................................................................................................... 161 
 

 

 

  



V 

LIST OF FIGURES 
 

Figure 1. Muscle contraction…………………………………………………………………………………3 
 

Figure 2. Skeletal muscle mitochondria……………………………………………………………………...8 
 

Figure 3. Mitochondrial energy metabolism……………………………………………………………….10 
 

Figure 4. Wagner diagram analysis of training-induced perfusive and diffusive adaptations to 
endurance training……………………………………………………………………………….…….23 

 

Figure 5. The Molecular Basis of Adaptation to Exercise………………………………………………….25 
 

Figure 1 (Study 1). Study design and muscle recovery rate constant (k) protocol by NIRS……………65 
 

Figure 2 (Study 1). Representative tissue saturation index (TSI) responses during repeated arterial 
occlusions of the quadriceps following moderate exercise in LOW and HIGH conditions……...….68 

 

Figure 3 (Study 1). Individual test-retest reliability of muscle oxidative capacity by NIRS……………..73 
 

Figure 4 (Study 1). Muscle capillarization from two participants………………………………………...74 
 

Figure 5 (Study 1). Association between in vivo (NIRS) and ex vivo (biospy) estimation of (A-B) skeletal 
muscle OXPHOS capacity and (C) skeletal muscle capillary density………………………………..75 

 

Figure 1 (Study 2). Schematic diagram of the experimental design……………………………………….85 
 

Figure 2 (Study 2). Maximal velocity from graded exercise test…………………………………………..92 
 

Figure 3 (Study 2). Mitochondrial content biomarkers……………………………………………………93 
 

Figure 4 (Study 2). Mitochondrial biogenesis biomarkers………………………………………………...94 
 

Figure 5 (Study 2). Mitochondrial fusion dynamics biomarkers………………………………………….95 
 

Figure 6 (Study 2). Mitochondrial fission dynamics biomarkers………………………………………….96 
 

Figure 7 (Study 2). Mitophagy biomarkers………………………………………………………………...97 
 

Figure 8 (Study 2). Mitochondrial respiratory chain complexes………………………………………….99 
 

Figure 1 (Study 3). Peak values of parameters from incremental exercise before and after exposure to 
two identical interval training interventions separated by 3-month of detraining………………...127 

 

Figure 2 (Study 3). Oxygen uptake kinetics during constant work-rate exercise before and after exposure 
to two identical interval training interventions separated by 3-month of detraining……………...128 

 

Figure 3 (Study 3). Muscle oxidative capacity by NIRS before and after exposure to two identical 
interval training interventions separated by 3-month of detraining………………………………..129 

 

Figure 4 (Study 3). Mass-specific mitochondrial respiration capacity before and after exposure to two 
identical interval training interventions separated by 3-month of detraining……………………..131 

 

Figure 5 (Study 3). Mitochondrial respiration capacity changes in training and retraining 
intervention……………………………………………………………………………………………132 

 

Figure 6 (Study 3). Mitochondrial respiration capacity changes in training and retraining 
intervention……………………………………………………………………………………………133 

 

Figure 7 (Study 3). Mitochondrial content biomarkers across repeated interval training interventions 
separated by 3-month of detraining………………………………………………………………….134 

 

Figure 8 (Study 3). Mitochondrial biogenesis biomarkers across repeated interval training interventions 
separated by 3-month of detraining………………………………………………………………….135 

 



 

VI 

Figure 9 (Study 3). Mitochondrial dynamics biomarkers across repeated interval training interventions 
separated by 3-month of detraining………………………………………………………………….136 

 

Figure 10 (Study 3). Mitophagy biomarkers across repeated interval training interventions separated 
by 3-month of detraining…………………………………………………………………………...…137 

 

Figure 11 (Study 3). Electron transport chain complexes protein expression across repeated interval 
training interventions separated by 3-month of detraining…………………………………………138 

 

Figure 12 (Study 3). Myosin heavy chain isoform composition across repeated interval training 
interventions separated by 3-month of detraining…………………………………………………..139 

 

Figure 13 (Study 3). Capillarization across repeated interval training interventions separated by 3-
month of detraining…………………………………………………………………………………...140 

 

Figure 14 (Study 3). Differentially methylated CpG sites frequency following training, detraining and 
retraining compared to baseline…………………………...…………………………………………142 

 

Figure 15 (Study 3). MAPK signaling KEGG pathway…………………………………………………..143 
 

Figure 16 (Study 3). Venn diagram overlapping DMPs in training, detraining and retraining compared 
to baseline……………………...……………………………………………………………………....144 

 

Figure 17 (Study 3). SOM profiling depicting the temporal regulation of DMPs over the time-course of 
baseline, training, detraining and retraining…..…………………...………………………………..145 

 

Figure 18 (Study 3). Individual DMPs in Signature 2 identified by self-organising map (SOM)………146 
 

  



VII 

LIST OF TABLES 
 

Table 1 (Study 1). Mitochondrial O2 flux in permeabilized muscle fibers………………………74 

Table 1 (Study 2). List of primary and secondary antibodies used………………………………89 

Table 1 (Study 3). Participant characteristics at the initial screening test.…………………….110 

Table 2 (Study 3). List of primary and secondary antibodies used…………………………..…119 

Table 3 (Study 3). Parameters from incremental exercise at the limit of tolerance……………126 

Table 4 (Study 3). Mass-specific mitochondrial respiration capacity…………………….……130 

  



 

VIII 

LIST OF ABBREVIATIONS 
∆k difference between kHIGH and kLOW 

[La]b  blood lactate concentration 

∆pH electrochemical proton gradient 

∆Ψm mitochondrial membrane potential 

1RM maximal repetition 

5hmC 5-hydroxymethyl cytosine 

5mC 5-methylcytosine  

A amplitude 

ACC acetyl-CoA carboxylase  

acetyl-CoA acetyl coenzyme A 

ACh acetylcholine 

ADP adenosine diphosphate 

AMP adenosine monophosphate 

AMPK 5′-adenosine-monophosphate-activated protein kinase 

ANT adenine nucleotide translocase 

ATF2 activating transcription factor 2  

ATG7  autophagy-related gene 7 

ATP adenosine triphosphate 

ATP5A  ATP synthase F1 subunit alpha 

BCD bisulfite converted DNA  

BSA bovine serum albumin  

C cytosine nucleotide  

C:F capillary-to-fiber ratio 

Ca2+ calcium ions 

CaMK Ca2+-calmodulin-dependent protein kinase 

cAMP  cyclic-AMP 

CaO2  arterial O2 concentrations  

CD capillary density  

CH3 methyl group 

CI complex I or NADH-Q reductase 

CII complex II or succinate-coenzyme Q reductase 

CIII complex III or cytochrome reductase 

CIV complex IV or cytochrome c oxidase 

CV complex V or ATP synthase 

CI+IIE maximal electron transport system capacity through CI+II  

CI+IIP maximal oxidative phosphorylation capacity through CI+II  

CIIE maximal electron transport system capacity through CII  

CIL leak respiration through CI 

CIP maximal oxidative phosphorylation capacity through CI  

CO2  carbon dioxide 

CoA coenzyme A 

COX cytochrome c oxidase  



IX 

CpG 5’-cytosine-phospate-guanine-3’ dinucleotide pairing  

CREB cyclic AMP-responsive element binding  

CS citrate synthase 

CSA  cross-sectional area 

CV coefficient of variation  

CvO2  venous O2 concentrations  

CWR constant work-rate  

DAB diaminobenzidine  

DmO2 muscle oxygen diffusion capacity 

DMP differentially methylated position 

DMR differentially methylated region  

DMSO dimethyl sulfoxide  

DNA deoxyribonucleic acid 

DNMT DNA methyltransferase 

Drp1 dynamin-related protein 1  

Drp1Ser616 phosphorylated state Drp1 at serine 616  

Drp1Ser637 phosphorylated state Drp1 at serine 637 

E maximal ETS capacity 

EIF2  eukaryotic initiation factor 2 

ERRs estrogen-related receptors  

ETC electron transport chain 

F0 ATP synthase proton translocation complex 

FADH2 flavin adenine dinucleotide 

FAT fatty acid transporter 

FCCP carbonyl cyanide-p trifluoromethoxyphenylhydrazone  

Fis1 fission protein 1  

FTa type IIa fast-twitch 

FTb type IIx fast-twitch 

G guanine nucleotide  

GET gas exchange threshold  

GLUT glucose transporter 

GO  gene ontology 

GTP guanosine triphosphate 

GXT graded exercise test 

H+ hydrogen ion 

H2O water 

H2O2 hydrogen peroxide 

Hb hemoglobin  

HDAC histone deacetylase 

HIF hypoxia-inducible factor  

HIIT high-intensity interval training  

HK hexokinase  

HR heart rate  

Hsp70 heat shock protein 70  



 

X 

HV-HIIT high-volume HIIT 

ICC intraclass correlation coefficient  

IFM intrafibrillar mitochondria 

IL-6 interleukine 6 

IMM inner mitochondrial membrane 

IMS mitochondrial intermembrane space 

IT interval training  

k recovery rate constant 

L leak respiration 

LDH lactate dehydrogenase 

LKB1 liver kinase B1  

LV-HIIT low-volume HIIT  

MAPK mitogen-activated protein kinase 

Mb myoglobin  

MEF2 myocyte-specific enhancer factors 2 

Mff mitochondrial fission factor  

Mfn1 mitofusin 1  

Mfn2 mitofusin 2 

MHC  myosin heavy chain 

MICT moderate intensity continuous training  

MiD49  mitochondrial dynamics proteins of 49 kDa 

MiD51 mitochondrial dynamics proteins of 51 kDa 

miRNA micro-RNA 

mRNA messenger RNA  

MTCO1 cytochrome c oxidase subunit 1 

mtDNA mitochondrial DNA 

mTOR  mammalian target of rapamycin 

mTORC  mammalian target of rapamycin complex 

mV̇O2 muscle oxygen uptake 

Na+ sodium ion 

NAD nicotinamide adenine dinucleotide 

NADH nicotinamide adenine dinucleotide 

nDNA  nuclear DNA 

NDUFB8 NADH:ubiquinone oxidoreductase subunit B8 

NFAT nuclear factor of activated T-cells 

NIRS near-infrared spectroscopy 

NR4A1 nuclear receptor subfamily 4A1 

NRF nuclear respiratory factor 

O/N overnight  

O2 oxygen 

OCT  optimal cutting temperature compound 

OMM outer mitochondrial membrane 

OPA1 optic atrophy 1  

OXPHOS oxidative phosphorylation 



XI 

p phosphate group 

P maximal oxidative phosphorylation 

pACC phosphorylated ACC 

PAM  presequence translocase-associated motor 

pAMPK  phosphorylated AMPK 

PCA principle component analysis  

PCr phosphocreatine  

PDK4  pyruvate dehydrogenase kinase 4 

PGC-1α peroxisome proliferator receptor-γ co-activator-1α  

Pi inorganic phosphate 

PimO2  O2 partial pressure in intramyocyte   

PINK1 PTEN-induced putative kinase protein 1  

PKA  protein kinase A 

PM peripherally located mitochondria 

PmvO2  O2 partial pressure in microvasculature  

PN physiological normalization  

PPAR peroxisome proliferator activated receptor 

PVDF polyvinylidene fluoride  

Q̇ cardiac output 

r pearson coefficient  

RBC red blood cells  

RER  respiratory exchange ratio 

RNA ribonucleic acid 

ROS reactive oxygen species 

RPE rating of perceived exertion  

RT room temperature 

SAM  sorting and assembly machinery 

SD standard deviation  

SDHB succinate dehydrogenase complex iron-sulfur subunit B 

SIRT sirtuin 

Sirtuin silent mating type information regulation 2 homolog protein 

SIT sprint interval training  

SNP single-nucleotide polymorphisms  

SOM self organizing map  

SQSTM1 sequestosome-1 

SR sarcoplasmic reticulum 

SRS spatially-resolved spectroscopy  

ST slow-twitch oxidative fibers 

SV stroke volume  

TCA tricarboxylic acid cycle 

TD time delay  

TET ten-eleven translocation enzyme 

TFAM mitochondrial transcription factor A  

TFB1M mitochondrial transcription factor B1 



 

XII 

TFB2M mitochondrial transcription factor B2 

TIM22  carrier translocase of the inner membrane 

TIM23  presequence translocase of the inner membrane 

TNF-α tumor necrosis factor α 

TOM  translocase of the outer membrane 

TSI tissue saturation index  

UCP uncoupling protein 

UQCRC2 ubiquinol-cytochrome c reductase core protein 2 

UTR  untranslated region 

VDAC voltage-dependent anion channel  

VE pulmonary ventilation 

VEGF vascular endothelial growth factor 

Vmax maximal running velocity 

V̇O2 oxygen uptake  

W power output 

Δ[deoxy(Hb+Mb)] deoxy-(hemoglobin+myoglobin) 

Δ[diff(Hb+Mb)]  hemoglobin and myoglobin difference 

Δ[oxy(Hb+Mb) oxy-(hemoglobin+myoglobin) 

Δ[tot(Hb+Mb)]  total hemoglobin and myoglobin  

τ  time constant 
 

 



1 

 

 

 

 
 

CHAPTER 1 
INTRODUCTION 

  



INTRODUCTION 

2 

The human body is an amazing, fascinating and impressive organism. As well explained in 

Lieberman's famous paper published in Nature under the title "Born to Run" and as asserted by 

evolutionary biology research on the basic structure of the human anatomy, physiology and genome, 

the human body is designed for movement. Body movements rely on the highly coordinated 

mechanical interaction between skeletal muscles and bones which is able to generate force and create 

relative movement of body segments for posture, locomotion and limb motion, under the control of 

the nervous system. Skeletal muscle is one of the most dynamic and plastic tissues of the human 

body. It constitutes about 40-50% of the total body weight and, in addition to movement, is even 

responsible for bioenergetic homeostasis and energy balance through a large variety of physiological 

processes. Apart from contractile fibers, skeletal muscle is composed of various integrated tissues, 

including blood vessels, nerve fibers, and connective tissue. Human skeletal muscle fibers are large, 

multinucleated cells highly organized in bundles called fascicles. In humans, there are three different 

types of fibers: type I, type IIA and type IIX. The type I fibers are slow-twitch oxidative fibers (ST) 

that can produce relatively low amount of force over a long period of time. Type IIA and IIX are fast-

twitch (FTa and FTb respectively), more glycolytic fibers that have higher force production but low 

resistance to fatigue. Within each muscle fiber, myofibrils are the main contractile structures. Each 

myofibril is organized in repeated functional units, called sarcomeres, composed of thin actin 

filaments and thick myosin filaments. The process of muscular fiber shortening occurs through the 

insertion of thin actin filaments in between the thick ones of myosin. The whole process is regulated 

by troponin and tropomyosin regulatory proteins and it requires the release of calcium ions from 

sarcoplasmatic reticulum and adenosine triphosphate (ATP) molecules, being the latter kept 

approximately constant and continuously replaced from a complex bioenergetic system. 

 

Muscle Bioenergetics. According to the first law of thermodynamics which states energy can neither 

be created nor destroyed, but it can only change form, skeletal muscle fibers have the capability to 

convert chemical energy from biological fuels into mechanical energy of muscle contraction. Indeed, 

sarcomeres changes in length relies on the interactions between the thin actin and the thick myosin 

filaments through the hydrolysis of ATP molecules, where the energy is released from the breakdown 

of ATP into ADP (adenosine diphosphate) and free phosphate. The availability of ATP, the main 

energy molecule of the human organism, is critical for the skeletal muscle contractile activity but it 

is also fundamental for other cellular functions. In addition to myofilament cross-bridge cycle 

(myosin ATPase), ATP is required for the activity of key enzymes involved in membrane excitability 

(Na+/K+ ATPase) and sarcoplasmic reticulum calcium handling (Ca2+ ATPase). Therefore, ATP 

needs to be continuously replaced. During short-lasting and intense exercise, the main source of 
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energy for contraction comes directly from the hydrolysis of the ATP available within the muscle 

cells. Simultaneously, chemical energy from creatine phosphate is transferred to form new ATP 

molecules. For work performed up to 90 seconds, anaerobic or glycolytic metabolism provides most 

of the ATP needed. Over longer periods of work, ATP is mainly produced by mitochondria through 

aerobic metabolism. ATP production into the mitochondria is the final step of a complex biochemical 

process defined oxidative phosphorylation which occurs in presence of oxygen molecules and 

nutrient substrates that are supplied by means of the capillary network interspersed in the fiber 

bundles. Therefore, mitochondrion represents an essential component for the skeletal muscle to 

ensure an adequate energetic supply. 

 

Figure 1. Muscle contraction 

The sequence of events that result in the 

contraction of an individual muscle fiber 

begins with a signal, the neurotransmitter 

acetylcholine (ACh), from the motor neuron 

innervating that fiber. The local membrane of 

the fiber will depolarize as positively charged 

sodium ions (Na+) enter, triggering an action 

potential that spreads to the rest of the 

membrane will depolarize, including the T-

tubules. This triggers the release of calcium 

ions (Ca2+) from storage in the sarcoplasmic 

reticulum (SR). The Ca2+ then initiates 

contraction, which is sustained by ATP. As 

long as Ca2+ ions remain in the sarcoplasm to 

bound to troponin, which keeps the actin-

binding sites “unshielded,” and as long as 

ATP is available to drive the cross-bridge 

cycling and the pulling of actin strands by 

myosin, the muscle fiber will continue to 

shorten to an anatomical limit. ADP, 

adenosine diphosphate; Pi, inorganic 

phosphate. 
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MITOCHONDRIA 

Mitochondria are unique organelles that provide the energy required for almost all cellular activities, 

hence the moniker “powerhouse of cell”. However, mitochondria play many other important 

functions in addition to energy production, including the generation of reactive oxygen species, redox 

molecules and metabolites, regulation of cell signaling and cell death, and macromolecule 

biosynthesis. (Vyas et al., 2016). In skeletal muscles these organelles exhibit remarkable plasticity 

by adapting to altered metabolic demands. Biogenesis and fusion processes give rise to newly formed 

mitochondria which join with neighboring organelles to increase their capacity for ATP synthesis, 

metabolites sharing and calcium handling (Spinelli & Haigis, 2018). Conversely, where mitochondria 

are overabundant and/or dysfunctional, processes of mitochondrial fission and clearance (mitophagy) 

occur to restore metabolic homeostasis and maintain mitochondrial health within cells (Hood et al., 

2019; Memme et al., 2021) . At all times, these opposing processes are in a state of constant change, 

depending on cellular metabolic demand, to regulate and promote optimal mitochondrial stability. 

When the cell is subjected to conditions that disrupt metabolic homeostasis, such as exercise or aging, 

this balance in mitochondrial regulation can shift toward either increased biogenesis and fusion, or 

fission and mitophagy (Mishra & Chan, 2016). 

 

Mitochondrial Morphology 

Mitochondria range generally from 0.5 to 1.0 μm in diameter (Henze & Martin, 2003) and are divided 

in four compartments: the outer mitochondrial membrane (OMM), the intermembrane space (IMS), 

the inner mitochondrial membrane (IMM) and the mitochondrial matrix. The OMM is relatively 

porous consisting of a phospholipid bilayer housing protein structures called porins that make it 

permeable to small molecules (<10 kDa), including ADP and ATP, making the intermembrane space 

chemically similar to the cytosol (Hood et al., 2019). Conversely, the IMM is composed of a protein-

rich, highly-folded complex structure permeable only to oxygen, water, and carbon dioxide. The 

wrinkled shape of the IMM generates several folds and pockets, called “cristae”, which increase the 

surface area maximizing the ability to house the four electron transport chain (ETC) complexes and 

the ATP synthase enzyme required for oxidative phosphorylation. The matrix is the region within the 

IMM and hosts mitochondrial DNA (mtDNA), ribosomes, and tricarboxylic acid cycle enzymes. The 

latter is the final common pathway for the oxidation of fuel molecules such as carbohydrates, lipids 

and amino acids. Among the matrix, inner and outer membranes, and intermembrane space 

compartments, mitochondria consist of approximately 1200 proteins (Calvo et al., 2016). Most of 

these proteins are transcribed from the nuclear genome, translated in the cytosol, and introduced into 

existing mitochondria. Only 13 mitochondrial proteins are transcribed within the organelle itself, 
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from the small and circular mtDNA. However, the translation of this small portion of protein 

complements leads to the formation of protein subunits for all ETC complexes, except for Complex 

II, which are vital for normal respiratory function and can lead to mitochondrial and whole organ 

dysfunction when absent (Cogswell et al., 1993; Oliveira & Hood, 2019). 

 

Intrafibrillar and Peripheral Mitochondria 

In skeletal muscles, different populations of mitochondria have been classified based on their cellular 

locations. The 80-90% of the total mitochondrial population is located between the myofibrils, called 

intrafibrillar mitochondria (IFM), while the remaining 10-20% is found in the intracellular space 

between the sarcolemma and myofibrils, region that gives them the definition of peripherally located 

mitochondria (PM) (Vincent et al., 2019). These two populations exhibit distinct characters in their 

structural, biochemical and functional properties. (Palmer et al., 1977, 1985; Cogswell et al., 1993; 

Takahashi & Hood, 1996; Rothstein et al., 2005; Adhihetty et al., 2005; Ferreira et al., 2010; Picard 

et al., 2013b; Glancy et al., 2014, 2015, 2018; Vincent et al., 2019; Willingham et al., 2021). IFM 

are characterized by a complex and elongated shape (Hoppeler et al., 1973; Picard et al., 2013b, 

2013a, 2015; Glancy et al., 2015; Bleck et al., 2018) consisting of branches extending within the 

intermyofibrillar spaces and wrapping around the I-band of the sarcomere (Hoppeler et al., 1973; 

Picard et al., 2013b, 2013a, 2015; Bleck et al., 2018; Vincent et al., 2019). These entrenched 

mitochondria reveal a morphology with a high surface area to volume ratio which facilitates the rapid 

diffusion of ATP molecules from the mitochondria to the ATPase enzyme within the myofibrillar 

region (Picard et al., 2013b; Vincent et al., 2019). The PM subgroup is essentially composed of 

“paravascular” or “paranuclear” mitochondria, which are specifically clustered together within the 

intracellular space surrounding embedded capillaries and nuclei (Romanul, 1964, 1965; Gauthier & 

Padykula, 1966; Hoppeler et al., 1973; Rothstein et al., 2005; Glancy et al., 2014, 2015). PM are 

mitochondria characterized by a globular shape, which appear larger and less branched than IFM 

(Bakeeva et al., 1978; Picard et al., 2013b, 2013a; Glancy et al., 2015; Bleck et al., 2018; Vincent et 

al., 2019). Most of their volume is dedicated to cristae and matrix, providing greater structure capacity 

for energy conversion (Willingham et al., 2021). Mitochondria directly interact with other 

mitochondria. PM extend into the intermyofibrillar space and form direct connections with the IFM, 

generating a network that function to distribute energy to the whole muscle cell (Bakeeva et al., 1978; 

Picard et al., 2013b, 2013a, 2015; Glancy et al., 2015, 2018; Bleck et al., 2018; Vincent et al., 2019). 

Mitochondria work together and their connection across the subcellular region function as an 

“effective mechanism of energy transport” (Bakeeva et al., 1978). Indeed, mitochondria contact sites 

appear as electron-dense junctions (Picard et al., 2015; Glancy et al., 2015), where adjacent outer 
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membranes are in direct contact (<1 nm separation) (Bakeeva et al., 1978; Picard et al., 2013b, 2013a, 

2015; Glancy et al., 2015; Bleck et al., 2018; Vincent et al., 2019) and often exhibit trans-

mitochondrial alignment of cristae (Picard et al., 2015). Mitochondrial connectivity and overall 

network configuration are fiber-type specific, such that oxidative and glycolytic muscles have grid 

and perpendicular orientations, respectively (Bleck et al., 2018; Willingham et al., 2019). 

 

Each subfraction differs not only in structure but also in biochemical composition as well as differing 

capacities for mitochondrial respiration (Krieger et al., 1980; Cogswell et al., 1993; Adhihetty et al., 

2003). Intrafibrillar subgroup possesses greater oxidative enzyme activities (Palmer et al., 1977, 

1985; Cogswell et al., 1993) and respiration rates (Joffe et al., 1983; Takahashi & Hood, 1996; 

Ljubicic et al., 2004) compared with peripherally located mitochondria. PM turn out to be less 

efficient in ATP production resulting in a more conspicuous proton leak (Willingham et al., 2021). 

This lower rate of oxygen consumption directly results in a higher rate of reactive oxygen species 

(ROS) production. These molecules are useful when produced in moderation, acting as signaling 

agents which can affect the transcription of nuclear genes encoding for mitochondrial proteins 

(Petrosillo et al., 2003; Heusch et al., 2010; Barbieri & Sestili, 2012; Frank et al., 2012). However, 

when produced in excess, an overabundance of electrons is released resulting in the oxidation of 

proteins, lipids and mtDNA, leading to functional defects (Lowell & Spiegelman, 2000). ROS 

production is highest when mitochondrial membrane potential is highest (Korshunov et al., 1997; 

Cadenas et al., 2002; Brand et al., 2002), as occurs in PM under conditions of proton leak and absence 

of ADP. Conversely, in the presence of ADP, as in IFM characterized by a greater oxidative capacity, 

proton flux occurs through the ATPase enzyme, thereby reducing membrane potential and diverting 

electron flux to cytochrome c oxidase, and less to the formation of ROS (Cogswell et al., 1993; 

Adhihetty et al., 2003; Ljubicic et al., 2004). Such difference in function between the two subgroups 

is well evident also in their protein composition. Indeed, the membrane potential-generating element 

(complex IV) and the complex responsible for ATP production (complex V) preferentially localize 

to PM and IFM, respectively. Specifically, the peripheral localization of Complex IV suggests that 

PM subgroups may support the IFM by generating proton-motive force and distributing it across the 

IFM network where it is used to synthesize ATP (Willingham et al., 2021). Moreover, the elevated 

cytochrome c content in IFM is an important consequence of the enhanced oxidative phosphorylation, 

but also represents a larger pool of proapoptotic protein compared with PM (Adhihetty et al., 2003). 

These findings suggest that mitochondrial subpopulations differ remarkably in their capacity to 

handle oxidative stress, such as IFM may be more sensitive to apoptotic stimuli while PM may be 

more prone to producing ROS and proton leak (Willingham et al., 2021). It has been also 



INTRODUCTION 

7 

demonstrated that ATP production is closely related to the rate of protein import encoded by the 

nuclear genome within the mitochondria. The difference between the two mitochondria subgroups 

reveals a more pronounced translocation process in IFM subfraction (Takahashi & Hood, 1996). 

In summary, in the overall network connection, peripherally located mitochondria likely serve to 

provide ATP for membrane transport functions and to provide energy support for nuclear processes 

such as transcription and nuclear molecule transport. Instead, intrafibrillar mitochondria support the 

energy requirements of actin-myosin interactions and contractile activity (Cogswell et al., 1993; 

Ferreira et al., 2010; Picard et al., 2013b; Oliveira & Hood, 2019). This biochemical and functional 

diversity is reflected in different responses to common signaling events. In general, PM appear to 

adapt earlier and to a greater extent than their IFM counterparts in response to cellular perturbations. 

The increase in PM as a result of training for example, is about twice the response of IFM (Hoppeler, 

1986). Indeed, PM are more sensitive to changes in energetic demand than IFM, by showing that the 

relative exercise-induced increases in mitochondrial volume are more significant in PM compared to 

IFM (Hoppeler et al., 1973; Müller, 1976; Hoppeler, 1986; Koves et al., 2005). 
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Figure 2. Skeletal muscle mitochondria 

 
A)  structure of a skeletal muscle fiber. Two sub-populations of mitochondria can be found: peripherally located 

mitochondria (PM) and intrafibrillar mitochondria (IFM). B) illustration of a skeletal muscle fiber. Mitochondria 

create a reticulum that connects PM and IFM mitochondria for optimal energy distribution. C) transmission electron 

microscopy longitudinal image from a human skeletal muscle biopsy showing the PM and IFM. D) image of a 

mitochondrion. High-resolution imaging allows visualization of the densely packed cristae within a mitochondrion. 

E) image of mitochondrial structure and composition. The mitochondrial DNA (mtDNA) and the mitochondrial 

ribosomes are found in the matrix. The electron transport chain respiratory complexes are located on the IMM and, 

for the most part, in the cristae. (Edited from Bishop et al., 2019). 
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Mitochondrial Function 

As previously described, mitochondria constitute the structural and functional elementary 

components of cell respiration whose main role is the production of ATP, the energy currency of 

living organisms. ATP production occurs during reactions of the tricarboxylic acid cycle, located 

within the matrix, and through the electron transport system (ETS), located along the inner 

mitochondrial membrane (IMM). The tricarboxylic acid cycle (TCA), also known as citric acid cycle 

or the Krebs’ cycle, is the major metabolic pathway responsible for energy production in cells, 

providing the greater part of the reduced coenzymes that will be oxidized by the ETS to produce ATP. 

TCA provides a pathway for the oxidation to carbon dioxide and water of the acetate portion of acetyl 

coenzyme A (acetyl-CoA) arising from the oxidative decarboxylation of pyruvate (the end product 

of glycolysis), the β-oxidation of fatty acids, the metabolism of ethanol, ketone bodies, and a number 

of amino acids. Each molecule of acetyl-CoA entering the TCA cycle yields 12 ATP molecules. 

Acetyl-CoA undergoes oxidation to CO2 in eight steps, and the energy produced from these reactions 

is stored in the reduced forms of nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2), that are then oxidized in the ETS terminating in ATP synthesis (Sousa et al., 

2018). The ETS comprises 5 multi-polypeptide complexes (complexes I to V) embedded in the inner 

mitochondrial membrane that receive electrons from oxidation of NADH and FADH2. During the 

early phase, electrons are transferred along complexes I to IV of the ETS, with O2 serving as the final 

acceptor to complex IV (Baar, 2014). Aerobic respiration is the reduction of molecular oxygen by 

electron transfer coupled with electrochemical proton translocation across the inner mitochondrial 

membrane. Throughout this process, protons are pumped out of the matrix into the intermembrane 

space, producing electrochemical proton gradient (∆pH) and mitochondrial membrane potential 

(∆Ψm) that provides the driving force enabling Complex V to generate ATP by phosphorylation of 

adenosine diphosphate (ADP). The combination of the latter two processes is described as oxidative 

phosphorylation (OXPHOS), where the catabolic reaction sequence of oxygen consumption is 

electrochemically coupled to the energy conversion in the phosphorylation of ADP into ATP 

(Mitchell, 1961, 1966; Doerrier et al., 2018) (Figure 3). 
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Figure 3. Mitochondrial energy metabolism 

 
Fatty acid β-oxidation and the Krebs cycle produce nicotinamide adenine dinucleotide, reduced (NADH) and flavin 

adenine dinucleotide, reduced (FADH2), which are oxidized by complexes I and II, respectively, of the electron 

transport chain, which comprises four complexes: I–IV. Electrons are transferred through the chain to the final 

acceptor, namely oxygen (O2). The free energy from electron transfer is used to pump hydrogen (H+) out of the 

mitochondria and generate an electrochemical gradient (∆pH) across the inner mitochondrial membrane. This 

gradient is the driving force for ATP synthesis via the ATP synthase (complex V). Alternatively, H+ can enter the 

mitochondria by a mechanism not coupled to ATP synthesis, via the uncoupling proteins (UCPs), which results in 

the dissipation of energy. F0, ATP synthase proton translocation complex; F1, ATP synthase catalytic complex; 

ANT, adenine nucleotide translocase; CoA, coenzyme A; FAT, fatty acid transporter; GLUT, glucose transporter; 

NAD, nicotinamide adenine dinucleotide; TCA, tricarboxylic acid. (Edited from Murray et al., 2007) 

 

Mitochondrial Biogenesis 

Mitochondrial biogenesis can be defined as the growth and division of preexisting mitochondria. 

Indeed, although the term biogenesis is sometimes used in reference to the formation of new 

mitochondria, it is important to note that the mitochondrial reticulum is not made ex-novo or de-novo 

(Henze & Martin, 2003). Specifically, the mitochondrial reticulum recruits new proteins to the 

organelle resulting in continuous remodeling of the mitochondrial network (Ryan & Hoogenraad, 
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2007). So, more accurately, mitochondrial biogenesis refers to the generation of new mitochondrial 

components resulting not only in changes in the number of mitochondria, but also in the size and 

mass of these organelles. The process of mitochondrial biogenesis requires the co-ordination and co-

expression of both nuclear and mitochondrial genomes for assembly and expansion of the reticulum. 

Since 95% of the genes necessary for biogenesis are encoded by the nuclear genome (Goffart & 

Wiesner, 2003; Chan, 2006; Baker et al., 2007), there is a mechanism of identification, import, and 

proper assembly of proteins to ensure the appropriate remodeling of mitochondrial function and 

composition (Pfanner & Geissler, 2001; Wiedemann et al., 2004; Jornayvaz & Shulman, 2010). The 

mRNAs are translated into the cytosol after activation of the nuclear genome into precursor proteins. 

With the assistance of molecular chaperones, mitochondrial precursor proteins are transferred to the 

universal entry gate of mitochondria, the TOM complex (translocase of the outer membrane), where 

the pathways diverge according to the protein destination in one of the mitochondrial sub-

compartments. The precursors of outer membrane proteins are integrated into the outer membrane by 

SAM complex (sorting and assembly machinery). Preproteins destined for the matrix are transferred 

via TIM23 complex (presequence translocase of the inner membrane). TIM23 forms a channel across 

the inner membrane and cooperates with the matrix heat shock protein 70 (Hsp70) of PAM 

(presequence translocase-associated motor), which drives the completion of protein transport into the 

matrix. TIM22 complex (carrier translocase of the inner membrane) inserts precursors of carrier 

proteins into the inner membrane. Thus, the import machinery regulating the transport of nuclear 

encoded precursor proteins into the organelle are an integral part of mitochondrial biogenesis (Irrcher 

et al., 2003). However, expression of genes promoting mitochondrial biogenesis is predominantly 

controlled by the global principles of gene regulation, which are the transcription initiation and 

interaction on DNA-binding sites at gene promoter level (Goffart & Wiesner, 2003). Therefore, 

transcription factors and transcriptional co-activators represent critical regulators of mitochondrial 

biogenesis. As noted, several transcription factors are implicated in regulating the expression of genes 

involved in mitochondrial biogenesis (Adhihetty et al., 2003). No single transcription factor has been 

identified as solely responsible for coordinating mitochondrial gene expression, but a variety of 

candidates appear to be relevant to mitochondrial biogenesis. 

 

PGC-1α. Peroxisome proliferator receptor-γ co-activator-1α (PGC-1α) has been identified as the 

master regulator of mitochondrial biogenesis in skeletal muscle due to its prominent co-activation of 

multiple mitochondrial transcription factors (Hood et al., 2006). Indeed, PGC-1α is the core member 

of a transcriptional co-activator family that has been raised as a potential key regulatory factor in the 

mitochondrial biogenesis mechanism (Adhihetty et al., 2003). This mechanism includes nuclear 
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respiratory factors (NRF-1, NRF-2) which are nuclear-encoded transcription factors targeted by PGC-

1α (Wu et al., 1999).  NRF-1 and NRF-2 are implicated in the transcriptional control of several 

nuclear-encoded respiratory genes and are also involved in driving the expression of the 

mitochondrial transcription factor A (TFAM), a key component in mitochondrial DNA replication 

and transcription (Clayton, 2000; Scarpulla, 2002, 2006; Kanki et al., 2004). Therefore, the PGC-1α–

NRF-1/2–TFAM pathway is composed of PGC-1α binding and co-activation of the transcriptional 

function of NRF-1/2 at the level of the TFAM promoter resulting in increased TFAM expression and, 

thereby, enhanced ability for protein complexes assembly within mitochondria (Wu et al., 1999; 

Scarpulla, 2006). In addition to TFAM, the PGC-1α–NRF-1/2 pathway also up-regulates the 

mitochondrial transcription factors B1 (TFB1M) and B2 (TFB2M), essential components of the 

mtDNA transcriptional machinery (Gleyzer et al., 2005). There is also evidence to support a direct 

role played by PGC-1α in the activation of mitochondrial gene transcription. Specifically, it has been 

demonstrated the presence of PGC-1α within mitochondria where it interacts directly with TFAM to 

regulate mtDNA expression (Aquilano et al., 2010; Smith et al., 2013). In addition to mitochondrial 

replication through NRFs and TFAM, PGC-1α also interacts with and co-activates other transcription 

factors such as the peroxisome proliferator activated receptors (PPARs), regulators of lipid 

homeostasis via expression of genes involved in mitochondrial fatty acid oxidation (Vega et al., 2000; 

Oberkofler et al., 2002; Lee et al., 2003), estrogen-related receptors (ERRs), which target vast gene 

networks involved in all aspects of energy homoeostasis, including fat and glucose metabolism, as 

well as mitochondrial biogenesis and function (Calvo et al., 2008), and early growth response gene-

1 (Egr-1) which promotes transcription of the electron transport chain protein cytochrome C oxidase 

(COX) (Freyssenet et al., 2004). Several transcription regulators have been shown to enhance the 

expression of PGC-1α in skeletal muscle. In particular, activation of ubiquitous transcription factors, 

such as cyclic AMP-responsive element binding protein (CREB), activating transcription factor 2 

(ATF2) and myocyte-specific enhancer factors 2 (MEF2), localized in the PGC-1 promoter region is 

involved in the upregulation of PGC-1α expression (Goffart & Wiesner, 2003; Handschin et al., 2003; 

Akimoto et al., 2005; Ljubicic et al., 2010). Together, these findings provide evidence supporting the 

ability of PGC-1α to coordinate mitochondrial biogenesis via activation of transcription factors that 

increase the expression of both nuclear- and mitochondrial-encoded genes, as well as its direct 

implication in mtDNA transcription and replication. 
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Mitochondrial Dynamics 

To maintain their health and function, mitochondria undergo a variety of dynamic behaviors. The 

main dynamic activities are: 1) fusion, (the union of two organelles into a single mitochondrion by 

fusing their outer and inner membranes; 2) fission, the fragmentation of the tubular mitochondria 

network into small organelles; 3) mitophagy, targeted destruction by means of the autophagy 

pathway;(Mishra & Chan, 2016; Gan et al., 2018; Hood et al., 2019; Memme et al., 2021). On the 

surface, these morphological processes appear mechanistically distinct from the biochemical and 

metabolic processes occurring within the organelle; however, given the characteristic plasticity of 

these organelles, mitochondrial dynamics result to be an adaptive mechanism involved in responding 

to altered metabolic demands. Through process of fusion, mitochondria join neighboring organelles 

to increase their ability to synthesize ATP, share metabolites and Ca2+ handling (Spinelli & Haigis, 

2018). Conversely, where mitochondria are overabundant and/or dysfunctional, mitochondrial fission 

and clearance (mitophagy) processes take place to restore metabolic homeostasis and preserve 

mitochondrial health in cells (Hood et al., 2019). These opposing processes are constantly in a state 

of flux, depending on the metabolic necessities of the tissue, to calibrate and promote an optimal 

mitochondrial pool. When the cell is exposed to conditions that perturb metabolic homeostasis, such 

as exercise or advancing age, this balance in mitochondrial regulation may shift toward increased 

synthesis and fusion, or fission and mitophagy, respectively (Mishra & Chan, 2016). 

 

Fusion. Mitochondrial fusion is a mechanism occurring to expand the organelle network that is 

mediated by the activity of three major GTPases of the dynamic family: Mitofusin 1 (Mfn1), Mfn2, 

and Optic Atrophy 1 (OPA1) (Chan, 2012; Labbé et al., 2014; Gan et al., 2018). Given that 

mitochondria possess a double membrane, mitochondrial fusion is a two-step procedure requiring 

fusion of the outer-membrane followed by fusion of the inner-membrane. Mfn1 and Mfn2 are proteins 

that facilitate outer-membrane fusion, whereas OPA1 is a multiple isoform protein which mediates 

inner-membrane fusion (Mishra & Chan, 2016; Memme et al., 2021). 

Energetic states in cells are generally associated with specific mitochondrial morphologies. Elevated 

OXPHOS activity correlates with mitochondrial elongation and is consistent with the notion that 

elongated mitochondrial networks are a more efficient source of oxidative energy production, capable 

of distributing energy over prolonged periods (Amchenkova et al., 1988; Skulachev, 2001; 

Willingham et al., 2021). This association between morphological and metabolic components 

illustrates how important the fusion process is for OXPHOS activity, including the regulation of 

mtDNA levels. Indeed, the absence or removal of both Mitofusins and OPA1, inducing a complete 

loss of mitochondrial fusion, results in a dramatic decrease in mtDNA content, membrane potential, 
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and reduced respiratory chain function (Chen et al., 2005, 2010). Other metabolic mechanisms are 

also regulated by these proteins: Mfn2 is responsible for maintaining stable coenzyme Q levels 

(Mourier et al., 2015), and OPA1 maintains the structure of mitochondrial cristae and is critical for 

the assembly of the respiratory chain supercomplex (Cogliati et al., 2013). Vice versa, important 

metabolic condition sensors modulate the fusion machinery. Oxidative stress promotes binding 

between mitofusins of two separate mitochondria leading to organelle tethering and enhanced outer-

membrane fusion (Shutt et al., 2012). Increased OXPHOS activity and elevated ATP levels stimulate 

mitochondrial fusion to induce elongation through OPA1 activation, leading to more interconnected 

network (Mishra et al., 2014). In contrast, metabolic stress signals that roughly uncouple 

mitochondria, including loss of membrane potential, result in inhibition of fusion (Mishra & Chan, 

2016). 

 

Fission. As a complement to fusion, fission of mitochondria is equally crucial for cellular physiology. 

Mitochondrial division is accomplished by Dynamin-related Protein 1 (Drp1), a large GTPase that is 

recruited to the mitochondrial outer membrane via a set of receptor proteins comprising mitochondrial 

fission factor (Mff), fission protein 1 (Fis1), mitochondrial dynamics proteins of 49 and 51 kDa 

(MiD49 and MiD51, respectively). The actions of these proteins cause restriction and cleavage of 

organelle fragments from the network to allow proper clearance (Chan, 2012; Losón et al., 2013; 

Labbé et al., 2014; Mishra & Chan, 2016; Toyama et al., 2016; Gan et al., 2018; Memme et al., 

2021). The main mechanism of regulation of mitochondrial fission involves phosphorylation of Drp1. 

Upstream of the phosphorylation process are several signaling pathways activated by metabolic 

events such as cAMP concentration or calcium changes which modulate PKA and Ca2+-dependent 

phosphatases activity (Cribbs & Strack, 2007; Cereghetti et al., 2008; Gomes et al., 2011; Rambold 

et al., 2011; Toyama et al., 2016).  The phosphorylation can either activate or inhibit Drp1, depending 

on the site involved. Phosphorylation at serine 637 (S637) has been demonstrated to inhibit its 

activity, promoting overall elongation of the mitochondrial network (Chang & Blackstone, 2007; 

Cribbs & Strack, 2007). Whereas phosphorylation at S616 activates Drp1 inducing mitochondrial 

fission and fragmentation (Mishra & Chan, 2016). Besides affecting mitochondrial morphology, 

fission has been implicated in multiple functions, including facilitation of mitochondrial transport, 

mitophagy, and apoptosis. In contrast, inhibition of Drp1 and mitochondrial fission results in 

increased tubulation which promotes mitochondrial ATP production and spares organelles from 

degradation due to their larger size (Blackstone & Chang, 2011; Mishra & Chan, 2016; Memme et 

al., 2021). Taken together, these data provide clear evidence that the proper maintenance of 
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mitochondria dynamics, i.e., the balance between fission and fusion, is necessary for optimal 

mitochondrial health and function at the muscle level. 

 

Mitophagy. While activation of the organelle biogenesis pathway leads to an overall increase in 

mitochondrial components, it is also vital to eliminate mitochondrial portions that have ended their 

functional utility via an autophagic process, defined mitophagy, in order to maintain or improve the 

quality of the mitochondrial network (Ljubicic et al., 2009; Lira et al., 2013a; Kim et al., 2019). 

Mitophagy occurs when double-membrane vesicles, autophagosomes, phagocyte damaged organelles 

that are marked for degradation by specific proteins when they exhibit a decreased membrane 

potential and/or excessive increases in ROS production (Wei et al., 2015; Kim & Hood, 2017; Chen 

et al., 2018b; Triolo & Hood, 2019; Kim et al., 2019). The main mitophagy pathway involves PTEN-

induced putative kinase protein 1 (PINK1) and Parkin, an E3-ubiquitin ligase. Under normal 

conditions, PINK1 is imported into mitochondria and degraded by resident proteases. However, if 

the mitochondrial membrane potential dissipates, the resulting loss of function of protein import 

machinery leads to the accumulation of PINK1 on the outer membrane (Geisler et al., 2010; Narendra 

et al., 2010; Matsuda et al., 2010; Wei et al., 2015). PINK1 stabilization facilitates recruitment of 

Parkin, which mediates ubiquitination of various outer membrane proteins such as Mfn2 and the 

voltage-dependent anion channel (VDAC), targeting mitochondria to autophagy activity (Geisler et 

al., 2010; Hood et al., 2011a). Because Parkin selectively accumulates on dysfunctional 

mitochondria, intact organelles are spared from autophagic degradation (Mishra & Chan, 2016). The 

mitophagy process then involves the formation of the autophagic vesicle, the phagophore, from the 

lipidation of microtubule-associated protein 1 light chain 3 (LC3)-I into LC3-II through the activity 

of a cluster of autophagy-related gene products such as ATG7 (Tanida et al., 2004). The adapter 

protein p62/SQSTM1, containing binding sites for both ubiquitin and LC3-II, functions as an anchor 

between the ubiquitinated mitochondrion and the double-membrane phagophore, thereby facilitating 

encapsulation of the organelle and formation of the mature autophagosome (Geisler et al., 2010; 

Matsuda et al., 2010; Kim & Hood, 2017; Chen et al., 2018b, 2018a). The final stage of mitophagy 

requires the fusion of the autophagosome with lysosomes for subsequent breakdown by proteolytic 

enzymes within the lysosomal lumen (Vainshtein & Hood, 2016). In addition to loss of membrane 

potential, other metabolic stimuli have also been proposed to regulate mitophagy. Severe energy 

depletion leads to activation of AMPK, followed by phosphorylation and activation of protein kinases 

ULK1 and ULK2 (Egan et al., 2011b). These two proteins are autophagy regulators capable of 

activating generalized autophagy, including mitophagy. Moreover, AMPK also inhibits the growth-

promoting mTORC pathway, which typically inhibits ULKs function. These interconnected 
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mechanisms couple mitophagy to the energy state of the cell. Metabolic conditions that promote 

increased mitochondrial function and OXPHOS activity are also associated with increased mitophagy 

(Melser et al., 2013). Under oxidative conditions, the autophagy regulator Rheb is recruited to the 

outer mitochondrial membrane for binding to the Nix receptor. Rheb relocalization promotes the 

recruitment of LC3 molecules, thereby enhancing mitophagy. The promotion of mitophagy during 

oxidative conditions, when mitochondrial function is increased, appears to contrast with the clearance 

function of dysfunctional organelles. However, increased respiratory chain activity may promote 

damage at the mitochondrial level through increased ROS production, which then leads to recruitment 

of the regulator Rheb. Alternatively, this mechanism may be in place to increase mitochondria 

turnover during conditions of enhanced functional demand. In either case, increased mitophagic flux 

promotes the overall energy efficiency of the mitochondrial population (Mishra & Chan, 2016). 
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PHYSIOLOGICAL RESPONSES TO EXERCISE AND TRAINING ADAPTATIONS 

 

During exercise, skeletal muscle contraction is powered by actin-myosin crossbridge cycling 

according to the sliding filament theory (Podolsky & Schoenberg, 1983). Hydrolysis of ATP by 

myosin ATPase provides the immediate energy source for crossbridge cycling but is also largely 

consumed by sodium-potassium and calcium exchange dynamics required for contraction. Being 

skeletal muscle the major contributor to exercise-induced changes in metabolism, maximal exercise 

can induce a 20-fold increase in whole-body metabolic rate over resting values associated with an 

ATP turnover rate within the working skeletal muscle of more than 100-fold over resting values 

(Gaitanos et al., 1993). Although resting intramuscular stores of free ATP are small, activation of 

metabolic pathways that drive ATP generation maintains intracellular levels of this important energy 

molecule. For ATP production skeletal muscle relies heavily on oxidative phosphorylation carried 

out at mitochondrial level. During strenuous exercise, large increases (>30-fold) in intramuscular 

oxygen consumption and local blood flow occur (Andersen & Saltin, 1985; Gibala et al., 1998) 

allowing substrate supply required for electron transport system during oxidative phosphorylation. 

Tricarboxylic acid cycle also increases its flux by ~70- to 100-fold under maximal exercise to supply 

redox active coenzyme NADH and FADH2 from carbohydrates and lipid substrate transformation 

(Gibala et al., 1998). 

Exercise encompasses many elements beyond simple muscle contraction that are important for a 

complete understanding of physiological responses to exercise and training adaptations. Muscle 

contraction is generated at the level of the motor cortex of the brain, which prompts the spinal cord 

to recruit motor units, resulting in specific movement patterns. Additionally, the recruiting fibers 

pattern is intensity dependent as stated by the well-recognized Henneman size principle. Slow-twitch 

fibers (type I), innervated by small cell bodies motor neurons, have a lower threshold of activation 

and will be utilized at lower exercise intensities, whereas fast-twitch fibers (type IIa and IIx), recruited 

by motor neurons with large cell bodies, have a higher threshold and will be increasingly activated 

as exercise intensity increases (Henneman, 1957). In parallel with the neural signals directed to 

skeletal muscle, there are also powerful neural feedforward signals to the cardiovascular, respiratory, 

metabolic, and hormonal systems, which, along with neural feedback from contracting skeletal 

muscle, generally allow metabolic demands to be met, thereby counteracting homeostasis disruptions. 

Numerous issues related to the speed, force, duration, and intensity of muscle contractions affect the 

whole organism response to the exercise stimulus. Aerobic (or endurance-based) and resistance (or 

strength-based) activities represent two extremes of the exercise continuum. Aerobic exercise exerts 

a high-frequency (repetition), low-power output (load) demand on dynamic muscle contraction, 
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whereas resistance exercise imposes a low-frequency, high-resistance demand sometimes using 

maximal force production during isometric contraction. (Egan & Zierath, 2013). Focusing 

specifically on endurance exercise and dynamic muscle contraction, the following sections will 

describe metabolic, systemic, cardiovascular and muscular adjustment occurring during aerobic 

stimulus. 

 

Exercise represents a major challenge to whole-body homeostasis, and in an attempt to address this 

challenge, a myriad of acute and adaptive responses take place at the cellular and systemic levels that 

function to minimize these widespread disruptions. Voluntary, dynamic, whole-body exercise causes 

widespread changes in numerous cells, tissues, and organs in response to increased metabolic activity 

of contracting skeletal muscle through cellular mechanisms that underpin adaptation to exercise 

training (Bassel-Duby & Olson, 2006; Coffey & Hawley, 2007; Hoppeler et al., 2011; Egan & 

Zierath, 2013). To address these triggers, multiple integrated and sustained responses occur to blunt 

the homeostasis strain provided by increased energy and O2 demand. Systemic adaptations in the 

form of cardiovascular, respiratory, neural, and hormonal responses, constitute an integrated system 

of mechanisms necessary for supplying contracting muscles with the fuel and O2 to sustain a large 

variety of activities. The underlying assumption is that adaptations at all levels of the entire system 

operate simultaneously to blunt the many challenges to whole-body homeostasis arising from the 

demands of contracting muscles (Hawley et al., 2014). 

 

Physiological bases of cardio-respiratory and metabolic responses to exercise 

To describe the highest energy demand that can be met aerobically while exercising, in 1925, Nobel 

Laureate A.V. Hill was the first to introduce the concept of an individual’s maximal oxygen uptake 

(V̇O2max). V̇O2max has been demonstrated being the single best measure of cardio-respiratory 

performance and could be used for quantifying the adaptation at all levels of the entire systems in 

response to physical activity or inactivity (Bassett, 2002). V̇O2max is determined by the combined 

ability of the central nervous system to recruit motor units, the pulmonary and cardiovascular systems 

to deliver O2 to contracting skeletal muscles, and the ability of these muscles to consume O2 via 

oxidative metabolism. At rest, whole-body O2 consumption in healthy young adult humans averages 

approximately 3.5 ml/kg/min, with ~20% - 25% of this used by resting skeletal muscle. So, for a 70 

kg person, O2 consumption at rest is ~250 ml/min, of which 50 ml/min is utilized by skeletal muscle. 

During maximal exercise, in healthy untrained adults V̇O2max typically reaches 10 to 15 times the 

resting values. In élite endurance-trained athletes, V̇O2max values may exceed 85 ml/kg/min (Saltin & 

Astrand, 1967). The supply of O2 and its utilization by skeletal muscle is a tightly interwoven process 
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that has been elegantly described by prof. Wagner in the so-called Wagner diagram where Fick’s 

principle: (V̇O2 = Q̇ × (CaO2 – CvO2) where Q̇ is cardiac output and CaO2 and CvO2 are arterial and 

venous O2 concentrations respectively, conflates with the Fick’s law: V̇O2 = DmO2 × (PmvO2 – 

PimO2), where DmO2 is muscle diffusion capacity for O2 and PmvO2 and PimO2 are O2 partial 

pressure in microvasculature and intramyocyte respectively. This interconnected mechanism allows 

an appreciation of the convective and diffusive conductances that summate to yield a given maximal 

V̇O2max. 

 

Focusing on the convective component during maximal exercise, associated with large increases in 

O2 consumption are peak values for cardiac output (Q̇) of 40 l/min, accounting for 8-fold increases 

above rest. As product of heart rate (HR) and stroke volume (SV), Q̇ increase during exercise is the 

results of response of both parameters. Whereas HR is modulated solely by autonomic nervous 

system, SV is also increased under the action of the so-called ''muscle pump'' that ensures the return 

of venous blood from the active muscle vasculature thus maintaining diastolic filling. Notably, there 

is only a modest (~20%) increase in mean arterial blood pressure. In addition, blood flow is 

redistributed away from visceral organs and inactive muscle caused by vasoconstriction in these 

vascular beds regulated by sympathetic activity during exercise. This allows to deliver a higher 

fraction of Q̇ (80% – 90%) to active skeletal muscle and partially compensates the fall in total 

peripheral resistance due to skeletal muscle vasodilation. Vasodilation in active muscles is, indeed, 

the primary mechanism responsible for skeletal muscle hyperemia during exercise. The vasodilating 

response is mediated by mechanical, neural, and humoral factors, including those released from 

contracting skeletal muscle itself, such as nitric oxide, which are released in proportion to muscle O2 

demand and are responsible for the rise in muscle blood flow in order to counteract the muscle 

metabolic status (Hellsten et al., 2012). Thereby, sympathetic nervous system for vasoconstriction 

and metabolic factors for vasodilation exert a commanding influence on total red blood cells (RBC) 

flux. 

 

Regarding the diffusive component of V̇O2, as specified by Fick’s law of diffusion, at any instant, 

oxygen consumption at muscle level (mV̇O2) must be the product of the transmembrane O2 gradient 

(PmvO2 – PimO2) and the diffusing capacity for O2 (DmO2). As intramyocyte PO2, or mitochondrial 

PO2, falls to 1–5mmHg during muscle contractions, PmvO2 approximates the PO2 driving 

transmembrane O2 flux (i.e. mV̇O2). Accordingly, mV̇O2 is the product of that PmvO2 and the DmO2 

which itself is a function primarily of the number of red blood cells in flowing capillaries adjacent to 

the muscle fibers (Poole et al., 2020). In order to facilitate fractional O2 extraction, from rest to 
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exercise PmvO2 remains constant as a result of increased O2 delivery, whereas DmO2 and blood-

myocyte O2 flux are increased as result of enhanced intramyocyte O2 transport capacity in concert 

with increased capillary RBC flux and hematocrit and greater longitudinal recruitment of capillary 

surface area flowing capillaries (Federspiel & Popel, 1986; Groebe & Thews, 1990; Roca et al., 1992; 

Poole, 2019; Angleys & Østergaard, 2020). In the overall mechanism, DmO2 increase is associated 

with increment in V̇O2 (Poole et al., 2020). 

 

Training modalities and Interval Training 

The use of the term “training” in scientific research often encompasses several modifiable variables. 

These include the mode (e.g., aerobic versus resistance) and the frequency, intensity, and duration of 

exercise sessions, each of which are mitigating factors impacting the metabolic and molecular 

responses (Egan & Zierath, 2013). Focusing on aerobic exercise, various forms of training can be 

differentiated by their intensity and duration. Moderate Intensity Continuous Training (MICT) 

generally consists of long-duration aerobic exercise performed in a continuous manner at low 

intensity, lower than 80 % peak heart rate (American College of Sports Medicine et al., 2018), while 

Interval Training (IT) involves intermittent bouts of high intensity exercise interspersed by recovery 

periods of lower-intensity exercise or complete rest within a given training session (Weston et al., 

2014; Gibala et al., 2019). Based on exercise intensity, two basic types of interval training can be 

differentiated. High-intensity interval training (HIIT) is defined as “near maximal” efforts generally 

performed at an intensity that elicits ≥ 80% of maximal heart rate. In contrast, sprint interval training 

(SIT) is characterized by efforts performed at intensities that would elicit maximal stimulation of the 

aerobic capacity, including “all-out” or “supramaximal” efforts. In terms of volume SIT is usually 

characterized by intervals lasting ≤ 60s interspersed by a longer recovery period set with a work – 

rest ratio of 1:4 or more, whereas HIIT can be further differentiated by intervals duration. Low-

volume HIIT (LV-HIIT) typically includes repeated intervals from 1 to 2 min with a rest period equal 

or doubled than working period and < 15 min of high-intensity efforts in total during the session. 

High-volume High-Intensity Interval Training (HV-HIIT) has longer intervals lasting ≥ 2 min with a 

shorter recovery period, typically a work – rest ratio between 2:1 to 1:1 and a total time of high-

intensity efforts in the whole session ≥ 15 min (Weston et al., 2014; Gibala et al., 2014; MacInnis & 

Gibala, 2017; Williams et al., 2019; Bishop et al., 2019; Taylor et al., 2019; Sultana et al., 2019; 

Granata et al., 2020; Sabag et al., 2022). Despite a reduced total exercise volume and training time 

commitment, it has been widely established that interval training can induce physiological 

remodeling similar to or greater than traditional continuous endurance training (Milanović et al., 

2015; MacInnis & Gibala, 2017; Williams et al., 2019). At skeletal muscle level, cellular stress and 
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subsequent metabolic signals for mitochondrial biogenesis are largely dependent on exercise 

intensity, resulting in greater adaptations in mitochondrial content and function during interval 

training compared with long-duration aerobic training (Jacobs & Lundby, 2013; Buchheit & Laursen, 

2013; Scribbans et al., 2014; MacInnis & Gibala, 2017; Bishop et al., 2019; Granata et al., 2020). In 

contrast, less evidence is available regarding the role of exercise intensity in mediating changes in 

skeletal muscle capillary density, maximal stroke volume, cardiac output, and blood volume 

(Montero et al., 2015a; MacInnis & Gibala, 2017). In the overall combination of cardiovascular and 

muscular adaptations, the intensity of exercise elicited during interval training appears to be crucial 

in affecting physiological adaptations with a primary role in aerobic energy metabolism capacity. The 

following section will mainly focus on dynamic exercise and endurance training in the form of 

interval training. 

 

Training Adaptations 

All types of aerobic training are well known to be effective in inducing improvement in V̇O2max. In 

less-trained individuals, the interval training mode per se can improve V̇O2max to an extent similar to 

or greater than MICT (Milanović et al., 2015). In more trained individuals, incorporation of interval 

training sessions within the training programs leads to additional gains in V̇O2max without increasing 

overall training volume (Gibala & Jones, 2013). Acute cardiovascular adjustments to dynamic 

exercise lead long-term remodeling patterns and adaptations that increase V̇O2max and minimize 

disruptions in whole-body homeostasis. Whereas improvement in V̇O2max after MICT is generally 

attributed to increases in maximal cardiac output (Q̇max) (Montero et al., 2015b), largely mediated by 

hematological (Montero et al., 2015a) and cardiac adaptations (Arbab-Zadeh et al., 2014), it is 

difficult to draw strong conclusions in proving a greater effect of exercise intensity than training 

volume in mediating these adaptations. Despite this, interval training appears effective in eliciting 

cardiovascular adaptations at the same level as traditional MICT (MacInnis & Gibala, 2017; Gibala 

et al., 2019). 

 

In Figure 4 the Wagner diagram facilitates analysis of training-induced perfusive and diffusive 

adaptations to endurance training that conflate to increase the overall V̇O2max (Roca et al., 1992; Poole 

et al., 2018). Perfusive elements enhanced by training primarily include increased blood volume and 

improved heart function/structure (Baggish et al., 2008; Boushel et al., 2011), mirrored by increases 

in stroke volume (SVmax) and cardiac output (Q̇max) at maximal exercise. Such increase in Q̇max is 

entirely the effect of enhanced SVmax, since maximal heart rate (HRmax) is unaffected by training 

(Saltin, 1985; Hawley, 2002; Daussin et al., 2007; Murias et al., 2010; Jacobs et al., 2013). Indeed, 
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endurance training is associated with an increase in cardiac chamber size, referred volume 

hypertrophy, which facilitates rise of SV. This structural adaptation occurs in response to stretch of 

the ventricle caused by the increased venous return from the periphery during dynamic exercise and 

is facilitated by training-induced increases in blood volume and catecholamine concentrations. 

Moreover, oxygen-carrying capacity of the blood is enhanced by means of hematological adaptations 

(Mairbäurl, 2013; Bonne et al., 2014). At peripheral level endurance training generates a decrease in 

systemic vascular resistances resulting from improved endothelial function and enhanced smooth 

muscle vasodilatation as a consequence of cellular changes in the brainstem cardiovascular center 

and sensory feedback that tend to be pro-vagal and sympathoinhibitory (Klausen et al., 1982; Calbet 

et al., 2006). In addition, a more efficient blood flow distribution (Kalliokoski et al., 2001) to the 

exercising muscles occurs with this mode of training. 

Diffusive improvements, especially in skeletal muscles undergoing training, include greater 

capillarization (i.e. increased capillary-to-fiber ratio) and capillary volume compensating for 

reduction in capillary RBC transit time which results from the augmented Q̇. There is also the 

likelihood that there is an increased longitudinal recruitment of exchange surface area along the length 

of capillaries as fractional O2 extraction increases combined with the potential for greater O2 supply 

values to increase capillary hematocrit. The combination of all these adaptations at cardiovascular 

level may be crucial for improving O2 supply and O2 uptake matching within muscles. 
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Figure 4. Wagner diagram analysis of training-induced perfusive and diffusive adaptations to 

endurance training 

 
Conflation of perfusive (continuous and dashed curved lines) and diffusive (continuous and dashed straight lines 

from origin) O2 conductances permits a mechanistic analysis of how these components combine to achieve a given 

V̇O2. Exercise training (dashed lines) acts to increase both perfusive (Q̇O2, black arrow 1) and diffusive (O2, black 

arrow 2) O2 conductances by elevating maximal cardiac output, muscle Q̇O2 and also DmO2 consequent to capillary 

neogenesis, which increases the longitudinal recruitment of capillary surface area and also helps to constrain/prevent 

a reduction in mean capillary RBC transit time after training. A substantial increase in DmO2 is required to produce 

even a small lowering of venous or microvascular PO2 (i.e. increased arterial–venous O2 difference, downward 

pointing arrows on x-axis; black arrow is pre- and white arrow is post-training). (From Poole & Musch, 2021). 

 

Molecular bases of Skeletal Muscle Adaptations  

Skeletal muscle is a malleable tissue capable of altering protein type and amount in response to 

disruptions to cellular homeostasis. Repeated, episodic bouts of muscle contraction, associated with 

frequent exercise training, are powerful stimuli for physiological adaptation (Flück & Hoppeler, 

2003; Coffey & Hawley, 2007). Training-induced adaptations are reflected by changes in contractile 

protein and function (Adams et al., 1993; Widrick et al., 2002), mitochondrial function (Spina et al., 

1996), metabolic regulation (Green et al., 1992), intracellular signaling (Benziane et al., 2008), and 

transcriptional responses (Pilegaard et al., 2003). The complex process of exercise- and training-

induced adaptation in skeletal muscle involves specific signaling mechanisms which initiate the 
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replication of DNA gene sequences allowing subsequent translation of the genetic code into a series 

of amino acids to create new proteins (Coffey & Hawley, 2007). Contraction generates transient 

increases in the amount of messenger RNA (mRNA) which, for a multitude of genes, typically peaks 

3–12 hours post-exercise and returns to basal levels within 24 hours (Pilegaard et al., 2000; Bickel et 

al., 2005; Yang et al., 2005). Moreover, it has been demonstrated that transient DNA 

hypomethylation of gene-specific promoter regions, histone modifications, and micro-RNA 

expression (described in detail in section “Epigenetic”) regulate mRNA expression in response to 

acute exercise (McGee & Hargreaves, 2011; Barrès et al., 2012; Zacharewicz et al., 2013). 

Consequently, the cumulative effect of exercise bouts results in increase in transcriptional activity 

that facilitates the synthesis of the corresponding proteins. Gradual accumulation of protein leads to 

a change in the steady-state level of specific protein content and enzyme function and, hence, to a 

new functional threshold (Perry et al., 2010a). These training-induced adaptations intrinsic to the 

working skeletal muscle results in gradual structural remodeling and long-term functional adaptations 

leading to robust homeostasis defense during exercise challenge and improved exercise performance 

(Holloszy & Coyle, 1984; Booth & Thomason, 1991) (Figure 5). 
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Figure 5. The Molecular Basis of Adaptation to Exercise  
Schematic representation of changes in 

mRNA expression (bottom panel) and 

protein content (middle panel) over time as a 

consequence of acute exercise and chronic 

(repetitive) exercise training. Training-

induced phenotypic adaptation is the 

consequence of repetition of the stimulus of 

individual acute exercise bouts. In order for 

a gene upregulated by exercise and training, 

an individual exercise bout elicits a rapid, but 

transient, increase in relative mRNA 

expression of a given gene during recovery. 

Alterations in mRNA expression several-

fold from basal levels are typically greatest at 

3–12 h after cessation of exercise and generally return to basal levels within 24 h. Translational processing and an 

elevated rate of postexercise protein synthesis result in a modest, same-directional change in protein content. 

Superimposition of repeated exercise bouts results in the gradual accumulation of protein in response to repeated, 

pulsed increases in relative mRNA expression. Thus, long-term adaptation to training is due to the cumulative 

effects of each acute exercise bout leading to a new functional threshold. Training-induced changes in protein 

content or enzyme function alter metabolic responses to exercise at the level of substrate metabolism, resulting in 

improved exercise performance (upper panel). (From Egan & Zierath, 2013). 

 

The functional consequences of these adaptations are determined by training volume, intensity and 

frequency, and protein half-life. Moreover, many features of training adaptation are specific to the 

type of stimulus, such as the mode of exercise (Izquierdo et al., 2004; Mahoney et al., 2005). Specific 

exercise causes activation and/or repression of specific pathways and subsets of genes, thereby, 

performing multiple bouts of each training mode in isolation will eventually generate a developmental 

history in muscle fibers, producing a specific exercise-induced phenotype associated with long-term 

training (Ingalls, 2004). With aerobic exercise this well-defined network of transcription factors and 

coregulatory proteins exerts molecular control over contractile, metabolic, and mitochondrial 

adaptation, illustrated by an ability to alter the expression of key enzymes in carbohydrate and lipid 

metabolism, and the coordination of myogenesis and mitochondrial biogenesis in response to exercise 

(Hood, 2001; Flück & Hoppeler, 2003; Coffey & Hawley, 2007). Endurance training elicits a variety 

of metabolic and morphological adaptations, including mitochondrial biogenesis (Irrcher et al., 

2003), fast-to-slow fiber-type transformation (Zierath & Hawley, 2004) and substrate metabolism 

(Holloszy et al., 1977). Specifically, these aerobic adaptations reflect increased abundance of proteins 
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involved in mitochondrial ATP production (Holloszy, 1967a), the TCA cycle (Egan et al., 2011a), 

fatty acid mobilization, transport and oxidation (Talanian et al., 2010), glycolytic metabolism 

(Tremblay et al., 1994), antioxidant capacity (Powers et al., 1994), glucose transport and glycogen 

synthesis (Perseghin et al., 1996), and delivery and extraction of oxygen from skeletal muscle (Gavin 

et al., 2007). The changes occur in all three fiber types, with the difference being somewhat greater 

in type IIa than in type I and type IIx fibers (Howald et al., 1985). 

 

Contraction-Induced Signal Transduction Pathways in Skeletal Muscle 

The process of converting various chemical, electrical, and mechanical signals generated during 

muscle contraction into molecular events that promote physiological responses and subsequent 

adaptations in muscle cells involves signal transduction cascades resulting in activation and/or 

repression of specific signaling pathways regulating exercise-induced gene expression and protein 

synthesis/degradation. (Bassel-Duby & Olson, 2006; Hood et al., 2006; Coffey & Hawley, 2007; 

Egan & Zierath, 2013). The nature of the exercise challenge determines the acute metabolic and 

molecular responses, which are then contiguous with long-term physiological adaptation of exercise 

training (Egan & Zierath, 2013). Specifically, interval training provides stimuli composed of short-

duration dynamic muscle contractions typical of rhythmic exercise, such as cycling or running, 

affected by energy and metabolic perturbation combined with high intensity derived from elevated 

force and power production generated during each contraction (MacInnis & Gibala, 2017; Memme 

et al., 2021). The cascade of events induced by these characteristic muscle contractions includes 

changes in intracellular oxygen pressure, mechanical strain, calcium flux, ATP turnover, redox 

balance and reactive oxygen species (ROS) production (Egan & Zierath, 2013). 

 

Local Tissue Oxygenation and Hypoxia-Inducible Factors. Oxygen sensing is involved in the 

regulation of adaptive processes in cells. The major signal transduction pathway sensitive to the 

intracellular partial pressure of oxygen (PiO2) is regulated through hypoxia-inducible factor (HIF), 

composed of two subunits, HIF-1a and HIF-1b. Reduction of PiO2, occurring in contracting muscle 

during acute exercise  (Richardson et al., 1995b), allows for HIF-1a translocation to the nucleus to 

form an active complex with HIF-1b. Activation of HIF-1 induces transcription of target genes 

involved in erythropoiesis, angiogenesis, glycolysis, and energy metabolism (Taylor, 2008). Hence, 

HIF-dependent transcriptional regulation augments survival during low O2 tension either by 

increasing O2 delivery and extraction or by enhancing the ability to obtain ATP from O2-independent 

pathways making HIF-1 relevant to exercise-induced skeletal muscle metabolism and adaptation 

(Mason et al., 2004; Formenti et al., 2010). 
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Mechanical Stress and Mitogen-Activated Protein Kinase Signaling. Mechanical stimuli 

occurring during muscle contraction induce several adaptive processes that modulate tissue form and 

function (Alenghat & Ingber, 2002). The rapid and differentiated mechanochemical conversion 

induced by distinct patterns of mechanical stress strongly suggests the existence of mechano-

transduction specificity. Among the wide variety of biochemical and biophysical processes activated 

by muscle contraction, exercise mediates the activation of mitogen-activated protein kinases 

(MAPKs). Among these, p38 MAPK is able to stimulate PGC-1α expression by phosphorylating the 

transcription factor ATF2 and MEF2, which in turn increase PGC-1α protein abundance by binding 

to and activating the CREB site on the PGC-1α promoter (Akimoto et al., 2005; Wright et al., 2007b; 

Egan et al., 2010). Thereby, contractile activity-induced promotes mitochondrial biogenesis in 

skeletal muscle via activation of the p38 MAPK pathway (Akimoto et al., 2005). 

 

Calcium Flux and Calcium-Calmodulin-Dependent Protein Kinase / Calcineurin Signaling. 

Calcium is essential to facilitate the crossbridge interaction between myosin and actin during 

myofibrillar contraction. Neural activation of skeletal muscle generates an action potential that elicits 

Ca2+ release from the sarcoplasmic reticulum, whereas termination of the action potential initiates 

Ca2+ transport out of the cytosol back to the sarcoplasmic reticulum. The rate and capacity of Ca2+ 

release and uptake are altered by contractile activity, and the amplitude and duration of Ca2+ flux are 

regulated by the duration and frequency of the contractile stimulus. Specifically, high intensity 

exercise generates short cycles of significantly elevated intracellular [Ca2+] (Baar & Esser, 1999). 

Calcium oscillations are translated into discrete signals that modulate the kinase activity of Ca2+-

calmodulin-dependent protein kinases (CaMKs), a family of multifunctional serine/threonine protein 

kinases implicated in muscle plasticity (Chin, 2010), whose CaMKII is the dominant isoform in 

human skeletal muscle, usually activated in response to endurance exercise rapidly upregulated after 

the onset of exercise (Rose et al., 2006). Exercise increases CaMKII phosphorylation in an intensity-

dependent manner (Rose et al., 2006; Egan et al., 2010), presumably due to the additional muscle 

fiber recruitment (Sale, 1987) or to higher calcium concentrations expected during increased exertion 

(Howlett et al., 1998). Therefore, Ca2+ is an important regulator in the specificity of exercise-induced 

adaptive events, and its effects are likely altered by the mode, intensity and volume of exercise 

(Coffey & Hawley, 2007). CaMKs affect glucose transport (Wright et al., 2004), lipid uptake and 

oxidation (Raney & Turcotte, 2008), and skeletal muscle plasticity (Wu et al., 2000). Downstream 

effects of  CaMKs involve transcription factors activation, such as NFAT, CREB, MEF2 or HDACs, 

affecting PGC-1α and GLUT4 gene expression in skeletal muscle (Pilegaard et al., 2000; Chin, 2010). 
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CaMKII has also been shown to remain active in a Ca2+-independent manner via autophosphorylation 

process after both acute and prolonged exercise and, therefore, is implicated as a mechanism for 

cellular memory of the previous level of activation (Chin, 2004). Moreover, prolonged and low-

amplitude intracellular calcium transients have also been shown to increase calcineurin activity, 

which acts as a co-regulator in muscle hypertrophy and muscle fiber growth/regeneration (Dunn et 

al., 1999; Musarò et al., 1999; Sakuma et al., 2003), but it is also involved in fast-to-slow 

transformation through dephosphorylation and activation of the transcriptional promoter NFAT 

(Naya et al., 2000; Michel et al., 2004; Parsons et al., 2004; Talmadge et al., 2004). Such paradoxical 

calcineurin-regulated adaptive pathways (i.e., hypertrophic vs oxidative phenotype), represents 

alternate adaptive responses specific to the intensity and duration of contractile activity. 

 

Cellular Energy Status, ATP Turnover, and AMP-Activated Protein Kinase Signaling. ATP 

synthesis via restoration of its high energy phosphate bonds is generated by oxidative phosphorylation 

and/or glycolysis. Metabolites concentrations related to the maintenance of muscle phosphorylation 

potential ([ATP]/[ADP][Pi]), such as intracellular AMP concentration, provide feedback signals and 

act as regulators to balance ATP production with ATP consumption (Sakamoto & Goodyear, 2002; 

Hawley & Zierath, 2004). Any cellular stress that inhibits ATP synthesis or accelerates ATP 

consumption (e.g., exercise-induced contraction) and subsequently increases the AMP:ATP ratio 

initiates several downstream molecular events in skeletal muscle (Hardie & Sakamoto, 2006). As a 

primary messenger for adaptive signaling, phosphorylation state and energy deficit appears to exert 

its effect principally via a strong secondary messenger, the 5′-adenosine-monophosphate-activated 

protein kinase (AMPK) (Aschenbach et al., 2004; Hardie & Sakamoto, 2006). AMPK acts to regulate 

intracellular energy metabolism by activating pathways that lead to ATP storage and generation 

(Kahn et al., 2005). AMPK is implicated in the enhancement of ATP production and conservation by 

increasing uptake and oxidation of plasma glucose, stimulating fatty acids oxidation through the 

phosphorylation and subsequent inhibition of Acetyl-CoA carboxylase (ACC), enzyme which 

inhibits the beta-oxidation of fatty acids in the mitochondria (Rasmussen & Winder, 1997), and 

increasing expression of the glucose transporter type 4 (GLUT4) and hexokinase (HKII) (Holmes et 

al., 1999; Aschenbach et al., 2004; Hardie, 2007). 

 

In addition, chronic activation of AMPK appears to be a crucial sensor involved in the mechanism of 

mitochondrial biogenesis detecting stress at the level of oxidative capacity and subsequently turning 

on the upregulation of PGC-1α expression and post-translational phosphorylation (Bergeron et al., 

2001; Hardie & Sakamoto, 2006; Leick et al., 2010). These features, make AMPK a key regulator of 
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mitochondrial biogenesis through PGC-1α and NRFs pathways, working in response of the energy 

state of the muscle cell. Interestingly, acute exercise increases AMPK phosphorylation and enzymatic 

activity in an intensity-dependent manner (Wojtaszewski et al., 2000; Egan et al., 2010). In this 

regard, intense (~90% V̇O2max) interval training has been shown to increase AMPK activity in 

endurance-trained athletes (Clark et al., 2004). Furthermore, AMPK phosphorylation is also 

significantly upregulated following short-duration (~30 seconds) supramaximal sprint cycling, 

probably due to the extensive and rapid reduction in cellular ATP (Chen et al., 2000). 

 

Redox Balance, NAD+:NADH, and Sirtuins Signaling. The redox state, defined by the balance 

between nicotinamide adenine dinucleotide and its reduced form (NAD+:NADH), is predominantly 

a result of catabolic reactions occurring with glycolytic and lipolytic metabolism in the mitochondria 

(Smith & Reid, 2006). The maintenance of redox potential produces volatile free oxygen molecules 

(e.g. reactive oxygen species (ROS)) inducing cellular oxidative stress. As a result of increase oxygen 

demand and enhanced metabolic pathways activity, exercise represents a stimulus capable of 

generating oxidative stress which may modulate exercise-induced adaptive signaling (Carrero et al., 

2000). Silent mating type information regulation 2 homolog proteins (Sirtuins) are NAD+-dependent 

histone deacetylases (HDAC) having prominent role in metabolism regulation in response to 

physiological changes such as cellular NAD+ accumulation and NAD+/NADH ratio elevations (Tang, 

2016). The deacetylase activity of two important Sirtuins members, Sirtuin-1 (SIRT1) at cytoplasmic 

and nuclear level, and Sirtuin-3 (SIRT3) at mitochondrial level, occurs on transcriptional regulators 

(Nemoto et al., 2005) and mitochondrial enzymes (Hirschey et al., 2010) respectively, allowing the 

coupling of alterations in cellular redox state to adaptive changes in gene expression and cellular 

metabolism (Lagouge et al., 2006; Cantó et al., 2009). Moreover, SIRT1 is able to deacetylate not 

only histones, but also proteins. Specifically, SIRT1 is known to regulate more than 40 protein targets 

through deacetylation activity (Nemoto et al., 2005; Gerhart-Hines et al., 2007; Fulco et al., 2008). 

Among these, the post-translational deacetylation process of PGC-1α has been shown to be SIRT1-

dependent, resulting in increased transcriptional activity of PGC-1α (Rodgers et al., 2005; Nemoto et 

al., 2005; Gerhart-Hines et al., 2007; Amat et al., 2009; Dominy et al., 2010; Gurd, 2011). In addition, 

SIRT1 may also act upstream of AMPK by deacetylation and activation of the major AMPK 

activating kinase, Liver Kinase B1 (LKB1) (Lan et al., 2008). Conversely, even the activity of SIRT1 

depends on AMPK activation which via nicotinamide phosphoribosyl transferase (Nampt) enhances 

NAD+/NADH ratio, the substrate for SIRT1 (Fulco et al., 2008). Interestingly, short-term interval 

training has been shown to increase SIRT1 expression in skeletal muscle (Little et al., 2010). Overall, 

enhanced SIRT1/3 activity is associated with favorable adaptations in skeletal muscle metabolism, 
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including improved mitochondrial function and exercise performance (Lagouge et al., 2006; Gerhart-

Hines et al., 2007). 

 

Mitochondrial Adaptations and Endurance Training 

As noted, in response to aerobic training, numerous intracellular cascades have been implicated in 

regulating expression of genes and transcription factors involved in mitochondrial biogenesis 

(Howald et al., 1985). The increase in total mitochondrial proteins in response to endurance exercise 

training includes those involved in β-oxidation, the tricarboxylic acid cycle, and the electron transport 

chain, thereby improving the capacity for energy provision to the exercising muscles (Holloszy & 

Booth, 1976). Prolonged endurance training typically induces an increase in mitochondrial volume 

up to 40–50%, and this increase in content is concomitant with improvements in respiration and 

oxidative capacity in each individual organelle (Baldwin et al., 1972). Interval training, despite small 

volume of exercise performed compared to large volume moderate-intensity exercise, is able to elicit 

similar mitochondrial adaptations. In acute response, a single session of HIIT or SIT activates 

signaling pathways associated with mitochondrial biogenesis similar to MICT (Gibala et al., 2009; 

Perry et al., 2010b; Little et al., 2011b; Metcalfe et al., 2015). This may be explained by the crucial 

role played by exercise intensity that occur during interval training protocols. Indeed, cellular stress 

occurs in proportion to exercise intensity (Egan & Zierath, 2013), and there is strong evidence that 

higher intensities of exercise elicit a greater metabolic signal than moderate intensities. Firstly, ATP 

turnover is greater for higher intensities of exercise (Howlett et al. 1998), which also rely more on 

carbohydrate oxidation and utilize more glycogen than lower intensities of exercise (Gollnick et al., 

1974; Vollestad & Blom, 1985; Romijn et al., 1993; Van Loon et al., 2001). Consequently, the 

accumulation of intracellular lactate, creatine, AMP and ADP increases with exercise intensity 

(Howlett et al., 1998; Van Loon et al., 2001). Thereby, the subsequent activation of signaling kinases 

(e.g., CaMKII, p38 MAPK, AMPK) and deacetylases (e.g., SIRT1), and increases in nuclear PGC-

1α protein content, which are all early events regulating mitochondrial biogenesis, appears to be 

regulated in an exercise intensity-dependent manner (Wojtaszewski et al., 2000; Rose & Hargreaves, 

2003; Rose et al., 2006; Egan et al., 2010). Alternatively, also the on-and-off pattern characteristic 

of interval training (i.e. rest–work cycles) could partially explain skeletal muscle responses to this 

type of exercise suggesting that the intermittent nature of interval training plays a role in the 

magnitude of the adaptations (Cochran et al., 2014; Combes et al., 2015; MacInnis & Gibala, 2017). 

Regular and repeated activation of exercise-induced pathway of mitochondrial biogenesis culminate 

in increases in mitochondrial content and/or respiratory function (Hoppeler et al., 1985; Burgomaster 

et al., 2005, 2008; Coffey & Hawley, 2007; Hood et al., 2011b; Little et al., 2011a; Jacobs & Lundby, 
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2013; Bishop et al., 2014a, 2019; Montero et al., 2015a; Montero & Lundby, 2017), and concomitant 

changes in organelle composition, such as increased cristae density (Nielsen et al., 2017) or 

supercomplex assembly (Greggio et al., 2017). Numerous studies have demonstrated that 

mitochondrial content increased by ~25–35% after six or seven sessions of HIIT or SIT  (Burgomaster 

et al., 2006; Gibala et al., 2006; Talanian et al., 2007; MacInnis & Gibala, 2017). Interval training 

results to be effective also in improving mitochondrial respiratory function as shown by large increase 

in mitochondrial respiration capacity after both SIT and HIIT training protocols (Daussin et al., 2008; 

Granata et al., 2016a; MacInnis & Gibala, 2017; MacInnis et al., 2017). 

 

Moreover, exercise intensity also appears to play a crucial role in these long-term adaptations. Indeed, 

the importance of exercise intensity is further highlighted by the greater training-induced increase in 

PGC-1α protein content reported following an all-out SIT period compared to MICT protocols of the 

same duration (Granata et al., 2016b). Intensity also becomes relevant in regulating mitochondrial 

adaptations in terms of content and function. Indeed, although a parallel increase in mitochondrial 

content and respiratory function is sometimes assumed (Jacobs & Lundby, 2013), there is evidence 

that it may not always occur (Granata et al., 2016a, 2018). Training-induced changes in mitochondrial 

respiratory function have been reported without concomitant changes in mitochondrial content 

(Jacobs & Lundby, 2013; Granata et al., 2016b). and changes in mitochondrial content are not always 

paired with an increase in mitochondrial respiratory function (Yu et al., 2003; Montero et al., 2015a). 

Exercise at higher intensities has been reported to provide a greater stimulus to increase mitochondrial 

respiratory function (Granata et al., 2018), suggesting a relation between mitochondrial function and 

training intensity. In contrast, mitochondrial content seems to be more sensitive to training volume. 

With training, mitochondrial adaptations may occur within any fiber types, indicating that 

mitochondrial adaptations are not dependent on the myosin-based fiber type per se, but are instead 

driven by the stimulus and the recruitment of that fiber (Lundby & Jacobs, 2016a). 

 

Exercise acts as a stimulus for the induction of both organelle biogenesis and mitophagy, which act 

in concert to regulate mitochondrial turnover and maintain the health of the mitochondrial pool within 

skeletal muscle. Mitophagy is up-regulated by numerous cellular stresses, including aerobic acute 

exercise through activation of the AMPK signaling pathway by induced energy imbalance 

(Vainshtein & Hood, 2016; Erlich et al., 2018; Chen et al., 2018a; Hood et al., 2019). Moreover, 

acute exercise promotes Parkin localization to mitochondria as well as increase in mitophagy flux, as 

measured by LC3II, p62 and ubiquitin immediately post-exercise (Vainshtein & Hood, 2016; Chen 

et al., 2018b, 2018a). In response to repeated bouts of exercise in the form of endurance training, 
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several studies have documented increases in autophagy and mitophagy markers within muscle (Lira 

et al., 2013a; Ju et al., 2016; Chen et al., 2018b). Chronic aerobic exercise induces the expression of 

lysosomes and autophagy-related genes to readily provide for the clearance of dysfunctional 

organelles, including mitochondria, when their degradation is required. Given the similar increases 

in mitochondrial content and function observed in HIIT and SIT compared with traditional endurance 

training, it is reasonable to consider that mitochondrial turnover would be induced to a similar extent 

in these alternative training modalities. A single bout of endurance exercise is sufficient to induce 

structural changes in mitochondrial morphology to promote improved function of the organelle 

network. Changes in the energy requirements of the cell during aerobic exercise are able to stimulate 

mitochondrial dynamics adaptation by adjusting their size and distribution (Picard et al. 2013). When 

exposed to chronic stimulus of endurance training, an augmented expression of fusion proteins Opa1 

and Mfn2 has been revealed, along with a concomitant decrease in fission protein Drp1, effectively 

shifting the fusion:fission ratio in favor to organelle fusion (Hood et al., 2019). Overall, the 

maintenance of mitochondrial morphology is critical for maintaining optimal muscle function. 

 

Summary 

Overall, endurance training elicits both central and peripheral adaptations, alters neural recruitment 

patterns, and causes profound changes in muscle bioenergetics and improves morphological and 

metabolic substrate status in skeletal muscle (Hawley, 2002). Aerobic adaptations result in increased 

muscle glycogen stores and reduced utilization at submaximal workloads via increased fat oxidation, 

enhanced lactate kinetics and morphological alterations, including a greater proportions of type I 

fibers per muscle area, and increased capillary density and mitochondrial biogenesis. In addition, 

repeated bouts of endurance exercise result in altered expression of a multiplicity of gene products, 

resulting in an altered muscle phenotype with improved fatigue resistance due to tighter coupling of 

ATP supply and demand, and, thereby, reduced disturbances to homeostasis combined with a 

consequent reduction in metabolic byproducts (Adhihetty et al., 2003). 
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DETRAINING 

According to the principle of training reversibility, physiological adaptations occurring at muscular 

and systemic levels in response to chronic exercise are partially or completely reversed during a short-

term or long-term period of training cessation, impairing the acquired ability to address homeostasis 

perturbation. The principle of training reversibility is therefore the principle of detraining (Hawley & 

Burke, 1998; Mujika & Padilla, 2001). Detraining has been defined as the partial or complete loss of 

training-induced morphological, physiological and functional adaptations as a result of activity 

reduction or training interruption (Mujika & Padilla, 2000). Detraining has a marked impact on 

cardiovascular, respiratory, metabolic and musculoskeletal adaptations that are affected by 

impairment processes during cessation of training stimuli (Lacour & Denis, 1984; Sjøgaard, 1984; 

Wilber & Moffatt, 1994; Mujika & Padilla, 2000). 

 

Cardiovascular and metabolic responses to detraining 

In highly trained athletes cardiovascular detraining is characterized by a progressive V̇O2max decrease 

between 4 and 20% to the initial values, during the first 8 weeks of training cessation (Coyle et al., 

1984; Pavlik et al., 1986). Most studies, however, indicate that V̇O2max ceases to decline thereafter 

and remains higher than untrained counterparts (Coyle et al., 1984, 1985). In the longest detraining 

study (Coyle et al, 1984) seven endurance-trained subjects refrained from training for 84 days. V̇O2max 

declined by 7% in 21 days, and by 16% in 56 days from where it stabilized at values still 17.3% 

higher than sedentary control subjects. A correlation of 0.93 was observed between trained V̇O2max 

values and decline percentage with inactivity. A linear decrease in V̇O2max was also observed until the 

45th day of training withdrawal in a group of highly trained cyclists and endurance runners during 60 

days of training cessation (Pavlik et al., 1986). However, it should be taken into consideration that 

the cardiovascular response during training cessation seems to be dependent on the duration of 

training performed and the training status achieved prior to undergoing the detraining period, in 

addition to the nature of detraining (complete cessation or reduced activity). In previously sedentary 

subjects, cardiovascular fitness is less affected by short-term detraining, during which V̇O2max appears 

to be preserved for 2-3 weeks (Moore et al., 1987; Houmard et al., 1996). However, after roughly 

one month V̇O2max initiates its decrement although maintaining values above pre-training conditions 

(Pivarnik & Senay, 1986; Wibom et al., 1992)(Pivarnik & Senay, 1986; Wibom et al., 1992). For 

longer periods of inactivity most often training-induced maximal aerobic capacity results in a 

complete reversal to pre-training values in recently endurance-trained individuals (Klausen et al., 

1981; Wang et al., 1997). 
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A decline in blood volume appears to be largely responsible for the observed reduction in 

cardiovascular function during short periods of training withdrawal. In endurance athletes a 5% 

decrement has been observed after 10 days of detraining, rising to doubled values of decrease (9%) 

after 2 to 4 weeks of refraining from activity (Thompson et al., 1984; Coyle et al., 1986; Cullinane 

et al., 1986). Plasma volume is also reduced during inactivity in relation to plasma protein dynamics, 

the loss of which appears to be accounted for 97% of the reduction in plasma volume (Pivarnik & 

Senay, 1986). Moreover, hemoglobin is lost in as little as 2 to 4 weeks of detraining, corresponding 

to 3.5% loss in total hemoglobin which may account for a portion of the reported decrease in V̇O2max 

(Coyle et al., 1986). As a consequence of reduced blood volume, cardiac function is impaired. In 

particular, the reduction in blood volume during training cessation limits ventricular filling during 

exercise and is largely responsible for the inactivity-induced reduction in maximal stroke volume 

(Coyle et al., 1984, 1986). A 10% decline in stroke volume has been observed in highly-trained 

subjects after the initial 12 days without training, achieving values of 14-17% below trained levels 

between 21 and 84 days of inactivity which were not different from untrained controls, suggesting a 

complete reverse adaptation (Coyle et al., 1984, 1986; Martin et al., 1986). An association was found 

between changes in stroke volume and V̇O2max during initial weeks, prompting reduction in stroke 

volume as factor responsible for V̇O2max decrease during the short-term detraining period (Coyle et 

al., 1984; Pavlik et al., 1986). To counterbalance the reduced blood delivered to working muscles, 

heart rate is increased. Following 2 to 4 weeks of training cessation, a rise in an exercise heart rate 

by approximately 10% has been observed increased at submaximal intensities (Coyle et al., 1986; 

Cullinane et al., 1986; Houmard et al., 1992; Madsen et al., 1993). Studies of longer periods on 

detraining effects found that the increased heart rate during submaximal exercise stabilized after 56 

days of inactivity (9). Maximal heart rate was less affected, showing a 4-5% increase after the initial 

12-21 days of training interruption, but without change thereafter (Coyle et al., 1984). The magnitude 

of the increase in exercise heart rate values that characterize cardiovascular detraining is insufficient 

to counterbalance the decline in stroke volume, eliciting overall a decreased cardiac output. Coyle 

and colleagues (Coyle et al., 1984) reported that estimated maximal cardiac output stabilized at 8% 

below trained values after 21 days of training cessation in endurance athletes, not decline further 

beyond that level thereafter. 

 

Focusing on the peripheral level of the O2 cascade, the maximal arterial-venous oxygen difference 

seems to be unaffected during initial weeks of inactivity, however, after longer period without training 

values may be reduced by 4% to 7% (Coyle et al., 1984). These observations lead to the suggestion 

that the initial V̇O2max loss observed in individuals refraining from training is caused by a decreased 
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stroke volume, whereas the decreased arterial-venous oxygen difference would be responsible for the 

reduction in V̇O2max observed between the 3rd and 12th weeks of training cessation (Coyle et al., 1984). 

Interestingly, muscle capillarization in endurance-trained subjects appears to remain unchanged even 

after long-term period without training (up to 84 days) with values 50% higher than in sedentary 

controls (Coyle et al., 1984). Also in recently trained individuals, capillarization, although slightly 

reduced after training, is maintained above pre-training values even after 8 weeks of training cessation 

(Klausen et al., 1981). The retention of increased capillary density contributed to the observed partial 

maintenance of the ability to attain a high percentage of V̇O2max despite long periods of detraining. 

Among cardiorespiratory impairment processes during detraining, mean and systolic blood pressures 

have been shown to increase along with peripheral resistance during 9 to 12 weeks (Martin et al., 

1986), and also impairment of ventilatory function as a result of training interruption has been 

observed in both athletes and recently trained individuals, where a decline in maximal ventilation has 

been reported due mostly to a reduction in maximal ventilatory volume (Drinkwater & Horvath, 1972; 

Houston et al., 1979; Coyle et al., 1985; Wang et al., 1997). 

 

From a metabolic perspective, even short-term detraining reveals increased respiratory exchange ratio 

(RER) at submaximal and maximal exercise intensities, suggesting a clear indication of a shift toward 

greater reliance on carbohydrate as energy substrate for exercising muscles, in concomitance with a 

decreased contribution from lipid metabolism (Drinkwater & Horvath, 1972; Coyle et al., 1984, 1985; 

Moore et al., 1987; Madsen et al., 1993). In addition, whole-body glucose uptake rapidly declines 

during training interruption as a result of insulin sensitivity decline and reduction in muscle GLUT4 

transporter (Mikines et al., 1989; McCoy et al., 1994; Vukovich et al., 1996), and muscle glycogen 

concentration undergoes a rapid decline toward pre-training values within a few weeks of training 

cessation, in relation to a reduction in glucose-to-glycogen conversion and glycogen synthase activity 

(Costill et al., 1985; Mikines et al., 1989; Madsen et al., 1993). In long-term detraining, exercise 

blood lactate concentration increases at submaximal intensities, and, together with a reduction in 

bicarbonate concentration and greater base deficit, results in a higher acidosis in response to exercise 

(Coyle et al., 1985; Costill et al., 1985; Neufer et al., 1987). In addition, in endurance-trained subjects, 

lactate threshold has been shown to decline at lower percentage of V̇O2max, although remaining above 

pre-training values even 84 days after training cessation (Coyle et al., 1985). In contrast, in recently 

trained subjects, blood lactate concentration during exercise does not appear to be affected by short-

term training interruption (Wibom et al., 1992), whereas long-term detraining results in reduction in 

submaximal and maximal exercise blood lactate concentration and in ventilatory threshold, but 

nevertheless maintaining above baseline values (Ready & Quinney, 1982). 
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Skeletal muscle responses to detraining  

At skeletal muscle level several structural and enzymatic adaptation are reversed during detraining 

period. Muscle fiber distribution remains unchanged during the initial weeks of inactivity, but there 

may be a decreased proportion of ST fibers and a large shift from FTa to FTb fibers in endurance-

trained individuals (Houston et al., 1979; Coyle et al., 1985). In addition, the cross-sectional area of 

ST, FTa and FTb fibers rapidly declined in previously sedentary subjects, returning to pre-training 

levels after one months but decreasing further thereafter without training (Klausen et al., 1981), 

whereas, interestingly in endurance athlete fiber area may slightly increase in both slow- and fast-

twitch fibers (Houston et al., 1979; Houmard et al., 1992). One of the main characteristics of muscular 

detraining is a marked decrease in skeletal muscle oxidative capacity, as shown by markedly reduced 

mitochondrial enzyme activities. Specifically, for highly trained subjects, enzyme activities involved 

in the tricarboxylic acid cycle, such as citrate synthase, succinate dehydrogenase, malate 

dehydrogenase, β-hydroxyacyl-CoA dehydrogenase, decline ~20% during the first 3 weeks and 

~40% within 56 days of training interruption, stabilizing thereafter at such level, which is 40-50% 

higher than in sedentary counterparts (Chi et al., 1983; Coyle et al., 1984). Since CS activity is an 

estimation of mitochondrial content, although a rapid reduction during the initial period of detraining, 

a slower decrement in mitochondrial content is observed over longer period until stabilized at higher 

values than pre-training. Interestingly, the decrement in mitochondrial enzymes shows distinct 

behaviors among different fiber types, exhibiting almost complete decrease in ST fibers and a 

retention at 50-80% above pre-training values in FT (Chi et al., 1983). As for cardiorespiratory 

parameters, even muscle alterations in highly trained people who have been exercising intensely on 

a regular basis for a long time appear to differ from individuals who have just trained for a few 

months. Indeed, in previously sedentary individuals, mitochondrial enzyme activities rapidly revert 

toward pre-training levels remaining higher than before training in the first few weeks (Moore et al., 

1987; Wibom et al., 1992) but disappearing completely by the 8th week of training interruption 

(Klausen et al., 1981). Conversely to muscle oxidative capacity, glycolytic enzyme activities undergo 

only minor detraining-induce changes, characterized by decrease in hexokinase and slight increment 

in phosphorylase, phosphofructokinase, and lactate dehydrogenase, suggesting a reliance on 

glycolytic energy rather than oxidative. According to the reduction in mitochondrial enzyme activity, 

mitochondrial ATP production rate is also markedly affected by training interruption, showing a 

decrease between 12 to 28% during the initial month, remaining, however, 37–70% above pretraining 

levels (Wibom et al., 1992). These values parallel the decrease in mitochondrial respiration revealing 

~15–25% after 2 weeks of training reduction (Granata et al., 2016a), but inversely to aforementioned 
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ATP production data, all respiration states in permeabilized fibers return to pre-training level. These 

findings emphasize the rapid reversibility of gains in mitochondrial function after a period of training 

interruption. The protein content of mitochondrial transcription factors TFAM and Nrf1 appears to 

decrease during the first week of reduced activity, indicating a great sensibility of these transcription 

factors to short-term reductions of training (Granata et al., 2016a). The rapid changes in the content 

of these transcription factors indicate that even at the cellular level, human skeletal muscle quickly 

responds to interruption of training stimulus and rapidly adapts to the new metabolic and energy 

requirements. 

 

Summary 

Overall, these findings demonstrate that cardiorespiratory and muscle adaptation acquired during an 

endurance training intervention are reversed following periods of detraining. Training status at the 

initiation of stimulus cessation is important in defining the timing and extent of impairment; however 

maximal aerobic capacity is rapidly reversed toward pre-training levels, primarily due to blood 

volume and stroke volume reduction and secondarily as a result of decline peripheral oxygen 

extraction. The latter impairment appears to be affected by reduction muscle oxidative capacity. 

Interestingly, only capillarization seems to be a component that is retained over long periods without 

exposure to endurance training stimulus.  
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EPIGENETIC 

Epigenetics is an emerging area of science within molecular exercise physiology surrounding the 

interaction between environmental factors and our inherited DNA. The concept was first conceived 

by Conrad Waddington in 1940. Since then, and with the development of advanced technologies, the 

understanding of epigenetics has progressed significantly and the field has seen a rapid and 

exponential increase in attention over the past few decades (Seaborne & Sharples, 2020). The word 

epigenetics is of Greek origin and literally means "above" (epi) the genome. Indeed, it represents the 

means by which genetic components (genotype) interact with their surrounding environment to create 

a "phenotype", thus bridging the gap between genotype and phenotype (Sharples et al., 2022). In 

essence, epigenetic mechanisms are modifications that affect gene function through changes in 

transcriptional expression without variations occurring in the DNA sequence itself (Sharples et al., 

2016b; Turner et al., 2019; Seaborne & Sharples, 2020; Blocquiaux et al., 2022). Following exposure 

to environmental stimuli, changes are produced by biological and biochemical modifications to DNA 

or proteins such as histones altering the chemical structure of binding sites for transcription factors 

and the conformational characteristic of the chromatin, helping to promote or suppress the 

transcription process, and thus the subsequent level of gene expression (Sharples & Seaborne, 2019). 

These modifications involve addition or removal of small chemical groups such as acetyl or methyl 

groups to specific sites on the DNA or histones (Sharples et al., 2022). Epigenetic modifications allow 

genetically identical cells to achieve extremely different phenotypic characteristics through 

regulation of the transcriptional process elicited during homeostasis and after exposure to 

environmental stressors. The underlying mechanism by which human skeletal muscle exhibits highly 

variable adaptations in response to a given exercise stimulus has yet to be fully clarified; however, it 

is evident that epigenetic modifications play an important role in physiological adaptations to exercise 

(Seaborne & Sharples, 2020). 

 

Modifications. There are several types of epigenetic modification. A large amount of highly complex 

biological processes is involved and the full repertoire of these epigenetic mechanisms is not yet fully 

understood. Currently, more than 200 modifications and associated enzymes have been identified 

(Minguez et al., 2012; Duan & Walther, 2015). However, the most common epigenetic modifications 

include SUMOylation, phosphorylation, ubiquitination, acetylation, and methylation, among which 

histone methylation and acetylation, non-coding miRNAs and DNA methylation are the most 

widely studied modifications in the context of molecular exercise physiology (Sharples et al., 2022). 
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Histone modifications 

The major forms of modification involve alterations to the surrounding histones as a result of 

methylation, acetylation and deacetylation (Turner et al., 2019). Typically, histone methylation is 

associated with a suppressed transcriptional state resulting in reduced gene expression. However, this 

mechanism does not always respect this pattern since it is highly dependent on the specific amino 

acid being modified and the number of methyl groups characterizing this modification (e.g., mono-, 

di-, or tri-methylation) (Sharples et al., 2022). Generally, when a histone is acetylated, it creates a 

chromatin conformation that helps activate and increase gene transcription near those loci (a specific 

gene site or location). This is caused by the new acetyl group changing the electrical charge between 

the histone and DNA, repelling their tight ionic binding and rendering a more accessible chromatin 

structure. This condition facilitates access to the transcriptional machinery and enhancement of gene 

expression (Eberharter & Becker, 2002; Sharples et al., 2022). 

 

Micro RNA 

Micro RNAs (miRNAs), short non-coding RNA species, are the third major epigenetic regulator. 

This small single-stranded RNA binds directly to the 3' UTR regions of mature mRNA molecules, 

thereby disrupting the mRNA strand just prior to translation into protein. Hence, this is identified as 

a post-transcriptional epigenetic modification as it occurs after the mRNA has been transcribed 

(Lujambio & Lowe, 2012). Commonly, miRNA binding to the mRNA of specific genes causes a 

reduction in gene expression through direct degradation of the target mRNA molecule or suppression 

of its translation process (Lujambio & Lowe, 2012). This occurs when the miRNA binds to the 3' 

UTR region of the specific mRNA, but some research has also shown that when binding occurs at 

the level of the coding region or at the 5' UTR region, the mechanism can result in activation and 

upregulation of protein translation (Ørom et al., 2008). This epigenetic modification substantially 

affects mRNA post-transcriptional processes.  Indeed, individual miRNAs have been reported to 

target hundreds of mature mRNAs (Selbach et al., 2008), suggesting that more than 30% of human 

genes may be regulated by miRNAs (Orang et al., 2014). Intriguingly, miRNAs have been found to 

interact with both histone and DNA methylation to create a miRNA-epigenetic feed-back loop. Key 

histone and DNA epigenetic enzymes are targeted by miRNAs consequently regulating the 

expression of these key enzymes (Kwa & Jackson, 2018). Viceversa, the expression of miRNAs 

themselves has been shown to be subjected to regulation by the local epigenetic landscape for which 

they are transcribed; for example, hypermethylation of the promotor region of specific miRNAs are 

sufficient to reduce their expression (Jin et al., 2017; Shao et al., 2018). 
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DNA methylation 

DNA methylation is a crucial mechanism that regulates mRNA transcription (Eden & Cedar, 1994). 

The target site for this epigenetic modification is located on the “linker” genomic DNA that connects 

nucleosome complexes. Within the cell nucleus, 147 base pairs (bp) of double helical DNA are 

wrapped around the histone octamer composed of 4 pairs of histone proteins (H2A, H2B, H3 and H4) 

which acts as a support to allow DNA to condense into the rippled structure typical of chromatin. 

These protein complexes are termed nucleosomes and are often referred to as “beads on a string” due 

to their appearance. Each core nucleosome particle is separated by short strands of ~20-90 bp, termed 

“linker” DNA, which is subjected to DNA methylation. DNA methylation involves the addition or 

removal of a covalent methyl (CH3) chemical group to the 5th carbon position of the pyrimidine ring 

of a cytosine. More than 98% of methylation process occurs at 5’-cytosine-phospate-guanine-3’ 

dinucleotide pairing site (CpG), characterized by the presence of a cytosine nucleotide (C) followed 

by a guanine nucleotide (G) that are linked by a phosphate (p) group within the same strand of DNA. 

The majority of annotated gene regulatory regions contain CpG dinucleotide rich locations, known 

as CpG islands (Bird, 1986; Sharples & Seaborne, 2019). Located upstream and downstream of CpG 

islands are CpG shores and CpG shelves, which are less dense and exhibit greater tissue-specific 

methylation profiles (Irizarry et al., 2009). The human genome contains ~28 million CpG sites (~ less 

than 1% of the whole genome), with the majority of these sites (70–80%) being methylated (Lister et 

al., 2009; Gifford et al., 2013). 

 

However, the methylation status of a CpG site may be modified, or differentially methylated, by 

biochemical processes arising from surrounding environmental stimuli. The addition of a methyl 

group to CpG sites yields increased in methylation, or more commonly referred to as 

hypermethylation. In contrast, the removal of a methyl group from cytosine results in a reduction in 

methylation, also known as hypomethylation or demethylation. 

 

The process of change in DNA methylation is regulated by several key enzymes that determine 

whether the CpG sites are either methylated or unmethylated. Specific enzymes are required to either 

promote, maintain, or remove methyl groups and are referred to as “writers”, “readers” and “erasers”, 

respectively. DNA methyltransferases (DNMTs) are the main family of enzymes that promote 

methylation. DNMT3a and DNMT3b control de novo or “new” methylation by promoting the 

addition of a methyl group to the cytosine resulting in 5-methylcytosine (5mC) and thereby 

establishing DNA hypermethylation (Trasler et al., 2003; Sharples & Seaborne, 2019; Seaborne & 

Sharples, 2020). DNMT1 enzyme is most responsible for maintaining methylation once modification 
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has occurred. It acts largely on CpG sites during cellular division, installing previous modifications 

and enabling daughter cells to preserve methylation profiles that would otherwise be lost without 

DNMT1 enzyme activity (9,10 book). Indeed, a lack of DNMT1 enzyme activity results in the passive 

loss of DNA methylation during DNA replication. Additionally, there is also an active mechanism 

responsible for reducing DNA methylation. Active hypomethylation occurs through another set of 

important enzymes known as the ten-eleven translocation enzymes (TETs), including TET1, 2, and 

3, which convert 5mC to 5-hydroxymethyl cytosine (5hmC) by directly catalyzing the removal of 

methyl groups through a base excision repair process (Tahiliani et al., 2009; Ito et al., 2010). 

 

As described previously, CpG islands are often located within specific DNA regulatory regions, such 

as gene promoter, enhancer, and silencing regions (Bird, 1986). Given that these specific DNA 

sequences are responsible for initiation, upregulation, and suppression of mRNA expression, 

respectively, it is possible that alterations in the methylation status of these gene regions may 

modulate the level of gene expression. In case of methylation changes occurring in gene promoter or 

enhancer regions, a general rule is that hypermethylated DNA typically results in reduced gene 

expression, whereas demethylated or hypomethylated DNA in these regions typically results in 

increased gene expression (Bogdanović & Veenstra, 2009; Turner et al., 2020). One mechanism 

responsible for this phenomenon during the methylated state condition or after increased methylation 

of CpG sites (or multiple sites in a CpG island) is the binding inhibition of the transcriptional 

"machinery" (i.e., RNA polymerase and transcription factors) driven by the recruitment of CpG 

methyl-binding proteins, which, consequently, blocks the initiation of gene transcription (Bogdanović 

& Veenstra, 2009), resulting in reduced gene expression (Bogdanović & Veenstra, 2009; Turner et 

al., 2020). In addition, DNA methylation induces the recruitment of chromatin modifying protein 

complexes that remodel or tighten the adjacent chromatin (termed heterochromatin), also inhibiting 

the gene transcriptional process (Jones et al., 1998). Conversely, where there is unmethylated or 

hypomethylated DNA, binding of the transcriptional apparatus and loosening of the chromatin 

(termed euchromatin) are facilitated, enabling and increasing gene transcription. As noted above, this 

inverse relation between methylation status and gene expression level occurs when the modification 

affects promoter or enhancer regions. The opposite occurs if the DNA methylation modification 

affects gene silencer regions, where a positive correlation is more likely. For example, within these 

regions, increased methylation may lead to an enhancement in gene expression, whereas reduced 

methylation may lead to a reduction in gene expression. However, it is important to be aware that 

regulation of gene expression related to methylation changes is not limited only to promoter, 

enhancer, or silencer regions, as for some specific genes there is also evidence of reduced 
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transcription associated with gene body methylation (Ball et al., 2009; Brenet et al., 2011; Anastasiadi 

et al., 2018). 

As we focus on DNA methylation in the context of exercise in the following sections, it is worth 

noting that when assessing DNA methylation across the genome (or the ‘epigenome’), it is more 

appropriate to refer to this as the methylome. 

 

DNA methylation and exercise. Exercise is an external stressor that generates an extensive 

coordinated response in several organs and tissues. The cellular and molecular response to exercise 

stimuli leading to skeletal muscle and systemic adaptations is underpinned by a series of sequential 

mechanisms. Exercise, depending on the modality and intensity, leads to the secretion by various 

glands, tissues and organs of a multitude of extracellular molecules such as, but not limited to, 

calcium, hormones (testosterone, cortisol, growth hormone), growth factors (insulin, insulin-like 

growth factors), catecholamines (epinephrine, norepinephrine), cytokines (TNF-α, IL-6), and nitric 

oxide. 

 

These extracellular molecules bind to specific cell surface receptors or are transported via carrier 

proteins across cell membranes whether protein-based on non-protein-based molecules, respectively. 

Once bound to the membrane or translocated into the cell, these extracellular molecules lead to a 

cascade of intracellular signaling responses. These responses change the activity of specific proteins 

resulting in activation or deactivation of transcription factors and translocation of key molecules. 

Transcription factors bind to DNA to promote or silence gene expression (mRNA transcription), as 

well as key post-translational modifications also occur. 

After resistance and aerobic exercise, changes in gene expression occur in a transient pattern, 

increasing markedly approximately 2-4 h after stimulus before returning to basal levels approximately 

20-24 h later (Seaborne & Sharples, 2020). Such transient changes in mRNA expression are the key 

hallmark of the following adaptation that leads to a consecutive increase/decrease in the abundance 

of translated proteins that are synthesized by the ribosome (Seaborne & Sharples, 2020). Proteins are 

then able to perform their function in maintaining cellular homeostasis, and upon chronic and 

repetitive exposure to certain exercise stimuli, increases in protein abundance over time may result 

in significant adaptations at both the cellular and tissue levels to counteract and maintain homeostasis 

during prolonged or repeated encounters with a similar stressor (Perry et al., 2010b). All of these 

sequential processes create a coordinated and time-dependent response to specific exercise stresses 

(Egan & Zierath, 2013). 
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The mRNA transcriptional processes rely on the accessibility of the fundamental transcriptional 

machinery to the gene loci of interest. Therefore, during the post-exercise "window", in order to 

enable adaptations to occur, it is important that chromatin structure and regulatory gene binding 

regions are functionally permissive so that transcription factors and polymerase apparatus are able to 

recognize, bind, and transcribe the target DNA sequence. Epigenetic modifications converge on 

regulatory sites to alter chromatin chemical structure and accessibility, generating 

activation/promotion or inactivation/suppression of transcription for specific genes involved in 

exercise adaptations. This essential biological mechanism may be critical in facilitating post-exercise 

adaptation and enabling skeletal muscle tissue remodeling. Skeletal muscle is, indeed, the specific 

site where endurance exercise adaptations occur that elicit an increase in the size, strength, and 

contractile properties of myofibers. Skeletal muscle is also the fundamental site involved in aerobic 

adaptations at the peripheral level where the improvement of oxidative capacity and energy 

production activity occurs involving those cellular components responsible for muscle bioenergetics, 

such as mitochondria. 

As skeletal muscle is the tissue primarily used for experimentation to investigate mechanisms of 

exercise adaptation, including epigenetic modifications, the following section will therefore provide 

an overview of studies focused on DNA methylation in response to acute and chronic aerobic and 

resistance exercise, specifically in skeletal muscle. 

 

Resistance exercise and DNA methylation. Resistance exercise is defined as any exercise that 

allows muscles to contract under a relatively high load for a short period of time. Resistance training, 

or strength training, is designed to improve muscular fitness with the expectation of increases in 

strength, power, and hypertrophy. Research examining the interplay between resistance exercise, 

modifications to the epigenome and the consequential effect on physiological adaptations is currently 

being investigated. Only in the most recent years the scientific community has become interested in 

epigenetic modifications following acute and chronic resistance exercise. Nevertheless, the research 

that has been produced to date has revealed some interesting findings regarding the role played by 

these modifications on the regulation of physiological adaptations in muscle. 

To date, the majority of epigenetic analysis after resistance exercise has focused on DNA methylation, 

with the first of these studies published in 2014. Rowlands and colleagues found that, following 16 

weeks of resistance training (6-8 reps until failure of 8 exercises targeting all major muscle groups 3 

times per week), skeletal muscle genome in obese type-II diabetic participants exhibited a 

considerable reduction in the methylation profile (Rowlands et al., 2014). This work was the first to 

suggest that after chronic resistance exercise, muscle methylome in humans is preferentially 
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hypomethylated, and these changes may be associated with key tissue adaptation processes, such as 

tissue morphology, cellular development, and cellular assembly/organization. The finding that 

resistance exercise creates a hypomethylated change in the human methylome was initially supported 

by leukocyte studies (Denham et al., 2016; Dimauro et al., 2016). Subsequently, with the 

development of sequencing technology, researchers were able to examine the human muscle 

methylome following resistance exercise more extensively. Seaborne and colleagues in 2018, used a 

genome-wide analysis to investigate human muscle methylome following both acute and chronic 

resistance exercise (Seaborne et al., 2018a, 2018b). Both at the acute level (30 minutes after exercise 

cessation) and after 7-week training, the authors reported a significant reduction in the methylation 

profile compared with pre-exercise levels, again suggesting a preferentially hypomethylated human 

methylome after resistance exercise. 

In the attempt to understand the consequence of changes in the DNA methylation level, Turner and 

colleagues (2019) undertook large-scale bioinformatic analyses of pooled transcriptome data after 

acute and chronic resistance exercise in the majority of studies conducted (using publicly available 

transcriptome data sets) (Turner et al., 2019), and overlapped these data with the methylome changes 

derived from Seaborne and colleagues (Seaborne et al., 2018a, 2018b) after similar time frame. This 

study was the first to investigate and identify a relationship between fluctuations in DNA methylation 

profile and gene expression following both acute and chronic resistance exercise. The authors 

reported a partial association between gene expression and DNA methylation levels immediately after 

acute resistance exercise and also following resistance training, demonstrating a preferential 

hypomethylated profile, particularly after chronic resistance exercise. The enriched hypomethylated 

and gene turned on signatures identified were associated to pathways involved in growth, remodelling 

of extracellular matrix, actin structure and mechano-transduction, and are already known to be altered 

at the gene expression level after resistance exercise due to their role in muscle mass remodeling and 

regulation. In a recent work (Ruple et al., 2021) it has been examined the mtDNA methylome in 

elderly untrained human subjects following six weeks of whole-body resistance training, giving for 

the first time information on the effects of resistance training in areas outside of the traditional nuclear 

genome. Epigenetic analyses reported a significant reduction in global DNA methylation of the 

mtDNA genome, particularly in the D-loop/control region, confirming previous findings of a 

preferentially hypomethylated remodeling following resistance training in human subjects. Given that 

these changes occurred with resistance exercise, whereas greater changes to mitochondria might be 

expected with aerobic exercise, it could be interesting to examine changes in mtDNA methylation 

after endurance exercise or training. 
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In conclusion, changes in DNA methylation after both acute chronic resistance exercise have been 

shown to be associated with muscle mass regulation, revealing a clear and potentially important 

regulation of integral modifications at the CpG methylation level in the molecular response to 

resistance exercise. 

 

Aerobic exercise and DNA methylation. Given the well-established role of PGC-1α in metabolic 

and mitochondrial adaptations to endurance exercise, it should not surprise that some of the first 

studies investigating promoter DNA methylation and changes in gene expression after exercise in 

skeletal muscle, focused on PGC-1α pathway. The inverse relation between DNA methylation profile 

of the PGC-1α promoter and its gene expression was firstly identified in a non-exercise context 

comparing type-II diabetes (glucose-intolerant) and healthy (glucose-tolerant) individuals (Barrès et 

al., 2009). The authors identified a higher PGC-1α methylation in type-II diabetes subjects muscle 

with a corresponding reduced gene expression compared with healthy individuals, which presented 

lower methylation level and larger gene expression. A similar inverse relation pattern was confirmed 

after a 9-days bed rest that revealed an increase in PGC-1a DNA methylation and reduction in the 

corresponding gene expression (Alibegovic et al., 2010). Individuals were later exposed to 4 weeks 

of endurance training (30 mins cycling at 70% V̇O2max for 6 days/week). Although aerobic exercise 

was supposed to be able to counteract deconditioning, only a trend toward reduced DNA methylation 

in PGC-1α and increased gene expression was found, but pre-bed rest levels were not recovered 

(Alibegovic et al., 2010). In 2012, Barres and colleagues (Barrès et al., 2012) provided the first 

evidence to suggest alterations in DNA methylation of PGC-1α in skeletal muscle in response to 

endurance exercise itself. This study demonstrated that, in healthy individuals undertaking a single 

high-intensity aerobic exercise session (cycling at 80% V̇O2peak until 1674 kJ/400 kcal was expended), 

PGC-1α, alongside other mitochondrial-related genes (TFAM, PDK4 and PPAR-δ), were 

significantly hypomethylated within hours of acute bout and also gene expression displayed 

significant increases (Barrès et al., 2012). Interestingly, this study revealed that these modifications 

only occurred when performing high-intensity (80% V̇O2peak) compared with lower-intensity (40% 

V̇O2peak) matched for the same energy expenditure amount. This fascinating finding suggested that 

exercise intensity could be an important regulator of DNA methylation modification in skeletal 

muscle. Despite some clear epigenetic changes in key metabolic genes of PGC-1α pathway, very little 

is known about most of the genes involved in other important pathways associated with the aerobic 

exercise response, such as AMPK and MAPKs, important sensor of energy and oxidative stress 

respectively. This lack of information is due to few or no studies using genome-wide array or 

sequencing technology to profile DNA methylation across healthy human muscle "methylome" after 
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acute endurance exercise. An exception is a recent study that used DNA microarray technology to 

profile around 850,000 CpG sites to compare straight line running with change of direction running 

exercise (Maasar et al., 2021). Although distance and speed were the same in both groups, change of 

direction running induced greater physiological (heart rate), metabolic (lactate), and mechanical 

stress than straight line. Change of direction exercise also evoked higher levels of hypomethylation 

especially in genes within the AMPK, MAPK and insulin pathways. Moreover, hypomethylation also 

affected promoter regions of angiogenic genes and metabolic transcription factors, particularly 

Vascular Endothelial Growth Factor A (VEGFA) and Nuclear Receptor Subfamily 4A1 (NR4A1), 

known to be associated with PGC-1α pathway (Rundqvist et al., 2019; Pillon et al., 2020). Indeed, 

even though no change in PGC-1α methylation was found, gene expression of PGC-1α, alongside 

VEGFA and NR4A1 were increased. Overall, this study extends previous work demonstrating that 

acute exercise induces a global reduction in DNA methylation. In addition, the use of genome-wide 

analysis allowed the implication of the AMPK, MAPK, and insulin signaling pathways in response 

to exercise. Another important finding was that identified hypomethylation signatures in skeletal 

muscle were more prominent in these pathways after 30 minutes from the cessation of exercise than 

after 24 hours, suggesting that methylation changes are extremely rapid and dynamic after exercise 

and likely precede changes in gene expression that can typically peak between 3-6 hours after 

exercise. Moreover, this study confirms the previous finding of Barres et al, (2012) suggesting that 

exercise intensity and the involvement of anaerobic stimuli in endurance exercise (e.g. sprint interval 

exercise) could significantly affect the DNA methylation modification in skeletal muscle (Barrès et 

al., 2012). More studies are certainly needed to investigate in depth methylome changes after acute 

endurance exercise and especially if these lead to concomitant alterations at the level of gene 

expression and protein expression, as would also be interesting to understand the temporal sequence 

of coding, transcription and translation processes. 

 

Compared to acute exercise, a greater number of studies have investigated genome-wide DNA 

methylation after chronic endurance training. This approach allows for the simultaneous analysis of 

a large number of CpG sites across the entire genome thereby allowing for the identification or 

'discovery' of genes that are most consistently altered across the investigated population. The 

detection of differentially methylated genes can be further validated in future experiments by looking 

at whether such alterations in DNA methylation are also associated with changes in gene expression 

or even alterations in protein levels. In addition, a genome-wide analysis provides the opportunity to 

target specific pathways implicated in training adaptations. However, it must be kept in consideration 

that most epigenetic aerobic training studies have not been conducted in healthy populations. 
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The first aerobic training study profiled methylome DNA around 29,000 CpG sites in skeletal muscle 

in individuals with a family history of type II diabetes (Nitert et al., 2012). The training protocol 

included 6 months of supervised aerobic training (3 days/week), although intensity was not defined 

V̇O2max increased after training suggesting improved aerobic fitness. As with previously described 

acute exercise, chronic endurance exercise was able to evoke a predominantly hypomethylated 

signature by involving genes associated with insulin and calcium signaling pathways and 

carbohydrate and retinol metabolism (Nitert et al., 2012). Genome-wide analysis using higher 

coverage microarray technology (450,000 CpG sites) was also conducted in obese type II diabetics 

to study DNA methylation after 4-month progressive endurance training (3 days/week of 40-60 min 

cycling at 65%-85% of reserve heart rate) (Rowlands et al., 2014). As in the previously described 

study, aerobic training elicited more hypomethylated than hypermethylated CpG sites, and pathway 

analysis suggested that the affected genes were involved in lipid and carbohydrate metabolism, 

metabolic disease, cell death and survival, cardiovascular system development/function, and 

hematological system development/function. Furthermore, this study was the first to compare 

endurance training with resistance training, identifying a similar hypomethylated profile after both 

exercise modalities, suggesting that both exercises could lead to a more permissive and 

transcriptionally functional state. Moreover, crucially, this comparison revealed that the biological 

processes involved were different between the exercise programs, suggesting that DNA methylation 

in human muscle is differently responsive to the specific exercise it is exposed to (Rowlands et al., 

2014). In the same year Lindholm and colleagues (Lindholm et al., 2014) further confirmed that 

altered methylation profiles occurred after long-term endurance training in gene pathways associated 

with metabolism and oxidative phosphorylation furthermore, strengthening the findings with 

transcriptome-wide gene expression analysis. In this study, healthy untrained subjects performed 3 

months of progressive unilateral endurance training (45 mins of unilateral knee-extension exercise, 4 

days/week) (Lindholm et al., 2014). In slight contrast to previous studies, the authors reported similar 

numbers of hypomethylated and hypermethylated CpG sites after training (Lindholm et al., 2014). 

However, complementary transcriptome-wide gene expression analysis in tandem with genome-wide 

methylation analysis showed that most of the significant correlation of changes in DNA methylation 

to changes in gene expression was found in the groups representing either decrease in methylation 

with a concomitant increase in expression or vice versa. This could reflect the classical view on 

reciprocal inverse relationship between methylation and gene expression. Another interesting finding 

of this study is that most of the training-induced alterations in methylation occurred in so-called 

enhancer regions and less frequently in promoter regions (Lindholm et al., 2014). However, although 

alterations in promoter methylation were less frequent in response to endurance training, those CpG 
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sites that were differentially methylated in promoter regions were the most capable of affecting 

corresponding gene expression levels. The gene pathways most involved in promoter 

hypomethylation were those associated with muscle structure, actin-myosin interaction, oxidative 

metabolism and calcium release (Lindholm et al., 2014). Other studies have further investigated DNA 

methylation using the most recent and comprehensive microarray technology (over 850,000 CpG 

sites profiled) in type-II diabetics in response to chronic aerobic exercise (4 days/ week, 10 weeks of 

progressive intensity) (Stephens et al., 2018). Importantly, the authors categorized their patients into 

either non-responders or responders to exercise according to their phosphocreatine (PCr) recovery 

rates. Responders and non-responders revealed differential methylation after training. In these 

differentially methylated CpG sites, non-responders showed reduced promoter methylation for genes 

involved in glutathione metabolism, insulin signaling, and mitochondrial metabolism pathways 

(Stephens et al., 2018). Given the previously described studies suggesting that exercise promoted a 

hypomethylated profile across the genome, it may be assumed that responders would have 

predominantly possessed a hypomethylated profile with increased gene expression compared to non-

responders. However, since in this study hypomethylation was associated with non-responder 

individuals, it may be hypothesized that exercise responders began training with greater 

hypomethylation across the genome at baseline, contributing to these findings and requiring further 

confirmatory investigation. Although these studies present largely agreeable results, it is worth noting 

that another study found little change in DNA methylation after endurance training in healthy 

individuals. 450,000 CpG sites were investigated in both young and elderly adults following 12 weeks 

of chronic aerobic exercise, that consisted of a combination of 2 days/week high-intensity interval 

exercise (>90% V̇O2peak 4×4 min intervals, 3 min rest between intervals) and 2 other days/week 45-

min continuous aerobic exercise (70% V̇O2peak) (Robinson et al., 2017). Authors reported that training 

resulted in less than a 10% change in CpG methylation compared with pre-training (Robinson et al., 

2017), which contrasts with the studies described above demonstrating altered methylation after both 

acute and chronic endurance exercise. One possible explanation for the absence of a significant 

change in methylation in this study is that rigorous statistical "cut offs" were used to identify 

methylation changes with relatively small numbers of participants (Sharples & Seaborne, 2019). 

In summary, long-term endurance training appears to elicit reduction of DNA methylation in 

promoter region associated with specific genes involved in metabolic and oxidative pathways, but 

also in calcium signaling and contractile function signaling. Further studies are required to deepen 

whether and how aerobic training-induced DNA hypomethylation might directly affect mitochondrial 

adaptation toward improved function. In addition, the modification of DNA methylation induced by 
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endurance training result to be dependent on the intensity and duration of the stimulus, as well as on 

aerobic fitness status and the ability to respond to the training stimulus.  
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MUSCLE MEMORY 

Skeletal muscle memory has been defined as: “The capacity of skeletal muscle to respond differently 

to environmental stimuli in an adaptive or maladaptive manner if the stimuli have been previously 

encountered” (Sharples et al., 2016b). The concept refers to the retention of modifications at both 

cellular and tissue levels generated by previous environmental stimuli or stressors such as those 

resulting from acute or chronic exercise, muscle damage, disease or changes in nutrients which lead 

to an altered response if the stimulus is encountered again. This mechanism is important for skeletal 

muscle because if the environment encountered is affecting adaptations positively, the muscle may 

respond to these stimuli in later life with additional muscle improvement or healthy maintenance 

across the lifespan; conversely, if the environment is detrimental, the muscle may become more 

susceptible to impairments later in life. This has important consequences in quality of life, as adequate 

quantity and quality of skeletal muscle is not only essential for performance in elite sports, but also 

for improving daily life activities and promoting health in older age (Sharples et al., 2015). 

 

Resistance muscle memory 

Concerning exercise and training, muscle encounters this memory mechanism in an adaptively 

advantageous manner. Indeed, it is becoming evident that molecular and phenotypic responses to 

chronic exercise are enhanced during subsequent training when a previous similar training has been 

performed. It has been demonstrated that hypertrophy generated in the muscle as a result of resistance 

training can be accentuated with a faster and larger muscle growing in response to a second period of 

similar training which is performed after a prolonged period of detraining or reduced activity in which 

hypertrophic stimuli are ceased and muscle resumes its phenotypic state to its pre-exercise condition 

(Egner et al., 2013; Gundersen, 2016; Lee et al., 2018). 

Kristian Gundersen's lab was the first to demonstrate the evidence of a muscle capacity to retain and 

“remember” previous anabolic stimuli and adaptations at cellular level. In 2010, they suggested that 

the increase in myonuclei in EDL mouse muscle fibers acquired through a mechanical overload 

stimulus is retained during a subsequent period of denervation-induced muscle atrophy (Bruusgaard 

et al., 2010). This study was expanded by the same group in 2013 using testosterone administration 

to mice for 14 days (Egner et al., 2013). The treatment led to robust muscle hypertrophy accompanied 

by an increase in the number of myonuclei acquired from satellite cells fusion. Following a 3-week 

testosterone "wash-out" period, although muscle size was reduced to pre-testosterone levels, acquired 

myonuclei were maintained. Most importantly, when mechanical overload was undertaken after 

prolonged absence of hypertrophic stimuli, previously testosterone-treated mice exhibited a 31% 

increase in muscle cross-sectional area compared to the untreated control group that showed a non-
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significant 6% increase in muscle size with the same stimulus (Egner et al., 2013).  This study alludes 

to a mechanism whereby muscles which had previously received a hypertrophic stimulus 

(testosterone) are able to grow their size faster and larger when encountering exercise later, consistent 

with the muscle memory definition (Egner et al., 2013; Gundersen, 2016). Another study employed 

a more physiological approach, consisting of an actual resistance training protocol on rats, to assess 

whether a second retraining may elicit larger muscle size adaptations when the muscle has been 

previously exposed to a similar training, and whether this mechanism may be facilitated by the 

acquisition and retention of myonulcei during the first training stimulus and subsequent cessation of 

activity (Lee et al., 2018). In this study, animals underwent 8 weeks of resistance training (3 sets × 5 

reps of loaded ladder climbing from 50% body weight and progressively increased to 300% body 

weight, twice per day, every third day). The 8-weeks training period was later repeated after 20 weeks 

of detraining. As previously demonstrated, also in this study, myonuclei increased during training 

and were retained throughout the duration of detraining. Although cross-sectional area and absolute 

muscle mass were not characterized by larger increase after retraining, relative muscle mass was 

further enhanced following the repeated training compare with the previous exercise (Lee et al., 

2018). Collectively, these studies have led to the “muscle memory by myonuclear permanence” 

hypothesis, in which anabolic stimuli such as testosterone, mechanical loading or resistance exercise 

are able to promote the acquisition of new myonuclei that can be retained throughout stimulus 

cessation allowing muscle to “remember” its previous encounters during subsequent exposure. 

It is worth mentioning that all the studies mentioned so far have been performed in rodent muscle. 

An important question, therefore, is whether human skeletal muscle possesses a memory by 

myonuclear permanence as seen in rodent muscle. Currently there is only one study that attempted to 

directly test this hypothesis. In the study by Psilander and collegues (Psilander et al., 2019), healthy 

young men performed 10 weeks of unilateral resistance exercise training (3 times per week of leg 

extension and leg press exercise at 70-85% 1RM), followed by 20 weeks of detraining and a 5 

subsequent weeks of bilateral retraining. Skeletal muscle thickness and strength increased 

significantly in response to the initial exercise training period, which were mostly lost during 

subsequent detraining. During retraining, however, muscle thickness and strength did not differ 

between the previously trained leg and the untrained leg. Muscle fiber cross-sectional area showed 

an increment after the first training, however, remained unchanged during detraining as well as during 

retraining. In addition, no changes in myonuclear content were detected in response to initial training, 

detraining, or retraining period. Thereby, since no increase in myonuclei number was found during 

the initial training and no clear detraining effect was observed for muscle fiber size during the 

detraining period, this study does not refute the existence of human muscle memory (Psilander et al., 
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2019). These intriguing findings along with the accessibility of the raw data released by the authors 

enabled other scientists to perform a secondary analysis on the dataset and publish their own 

interpretations of this study as a viewpoint in the Journal of Applied Physiology. Murach and 

colleagues (Murach et al., 2019) , given the heterogeneity of human response to exercise training, 

retrospectively clustered the participants into two groups based on single muscle fiber analyses and 

immunohistochemical myonuclear data, yielding 11 participants with myonuclear density values 

higher than baseline after the initial training and the remaining 8 subjects showing no change. Since 

nine out of the eleven subjects who demonstrated an exercise-induced increase in myonuclear content, 

subsequently showed a decline during detraining, the authors suggested that the “newly acquired 

myonuclei” during exercise training were not maintained during detraining. However, in a small 

subset of participants, myonuclei number was retained and, as the authors of the original article 

appropriately pointed out in response to this "secondary analysis" (Eftestøl et al., 2020), the new 

interpretation might also be due to the regression towards the mean pattern, consequently highlighting 

the absence of myonuclei loss throughout detraining. Based on this it seems there is currently no 

consensus within the scientific community on the existence of muscle memory via myonuclear 

retention in human skeletal muscle. 

 

Epi-memory to resistance training 

Interestingly, in parallel to memory by myonuclear retention, the role of epigenetics has also emerged 

as another important mechanism involved in muscle memory enabling muscle to “remember” 

previous exercise in humans.  

Adam Sharples’ group demonstrated that DNA methylation signatures in response to resistance 

training, may be essential in the exercise-induced muscle memory process. In this study (Seaborne et 

al., 2018b) genome-wide and targeted gene expression analyses were performed on human muscle 

tissue from quadriceps that had undergone a repeated resistance training intervention. The protocol 

consisted of initial 7 weeks of resistance exercise 3 days per week (training), a rest period lasting 7 

weeks (detraining) in which participants returned to normal habitual activity, and a second 7-week 

period of chronic resistance training (retraining). After the first training period, that was associated 

with increases in lean leg mass, there were also slightly larger number of hypomethylated compared 

to hypermethylated CpG sites. Interestingly the number of both hypomethylated and hypermethylated 

CpG sites remained stable during detraining even as lean muscle mass returned to baseline values. 

Moreover, following retraining, where the greatest increase in lean mass was observed in participants, 

the number of hypomethylated CpG sites substantially increased by more than double compared with 

training and detraining whereas the total number of hypermethylated sites remained constant. When 
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interrogating the specific genes that were epigenetically modified, the authors identified two key 

signatures of DNA methylation and associated inverse changes in gene expression across the time 

course of training, detraining and retraining. The first temporal pattern included genes displaying 

hypomethylation with corresponding increase in gene expression after the initial training period and 

induced hypertrophy. Interestingly, hypomethylation of these genes was maintained during 

detraining, and, fascinatingly, gene expression also remained elevated, despite participants 

undertaking no exercise and lean leg mass returning to pre-exercise levels. Additionally, these CpG 

gene sites also demonstrated continued hypomethylation throughout retraining, with a subset of genes 

showing even greater hypomethylation and enhanced gene expression. Therefore, this gene profile 

suggests, at DNA methylation level, the presence of an epigenetic memory of previous training-

induced hypertrophic stimulus that led to the retention of methylation during detraining and 

subsequent larger hypomethylation and enhanced gene expression after later retraining. The second 

temporal pattern included genes that also demonstrated hypomethylation and enhanced gene 

expression following the first training, but where methylation and gene expression returned to 

baseline (pre-exercise) levels during detraining. Interestingly however, these genes displayed an even 

larger increase in hypomethylation and further enhanced gene expression after retraining again 

suggestive of an epigenetic memory of earlier muscle growth (Seaborne et al., 2018b). Together this 

would suggest that resistance exercise training leads to an enhanced hypomethylated state of genes, 

which may also be retained during prolonged rest period, and enables greater transcription of these 

genes during retraining and, thereby, allowing for an enhanced muscle fiber growth response. It 

remains to be determined whether training-induced DNA hypomethylation persists over a longer 

period, independent of changes in myonuclear content, and promotes greater muscle fiber 

hypertrophy during retraining after a more prolonged period of detraining (even up to decades). 

 

Aerobic muscle memory 

Even though further insights are still required to clarify the underlying mechanisms of muscle 

memory, as shown so far, it has been well investigated in relation to resistance exercise with two 

possible interpretations attributable to myonuclear permanence at the cellular level or through DNA 

methylation retention at the epigenetic level, respectively. Conversely, little is the knowledge status 

concerning endurance exercise where the potential presence of an aerobic training-induced skeletal 

muscle memory is still in the early stage of investigation. 

Very few studies utilized a repeated intervention design involving aerobic training. In 1987, 

Simoneau and colleagues investigated in six sedentary people the effects of two repeated 15-weeks 

high-intensity training on cycle ergometer interspersed by 7 weeks of detraining on human skeletal 
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muscles and performance (Simoneau et al., 1987). High-intensity interval training induced 

improvement in both aerobic (V̇O2max) and anaerobic (10 s and 90 s maximal work output) 

performance parameters and also enzyme involved in both metabolic pathways were increased. 

Interestingly, in response to the second training program changes were less marked than those 

observed after the first 15 weeks of training, about 50% less for 10 s maximal output and for V̇O2max 

and 25% less for 90 s maximal output. However, it worth to note that during detraining all these 

values did not return to pre-training level and most important 10 s maximal output remained similar 

to post-training values. The presence of a not completed wash-out could explain the reduction in 

adaptation during second training period, supported by the notion that response to training become 

less when maximum trainability is reached (Bouchard et al., 1986). On the opposite, absolute values 

from anaerobic performance test revealed higher values after second training compared to the initial 

15 weeks. Interestingly, according to performance data patterns, the glycolytic markers remained high 

after 7 weeks of detraining while the oxidative indices dropped almost to the pre-training level. 

Collectively, all these results suggest that repetitive exercise of high intensity implicates largely 

oxidative metabolism but also heavily solicited the energy sources rapidly available, modifying the 

levels of enzymes involved in both the glycolysis and the citric acid cycle. Thereby, after high-

intensity interval training anaerobic enzymes and performance are preserved also during 7 weeks of 

inactivity revealing a greater extent in adaptations after the second training, whereas oxidative 

parameters showed no maintenance and no different response between the two training periods, 

excluding any indication of muscle memory pattern. A similar experimental design was recently 

utilized by Brendon Gurd’s group to investigate the reproducibility of training-induced adaptations 

in response to repeated intervention of high-intensity interval training. The aim was to clarify whether 

individuals demonstrate similar observed responses when they are repeatedly exposed to the same 

exercise training intervention. In two different studies, conversely to their hypothesis, authors found 

that both cardiorespiratory and skeletal muscle adaptations differ when individuals are re-exposed to 

the same training stimulus after a wash-out period (Del Giudice et al., 2020; Islam et al., 2021). In 

the first study conducted by Del Giudice and colleagues (Del Giudice et al., 2020) a group of 

recreationally active participants was exposed to two identical 4-weeks periods of standardized high-

intensity interval training separated by a three-month wash-out period. Despite mean changes in 

maximal oxygen uptake were not different, individual responses in V̇O2max were not reproducible 

suggesting a potential carryover effects from the first training period to the second one. From this 

study, a subset of participants had available muscle tissue at each time-point, before and after both 

training periods, and were included in a second study to assess reproducibility also of indices of 

skeletal muscle adaptations across the two independents, albeit identical, training periods. In this 
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second study (Islam et al., 2021) authors not only observed weak or poor non-significant associations 

between training-induced changes in indices of CS maximal activity, OXPHOS, PGC-1α and LDH-

A protein content, and capillary density, but, unexpectedly, they also observed divergent group-level 

responses for some of the OXPHOS complex subunits, as indicated by the significant interaction 

effects for CII, CIII and CIV protein expression, demonstrating that an individual (or group of 

individuals) can exhibit dissimilar adaptive responses in skeletal muscle when re-exposed to the same 

training stimulus. Collectively, this two works highlight the intra-individual variability in the 

observed response to endurance exercise and the authors themselves discussed that differences in 

responsiveness to repeat training periods may be attributable to the influence of a prior training on 

aerobic adaptation that can affect the subsequent training periods through the muscle memory 

mechanism. It is important to mention an animal study, which, despite having the purpose of 

deepening the topic of muscle memory related to hypertrophy, pointed out an interesting finding 

concerning the possible existence of a memory mechanism for specific aerobic physiological 

markers. Lee and colleagues (Lee et al., 2018), investigating the myonuclear retention on rats with a 

repeated resistance training intervention, showed that, although exercise was composed by ladder 

climbing, also mitochondrial adaptations were affected by training and, more importantly, the authors 

demonstrated that mitochondria may retain the ability to respond more consistently to repeated 

noncontinuous stimuli. Indeed, the results of this study revealed a higher concentration of proteins 

regulating mitochondrial biogenesis processes (PGC-1α, Mfn2, Fis1, Drp1) during the second 

training period. Similarly, mitochondrial DNA copy number and mitochondrial content (measured by 

quantifying VDAC protein, a major component of the outer mitochondrial membrane) were also 

higher at the end of the second training period, also suggesting a greater amount of mitochondria (Lee 

et al., 2018). A possible explanation for this mechanism may derive from the existence of mechanisms 

that during the period of interruption of a training stimulus may "protect" specific markers involved 

in mitochondrial biogenesis processes, allowing them to remain over-expressed for several months 

after a training stimulus affecting adaptations in response to a subsequent stimulus. A study on mouse 

model (Kang et al., 2015) genetically modified and able to express a higher amount of PGC-1α (a 

condition attributable to the effects of aerobic training), seems to confirm this hypothesis. Indeed, 

unmodified animals, after undergoing 2 weeks of immobilization and subsequent 5 days of return to 

normal activity, showed significantly lower levels of mitochondrial markers (cytoplasmic COX IV, 

mtDNA/nDNA ratio, mitochondrial density, mitochondrial citrate synthase activity, and 

mitochondrial function) compared to control unimmobilized animals, indicating a permanence of 

deconditioning state over the period of 5 days of normal life-style activity. In contrast to these 

deconditioned mice, in animals with PGC-1α overexpression, these markers showed values 
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significantly higher or even equal to those of control unimmobilized animals after 5 days from the 

cessation of immobilization/of return to normal activity. This result suggests that PGC-1α 

overexpression may have a significant therapeutic potential in counteracting deleterious consequence 

of muscle immobilization and facilitating its recovery. Thereby, could be also hypothesize that 

training-induced enhancement of transcription factors such as PGC-1α may promote better 

mitochondrial adaptations in skeletal muscle upon administration of a repeated noncontinuous 

training stimulus. This evidence could suggest the presence of a training-induced mitochondrial 

memory at skeletal muscle level. 

 

Epi-memory to endurance training 

As for muscle memory related to resistance training the epigenetic modifications may be involved 

also in memory mechanisms concerning aerobic exercise field. Unfortunately, overall, it remains to 

be established if any of DNA modifications are retained after chronic endurance exercise, even if 

exercise training ceases. Currently, there is a considerable lack of research looking at the notion of 

epigenetic memory in response to endurance training, detraining and retraining. However, one study 

investigated the potential presence of a skeletal muscle transcriptional memory in response to 

endurance training (Lindholm et al., 2016). Authors investigated the retention of transcriptional 

memory from earlier training using gene expression profiles analyses via RNA sequencing, in 

subjects who performed two 12-week one-legged aerobic training periods (45 min, 4 times/week) 

with a 9-month break in between. In the first training period individuals trained one randomized leg 

and the other leg remained untrained, whereas in the second period both lower limbs were trained 

with the same identical protocol as the trained leg in the previous training. Results suggested that 

there was not a retention of gene expression profiles during detraining period. Furthermore, despite 

authors found differences in few training-responsive genes between untrained and trained leg 

following retraining (EIF2 and mTOR signaling were downregulated in untrained leg), these 

differences were not significant enough to introduce global differences. Also, mitochondrial 

adaptations, such as citrate synthases activity for mitochondrial content estimation, were not different 

between the two training interventions. The current evidence does not support the presence of a 

differential response due to a skeletal muscle memory effect. In this study DNA methylation was not 

reported, and it remains to be determined if a prior exposition to endurance stimuli evokes an 

epigenetic memory. Moreover, in this context the exercise paradigm involved was a moderate-

intensity endurance training (45min knee-extension at submaximal intensity), but as exposed in the 

work by Barrès and colleagues (2012) (Barrès et al., 2012) methylation and gene expression involved 

in mitochondrial biogenesis are more affected with high-intensity exercise. Thereby the lack of 
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evidence of muscle memory may be explained by the absence of specific stimulus to induce 

epigenetic modifications on mitochondrial transcription factors. Furthermore, the use of the 

contralateral leg as a control is recognized to be controversial, as training in only one leg could induce 

effects on the rest of the body through vascular or systemic components. Skeletal muscle tissue, 

indeed, releases myokines into the circulation (Pedersen & Febbraio, 2012) that could potentially 

induce effects even in the untrained leg. All these elements shows that although the response was 

very consistent, differences in responsiveness to repeat training periods might exist. Unfortunately, it 

was not possible with this experimental setup to determine whether these slight differences are due 

to natural biological variability, or some type of memory mechanism. 

 

Summary 

Overall, given the studies described above, future work is required to investigate whether cellular 

adaptations or DNA methylation changes in the muscle tissue are retained in humans after aerobic 

exercise training and in addition how long they are maintained before being lost after cessation of 

stimulus. Repeated intervention studies might be the appropriate method to test whether maintenance 

of adaptations results in an increased metabolic or oxidative response to subsequent exposure to the 

same aerobic stimulus. Additionally, specific investigations at the cellular and molecular level could 

deepen our understanding of the mechanism underpinning a potential aerobic muscle memory 

phenomenon. If the scientific community could identify what type, intensity, and frequency of 

exercise is required to maintain a memory of aerobic exercise over long periods of time, then this 

information could be used to optimize training programs for athletes and recovery from injury in 

previously active individuals (i.e., individuals who are detrained/unconditioned), as well as improve 

activities of daily living and promote health in elderly or metabolic disease conditions.
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The overarching aim of the present thesis was to investigate the potential presence of skeletal muscle 

memory in response to repeated high-intensity endurance training interventions. In addition, a 

methodological project was carried out to assess a novel in vivo approach to estimate muscle oxygen 

diffusion capacity. 

Therefore, a series of studies were conducted to achieve the following aims: 

 

Study 1 aimed to assess a novel in vivo approach to estimate muscle oxygen diffusion capacity based 

on non-invasive near-infrared spectroscopy measurement via an innovative protocol of arterial 

occlusions performed in both oxygen limiting and not limiting conditions. 

 

Study 2 aimed to investigate functional and molecular adaptations of skeletal muscle in response to 

two repeated interventions of high-intensity interval training in mice to deepen our understanding of 

the potential presence of skeletal muscle memory induced by aerobic training. 

 

Study 3 aimed to investigate whether repeated endurance training interventions may rely on muscle 

memory mechanism in humans exploring aerobic adaptations at all levels of the entire human 

organism, from the epigenetic level to the whole-body response to exercise, across repeated exposure 

to two identical interval training interventions separated by long-term period of detraining.



 

   60 

 

 

 

 
 

CHAPTER 3 
STUDY 1 

  



STUDY 1 

61 

Near-infrared spectroscopy estimation of combined skeletal muscle oxidative 

capacity and O2 diffusion capacity in humans 
 

Pilotto AM1,2, Adami A3, Mazzolari R2,4, Brocca L2, Crea E2, Zuccarelli L1, Pellegrino MA2,5, 

Bottinelli R2,5, Grassi B1, Rossiter HB6 and Porcelli S2,7 

 
1 Department of Medicine, University of Udine, Udine, Italy 

2 Department of Molecular Medicine, University of Pavia, Pavia, Italy 

3 Department of Kinesiology, University of Rhode Island, Kingston, RI, USA 

4 Department of Physical Education and Sport, University of the Basque Country (UPV/EHU), Vitoria-Gasteiz, Spain 

5 Interdipartimental Centre for Biology and Sport Medicine, University of Pavia, Pavia, Italy 

6 Division of Respiratory and Critical Care Physiology and Medicine, The Lundquist Institute for Biomedical Innovation 

at Harbor–UCLA Medical Center, Torrance, CA, USA 

7 Institute of Biomedical Technologies, National Research Council, Milan, Italy 

 

ABSTRACT  

PURPOSE: The final steps of the O2 cascade during exercise depend on the product of the 

microvascular-to-intramyocyte PO2 difference and muscle O2 diffusing capacity (DmO2). Non-

invasive methods to determine DmO2 in humans are currently unavailable. Muscle oxygen uptake 

(mV̇O2) recovery rate constant (k), measured by near-infrared spectroscopy (NIRS) using intermittent 

arterial occlusions, is associated with muscle oxidative capacity in vivo. We reasoned that k would be 

limited by DmO2 when muscle oxygenation is low (kLOW), and hypothesized that: i) k in well-

oxygenated muscle (kHIGH) is associated with maximal O2 flux in fiber bundles; and ii) ∆k (kHIGH-

kLOW) is associated with capillary density (CD). METHODS: Vastus lateralis k was measured in 12 

participants using NIRS after moderate exercise. The timing and duration of arterial occlusions were 

manipulated to maintain tissue saturation index (TSI) within a 10% range either below (LOW) or 

above (HIGH) half-maximal desaturation, assessed during sustained arterial occlusion. RESULTS: 

Maximal O2 flux in phosphorylating state was 37.7±10.6 pmol·s−1·mg−1 (~5.8 ml·min−1·100g−1). CD 

ranged 348 to 586 mm-2. kHIGH was greater than kLOW (3.15±0.45 vs 1.56±0.79 min-1, p<0.001). 

Maximal O2 flux was correlated with kHIGH (r=0.80, p=0.002) but not kLOW (r=-0.10, p=0.755). Δk 

ranged -0.26 to -2.55 min-1, and correlated with CD (r=-0.68, p=0.015). CONCLUSIONS: mV̇O2 k 

reflects muscle oxidative capacity only in well-oxygenated muscle. ∆k, the difference in k between 

well- and poorly-oxygenated muscle, was associated with CD, a mediator of DmO2. Assessment of 

muscle k and ∆k using NIRS provides a non-invasive window on muscle oxidative and O2 diffusing 

capacity.  
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INTRODUCTION 

The primary source of ATP supply in skeletal muscle during endurance exercise is ADP 

phosphorylation coupled to the reduction of O2 (Picard et al., 2016). Two primary resistances, 

limiting the maximal conductance of O2 from the atmosphere to the muscle mitochondrion, reside 

within the cardiovascular system (i.e., convective O2 transport) and at the muscle capillary-myocyte 

interface (i.e., diffusive O2 transport) (Wagner, 1992, 1995, 2000; Richardson et al., 1995a). 

 

The interaction of the maximum rate of convective O2 transport and muscle O2 diffusing capacity 

(DmO2) determines the maximal muscle O2 uptake (mV̇O2) (Roca et al., 1992), the final steps of the 

O2 cascade determining mV̇O2 depend on the product of the transmembrane PO2 gradient 

(microvascular (mv) to intramyocyte (im) PO2) and the muscle diffusing capacity for O2 (DmO2) 

(Fick’s law of diffusion): 

 

mV̇O2 = DmO2 × (PmvO2 – PimO2)   Eq. 1 (Study 1) 

 

where (PmvO2 – PimO2) is strongly dependent on convective O2 delivery and muscle O2 demand (as 

a function of power output). This results in PimO2 becoming essentially constant at ~1-5 mmHg 

during exercise above ~50% maximum O2 uptake (V̇O2max) (Richardson et al., 1995b; Clanton et al., 

2013). DmO2, on the other hand, is a complex function of muscle capillarity, the surface area of 

apposition of red blood cells to capillary endothelium, red blood cell capillary transit time, 

haemoglobin volume, and the O2 solubility properties within the diffusion pathway (Honig et al., 

1984; Groebe & Thews, 1986; Bebout et al., 1993; Wagner, 1995; Poole et al., 2020). 

Notwithstanding these confounding variables, DmO2 is related to capillary density (CD; the number 

of capillaries per summed muscle fiber cross-sectional area) (Saltin & Gollnick, 1983; Hepple et al., 

2000; Poole et al., 2020, 2021, 2022). The observed linear relationship between estimated PmvO2 

and V̇O2max supports the concept that DmO2 is a major limiting variable for mV̇O2max in humans 

(Roca et al., 1992; Richardson et al., 1999). Methods to estimate DmO2 in humans in vivo are 

complex and previous attempts on quadriceps muscle required invasive procedures with repeated 

exercise tests using breathing of gas mixtures containing high and low fractions of inspired O2. 

Another approach, using non-invasive venous occlusion plethysmography to assess capillarity 

filtration (Brown et al., 2001) provides an indirect estimation of limb capillarity, but is sensitive to 

changes in oncotic pressure, endothelial tight junctions and influenced by all tissues within the limb, 

not only muscle (Hunt et al., 2013). 
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We sought to simplify assessment of DmO2 in human quadriceps using a more muscle specific 

approach. We reasoned that, if we could make non-invasive measurements of mV̇O2 under two 

different (PmvO2 – PimO2) conditions (i.e. HIGH and LOW), we would be able to solve for DmO2 

by simultaneous subtraction of the two unknowns (mV̇O2 and PmvO2, respectively) in Eq. 1, 

assuming, as in Roca et al. (1992), that PimO2 is negligible. Near-infrared spectroscopy (NIRS) 

provides a relatively simple and non-invasive means to estimate muscle oxidative capacity (Grassi & 

Quaresima, 2016; Hamaoka & McCully, 2019). The recovery rate constant of mV̇O2 (k) established 

from the rate of decline in muscle tissue saturation index (TSI) under serial, intermittent, arterial 

occlusions (Hamaoka et al., 1996; Motobe et al., 2004; Ryan et al., 2012; Adami et al., 2017; Adami 

& Rossiter, 2018) shows good agreement with estimates of muscle oxidative capacity by other 

techniques e.g., phosphocreatine recovery time constant (r = 0.88 – 0.95) (Ryan et al., 2013b) or 

respiratory rates in fiber bundles (r = 0.61 – 0.74) (Ryan et al., 2014). 

 

We modified the NIRS-based assessment of mV̇O2 by manipulating the timing and duration of the 

intermittent arterial occlusions, thereby controlling the mean (PmvO2 – PimO2) at, separately, both 

HIGH (non-O2 limiting) and LOW (O2 limiting) values following moderate exercise. More 

specifically, we used k as proxy for mV̇O2 and TSI as a proxy of PmvO2. Although not without 

limitations, this approach led us to solve the Fick’s law of diffusion as follows:  

 

k = DmO2 × TSI 

 

where PimO2 is considered negligible. 

Then, we calculated k for both HIGH (kHIGH) and low (kLOW) TSI values and we compared the k values 

with variables obtained from biopsy taken from the same muscle location and individuals. We 

hypothesized that the recovery rate constant of mV̇O2 in high TSI conditions (kHIGH) is associated 

with muscle oxidative capacity assessed using high resolution respirometry of permeabilized muscle 

fiber bundles. 

Finally, we estimated DmO2 from the difference in k values obtained in HIGH and LOW conditions 

(Δk = kHIGH – kLOW) and by calculating ΔTSI, according to the following equation: 

 

Δk / ΔTSI = DmO2 ~ CD 

 

We then tested the hypothesis that the difference in the recovery rate constant of mV̇O2 between 

HIGH and LOW TSI conditions (Δk) is associated with capillary density (CD) from biopsy histology.  
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MATERIALS AND METHODS 

Subjects 

Twelve moderately trained male (n = 7) and female (n = 5) adult participants (age 28 ± 5 yrs; weight 

64.3 ± 10.2 kg; height 173 ± 7 cm) were recruited from the local community. All participants 

completed a health history questionnaire to ensure there was no presence of chronic disease. None of 

the participants took any medications known to alter metabolism. Participants were fully informed 

about the aims, methods, and risks, and gave their written informed consent prior to enrollment. All 

procedures were in accordance with the Declaration of Helsinki and the study was approved by the 

local ethics committee (Besta 64-19/07/2019). 

 

Study Design 

Participants visited the laboratory on four non-consecutive days over a 2-wk period (Fig. 1). They 

were instructed to abstain from strenuous physical activity for at least 24 h prior to each testing session 

(48 h for the biopsy trial). At visit 1, anthropometric measurements were taken, and an incremental 

cardiopulmonary exercise test to the limit of tolerance was administered on an electronically braked 

cycle ergometer (LC-6, Monark, Sweden) to determine V̇O2peak and gas exchange threshold (GET). 

At visits 2 and 3, participants performed repeated muscle oxidative capacity tests within HIGH or 

LOW muscle oxygenation conditions (2 repeats at each visit), immediately after 5 min constant work-

rate cycling at 80% GET (Zuccarelli et al., 2020). At visit 4, approximately 100 mg of skeletal muscle 

was obtained from the vastus lateralis muscle by percutaneous conchotome muscle biopsy under 

local anesthesia (1% lidocaine) for muscle respirometry and morphology. 
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Figure 1 (Study 1). Study design and muscle recovery rate constant (k) protocol by NIRS 

 
Participants visited the laboratory on 4 occasions. Visit 1 was used to determine peak oxygen uptake (V̇O2peak) and 

gas exchange threshold (GET). Visits 2 and 3 were used to determine the physiological normalization (PN) of 

quadriceps TSI following sustained arterial occlusion, and the muscle V̇O2 recovery rate constant (k) in well-

oxygenated (HIGH) and poorly-oxygenated (LOW) conditions. Two k measurements were performed at each visit. 

To measure k, participants initially cycled for 5 min at 80% GET, followed immediately by 10-20 intermittent 

arterial occlusions (300 mmHg). The duration and timing of repeated occlusions were modulated in order to 

maintain TSI in two different ranges: from 0 to 10% of PN (LOW) and from 50 to 60% of PN (HIGH). A muscle 

biopsy was obtained in visit 4. 

 

Incremental exercise 

Power during step-incremental cycling was increased 10-15 W every minute, depending on the 

individual’s fitness. Participants were instructed to maintain constant cadence at their preferred value 

(between 70 and 85 rpm). Intolerance was defined when participants could no longer maintain their 

chosen pedaling frequency despite verbal encouragement. Pulmonary gas exchange and ventilatory 

variables were determined breath-by-breath using a metabolic cart (Vyntus CPX, Vyaire Medical 

GmbH, Germany), which was calibrated following the manufacturer’s instructions before each test. 
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HR was recorded by using a chest band (HRM-Dual, Garmin, Kansas, USA), and rating of perceived 

exertion (RPE) was determined using Borg® 6–20 scale (Borg, 1982). At rest, and at 1, 3, and 5 min 

of recovery, 20 μL of capillary blood was obtained from a preheated earlobe for blood lactate 

concentration (Biosen C-line, EKF, Germany). Peak cardiopulmonary variables were measured from 

the highest 20 s mean values prior to intolerance. GET was determined by two independent 

investigators by using the modified “V-slope” method (Beaver et al., 1986). The power at GET was 

estimated after accounting for the individual’s V̇O2 mean response time (Whipp et al., 1981). 

 

Muscle Oxygen Uptake Recovery Rate Constant by NIRS 

The mV̇O2 recovery k was measured using an approach modified from Zuccarelli et al. (Zuccarelli et 

al., 2020). Oxygenation changes of the vastus lateralis were sampled at 10 Hz by a wireless, portable, 

continuous-wave, spatially-resolved, NIRS device (PortaLite, Artinis, The Netherlands). Briefly, this 

device is equipped with three fiber optic bundles: NIR light is emitted from three optodes at two 

wavelengths (760 nm and 850 nm) and received from a fourth optode for transmission back to the 

data acquisition unit to determine the relative concentrations of deoxy- and oxy-genated heme groups 

contained in hemoglobin (Hb) and myoglobin (Mb). This method does not distinguish between the 

contributions of Hb and Mb to the NIRS signal, but Mb signal was assumed to be of minor impact 

compared to the contribution of Hb (Grassi & Quaresima, 2016; Hamaoka & McCully, 2019). 

Relative concentrations of deoxy-(hemoglobin+myoglobin) (Δ[deoxy(Hb+Mb)]) and oxy-

(hemoglobin+myoglobin) (Δ[oxy(Hb+Mb)] were measured in the tissues approximately 1.5 – 2 cm 

beneath the probe, with respect to an initial value obtained at rest before any procedure arbitrarily set 

equal to zero. From these measurements, relative changes in total hemoglobin and myoglobin 

(Δ[tot(Hb+Mb)] = Δ[oxy(Hb+Mb)] + Δ[deoxy(Hb+Mb)]) and the Hb difference (Δ[diff(Hb+Mb)] = 

Δ[oxy(Hb+Mb)] – Δ[deoxy(Hb+Mb)]) were calculated. In addition, the tissue saturation index (TSI, 

%) was measured using the spatially-resolved spectroscopy (SRS) approach (Ferrari et al., 2004).  

 

The skin at the NIRS probe site was shaved before the probe was placed longitudinally on the lower 

third of vastus lateralis muscle (~10 cm above the knee joint), and secured with a black patch and 

elastic bandage. The location of the probe was marked using a skin marker to ensure the placement 

location was similar across all visits. The mean thickness of the skin and subcutaneous tissue at the 

NIRS probe site (7.8 ± 3.1 mm) was measured by skinfold caliper (Holtain Ltd, Crymych, UK). A 13 

× 85 cm rapid-inflation pressure-cuff (SC12D, Hokanson, USA) was placed proximally on the same 

thigh and attached to an electronically-controlled rapid cuff-inflator (E20, Hokanson, USA).  
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While participants were seated on a cycle ergometer, baseline TSI and Δ[tot(Hb+Mb)] were measured 

over 2 min of rest. Subsequently, a prolonged arterial occlusion (300 mmHg) was performed until 

TSI plateaued (typically ~120 s). The cuff was instantly deflated and muscle reoxygenation was 

recorded until a steady-state was reached (typically ~3 min). This procedure identified the 

physiological normalization (PN) of TSI which was standardized to 0% at the deflection point (TSI 

min) and 100% at the maximum value reached during reperfusion (TSI max) (Adami et al., 2017) 

(Fig. 1). Participants then cycled for 5 min at a target of 80% GET, followed by an immediate stop 

and 10-20 intermittent arterial occlusions at 300 mmHg. Duration and timing of the repeated 

occlusions were controlled by the investigator to maintain TSI in two different ranges: from 0 to 10% 

of PN (LOW) and from 50 to 60% of PN (HIGH), where the total amplitude of PN was used as 0-

100% reference range (Fig. 1). The HIGH range was selected to ensure that occlusions were 

performed under well oxygenated conditions, and to avoid the reduction in PO2 could limit mV̇O2 

(i.e. maintaining TSI above 50% of the physiological normalization) (Haseler et al., 2004)(Adami & 

Rossiter, 2018). The LOW range was selected as the lowest boundary to evaluate mV̇O2 recovery k 

in poorly-oxygenated conditions, without overstepping the deflection point (i.e., where TSI during 

occlusions loses linearity). On the same day two repetitions of repeated occlusions protocol, separated 

by a resting period (typically ~5 min), were performed in a randomized order for both the LOW and 

HIGH experimental conditions.  

 

The rate of muscle desaturation during each intermittent arterial occlusion (TSI, %·s−1) was fitted to 

estimate the exponential mV̇O2 recovery or k, as previously described (Adami et al., 2017) (Fig. 2). 

Data were quality-checked before curve fitting to remove invalid values or outliers i.e., low initial 

TSI values, or incomplete occlusions (Beever et al., 2020). The test-retest variability of k was first 

assessed. Subsequently k within each condition (kHIGH and kLOW) was calculated from the mean of the 

two repeated measurements, and the difference between these conditions was calculated (Δk = kHIGH.- 

kLOW). Δ[tot(Hb+Mb)] above rest was measured during the arterial occlusions of both HIGH and 

LOW conditions. 
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Figure 2 (Study 1). Representative tissue saturation index (TSI) responses during repeated 

arterial occlusions of the quadriceps following moderate exercise in LOW and HIGH conditions 

 
Representative muscle TSI profiles and mV̇O2 recovery kinetics during intermittent arterial occlusions following 5 

min moderate intensity cycling. A) TSI profile in poorly-oxygenated (LOW; TSI = 0-10% of physiological 

normalization) condition. B) TSI profile in well-oxygenated (TSI = 50-60% of physiological normalization) 

condition. C) mV̇O2 recovery and exponential fit (black line) for calculation of kLOW. D) mV̇O2 recovery and 

exponential fit (black line) for calculation of kHIGH. Grey point represents outlier, excluded from the analysis (see 

methods). k is the recovery rate constant. n=1. 

 

Muscle Biopsy 

Resting muscle biopsies were taken from the vastus lateralis muscle using a 130 mm (6”) Weil-

Blakesley rongeur (NDB-2, Fehling Instruments, GmbH&Co, Germany) under local anesthesia (1% 

lidocaine). After collection, muscle samples were cleaned of excess blood, fat, and connective tissue 

in ice-cold BioPS, a biopsy-preserving solution containing (in mM) 2.77 CaK2EGTA, 7.23 K2EGTA, 

5.77 Na2ATP, 6.56 MgCl2, 20 taurine, 50 MES (2-(N-morpholino)ethanesulfonic acid), 15 

Na2phosphocreatine, 20 imidazole, and 0.5 dithiothreitol adjusted to pH 7.1 (Doerrier et al., 2018). 

A portion of each muscle sample (~10-20 mg) was immediately placed in BioPS plus 10% (w/v) fatty 

acid free bovine serum albumin (BSA) and 30% (v/v) dimethyl sulfoxide (DMSO) and quickly frozen 

in liquid nitrogen; subsequently this portion was stored at -80°C for measurements of mitochondrial 
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respiration within one month (Kuznetsov et al., 2003). The remaining portion were fixed in OCT 

(Tissue-Tek, Sakura Finetek Europe, Zoeterwoude, The Netherlands) embedding medium, frozen in 

N2-cooled isopentane and stored at -80°C for subsequent histology. 

 

Preparation of Permeabilized Fibers 

Fiber bundles were quickly thawed at room temperature by immersion in BioPS containing 2 mg·ml-

1 BSA to remove any residual DMSO from the tissue (Kuznetsov et al., 2003; Wüst et al., 2012). 

Fibers were mechanically separated with pointed forceps in ice-cold BioPS under magnification 

(70×) (Stereomicroscope CRYSTAL-PRO, Konus-optical & sports systems, Italy). The plasma 

membrane was permeabilized by gentle agitation for 30 min at 4°C in 2 ml of BioPS containing 50 

µg·ml-1 saponin, washed for 10 min in 2 ml of MiR06 (MiR05 + catalase 280 IU.ml-1)  (in mM, unless 

specified) 0.5 EGTA, 3 MgCl2, 60 potassium lactobionate, 20 taurine, 10 KH2PO4, 20 HEPES (4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid), 110 sucrose, and 1 g·L-1 BSA, essentially fatty acid–

free (pH 7.1) (Doerrier et al., 2018) and blotted prior to being weighed. 

 

Mitochondrial Respiration 

Mitochondrial respiration was measured in duplicate or triplicate, using 3-6 mg wet weight of muscle 

fibers, in 2ml of MiR06 at 37°C containing myosin II-ATPase inhibitor (25μM blebbistatin dissolved 

in DMSO 5mM stock) to inhibit contraction (Perry et al., 2011) (Oxygraph-2k, Oroboros, Innsbruck, 

Austria). Chamber O2 concentration was maintained between 250 and 450 nmol·ml-1 (average O2 

partial pressure 250 mmHg) to avoid O2 limitation of respiration. Intermittent reoxygenation steps 

were performed during the experiments by injections of 1-3 μl of 0.3 mM H2O2, which was 

instantaneously dismutated by catalase, already present in the medium, to O2 and H2O.   Instruments 

were calibrated according to the manufacturer’s instructions (Pesta & Gnaiger, 2012). 

 

A substrate-uncoupler-inhibitor titration protocol was used (Salvadego et al., 2016, 2018; Doerrier et 

al., 2018) in the following order: glutamate (10 mM) and malate (4 mM) was added to assess LEAK 

respiration through complex I (CIL). ADP (10 mM) was added to assess maximal oxidative 

phosphorylation (OXPHOS) capacity through CI (CIP). Succinate (10 mM) was added to assess 

OXPHOS capacity through CI + complex II (CI+IIP). Cytochrome c (10 µM) added to test for outer 

mitochondrial membrane integrity. Stepwise additions of carbonyl cyanide-p 

trifluoromethoxyphenylhydrazone (FCCP) (0.5 – 1.5 µM) were used to measure electron transport 

system capacity through CI+II (CI+IIE). Inhibition of CI by rotenone (1 µM) determined electron 

transport system capacity through CII (CIIE), while addition of antimycin A (2.5 µM) was used to 
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measure residual oxygen consumption, which was subtracted from all measurements. Results were 

expressed in pmol·s-1·mg-1 wet weight calculating mean values of duplicate analyses. At the 

conclusion of each experiment, muscle samples were removed from the chamber, immediately frozen 

in liquid nitrogen and then stored at -80°C until measurement of CS activity. 

 

Citrate Synthase Activity 

Muscle samples were thawed and underwent a motor-driven homogenization in a pre-cooled 1 mL 

glass-glass potter (Wheaton, USA). The muscle specimen was suspended 1:50 w/v in a 

homogenization buffer containing sucrose (250 mM), Tris (20 mM), KCl (40 mM) and EGTA (2 

mM) with 1:50 v/v protease (P8340-Sigma) inhibitors. The specimen was homogenized in an ice-

bath with 20 strokes at 500 rpm; before the last hit Triton X-100 (0.1% v/v) was added to the solution. 

After this, the sample was left in ice for 30 min. The homogenate was centrifuged at 14,000 g for 10 

min. The supernatant was used to evaluate protein concentration according to the method of Lowry 

et al. (1951) (Lowry et al., 1951). Protein extracts (5–10–15 μg) were added to each well of a 96-

well-microplate along with 100 μl of 200 mM Tris, 20 μl of 1 mM 5, 5’-dithiobis-2-nitrobenzoate 

(DTNB), freshly prepared, 6 μl of 10mM acetyl-coenzyme A (Acetyl-Co-A) and mQ water to a final 

volume of 190 μl. A background ΔAbs, to detect any endogenous activity by acetylase enzymes, was 

recorded for 90 s with 10 s intervals at 412 nm at 25°C by an EnSpire 2300 Multilabel Reader 

(PerkinElmer). The ΔAbs was subtracted from the one given after the addition of 10 μl of 10 mM 

oxalacetic acid that started the reaction. All assays were performed at 25°C in triplicate on 

homogenates. Activity was expressed as nmol·min–1 (mU) per mg of protein. This protocol was 

modified from (Srere, 1969; Spinazzi et al., 2012). 

 

Cross-Sectional Area (CSA) Analysis  

Muscle fiber CSA was determined from several transverse sections (10 μm thick) obtained from 

muscle samples and probed with anti-Dystrophin antibody. Fluorescence images were visualized with 

Olympus microscope (U-CMAD3). Fiber CSA was measured with Image J analysis software (NIH, 

Bethesda, MD, USA) and expressed in square micrometers. 125 to 150 fibers per sample were 

measured. 

 

Capillarization 

Several transverse 10 µm sections were obtained from muscle samples mounted in OCT. Sections 

were collected at – 20-22°C on the surface of a polarized glass slide. Cryosections were fixed with 

methanol in ice for 15 min, washed 3 times (5 min each) in PBS (NaCl 136mM, KCl 2mM, Na2HPO4 
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6mM, KH2PO4 1mM) at room temperature (RT) and incubated in 1%Triton-100x in PBS for 30 min 

(RT). Cryosections were then incubated with blocking reagents (4% BSA in 1% Triton X-100 in PBS 

+ 5% Goat Serum) for 30 min (RT), raised with PBS (3 times of 5 min each) and probed with anti-

CD31 (1:100 dilution, Abcam) overnight at 4°C. After 3 washes (5 min each) in PBS, cryosections 

were incubated with Alexa-Fluor 488 anti-mouse (1:200 dilution; Abcam) for 60 min at room 

temperature. Finally, the samples were probed with anti-Dystrophin (1:500 dilution, Abcam) for 60 

min at room temperature and then with Alexa-Fluor 488 anti-rabbit (1:200 dilution; Abcam) for 60 

min at room temperature. Fluorescence intensity was visualized with Olympus microscope (U-

CMAD3). 125 to 150 fibers were measured in each sample. Capillary density was defined as total 

number of capillaries per cross-sectional area of the associated muscle fibers (Hoppeler et al., 1981; 

Mathieu-Costello et al., 1988, 1991, 1992; Hepple et al., 2000). 

 

Statistical Analysis 

Results are mean ± SD. Normal distribution was verified with Shapiro–Wilk test, and paired Student’s 

t-test was used to compare differences between two means. p < 0.05 was considered significant. To 

assess within-subject test–retest reliability, Pearson coefficient (r), coefficient of variation (CV) and 

intraclass correlation coefficient (ICC) were calculated for k measurements performed on different 

days. Correlation between respirometry variables and k was performed to compare ex vivo and in vivo 

estimates of muscle oxidative capacity. Correlation between CD and Δk was performed to examine 

the validity of NIRS to estimate DmO2. Correlation analyses were expressed as Pearson coefficient 

(r). Prism 8.0 (GraphPad) was used for data analysis. 

 

RESULTS 

Incremental Exercise 

V̇O2peak was 37.1 ± 8.0 ml·min−1·kg−1 (range, 22.0 – 50.2 ml·min−1·kg−1) at 214 ± 52 W. Peak heart 

rate was 192 ± 9 beats.min-1, approximately 102% of the age-predicted maximum value. RER was 

1.28 ± 0.08; [La]b was 11.27 ± 2.24 mmol·l−1, and RPE was 19 ± 1. GET was 1.73 ± 0.41 l·min−1 

(69% of V̇O2peak), corresponding to 129 ± 34 W. 

 

Muscle Oxygen Uptake Recovery Rate Constant by NIRS 

A total of 48 mV̇O2 recovery kinetics assessments were performed (24 in each of HIGH and LOW 

conditions) after 5-min moderate intensity exercises (87 ± 26 W). Average V̇O2 from last 60 s of 

exercise was 1.43 ± 0.38 l·min−1 and RER was 0.95 ± 0.03. At the end of exercise RPE was 10 ± 2 
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and [La]b was 1.47 ± 0.39 mmol·l−1. During last 20 s of cycling quadriceps TSI averaged 62.7 ± 3.9% 

(corresponding to 50.4 ± 6.4% of PN). 

 

kHIGH was 3.15 ± 0.45 min-1 and 2.79 ± 0.55 min-1 for the first and second repeat respectively (range 

1.88 - 4.01 min-1). kHIGH was not different between repeats (p = 0.1057). kLOW was 1.56 ± 0.79 min-1 

and 1.53 ± 0.57 min-1 for first and second repeat, respectively (range 0.38 - 2.65 min-1). kLOW was not 

different between repeats (p = 0.9299). Coefficient of variation for repeated measurements was 26% 

and 12% for LOW and HIGH, respectively. In all participants and each repeat, kHIGH was greater than 

kLOW (both p < 0.001). The individual test-retest reliability of kHIGH and kLOW, assessed on different 

days, was good (r = 0.67, p < 0.001; ICC = 0.68, CV = 19%) (Fig. 3). Having established 

reproducibility, the mean k for each condition was calculated for comparison with biopsy variables. 

Mean kHIGH was 2.97 ± 0.36 min-1 and mean kLOW was 1.54 ± 0.55 min-1. Δk ranged from 0.26 to 2.55 

min-1 with a mean value of 1.42 ± 0.69 min-1. Immediately before the first cycling exercise, 

Δ[tot(Hb+Mb)] was 3.14 ± 0.77 µM and increased to 9.57 ± 4.52 µM and 11.20 ± 4.05 µM during 

arterial occlusions in HIGH and LOW respectively. During arterial occlusions, Δ[tot(Hb+Mb)] was 

significantly greater than rest (p = 0.007 and p = 0.002 for HIGH and LOW, respectively). 

 

  



STUDY 1 

73 

Figure 3 (Study 1). Individual test-retest reliability of muscle oxidative capacity by NIRS 

 
The individual test-retest reliability of recovery rate constant (k) assessed by NIRS in different days during both 

HIGH (black circles) and LOW (grey circles) on 12 participants. Straight line represents linear regression curve and 

dashed line represent 95% confidence intervals. Grey line represents identity. Circles represent k values obtained 

during first and second trial. 

 

Muscle Mitochondrial Respiration and Capillarization 

Measurements of mitochondrial O2 flux in permeabilized muscle fibers are shown in Table 1. 

Maximal O2 flux in phosphorylating state (CI+IIP) was 37.7 ± 10.6 pmol·s−1·mg−1 (corresponding to 

5.8 ml·min−1·100g−1) and maximal uncoupled O2 flux (CI+IIE) was 56.8 ± 19.8 pmol·s−1·mg−1 

(corresponding to 8.8 ml·min−1·100g−1). CS activity was 74.3 ± 50.9 mU·mg−1 protein. 
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Two typical images of CD capillary density measurement are shown in Figure 4. Mean fiber CSA, 

fiber number and capillary number in each sample were 5083 ± 73 µm-2, 134 ± 47 and 311 ± 108, 

respectively. CD was 469 ± 73 mm-2, ranging from 348 to 586 mm-2 among individuals. 

 

Table 1 (Study 1). Mitochondrial O2 flux in permeabilized muscle fibers 

Mass specific 
(pmol·s−1·mg−1) 

CIL CIP CI+IIP CI+IIE CIIE 

Mean ± SD 6.0 ± 3.2 14.6 ± 5.8 37.7 ± 10.6 56.8 ± 19.8 45.3 ± 14.8 

Min 0.0 4.5 23.0 33.6 29.1 

Max 11.3 23.9 54.3 99.9 76.6 

 

CIL, leak respiration through CI; CIP, maximum coupled mitochondrial respiration through CI; CI+IIP, maximum 

coupled mitochondrial respiration through CI+II; CI+IIE, maximum noncoupled mitochondrial respiration through 

CI+II; CIIE, maximum noncoupled mitochondrial respiration through CII. Mitochondrial respiration was measured 

in duplicate or triplicate, n=12. 

 

Figure 4 (Study 1). Muscle capillarization from two participants 

 
Immunofluorescent identification of capillaries in cross sections of vastus lateralis from two participants. A) 
Participant with the highest capillary density. B) Participant with the lowest capillary density. After immunostaining 

using anti-CD31, capillaries appear green. (n=2). 
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Correlations 

kHIGH was correlated with CI+IIP (r = 0.80, p < 0.01) and CI+IIE (r = 0.81, p < 0.01). kLOW was not 

correlated with either CI+IIP or CI+IIE (r = -0.10 and r = -0.11, respectively) (Fig 5A-B). Δk was 

significantly correlated with capillary density (r = -0.68, p = 0.015) (Fig. 5C). 

 

Figure 5 (Study 1). Association between in vivo (NIRS) and ex vivo (biospy) estimation of (A-B) 

skeletal muscle OXPHOS capacity and (C) skeletal muscle capillary density 
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DISCUSSION 

This study tested the hypotheses that mV̇O2 k is associated with muscle oxidative capacity only in 

high TSI conditions and that the difference in mV̇O2 k between well-oxygenated and poorly-

oxygenated muscle provides insight into DmO2. Our data confirmed previous findings (Ryan et al., 

2014) that, in well-oxygenated tissue, mV̇O2 recovery rate constant measured by NIRS, kHIGH, is 

correlated with maximal muscle O2 flux in fiber bundles. Additionally, we showed for the first time 

that this relationship did not hold when tissue oxygenation was reduced below 50% of the 

physiological normalization; and, kLOW was not associated with any variable describing muscle O2 

flux in fiber bundles. This finding is consistent with Fick’s law in that mV̇O2 becomes increasingly 

dependent on DmO2 as microvascular-to-myocyte PO2 difference is reduced (see Eq. 1). From this, 

we demonstrated that Δk, the difference between kHIGH and kLOW, was associated with capillary density 

C:F in biopsy samples of the same tissue, a primary structural determinant of DmO2. Thus, the NIRS-

derived response measured under conditions of both well-oxygenated and poorly-oxygenated skeletal 

muscle provided a non-invasive means of assessing both muscle oxidative capacity and muscle 

diffusing capacity in vivo. The application of this NIRS protocol may be of great interest for the study 

of skeletal muscle oxidative and diffusing capacities in response to exercise training or in disease 

states (e.g., heart failure, chronic obstructive pulmonary disease, myopathies). 

 

NIRS and muscle oxidative capacity 

In health, skeletal muscle oxidative capacity is strongly correlated with whole-body aerobic capacity 

and exercise performance (Holloszy, 1967b; Hoppeler et al., 1985; Hood et al., 2011a). Moreover, 

muscle oxidative capacity and mitochondrial function are impaired in conditions of physical 

inactivity (Buso et al., 2019; Zuccarelli et al., 2021), aging (Layec et al., 2013) and chronic disease, 

such as obesity (Menshikova et al., 2005; Lazzer et al., 2013), diabetes (Joseph et al., 2012) myopathy 

(Grassi et al., 2019, 2020), pulmonary obstructive disease (Adami et al., 2017, 2020), and 

neuromuscular disease (Breuer et al., 2013). Traditionally, muscle oxidative capacity has been 

studied using ex vivo approaches involving muscle biopsy samples and measurement of enzyme 

activity, or mitochondrial respiratory capacity in isolated mitochondrial preparations and 

permeabilized muscle fibers (Chance & Williams, 1955; Holloszy, 1967b; Gnaiger, 2009; Brand & 

Nicholls, 2011; Perry et al., 2013). For a long time, in vivo approaches were limited to 31P nuclear 

magnetic resonance spectroscopy (31P-MRS) to measure the recovery rate of phosphocreatine (PCr) 

after exercise, which is associated with maximal O2 flux in muscle (Kemp et al., 1993; Blei et al., 

1993; Kent & Fitzgerald, 2016). Over the past decade, however, NIRS coupled with intermittent 

arterial occlusions, has proven a valuable tool to assess the mV̇O2 recovery rate constant, k, which is 
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directly associated with muscle oxidative capacity (Hamaoka et al., 1996; Motobe et al., 2004; Ryan 

et al., 2012; Grassi & Quaresima, 2016; Adami et al., 2017; Adami & Rossiter, 2018; Hamaoka & 

McCully, 2019). The estimation of muscle oxidative capacity using NIRS has been already examined 

in upper and lower limb muscles and in both healthy subjects and patients affected by chronic diseases 

(Meyer, 1988; Erickson et al., 2013, 2015; Ryan et al., 2013b, 2014; Harp et al., 2016; Adami et al., 

2017; Willingham & McCully, 2017). However, muscle oxidative capacity estimation by NIRS relies 

on two main assumptions (Adami & Rossiter, 2018; Chung et al., 2018): i) muscle contractions are 

sufficient to maximally activate mitochondrial oxidative enzymes, and ii) O2 concentration at skeletal 

muscle level is not a limiting factor to oxidative phosphorylation. Regarding the first point, it has 

been demonstrated that the first-order relationship between PCr dynamics and ATP production by 

oxidative phosphorylation is valid only when mitochondrial oxidative enzymes are maximal 

activated. Additionally, experiments on isolated single frog muscle fibers show that maximal 

activation of mitochondrial enzymes may not be achieved when muscle stimulation (or contraction 

frequency) is too low (Wüst et al., 2013). For this reason, we used 5 min of moderate intensity cycling 

to stimulate OXPHOS and activate a wide range of regulated enzymes within the mitochondrial 

matrix, with the goal to reach a high, ideally, maximal mitochondrial activation. Our data for kHIGH 

show a good correlation with maximal O2 flux in biopsy samples (either phosphorylating or 

uncoupled), consistent with the findings of others. These data confirm that NIRS provides a 

reasonable non-invasive estimate of muscle oxidative capacity when the tissue is well-oxygenated.  

 

The second assumption, that O2 concentration is not limiting in the NIRS test, has received relatively 

less attention. Because mV̇O2 depends in part on the O2 pressure difference between the 

microvasculature and the inner mitochondrial membrane in the myocyte to facilitate O2 diffusion, it 

stands to reason that reducing PmvO2 could reduce O2 flux and limit mV̇O2 k. This suggestion was 

confirmed previously by the reduction in mV̇O2max and PCr recovery rate constant under conditions 

of reduced PmvO2 imposed by breathing hypoxic gas mixtures (Haseler et al., 1999, 2004; 

Richardson et al., 1999). By reducing (PmvO2 – PimO2) in hypoxia, mV̇O2 becomes increasingly 

dependent on DmO2 (Eq. 1). Despite this, no study to date investigated whether NIRS-derived mV̇O2 

k estimation is affected by changes in O2 availability. We investigated the reliability and validity of 

NIRS-derived mV̇O2 k to reflect muscle oxidative capacity under conditions of well- and poorly-

oxygenated muscle. As expected, kHIGH was associated with maximal O2 flux in fiber bundles 

performed in a hyperoxic environment (i.e. in non-limiting O2 availability), when TSI was maintained 

above 50% of PN (r = 0.80 to 0.81; Fig 5A) and showed good reproducibility (test-retest r = 0.67, 

ICC = 0.68, Fig. 3). The regression coefficient between methods was very similar to that observed 
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by Ryan et al. (2014) (Ryan et al., 2014). However, our data also show that this association was lost 

(r = -0.11 to -0.10) when the arterial occlusion protocol was experimentally manipulated to hold TSI 

between 0-10% PN. In the kLOW condition, good test-retest reproducibility was maintained, but the 

association with maximal O2 flux by tissue respirometry was absent (Fig. 5B). 

 

The two NIRS tests assessed the same muscle region in tests applied a few minutes apart, therefore 

differences between kHIGH and kLOW could not reasonably reflect structural or functional properties in 

the skeletal muscle mitochondria. Rather, the difference reflects the increasing importance of DmO2 

in kLOW, when (PmvO2 - PimO2) was reduced by experimental manipulation of the occlusion protocol. 

Thus, mV̇O2 k is only valid method to estimate muscle oxidative capacity when assessed as kHIGH i.e., 

above 50% PN (Adami & Rossiter, 2018). 

 

NIRS and muscle O2 diffusion 

As previously described, mV̇O2 is dependent on the interplay between both convective and diffusive 

transport (Roca et al., 1992). In our protocol, we estimated muscle oxidative capacity from the TSI 

slope during repeated arterial occlusions, which minimizes the effects of O2 delivery on the estimation 

of muscle oxidative capacity. Moreover, we effectively manipulated arterial occlusions such that the 

sum of (PmvO2 - PimO2) was either large or small, in the HIGH and LOW conditions respectively. 

In these conditions, convective O2 transport may have an influence on our surrogate measure of DmO2 

by modifying capillary Hb volume, RBC transit time, or RBCs immediately adjacent to active muscle 

fibers during the reperfusion phase between two occlusions. However, the absence of differences in 

Δ[tot(Hb+Mb)] between HIGH and LOW supports the notion that, under these strictly controlled 

experimental conditions, convective O2 transport did not influence mV̇O2 k. 

 

By measuring mV̇O2 under these two conditions we could simultaneously solve by elimination for 

DmO2 (Eq. 1). Using NIRS the absolute value of (PmvO2 - PimO2) is unknown; rather the ranges of 

TSI used reflected two relative oxygenation values (i.e., HIGH and LOW). Also, absolute values of 

mV̇O2 are not precisely known using NIRS, although they may be estimated assuming values for 

tissue [Hb+Mb] (among other assumptions). Nevertheless, the NIRS-based protocol we used allows 

for relative measurement of mV̇O2 and (PmvO2 - PimO2), such that solving Eq. 1 for a relative 

estimate of DmO2 is possible. We used the k value for mV̇O2, rather than mV̇O2 itself, because as 

demonstrated kHIGH reflects muscle oxidative capacity and because the kinetics mV̇O2 are agnostic 

unrelated to absolute measurements (thereby reducing potential variability introduced by comparing 

absolute mV̇O2 values from NIRS). Assessment of DmO2 was performed by capillary density and the 
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finding that Δk was correlated with CD (Fig. 5C) supports the validity of NIRS-based protocol to 

estimate DmO2. 

 

Although CD C:F does not assess length and diameter of vessels, the measurement of capillary 

density in a muscle cross section may provide information to understand the O2 diffusing capacity of 

skeletal muscle (Saltin & Gollnick, 1983; Hepple et al., 2000; Poole et al., 2020, 2021, 2022). Our 

CD values ranged from 348 to 586 mm-2, in line with published data (Poole et al., 2020). On the other 

hand, Δk ranged more widely from 0.26 to 2.55 min-1. This is presumably because Δk is also 

influenced by muscle oxidative capacity, therefore changes in Δk under fixed TSI conditions may 

vary more widely than capillary structure alone. Nevertheless, the finding of a significant association 

between Δk and CD may allow a valid non-invasive estimation of CD in vivo.  

 

The ability to measure O2 dynamics in microvessels in human skeletal muscles is currently beyond 

reach (Koga et al., 2014; Lundby & Montero, 2015). Previous studies have attempted this by 

measuring structural components related to the path through plasma and capillary wall to the 

cytoplasm (e.g. capillary density) or calculating the ratio of mV̇O2 and O2 pressure gradient between 

microvessels and mitochondria using the method developed by Wagner and colleagues (Roca et al., 

1989, 1992; Richardson et al., 1999; Hepple et al., 2000). Although these elegant experiments were 

fundamental to move forward knowledge in the field, they do not fully account for the physiological 

mechanisms of in vivo regulation and reduce a complex diffusion process to a few key variables 

(Hepple et al., 2000). 

 

A step towards a more physiological approach was used by Brown et al. (Brown et al., 2001). In 

endurance and resistance trained athletes, Brown et al. estimated capillary filtration capacity with 

plethysmography during small incremental steps in venous occlusion pressure. They found an 

association between filtration capacity and muscle capillarity, consistent with a relationship between 

capillary filtration and capillary surface area (Brown et al., 2001; Hunt et al., 2013). In our study we 

used NIRS to follow the flux of O2 rather than fluid within the capillary-to-myofiber. In addition, 

NIRS is able to estimate changes in Δ[tot(Hb+Mb)] within the microvasculature, such that our NIRS-

based method likely more closely reflects apposition of red-blood cells with capillary endothelium 

and therefore the O2 diffusion pathway. The action of repeated occlusions has the effect of increasing 

Δ[tot(Hb+Mb)] in the microvasculature (~10 µM in Δ[tot(Hb+Mb)] from rest which should account 

for an increase in hematocrit of ~18%, leading to a total hematocrit of 33%), thereby generating a 

diffusional surface area that may be closer to in vivo condition when DmO2 is maximized i.e., high 
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longitudinal capillary recruitment at approach exercise at maximal aerobic capacity. That NIRS 

measures the oxygenation of all [Hb+Mb] within the field of view, may therefore, be a more valid 

reflection the final steps in O2 cascade than structural properties of the capillaries alone. However, as 

yet undeveloped, more advanced techniques are needed to test this hypothesis. 

 

The correlation coefficients of k with muscle oxidative capacity and Δk with CD were relatively small 

when compared with correlations for clinical techniques (Hanneman, 2008). However, the Pearson 

correlation coefficient resulting in our study (r = 0.80 and r = -0.68, respectively) was similar with 

other validation studies comparing in vivo methods with ex vivo approaches using NIRS (r = 0.61 – 

0.74) (Ryan et al., 2014). While NIRS and biopsy were taken from the same muscle region, the 

volumes assayed by each of these techniques are different (~2-3 cm3 and ~1 mm3, respectively). In 

addition, the structural and functional assessments differ between NIRS and biopsy. Unlike NIRS, 

maximal O2 flux in fiber bundles in respirometry is assessed using supraphysiologic concentrations 

of substrates, including O2, and reflects all fibers in the sample. Maximal O2 flux based on NIRS 

signals derive from only those fibers that were active during the exercise, and therefore may be biased 

towards low order fibers (slow, oxidative). As discussed, CD is a structural contributor to DmO2, but 

may not reflect to the true capacity for O2 diffusion in tissue with variable capillary content of red 

blood cells. Therefore, variability between methods is expected, with the NIRS potentially having the 

advantage that it assays a larger muscle volume than the biopsy, and assays under physiologic 

conditions in vivo. 

 

CONCLUSIONS 

In summary, we report reliability and accuracy of NIRS measurements of mV̇O2 during intermittent 

arterial occlusions protocols to estimate muscle oxidative capacity and muscle DmO2 in vivo. The 

mV̇O2 recovery rate constant, k, was a reasonable and reliable method to assess muscle oxidative 

capacity only when assessed in well-oxygenated quadriceps muscle (>50% of TSI physiological 

normalization). Experimental manipulation of TSI through timing and duration of intermittent arterial 

occlusions provided a new variable, Δk, which was the difference in k between well-oxygenated and 

poorly-oxygenated experimental conditions. As hypothesized, we found that Δk was associated with 

CD, a structural determinant of DmO2. Therefore, the NIRS-based protocol we describe represents a 

cost-effective and non-invasive means of assessing both muscle oxidative capacity and muscle O2 

diffusive capacity in vivo. 
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ABSTRACT 

PURPOSE: In murine model a first exposure to hypertrophic stimuli, such as testosterone, mechanical 

loading or resistance exercise, has been shown to lead to faster and larger growth of skeletal muscle 

when subsequently repeated. This mechanism, called muscle memory, has been related to the 

retention of acquired myonuclei or epigenetic modifications. Interestingly, greater changes in 

mitochondrial content and biogenesis were also observed after repeated resistance training 

interventions. Thereby, even mitochondrial adaptations might be influenced by muscle memory, and 

it remains to be explored whether repeated endurance training interventions can rely on the same 

mechanism. The aim of the study was to investigate functional and molecular adaptations of skeletal 

muscle to two repeated interventions of high-intensity interval training (HIIT) in mice. METHODS: 

Forty-eight C57BL/6 adult mice were assigned to six groups (n = 8 each group). Three interventions 

group: TR, subjected to one period of training, DETR, undergoing detraining period after training; 

RETR, exposed to repeated training period after detraining; and three corresponding control group in 

order to match the duration of the intervention (CTRL TR, CTRL DETR and CTRL RETR). Each 

HIIT (10 bouts of 2 min separated by 2 min of recovery) intervention lasted 8 wks. Physiological 

adaptations were compared across training, detraining and retraining conditions by calculating the 

difference between interventions and relevant control group. Maximal running velocity (Vmax) was 

assessed 48 h prior to sacrifice by graded exercise test (GXT). Markers of mitochondrial biogenesis 

and content, fusion-fission mitochondrial key factors and mitophagic biomarkers were analyzed on 

gastrocnemius muscle by western Blot. RESULTS: Vmax increased more after retraining than initial 

training (+10.4 ± 3.2 vs +6.5 ± 1.9 m·min-1, respectively, p<0.001). Mitochondrial content measured 

on CS protein resulted higher in retraining than training (p<0.05). Mitochondrial biogenesis changes 

were larger after repeated interventions than single-training in  PGC-1α, pAMPK and pACC (all 

p<0.01). Comparison of mitochondrial dynamics between single-training period and repeated 

interventions revealed increase in fusion through Mfn2 (p<0.001) and a reduction in fission dynamics 

through Fis1 and Drp1Ser637 after retraining (both p<0.05). Mithopagic protein Parkin, along with 
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autophagy protein p62 were more increased after retraining than training (both p < 0.05). Subunits of 

complex I, III and IV of respiratory chain followed a smaller increase after retraining (all p < 0.05). 

CONCLUSIONS: Repeated interventions of HIIT induced a greater improvement in aerobic 

performance after the second exposure to the aerobic training stimulus. This enhanced response 

appears to be determined by larger expression of mitochondrial biogenesis factors that induced an 

increase in mitochondrial content, as well as changes mitochondrial dynamics that likely promoted 

healthier and more functional mitochondria. In conclusion, mitochondria adaptations to a HIIT are 

different if the stimulus has been previously encountered, thereby supporting the hypothesis of a 

mitochondrial memory. 

 

INTRODUCTION 

Skeletal muscle memory has been defined as: “The capacity of skeletal muscle to respond differently 

to environmental stimuli in an adaptive or maladaptive manner if the stimuli have been previously 

encountered” (Sharples et al., 2016b). The concept refers to the retention of cellular and tissue-level 

changes generated by previous environmental stimuli or stressors such as those resulting from 

exercise, muscle damage, disease or changes in nutrients which lead to an altered response if the 

stimulus is encountered again. This mechanism is important for skeletal muscle because if the 

environment encountered is positively influencing adaptations, the muscle may respond to these 

stimuli later in life with further muscle improvement or healthy maintenance across the lifespan. This 

has important consequences on quality of life, as adequate quantity and quality of skeletal muscle is 

not only essential for performance in elite sports, but also for improving daily life activities and 

promoting health in older age (Sharples et al., 2015, 2016a). Concerning exercise and training, muscle 

encounters this memory mechanism in an adaptively advantageous manner. Indeed, it is becoming 

evident that molecular and phenotypic responses to chronic exercise are enhanced during subsequent 

training when similar previous training has been performed. 

 

In rodent model this mechanism has been proven in response to anabolic stimuli, such as testosterone, 

mechanical loading, or resistance exercise, demonstrating how muscles previously exposed to a 

hypertrophic stimulus are able to grow their size faster and larger when encountering a similar 

stimulus later, after a prolonged period of hypertrophic stimuli cessation in which muscle resumes its 

phenotypic state to pre-exercise condition (Egner et al., 2013; Gundersen, 2016; Lee et al., 2018; 

Murach et al., 2020). Acquired myonuclei permanence and epigenetic modification retention are 

parallel processes that appear to be involved in the hypertrophy memory mechanism (Gundersen, 

2016; Snijders et al., 2020; Wen et al., 2021). It is important to focus the attention on an animal study 
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that observed after repeated resistance training interventions not only greater muscle mass but also 

greater changes in mitochondrial adaptations in response to retraining compared to the previous 

intervention (Lee et al., 2018). Authors demonstrated that mitochondria may retain the ability to 

respond more consistently to repeated noncontinuous stimuli resulting in higher increase in proteins 

regulating mitochondrial biogenesis and markers of mitochondrial content during the second training 

period (Lee et al., 2018). This interesting finding pointed out the possible existence of a memory 

mechanism for specific aerobic physiological markers. A possible explanation for mitochondrial 

memory observed in the aforementioned study may derive from the existence of mechanisms that 

during the interruption period from a training stimulus may "protect" specific markers involved in 

mitochondrial adaptation processes, allowing them to remain elevated for a long-term period after a 

training stimulus, hence, affecting larger response extent to a subsequent stimulus. Genetically 

modified mice study with animals able to express a higher amount of PGC-1α (a condition attributable 

to the effects of aerobic training), seems to corroborate this hypothesis (Kang et al., 2015). Authors 

showed that PGC-1α overexpressed animals were able to counteract deleterious consequences of 

muscle immobilization and facilitate mitochondrial content and function recovery during the period 

of return to normal activity (Kang et al., 2015). This result suggests that previous enhancement in 

mitochondrial transcription factors may promote better mitochondrial adaptations in skeletal muscle 

upon administration of a repeated noncontinuous stimulus. 

 

Overall, this evidence suggests that even mitochondrial adaptations might be influenced by muscle 

memory, and it remains to be explored whether repeated endurance training interventions can rely on 

the same mechanism. In order to deepen our understanding of the potential presence of skeletal 

muscle memory induced by aerobic training, the aim of this study was to investigate functional and 

molecular adaptations of skeletal muscle in response to two repeated interventions of endurance 

training in mice. High-intensity interval training has been used here to serve as endurance training 

paradigm because, as demonstrated by Barrès and colleagues (2012), high-intensity exercise is more 

effective in inducing DNA hypomethylation and subsequent increase in gene expression in the 

mitochondrial biomarker than low-intensity training (Barrès et al., 2012). The underlying mechanism 

could be related to the elevated load and intermittent nature of high-intensity interval training, which 

could mediate the muscle memory effect through epigenetic modifications. 
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MATERIALS AND METHODS 

Animals and Experimental design 

Forty-eight C57BL/6 adult male mice from the breeding facility of Charles River Laboratories (Calco, 

Italy) were used. Animals were housed single and kept under a standard 12:12 h light/dark cycle and 

room temperature of 21°C. Rodents were allowed access to water and food ad libitum. All animal 

care and experimental procedures were approved by the local Committee on Animals in Research. 

All animals were randomly assigned into six groups (n = 8 each group). Three groups were subjected 

to different interventions: TR, subjected to one period of training, DETR, undergoing detraining 

period after training; RETR, exposed to repeated training period after detraining. Each intervention 

group was paired with a corresponding control group in order to match the duration of the intervention 

(CTRL TR, CTRL DETR and CTRL RETR relevant to TR, DETR and RETR, respectively). A 

schematic diagram of each condition is provided in Figure 1. At the termination of each respective 

intervention at which mice underwent, animals were sacrificed to collect gastrocnemius muscle 

tissue. A graded exercise test (GXT) was performed before every training period in TR, DETR and 

RETR to set training intensity. In addition, for each group GXT was performed 48h prior to tissue 

collection; for TR and RETR group the latter GXT test has been arranged to be accomplished 48h 

after the last training session. Before the first GXT, each mouse participated in rodent treadmill 

acclimation. 

 

Figure 1 (Study 2). Schematic diagram of the experimental design 

 
All animals were randomly assigned into six groups (n = 8 each group). Three groups were subjected to different 

interventions: TR, subjected to one period of training lasting two months, DETR, undergoing 3 months of detraining 

period after training; RETR, exposed to repeated training period after detraining. Each intervention group was paired 

with a corresponding control group in order to match the duration of the intervention (CTRL TR, CTRL DETR and 

CTRL RETR relevant to TR, DETR and RETR, respectively). 

 



STUDY 2 

86 

Acclimation 

Rodent treadmill (Exer-6M, Columbus, Ohio, USA) was composed by 6 lanes. For running space 

each lane was 5.5 cm in width, 42 cm in length and with side walls of 12.5 cm height. Treadmill was 

set at 5° incline for acclimation, GXT and training sessions. Treadmill was equipped with a shock 

grid at the back of the treadmill belt to discourage mice from stopping. 

Acclimation sessions were conducted on three separate days allowing mice to become familiar with 

equipment, space features and running exercise as suggested by animal care and use guidelines 

(Baertschi & Gyger, 2011). During the first day mice were placed on treadmill in near stationary 

condition (2 m·min-1) for 15 min to explore and acclimate with smells, spaces, and noises of room 

and instrument. In the second day mice familiarized with running condition for 5 min at 6.5 m·min-

1, afterwards familiarization with speed variations was performed by switching treadmill speed 

between 5 m·min-1 and 9 m·min-1 every 2 min for a total of 10 min. In the same acclimation session, 

mice became familiar with the shock grid that was progressively increased in shock frequency and 

magnitude (from 1 Hz and 0.3 mA to 3 Hz and 3 mA). Day three was used to familiarize with high 

intensities by means of sprints of 10/20 s duration performed every minute interspersed with recovery 

at 5 m·min-1. Sprint velocity was progressively increased from 9 m·min-1 to 20 m·min-1 and shock 

grid was set at 3 Hz and 3 mA. 

 

Graded Exercise Test 

Graded exercise test to exhaustion was carried out to assess maximal running velocity (Vmax). A 

maximum of 3 mice were tested at the same time. Mice were run to exhaustion using a protocol 

consisting of a 5-min warm-up at initial speed of 9 m·min-1, after which the speed was increased by 

1 m·min-1 every minute (McMullan et al., 2018). Maximal running velocity was defined as the last 

speed the mouse was able to maintain for at least 10s before exhaustion, if the step duration was less 

than 10s, the previous completed speed was considered as maximal velocity. Exhaustion was defined 

as the inability or refusal to run on the treadmill for 10 s continuously despite stimulus via shock grid 

or manual prodding (Malek & Olfert, 2009; Malek et al., 2010; Hüttemann et al., 2012; McMullan et 

al., 2018). GXT was performed twice on each mouse on two separate days and the higher value of 

Vmax (m·min-1) was recorded (McMullan et al., 2018). 

 

Endurance training and detraining intervention 

Each training period consisted of high-intensity interval exercises performed on rodent treadmill 3 

times/week for 8 weeks. Based on Vmax resulting from GXT, training mice were divided into training 

groups with similar aerobic fitness level where the average Vmax were used to set training intensity. 
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Each training sessions was composed of 8 min of warm up at 40% of Vmax followed by 10 bouts of 

2-min intervals at 90% - 120% of Vmax interspersed by 2-min of active recovery running at 30% of 

Vmax. After the session a cool down of 8 min was performed at 40% of Vmax (Henríquez-Olguín et 

al., 2019). To avoid stagnation, the training stimulus of high-intensity intervals was progressively 

incremented in subsequent training sessions by increasing the relative exercise intensity from 90% to 

120% of Vmax. An identical training protocol was applied for both training and retraining sessions. 

During detraining, animals were kept in cage for 12 consecutive weeks without training sessions with 

access to water and food ad libitum. 

 

Tissue collection 

At 48 hours after the last GXT, mice were sacrificed by cervical dislocation. An incision was made 

through the skin around ankle area and the skin was reflected to expose the muscles of the lower leg. 

The Achilles tendon was cut, and gastrocnemius was carefully dissected and used for molecular 

analyses. The muscle samples were rapidly frozen by immersion in liquid nitrogen and used for 

proteomic and genomic analysis. All frozen muscle samples were stored in ultrafreezer at −80° C 

until analyzed. 

 

Proteomic Analysis 

Sample Preparation: muscle lysis and protein extraction. Frozen muscles were pulverized in a 

steel mortar using a ceramic pestle, with the constant addition of liquid nitrogen in order to maintain 

muscle components’ properties. The powder thus obtained was homogenized with a lysis buffer 

containing TRIS-HCl 20mM, Triton 100x 1%, Glycerol 10%, NaCl 150mM, EDTA 5mM, NaF 

100mM and NaPPi 2mM supplemented with protease inhibitor 5X, phosphatase inhibitors 1X 

(Protease Inhibitor Cocktail, Sigma-Aldrich, St. Louis MO) and PMSF 1mM. The lysis of tissue was 

performed on ice for 40 minutes. The homogenate obtained was centrifuged at 13500 rpm for 20 

minutes at 4° C and the supernatant was transferred to clean eppendorf tubes and stored at -80° C 

until use. The protein concentration of the lysates was determined using the RC-DC™ (reducing 

agent and detergent compatible) protein assay (Bio-Rad) that is a colorimetric assay for protein 

determination in the presence of reducing agents and detergents. 

 

Western Blot. Equal amounts of muscle samples were loaded on gradient precast gels purchase from 

BioRad (AnyKd) and subjected to electrophoresis. Electrophoretic run was carried out at constant 

current (100V) for about 2 hours in a running buffer at pH 8.8 (Tris 25 mM, Glycine 192 mM, SDS 

1%). To monitor protein separation, a protein molecular weight marker constituted by a mixture of 
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proteins with known molecular weight (Preistained Protein Ladder Marker, BIORAD) was loaded on 

the gel. Proteins were electro-transferred to polyvinylidene fluoride (PVDF) membranes at constant 

voltage at 100V for 2 hours at 4° C or at 35 mA overnight (O/N) in a transfer buffer containing Tris 

25 mM, Glycine 192mM, and methanol 20%. The effective protein transfer to the membrane was 

verified by staining with Ponceau Red (Sigma) in acetic acid (Ponceau Red 0.2% in acetic acid 3%) 

for 15 minutes under stirring at room temperature. Nonspecific binding sites present on the PVDF 

membrane were saturated with a blocking solution consisting of 5% fat-free milk in TBS-T (Tris 0.02 

M, NaCl 0.05 M and Tween-20 0.1%) for 2 hours at room temperature with constant shaking. At the 

end of incubation, the membrane was washed with TBS-T for three times 10 minutes each. After that 

the membranes were probed with specific primary antibodies (Table 1) overnight at 4° C. Thereafter, 

the membranes were incubated in HRP-conjugated secondary antibody. Proteins detection was made 

using ECL advance detection system (GE Healthcare Life Sciences) which highlights the HPRT 

substrate by a chemiluminescent reaction. The membrane was gained through an analysis software 

ImageQuant LAS 4000 (GE Healthcare Life Sciences).  The content of each protein investigated was 

assessed by determining the brightness–area product of the protein band as previously described 

(Cannavino et al., 2014). Tubulin was used as housekeeping protein for internal loading control to 

normalize protein expression. 

 

Following the previously well described procedure for general western Blot protocol, the detection 

of the subunits from the five mitochondrial complexes (NDUFB8, SDHB, UQCRC2, MTCO1, 

ATP5A for complex I, II, III, IV, and V, respectively) that make up the respiratory chain can be 

performed in the same PVDF membrane by using a cocktail of the five antibodies targeting the five 

proteins. 5 µg of quantified proteins were prepared with adjusted amounts of Laemmli Buffer 4X and 

PBS 1X and denatured at 37° C for 5 min. Following 5 min of acclimation at room temperature, a 

protein molecular weight marker and samples were loaded on gradient Precast 

acrylamide/bisacrylamide gels (Bio-Rad) and electrophoresis was carried out at constant current 

(100V) for about 2 h in running buffer. At the end of the gel run, gels undergo transfer of proteins to 

a PVDF membrane prior to methanol activation. The transfer was carried out at constant voltage at 

100V for 2 h at 4° C or at constant 35 mA overnight (O/N) in cold transfer buffer. Then, nonspecific 

binding sites present on the PVDF membrane were saturated with a blocking solution consisting of 

5% fat-free milk in TTBS 1X for 2 h at room temperature with constant shaking. After that, 

membranes were washed three times, 10 min each, with TTBS 1X and incubated O/N at 4° C with 

the specific primary antibody against the mitochondrial complexes of the respiratory chain (OXPHOS 

1:1000, Abcam) in 5% fat-free milk in TTBS 1X. Subsequently, membranes were washed three times 
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in TTBS 1X and then incubated 1 h at room temperature in constant agitation, with the HRP-

conjugated donkey anti-mouse secondary antibody (1:10000, Dako) in 5% fat-free milk. After final 

three washes of 10 min each in TTBS 1X, the last one was made in TBS 1X. Proteins detection was 

made by using Amersham ECL Select™ detection system (Cytiva Life Sciences, ex GE Healthcare) 

and membranes gained through the ImageQuant™ LAS 4000 software (GE Healthcare Life 

Sciences), with the exposure time adjusted in an automatic manner or editable depending on the 

intensity of the emitted signal. After, to visualize the total protein amount present on the membrane, 

these were subjected to a Coomassie PVDF-specific staining (0.1% Coomassie Blue R-250, 50% 

Methanol, 10% Acetic Acid) for 20 min and destained with a destain composed by 40% Methanol 

and 10% Acetic Acid. Air dried membranes were then digitalized with a scanner and analysed. Data 

were expressed as the ratio between the BAP of samples from each of the five complexes and of total 

protein amount stained with Coomassie (arbitrary units). 

 

Table 1 (Study 2). List of primary and secondary antibodies used 

TARGET 

PROTEIN 

PROTEIN 

LYSATE 

(µg) 

SATURATION Ab I COMPANY Ab II COMPANY 

PGC-1α 40 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

p-AMPK 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

AMPK 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Sirt1 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

pACC 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

ACC 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 



STUDY 2 

90 

TOM20 15 milk 5% 
1:1000 

milk 5% 
Santa Cruz 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

CS 15 milk 5% 
1:2000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

OPA1 40 milk 8% 
1:3000 

milk 5% 
Abcam 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

p-Drp1(Ser616) 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

p-Drp1(Ser637) 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Drp1 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Mfn1 40 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

Mfn2 40 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Fis1 40 milk 8% 
1:1000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Tub 40 milk 5% 
1:2000 

milk 5% 

SIGMA 

aldrich 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

OXPHOS 5 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Mouse 

(1:10000) 

milk 5% 

DAKO 
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Statistical Analyses 

Analysis was performed using statistical software package Prism 8.0 (GraphPad Software Inc, 

California, USA). All data are reported as the mean ± standard deviation (SD). 

To identify effect of single period of high-intensity interval training on outcome measures, 

comparison between TR and CTRL TR was analyzed using unpaired Student’s t-test. p < 0.05 was 

considered statistically significant. 

To identify effect of each intervention on outcome measures, single-training, detraining and repeated 

interventions were normalized to relevant controls by calculation of differences in means and pooled 

SD between TR, DETR, RETR and CTRL TR, CTRL DETR, CTRL RETR respectively. Outcome 

measures were then assessed using one-way ANOVA to determine significant overall main effects 

of TRAINING, DETRAINING and RETRAINING interventions. Once an overall effect was 

confirmed, statistical significance of the measured difference between groups was assessed further 

by Bonferroni’s post hoc analysis, and adjusted P values with the corresponding 95% confidence 

interval are reported. 
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RESULTS 

Graded Exercise Test 

Functional data from GXT revealed Vmax significantly higher in the TR compared to CTRL TR (29.5 

± 2.3 vs 23.1 ± 1.4 m·min-1, respectively, p < 0.001). 

Normalized data showed a larger Vmax increment after retraining compared to the single-training (10.4 

± 3.2 vs 6.5 ± 1.9, p < 0.001), whereas in detraining condition lower values (2.3 ± 2.5 m·min-1) were 

found compared to both training and retraining (both p < 0.001) (Fig. 2). 

 

Figure 2 (Study 2). Maximal velocity from graded exercise test  

 
Maximal velocity attained during graded exercise test to exhaustion on rodent treadmill. Protocol consisting of a 5-

min warm-up at initial speed of 9 m·min-1, after which the speed was increased by 1 m·min-1 every minute. 

Exhaustion was defined as the inability or refusal to run on the treadmill for 10 s continuously despite stimulus via 

shock grid or manual prodding. TRAINING, DETRAINING, RETRAINING represent the effect of single-training, 

detraining and repeated intervention normalized on relevant controls. All values are means ± SD. ***p < 0.001. 
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Mitochondrial Content Biomarkers 

Mitochondrial content was assessed using both TOM20 and CS protein expression measurements. 

TOM20 was greater in TR compared to CTRL TR (p < 0.01) whereas CS was not statistically 

different after the initial training intervention (p = 0.38). 

Across the conditions CS was larger in RETRAINING compared to TRAINING and DETRAINING 

(both p < 0.05) (Fig. 3A). TOM20 protein showed a reduction after detraining, lower than training 

and retraining conditions (both p < 0.01), and comparison between delta changes in training and 

retraining showed a lower increase in TOM20 in RETRAINING compared to TRAINING (+5% vs 

+45%, respectively, p < 0.01) (Fig. 3B). 

 

Figure 3 (Study 2). Mitochondrial content biomarkers 

 
Fold change in single-training, detraining and repeated interventions compared to relevant controls of the protein 

expression of CS (A) and TOM20 (B) measured in gastrocnemius muscle tissue by western Blot. Muscles were 

collected after training (TR), detraining (DETR) and retraining (RETR) interventions and in corresponding control 

conditions (CTRL TR, CTRL DETR and CTRL RETR, respectively). All values are means ± SD. **p < 0.01; ***p 

< 0.001. 
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(+15% vs -55%, all variables p < 0.05). Compared to training condition (+19%), PGC-1α was reduced 

in detraining conditions (-6%, p < 0.01), and more enhanced after retraining (+32%, p < 0.05). 

Moreover, after retraining PGC-1α protein was higher than detraining (p < 0.001) (Fig. 4A). Across 

the conditions delta changes revealed also a larger increase in protein expression after retraining 

compared to training for pAMPK (+30% vs -12%, respectively) and pACC (+15% vs -55%, both p 

< 0.01), and lower values in detraining compared to retraining (both p < 0.05) (Fig. 4B and Fig. 4D). 

Sirt1 protein expression was not different between conditions (p ≥ 0.60) (Fig. 4C). 

 

Figure 4 (Study 2). Mitochondrial biogenesis biomarkers 

  
Fold change in single-training, detraining and repeated interventions compared to relevant controls of the protein 

expression of PGC-1α (A), phosphorylated state of AMPK (B), Sirt1 (C) and phosphorylated state of ACC (D) 

measured in gastrocnemius muscle tissue by western Blot. Muscles were collected after training (TR), detraining 

(DETR) and retraining (RETR) interventions and in corresponding control conditions (CTRL TR, CTRL DETR 

and CTRL RETR, respectively). All values are means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Mitochondrial Dynamics 

Fusion. OPA1, Mitofusin1 (Mfn1) and Mitofusin2 (Mfn2) protein expression were analyzed to assess 

mitochondrial fusion dynamics at both the inner and outer membrane level. Compared to CTRL TR, 

after TR, OPA1 was greater (p < 0.01) whereas Mfn2 was lower (p < 0.05). Mfn1 was not affected 

by the first training intervention (p = 0.55). 

Fold change of OPA1 showed a decreased in DETRAINING which was different from both 

TRAINING and RETRAINING (both p < 0.05) (Fig. 5A). Comparison between delta changes in 

training and retraining for Mfn2 revealed a significant increase in RETRAING compared to the 

reduction occurred in TRAINING (+11% vs -20%, p < 0.001) (Fig. 5C). Mfn1 was not affected by 

significant modification across conditions (p ≥ 0.15) (Fig. 5B). 

 

Figure 5 (Study 2). Mitochondrial fusion dynamics biomarkers 
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C Fold change in single-training, detraining and repeated 

interventions compared to relevant controls of the 

protein expression of OPA1 (A) Mfn1 (B) and Mfn2 

(C) measured in gastrocnemius muscle tissue by 

western Blot. Muscles were collected after training 

(TR), detraining (DETR) and retraining (RETR) 

interventions and in corresponding control conditions 

(CTRL TR, CTRL DETR and CTRL RETR, 

respectively). All values are means ± SD. *p < 0.05; 

***p < 0.001. 
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Fission. Fis1 and Drp1 (phosphorylated at both serine 616 at 637) protein expression were measured 

to assess mitochondrial fission dynamics. After the first training period Fis1 was significantly 

increased (p < 0.001) and Drp1Ser637 showed a tendency to reduction (p = 0.052), whereas no 

significant change was found in Drp1Ser616 (p = 0.45). 

Fis1 fold change was significantly higher in the training and retraining compared to detraining 

conditions (both p < 0.01). Moreover, Fis1 increase after retraining was significantly lower compared 

to training (+14% vs +52%, respectively, p < 0.001) (Fig. 6A). Decrease in Drp1 phosphorylates at 

serine 637, activation of which inhibits fission and fragmentation, was reduced after retraining 

compared to training (-15% vs -27%, respectively, p < 0.05) (Fig. 6C). Drp1Ser616 did not show any 

significant difference across conditions (p ≥ 0.28) (Fig. 6B). 

 

Figure 6 (Study 2). Mitochondrial fission dynamics biomarkers 
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C Fold change in single-training, detraining and repeated 

interventions compared to relevant controls of the 

protein expression of Fis1 (A), Drp1Ser616 (B), 

Drp1Ser637 (C) measured in gastrocnemius muscle 
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Mitophagy 

To investigate mitochondrial autophagic flux LC3B and p62 protein expression were measured, and 

Parkin and PINK1 protein were analyzed to assessed mitophagy dynamics. After the first training 

period no changes were observed for all the proteins (p ≥ 0.26). 

Protein p62 showed a larger increase after retraining compared to training (+9% vs -2%, respectively, 

p < 0.05) (Fig. 7B). Similarly, was observed an increase in Parkin protein after retraining significantly 

different from the reduction occurred during training conditions (+18% vs -12%, respectively, p < 

0.05) (Fig. 7C). PINK1 showed a reduction during detraining significantly different from both 

training and retraining (both p < 0.05) (Fig. 7D). LC3B was not affected by significant changes across 

conditions (p ≥ 0.86) (Fig. 7A). 

 

Figure 7 (Study 2). Mitophagy biomarkers 

 
Fold change in single-training, detraining and repeated interventions compared to relevant controls of the protein 
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± SD. *p < 0.05; ***p < 0.001. 
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Mitochondrial respiratory chain 

Complex I, III and IV protein expressions resulted increased after the first training period (all 

variables p < 0.05), whereas complex II and V were not significantly affected by the initial 

intervention (p ≥ 0.67). 

Compared to training, fold change values revealed a lower increase after retraining in complex I 

(+172% vs +14%), complex III (+78% vs +12%) and complex IV (+98% vs +10%, all variables p < 

0.05) (Fig. 8A, Fig. 8C and Fig. 8D). Protein expression of complex I and complex III were reduced 

during detrain condition compared to both training and retraining (all variables p < 0.05) (Fig. 8A 

and Fig. 8C), whereas for complex IV reduction after detraining was significantly different only 

compared to training condition (p < 0.001) (Fig. 8D). Complex II and complex V were not affected 

by modification across conditions (p ≥ 0.32) (Fig. 8B and Fig. 8E). 
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Figure 8 (Study 2). Mitochondrial respiratory chain complexes 
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DISCUSSION 

The present study aimed to investigate the functional response and molecular adaptations of skeletal 

muscle in response to two repeated interventions of high-intensity interval training in mice. 

Functional aerobic parameters, biomarkers of mitochondrial biogenesis, mitochondrial content and 

dynamics, and proteins of electron transport chain complexes were assessed under three different 

conditions of single training, prolonged period or interruption of training and repeated interventions, 

in order to investigate changes in aerobic adaptations related to the mitochondrial response to training 

when stimulus has been previously encountered. To the author’s knowledge this study is the first to 

investigate mitochondrial adaptations in response to repeated endurance interventions allowing us to 

observe the change in muscle aerobic phenotype affected by memory using a specific aerobic training 

stimulus. High-intensity interval training has been used here to serve as endurance training paradigm 

due to the elevated load and intermittent nature, which could mediate the muscle memory effect 

through epigenetic modifications (Barrès et al., 2012). 

 

From functional results of maximum running velocity, it is interesting to appreciate a larger 

endurance performance elicited after retraining when similar training stimulus was previously 

encountered interspersed with a long-term period of detraining which restored functional adaptations 

to pre-training conditions. This finding leads to suggest the potential existence of a memory 

mechanism generated by high-intensity interval training at the level of oxidative metabolism in mice, 

which also shows up at the phenotypic level. Previous studies have investigated the mechanism of 

muscle memory in the rodent model in response to the resistance training stimulus to explore the 

effects of repeated interventions on hypertrophic adaptations (Lee et al., 2018). Although authors 

confirmed muscle memory through myonuclear retention, functional parameters were not assessed, 

leading the present study to be the first to investigate the memory profile even from a phenotypic 

perspective. 

 

The observed improved endurance performance during retraining might be determined by larger 

mitochondrial biogenesis that induced an increased mitochondrial content, as well as changes in 

mitochondrial dynamics that likely promoted healthier and more functional mitochondria. Increased 

in mitochondrial number, along with larger mitochondrial size, influence the overall increment in 

mitochondrial volume density which has been correlated with improve in aerobic performance 

(Lundby & Jacobs, 2016b). High-intensity interval training has been shown to be effective in 

producing an increase in mitochondrial content, highlighting mitochondrial adaptations as a major 

factor affecting aerobic performance (Talanian et al., 2006; Burgomaster et al., 2006; Gibala et al., 
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2006; Granata et al., 2016a, 2018; MacInnis & Gibala, 2017). In the present study, following the 

initial training period, TOM20 protein expression increased, suggesting not only an increase in 

mitochondrial content, but also an enhancement of the mitochondrial import machinery from the 

cytosol in response to high-intensity interval training. TOM20 is part of the outer membrane 

translocase complex responsible for the import of proteins and transcription factors from the cytosol 

to the mitochondrion (Irrcher et al., 2003). Comparing protein changes between training and 

retraining conditions we observed a greater increase in citrate synthase along with a simultaneous 

reduction in TOM20. In addition to providing evidence of a higher mitochondrial content in response 

to repeated intervention, these conflicting data might be explained by a change in mitochondrial 

morphology suggesting an adaptation involving differently the outer membrane (represented by 

TOM20) and the content of the mitochondrial matrix in which the Krebs cycle takes place. 

 

Greater augmentation in mitochondrial content after retraining is supported by larger enhancement in 

mitochondrial biogenesis when muscle is exposed to a retraining stimulus after a long period of 

detraining. In the present study we investigated the main proteins involved in PGC-1α pathways, the 

master regulator of mitochondrial biogenesis in skeletal muscle due to its prominent co-activation of 

multiple mitochondrial transcription factors, such as nuclear respiratory factors (NRF-1, NRF-2) and 

mitochondrial transcription factor A (TFAM) implicated in the transcriptional control of respiratory 

genes and mitochondrial DNA replication and transcription (Wu et al., 1999; Clayton, 2000; 

Scarpulla, 2002, 2006; Kanki et al., 2004; Hood et al., 2006). Chronic activation of AMPK appears 

to be a crucial sensor involved in the upregulation of PGC-1α expression in response to energy stress 

affecting muscle cells during training (Bergeron et al., 2001; Hardie & Sakamoto, 2006; Leick et al., 

2010). Acetyl-CoA carboxylase (ACC) is downstream of the AMPK pathway in response to energy 

stress, in which phosphorylation and subsequent inhibition of ACC occurs to increase ATP 

production and storage by stimulating fatty acid oxidation in the mitochondria. (Rasmussen & 

Winder, 1997). Another pathways related to PGC-1α activity is represented by Sirtuins, proteins 

involved in metabolic regulation in response to physiological changes such as cellular NAD+ 

accumulation and NAD+/NADH ratio elevations that occur during exercise (Tang, 2016). 

Specifically, SIRT1 is known to affect the post-translational deacetylation process of PGC-1α 

resulting in an increase in PGC-1α transcriptional activity (Rodgers et al., 2005; Nemoto et al., 2005; 

Gerhart-Hines et al., 2007; Amat et al., 2009; Dominy et al., 2010; Gurd, 2011). In the present study, 

it would appear that the response to mitochondrial biogenesis during the single-training intervention 

was little affected, showing only a tendency towards improved PGC-1α expression. However, a 

greater increase in PGC-1α and the phosphorylated proteins AMPK and ACC was observed after 
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retraining, suggesting a significant improvement in the mitochondrial biogenesis process during 

repeated intervention driven mainly by the AMPK pathway but not by Sirtuins. It is well-known that 

interval training and endurance stimulus induce increased PGC-1α protein expression ((Granata et 

al., 2016b)), the novel findings in the present study is the enhanced response after repeated aerobic 

training stimulus confirming data resulting from resistance training in rats that exhibited greater PGC-

1α protein expression after second period of ladder climbing training (Lee et al., 2018). 

 

During initial training, results from analyses of fusion dynamics showed an increase in the OPA1 

protein together with a reduction in Mitofusin 2. These results may suggest a mitochondrial fusion 

process that was mainly activated at the inner membrane, the site where OPA1 operates. Similarly, 

the significant increase in Fis1 protein revealed the facilitation of mitochondrial fission dynamics 

after training. A concomitant increase in fusion and fission dynamics might suggest an improvement 

in the mitochondrial turnover process in response to a period of high-intensity interval training that 

could generate a more efficient mitochondrial network. Looking at changes occurring after retraining 

mitochondrial fusion was improved as demonstrated by the increase in Mitofusin 2 that was 

significantly different from the reduction occurred after the first training. Conversely, for fission 

dynamics, Fis1 protein revealed a lower increase after retraining. This observation occurred in 

concomitance with a lower reduction in Drp1Ser637 which is related to inhibition of fission mechanisms 

(Chang & Blackstone, 2007; Cribbs & Strack, 2007). Thereby, results from Fis1 and Drp1Ser637 are 

consistent in describing a reduction in mitochondrial fission dynamic after retraining compared to the 

initial training. Overall, from fusion and fission biomarker adaptations, mitochondrial dynamics 

appear to be strongly affected by repeated exposure to high-intensity aerobic stimulus where it is 

interesting to appreciate a shift towards fusion rather than fission, indicating larger and more 

elongated mitochondria and likely a more interconnected network. This response in mitochondrial 

dynamics is in agreement with previous literature data demonstrating that exercise training remodels 

skeletal muscle mitochondrial fission and fusion machinery towards a pro-elongation phenotype 

(Axelrod et al., 2019). This phenomenon has been explained by the stimulation of mitochondrial 

fusion in inducing elongation and more interconnected network in response to increased OXPHOS 

activity and elevated ATP levels (Mishra et al., 2014). 

 

Mitophagy and autophagic flux processes were not affected after exposure to a single-training 

stimulus. However, interestingly, the response of both mechanisms was evident when the stimulus 

was encountered a second time. Parkin protein increased significantly after retraining and, 

correspondingly, an increase in p62 protein was observed after the repeated intervention. 
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Although it is still unclear as to the precise role of mitophagy in coordinating mitochondrial 

adaptations to chronic exercise training, our results are in agreement with some studies suggesting 

that chronic exercise training results in an increase in basal mitophagy in trained skeletal muscle 

reflecting an increase in mitochondrial turnover observed in this tissue (Ju et al., 2010; Lira et al., 

2013b). The novelty of the present study lies in the observation that this mechanism occurred in the 

muscle only after repeated interventions, suggesting a larger improvement in mitochondrial turnover 

after subsequent exposure to aerobic training stimulus. 

 

Results from protein expression analyses of electron transport chain complexes revealed adaptation 

in response to the first training period solely for complexes I, III and IV. This interesting finding 

might be linked with the concept of supercomplexes formation in response to endurance training 

(Cogliati et al., 2013; Greggio et al., 2017), complex I aggregates in quaternary functional respiratory 

chain supercomplexes with complexes III and IV (I + III or I + III + IV) (Acín-Pérez et al., 2008; 

Lapuente-Brun et al., 2013). When observing the changes across the conditions, differently from the 

first training period, retraining induced a significantly lower increase in the amount of the three 

complexes affected by improvement during the previous training. This result is not necessarily 

associated with a reduction in mitochondrial function. Regulation of mitochondrial complexes by the 

Parkin protein has been demonstrated, showing that higher Parkin values, such as those found in our 

results after retraining, correlate with lower mitochondrial complex content (Gouspillou et al., 2018). 

The mechanism is well explained in study from Gouspillou and colleagues (2018), where Parkin 

overexpressed mice exhibit significantly lower values of COXI subunit content than Parkin knockout 

mice, but simultaneously greater mitochondrial respiration was observed. This association reflects a 

mechanism in which mitophagy is activated to remove damaged respiratory chain complexes in order 

to ensure healthy mitochondria and efficient energy production. 

 

CONCLUSION 

In summary, repeated interventions of high-intensity interval training induced a greater improvement 

in aerobic performance after the second exposure to the aerobic training stimulus. This enhanced 

response appears to be determined by larger expression of mitochondrial biogenesis factors that 

induced an increase in mitochondrial content, as well as changes mitochondrial dynamics that likely 

promoted healthier and more functional mitochondria. Indeed, compared to the first intervention, a 

second exposure to the training stimulus induced larger increment in mitochondrial biogenesis, 

mainly driven by AMPK pathway, resulting in a greater increase in mitochondrial content. 

Mitochondrial dynamics were shifted mainly towards fusion, suggesting larger and more elongated 
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mitochondria and likely a more interconnected network. Finally, the retraining period elicited 

increased mitophagic flux, which, associated with a smaller increment in the amount of respiratory 

chain complexes, suggests an improvement in clearance of damaged mitochondria or complex 

subunits in order to ensure healthier mitochondria and more efficient respiratory function. In 

conclusion, mitochondria adaptations to a high-intensity interval training intervention are different if 

the stimulus has been previously encountered, thereby supporting the hypothesis of a mitochondrial 

memory. 

The present study paved the way for the presence of memory mechanism affecting muscle aerobic 

phenotype, suggesting insight into potential aerobic muscle memory to high-intensity interval 

training. This mechanism has important consequences on the quality of life, since if the stimulus 

encountered affects positively aerobic adaptations at skeletal muscle level, the organism as a whole 

may further benefit. This may be beneficial both in terms of sports performance, but also to improve 

the activities of daily living by promoting health in the elder age with lifelong healthy maintenance.
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ABSTRACT 

PURPOSE: A first exposure to hypertrophic stimuli, such as testosterone, mechanical loading or 

resistance exercise, has been shown to lead to faster and larger growth of skeletal muscle when 

subsequently repeated. Acquired myonuclei permanence and epigenetic modification retention are 

parallel processes that appear to be involved in the hypertrophy memory mechanism. Interestingly, 

greater changes in mitochondrial content and biogenesis were also observed after repeated resistance 

training interventions. Thereby, even mitochondrial adaptations might be influenced by muscle 

memory, and it remains to be explored whether repeated endurance training interventions can rely on 

the same mechanism. The aim of this study was to investigate aerobic adaptations and epigenetic 

modifications in human muscle across repeated exposure to subsequent interval training interventions 

separated by long-term detraining. METHODS: Sixteen subjects low aerobically fit and never 

involved in structured program underwent to repeated aerobic training periods (training and 

retraining) separated by 12 wks of detraining. Each training (combination of cycling high-intensity 

interval training and sprint interval training) lasted 8 wks. At baseline, training, detraining and 

retraining time points peak oxygen consumption (V̇O2peak) and peak power output (Wpeak) were 

measured, and muscle sample was collected from 11 subjects’ vastus lateralis for mitochondrial 

respiration (O2 flux) and epigenetics analysis. RESULTS: V̇O2peak and Wpeak improved during both 

training and retraining (all p<0.001), but increment changes were not different between the two 

interventions (p=0.58 and p=0.45, respectively for V̇O2peak and Wpeak). O2 flux improved at maximal 

phosphorylating and maximal uncoupled states during training (both p<0.05). During retraining O2 

flux improved in all mitochondrial respiration states (all p<0.05). O2 flux changes occurred during 

retraining were greater than changes observed in training. Interval training induced hypomethylation 

in larger number of DMPs (14,516) than hypermethylated (7,089). Number of hypomethylated DMPs 
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was maintained elevated during detraining and retraining, whereas hypermethylation returned to 

baseline level in both conditions. Self-organising map profiling highlighted two memory profile 

including DMR related to genes such as FOXK2, INPP5a, MTHFD1L, SLC16A3. CONCLUSIONS: 

Two repeated interventions of interval training interspersed by prolonged training interruption 

induced different response at epigenetic and mitochondrial level providing evidence of epigenetic 

memory mechanism in humans. Greater improvement in mitochondrial function during retraining 

might be associated with DNA hypomethylation induced by interval training. Across repeated 

intervention two memory profiles were highlighted at epigenetic level characterized by retention of 

hypomethylation during long-term detraining period. These profiles were related to genes involved 

in skeletal muscle metabolic pathways. 

 
 
INTRODUCTION 

Skeletal muscle memory has been defined as “the capacity of skeletal muscle to respond differently 

to environmental stimuli in an adaptive or maladaptive manner if the stimuli have been previously 

encountered” (Sharples et al., 2016b). The concept refers to the retention of cellular and tissue-level 

changes generated by previous environmental stimuli or stressors such as those resulting from 

exercise, muscle damage, disease or changes in nutrients which lead to an altered response if the 

stimulus is encountered again. This mechanism is important for skeletal muscle because if the 

environment encountered is positively influencing adaptations, the muscle may respond to these 

stimuli later in life with further muscle improvement or healthy maintenance across the lifespan. This 

has important consequences on quality of life, as adequate quantity and quality of skeletal muscle is 

not only essential for performance in elite sports, but also for improving daily life activities and 

promoting health in older age (Sharples et al., 2015, 2016a). Concerning exercise and training, muscle 

encounters this memory mechanism in an adaptively advantageous manner. Indeed, it is becoming 

evident that molecular and phenotypic responses to chronic exercise are enhanced during subsequent 

training when similar previous training has been performed. 

 

It has been proven that muscle hypertrophy response induced by anabolic stimuli, such as 

testosterone, mechanical loading, or resistance exercise, can be accentuated with a faster and larger 

muscle growing when encountering a similar stimulus later, after a prolonged period of hypertrophic 

stimuli cessation in which muscle resumes its phenotypic state to pre-exercise condition (Egner et al., 

2013; Gundersen, 2016; Lee et al., 2018; Murach et al., 2020). Collectively, these studies have led to 

the “muscle memory by myonuclear permanence” hypothesis, in which acquisition of new myonuclei 

can be retained throughout stimulus cessation allowing muscle to “remember” its previous encounters 
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during subsequent exposure. Currently there is only one study that attempted to directly test this 

hypothesis in humans (Psilander et al., 2019). The authors found that after 10 weeks of unilateral 

resistance training followed by a 20-week detraining period skeletal muscle thickness and strength 

increased significantly in response to the initial exercise training period, which were mostly lost 

during subsequent interruption. However, during subsequent 5 weeks of bilateral retraining, muscle 

thickness and strength did not differ between the previously trained leg and the untrained leg. 

Moreover, muscle fiber cross-sectional area showed an increment after the first training and remained 

unchanged during detraining as well as during retraining. In addition, no changes in myonuclear 

content were detected in response to initial training, detraining, or retraining period (Psilander et al., 

2019). Although the results seem to suggest evidence to confute the presence of hypertrophy muscle 

memory in humans, since no increase in myonuclei number was found during the initial training and 

no clear detraining effect was observed for muscle fiber size during the detraining period, this study 

may not provide conclusive evidence on the existence of human muscle memory by myonuclear 

permanence, currently leading to no consensus within the scientific community as shown by debates 

in the Journal of Applied Physiology viewpoint (Murach et al., 2019; Eftestøl et al., 2020). 

Interestingly, in parallel to memory by myonuclear retention, the role of epigenetics has also emerged 

as another important mechanism involved in muscle memory enabling muscle to “remember” 

previous exercise in humans. Seaborne and colleagues (2018) (Seaborne et al., 2018a) found after 

repeated resistance training intervention a larger increase in lower limb lean mass compared to the 

increment occurred during the previous training stimulus and after being reported to baseline values 

during detraining period. This pattern was accompanied with DNA methylation modification which 

revealed memory temporal profiles characterized by retention of hypomethylation acquired during 

initial training even during detraining period or followed by larger hypomethylation after later 

detraining (Seaborne et al., 2018a). These signatures associated with enhanced expression of targeted 

genes may be essential in the exercise-induced muscle memory process allowing for an enhanced 

muscle fiber growth response to repeated resistance training. 

 

It is important to focus the attention on an animal study that observed after repeated resistance training 

interventions not only greater muscle mass but also greater changes in mitochondrial adaptations in 

response to retraining compared to the previous intervention (Lee et al., 2018). Authors demonstrated 

that mitochondria may retain the ability to respond more consistently to repeated noncontinuous 

stimuli resulting in higher increase in proteins regulating mitochondrial biogenesis and markers of 

mitochondrial content during the second training period (Lee et al., 2018). This interesting finding 

pointed out the possible existence of a memory mechanism for specific aerobic physiological 
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markers. Furthermore, the results of study 2 revealed a more enhanced improvement in aerobic 

performance in mice in response to the repeated intervention of high-intensity interval training, 

mainly driven by a greater increase in mitochondrial biogenesis, which resulted in larger 

mitochondrial content and changes in mitochondrial dynamics, potentially leading to the promotion 

of a healthier and more functional mitochondrial network. Thereby, the previous study in the present 

thesis has paved the way for the existence of a memory mechanism affecting muscle aerobic 

phenotype, suggesting an insight into potential aerobic muscle memory to high-intensity interval 

training. 

Currently, little research has been conducted on the potential presence of skeletal muscle memory 

induced by aerobic training in humans, but some key information could be obtained from repeated 

endurance intervention studies. Physiological response to aerobic repeated intervention separated by 

long-term detraining period were firstly examined in a study in 1987 (Simoneau et al., 1987). Authors 

showed that subsequent high-intensity interval training periods did not induce retention in oxidative 

adaptations and no different response between the two training periods was found, excluding hence 

any indication of aerobic muscle memory pattern. However anaerobic performance revealed higher 

values after retraining compared to the previous training stimulus in association with a retention of 

anaerobic enzymes during 7 weeks of inactivity, suggesting that memory could potentially involve 

anaerobic mechanisms. More recently studies from Gurd’s research group demonstrated that 

individuals respond differently to repeated high-intensity interval training in both cardiorespiratory 

and skeletal muscle adaptations when a re-exposed to the same training stimulus after a long-term 

wash-out period (Del Giudice et al., 2020; Islam et al., 2021). Although mean changes in maximal 

oxygen uptake were not different, individual responses in maximal aerobic capacity were not 

reproducible suggesting a potential carryover effects from the first training period to the second one 

(Del Giudice et al., 2020). Moreover individuals also reported dissimilar adaptive responses in 

skeletal muscle when re-exposed to the same training stimulus, in particular at mitochondrial 

oxidative capacity, suggesting that differences in responsiveness to repeat training periods may be 

attributable to the influence muscle memory mechanism that can affect the subsequent training 

periods (Islam et al., 2021). To deeply investigate the potential presence of a skeletal muscle in 

response to endurance training Lindholm and colleagues (2016) (Lindholm et al., 2016) examined 

transcriptional response to subsequent 12-week one-legged aerobic training periods (45 min, 4 

times/week) with a 9-month break in between. Results showed no retention of gene expression 

profiles during detraining period and even mitochondrial adaptations, such as citrate synthases 

activity for mitochondrial content estimation, were not different between the two training 

interventions refuting, thus, the presence of a differential response in endurance training due to a 
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skeletal muscle memory effect (Lindholm et al., 2016). Collectively, the topic of aerobic training-

induced skeletal muscle memory is still debated and in the early stage of investigation. 

 

In order to deepen our understanding of the potential presence of skeletal muscle memory induced 

by endurance training, the aim of the present study was to investigate aerobic adaptations at all levels 

of the entire human organism, from the molecular to the functional level, across repeated exposure to 

two identical interval training interventions separated by long-term period of detraining. Investigation 

of the exercise response from the epigenetic level up to the whole-body scale has therefore provided 

a broad overview of the mechanism underpinning this phenomenon. 

 

MATERIALS AND METHODS 

Subjects 

Sixteen male (n = 8) and female (n = 8) adult participants (age 25 ± 5 years; weight 64.0 ± 11.2 kg; 

height 171 ± 6 cm) were recruited from the local community. Inclusion criteria required that subjects 

had never been involved in structured training programs, moreover, through the initial screening test, 

aerobically fit individuals (V̇O2peak > 45 ml·min−1·kg−1) were excluded. All participants completed a 

health history questionnaire to ensure there was no presence of chronic disease. None of the  the aims, 

methods, and risks, and gave their written informed consent prior to enrollment. All procedures were 

in accordance with the Declaration of Helsinki and the study was approved by the local ethics 

committee (Besta 64-19/07/2019). 

 

Table 1 (Study 3). Participant characteristics at the initial screening test 

 
Age 

(years) 
Weight 

(kg) 
Height 

(cm) 
V̇O2peak 

(ml·min−1·kg−1) 
V̇O2peak 

(l·min−1) 

Males (n = 8) 28 ± 6 69.7 ± 11.6 176 ± 4 38.2 ± 9.4 2.603 ± 0.506 

Females (n = 8) 23 ± 3 58.2 ± 7.6 167 ± 4 34.4 ± 5.6 1.985 ± 0.330 
 

Participants anthropometrics and physiological characteristics measured during the initial screening test grouped 

according to sex. V̇O2peak, peak oxygen uptake. All values are means ± SD. 
 

Study design 

The current study exposed the same individuals to two identical 8-week interval training periods 

(termed training and retraining, respectively) separated by a three-month washout period of detraining 

during which participants were instructed to return to their pre-study levels of physical activity. 

Measurements were examined at four different time points: at baseline (BAS), after the first training 

period (TR), following detraining (DETR) and after retraining (RETR). For each time point 
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participants visited the laboratory on three separate occasions separated by 24–48 h. During the first 

visit of testing, anthropometric measurements were taken and a cycle incremental cardiopulmonary 

exercise test to the limit of tolerance was performed to determine V̇O2peak and gas exchange threshold 

(GET). Forty-eight hours after incremental exercise the second visit was arranged wherein 100 mg 

of skeletal muscle was obtained from the vastus lateralis muscle by percutaneous conchotome muscle 

biopsy under local anesthesia (1% lidocaine) for muscle respirometry, morphology and epigenetics 

analyses. At visit 3, participants performed three 5-min constant work-rate (CWR) cycling at 80% 

GET to evaluate V̇O2 kinetics; the first two out of three exercises were immediately followed by 

repeated muscle oxidative capacity tests (Zuccarelli et al., 2020) to assess muscle oxidative capacity. 

Both incremental exercise test and CWR were administered on an electronically braked cycle 

ergometer (LC-6, Monark, Sweden). Following training, the order of the three visits was identical to 

pre-training and the first post-training visit occurred 48h after the final training session. Participants 

were instructed to abstain from strenuous physical activity for at least 24 h prior to each testing session 

(48 h for the biopsy trial). 

 

Training 

Training consisted of two identical 8-week periods separated by a three-month wash-out period. 

During both training and retraining, participants trained independently three times per week with 

interval training sessions on electronically braked cycle ergometer (Nowa, Diadora, Italia) for a total 

of 12 training sessions for each period. Interval training involved high-intensity interval training 

(HIIT), in both low-volume (interval duration ≤ 2 min) and high-volume (interval duration > 2 min) 

paradigm/types, and sprint interval training (SIT). To avoid stagnation, the training stimulus of high-

intensity intervals was progressively incremented in subsequent training sessions by increasing the 

relative exercise intensity and repetitions (Granata et al., 2016a). 

Overall, each training period consisted of the following different training exercise modalities. 1) Four 

training sessions were composed of 4-min cycling intervals interspersed with 2-min recovery at 30-

50% WGET. Training intensities were defined as WGET + x (Wpeak – WGET), where x = 0.35, 0.50, 0.65, 

and 0.75 for sessions 1–4, respectively. Number of repetitions was 4, 5, 6 and 6 for sessions 1–4, 

respectively. 2) Two training sessions comprised 10 bouts of 2-min cycling intervals interspersed 

with 1-min recovery at 30-50% WGET. Training intensities in the two sessions were defined as WGET 

+ x (Wpeak – WGET), where x = 0.80 and 0.90, respectively. 3) Three training sessions were structured 

with 1-min cycling intervals interspersed with 2-min recovery at 30-50% WGET. Training intensities 

were defined as 100, 110, 120% of Wpeak for sessions 1–3, respectively. Number of repetitions was 

6, 8 and 10 for sessions 1–3, respectively. 4) Three training sessions consisted of “all-out” 30-s cycle 
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sprints interspersed with 4-min self-managed recovery. Repetitions were 6, 7 and 8 for sessions 1–3, 

respectively. During this training mode cycle ergometer was set in hyperbolic mode with a resistance 

that allowed to elicit power of 170% Wpeak with 80 rpm and participants were instructed to pedal as 

faster as possible. Exercises were alternated during the training period to facilitate participant 

motivation and compliance, as detailed previously (Robach et al., 2014). An identical training 

protocol was applied for both training and retraining period. 

 

Incremental exercise 

Power during step-incremental cycling was increased 10-15 W every minute, depending on the 

individual’s fitness. Participants were instructed to maintain constant cadence at their preferred value 

(between 70 and 85 rpm). Intolerance was defined when participants could no longer maintain their 

chosen pedaling frequency despite verbal encouragement. 

 

Pulmonary ventilation (V̇E, in BTPS [body temperature (37°C), ambient pressure and gas saturated 

with water vapor]), oxygen consumption (V̇O2), and CO2 output (V̇CO2), both in STPD (standard 

temperature [0°C or 273 K] and pressure [760 mmHg] and dry [no water vapor]), were determined 

breath-by-breath by a metabolic cart (Vyntus CPX, Vyaire Medical GmbH, Germany). Before each 

test, gas analyzers were calibrated with ambient air and a gas mixture of known concentration (O2: 

16%, CO2: 4%) and the turbine flowmeter was calibrated with a 3-L syringe at three different flow 

rates. RER was calculated as V̇CO2/V̇O2. HR was recorded by using a HR chest band (HRM-Dual, 

Garmin, Kansas, USA). Rating of perceived exertion (RPE) was determined using Borg® 6–20 scale 

every 2 min through the test (Borg, 1982). At rest, and at 1, 3, and 5 min of recovery, 20 μL of 

capillary blood was obtained from a preheated earlobe for blood lactate concentration (Biosen C-line, 

EKF, Germany); the analyzer was frequently calibrated with a standard solution containing 12 

mmol·L−1 of lactate. Peak cardiopulmonary variables were measured from the highest 20 s mean 

values prior to intolerance when at least two of the following criteria were found: 1) maximal levels 

(>15) of RPE; 2) HR values higher than 85% of the age-predicted maximum; 3) RER values equal or 

above 1.1; and 4) [La]b during recovery higher than 8 mmol·L−1. Peak values were further verified 

after 30 min of recovery by means of a supramaximal verification trial performed at 90% of peak 

power output (Wpeak). GET was determined by two independent investigators by using the modified 

“V-slope” method (Beaver et al., 1986) and “secondary criteria”. The power at GET was estimated 

after accounting for the individual’s V̇O2 mean response time (Whipp et al., 1981). 
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For cardiac response, stroke volume (SV) was estimated beat-by-beat by means of transthoracic 

impedance cardiography (PhysioFlow, Manatec Biomedical, France) and averaged every 10 beats 

during all exercise tests. The accuracy of this device has been previously evaluated during 

incremental exercise in healthy subjects against the direct Fick method (Richard et al., 2001). A 

detailed description of the method has been provided elsewhere (Charloux et al., 2000). Briefly, the 

Physio Flow emits a 75-kHz, 1.8-mA alternating electrical current via two sets of electrodes (two 

“transmitting” and two “sensing” electrodes) applied above the supraclavicular fossa at the left base 

of the neck and next to the spine corresponding to the xiphoid process of the subject, respectively. 

Another set of two electrodes is used to monitor a single ECG lead. Verification of the correct signal 

quality is accomplished by visualization of the ECG signal, the impedance waveform, and their first 

derivatives. Then, the subject stands or sits still and relaxed for at least 5 min, during which the auto-

calibration procedure is performed to obtain reference curves and data necessary to measure SV 

variations. HR was obtained from the R-R interval determined on the ECG first lead. Cardiac output 

(Q̇) was then calculated by multiplying SV and HR. 

 

Constant work-rate exercise 

Participants completed three CWR exercises of 5-min duration at moderate intensity (corresponding 

to 80% of GET power output). Each transition was preceded by 2 min of baseline cycling at unload 

pedaling before an abrupt transition to the target work rate. A passive recovery of 10 min separated 

the transitions. Subjects were free to choose the cadence they cycled during their first transition which 

was then maintained (± 5 rpm) throughout the remaining transitions. 

 

Pulmonary gas exchange and ventilatory variables were determined breath-by-breath using a 

metabolic cart (Vyntus CPX, Vyaire Medical GmbH, Germany). HR was recorded by using a chest 

band (HRM-Dual, Garmin, Kansas, USA), and rating of perceived exertion (RPE) was determined 

using Borg® 6–20 scale every 2 min through the test (Borg, 1982). Rating of perceived exertion 

(RPE) was determined using Borg® 6–20 scale after each repeat (Borg, 1982). At rest and after 

completion of exercise 20 μL of capillary blood was obtained from a preheated earlobe for blood 

lactate concentration (Biosen C-line, EKF, Germany). 

For the determination of V̇O2 kinetics, errant breaths, defined as any value lying more than 4 SDs 

away from the local mean (e.g., caused by swallowing, coughing, sighing, etc.), were removed. The 

V̇O2 responses from the three transitions were averaged before any analysis to enhance the signal-to-

noise ratio and improve the 95% confidence interval surrounding the calculation of the parameters 

derived from the model fits (Lamarra et al., 1987; Whipp & Rossiter, 2005). 
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Subsequently, the V̇O2 responses for the three transitions were linearly interpolated to give 1-s values 

and then averaged. The breath-by-breath data obtained during the three identical repetitions were time 

aligned to the start of exercise for each individual and were subsequently linearly interpolated to 

provide values every 10 s (Lamarra et al., 1987; Whipp & Rossiter, 2005). The first 20 s of data after 

the onset of exercise (i.e., the phase I response or “cardiodynamic” phase (Whipp et al., 2005)) were 

deleted (Whipp & Rossiter, 2005), thus, V̇O2 kinetics analysis focused mainly on the phase II (or 

“fundamental” component) of the response. A nonlinear least squares algorithm was used to fit the 

data thereafter. A mono-exponential model was used to characterize the V̇O2 responses to moderate 

exercise as described in the following equation: 

 

$̇%!(') 	= 	 $̇%!	#$%&'()& + 	,	[1	 −	0 	*	(,	–	./)	/	2	]  Eq. 1 (Study 3) 

 

where $̇O2(t) represents the absolute V̇O2 at a given time t; $̇O2baseline represents the mean V̇O2 in the 

baseline period; A, TD, and τ represent the amplitude, time delay and time constant, respectively, 

describing the phase II increase in V̇O2 above baseline. An iterative process was used to minimize the 

sum of the squared errors between the fitted function and the observed values. $̇O2baseline was defined 

as the mean V̇O2 measured over the final 60 s of unload pedaling. The end-exercise V̇O2 was defined 

as the mean V̇O2 measured over the final 30 s of exercise. The absolute fundamental component 

amplitude (absolute A) was defined as the sum of V̇O2baseline and A. 

 

Muscle Oxidative Capacity by NIRS 

For this measurement one female subject was excluded from analysis cause of impossibility to 

analyze signal at DETR, thus for muscle oxidative capacity sample size is n = 15. 

The protocol proposed and validated in study 1 was applied to assess the muscle oxidative capacity 

(Pilotto et al., 2022). The recovery rate constant (k) of muscle oxygen uptake (mV̇O2) was measured 

using an approach modified from Zuccarelli et al. (Zuccarelli et al., 2020). Oxygenation changes of 

the vastus lateralis were sampled at 10 Hz by a wireless, portable, continuous-wave, spatially-

resolved, NIRS device (PortaLite, Artinis, The Netherlands). Relative concentrations of deoxy-

(hemoglobin+myoglobin) (HHb for simplicity) and oxy-(hemoglobin+myoglobin) (HbO2) were 

measured in the tissues approximately 1.5 – 2 cm beneath the probe, with respect to an initial value 

arbitrarily set equal to zero. From these measurements, relative changes in total hemoglobin and 

myoglobin (tHb = HHb+HbO2) and the Hb difference (Hbdiff = HbO2−HHb) were calculated. In 

addition, the tissue saturation index (TSI, %) was measured using the SRS approach (Ferrari et al., 

2004).  
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The skin at the NIRS probe site was shaved before the probe was placed longitudinally on the lower 

third of vastus lateralis muscle (~10 cm above the knee joint) and secured with a black patch and 

elastic bandage. The location of the probe was marked using a skin marker to ensure the placement 

location was similar across all measurements. The mean thickness of the skin and subcutaneous tissue 

at the NIRS probe site (8.1 ± 2.7 mm) was measured by skinfold caliper (Holtain Ltd, Crymych, UK). 

A 13 × 85 cm rapid-inflation pressure-cuff (SC12D, Hokanson, USA) was placed proximally on the 

same thigh and attached to an electronically-controlled rapid cuff-inflator (E20, Hokanson, USA).  

While participants were seated on a cycle ergometer, baseline TSI was measured over 2 min of rest. 

Subsequently, a prolonged arterial occlusion (300 mmHg) was performed until TSI plateaued 

(typically ~120 s). The cuff was instantly deflated and muscle reoxygenation was recorded until a 

steady-state was reached (typically ~3 min). This procedure identified the physiological 

normalization (PN) of TSI under resting conditions between the TSI deflection point and the TSI 

peak (Adami et al., 2017). Participants then cycled for 5 min at a power output corresponding to 80% 

GET to desaturate the muscle to a target of 50% of the physiological normalization amplitude, the 

cycling exercise was followed by an immediate stop and 10-15 intermittent arterial occlusions at 300 

mmHg. Duration and timing of the repeated occlusions were controlled by the investigator to 

maintain TSI in the range from 50 to 60% of PN in order to assess muscle oxidative capacity as 

demonstrated in study 1 (Pilotto et al., 2022). On the same day two repetitions were performed 

separated by a resting period (typically ~10 min). 

The rate of muscle desaturation during each intermittent arterial occlusion (TSI, %·s−1) was fitted to 

estimate the exponential mV̇O2 recovery or k, as previously described (Adami et al., 2017). During 

the repeated oxidative capacity tests, for each intermittent arterial occlusion the negative slope of TSI 

(%·s−1) was fitted by a linear function to estimate relative mV̇O2. Note that during occlusion the rate 

of deoxygenation (the negative slope of TSI) is inversely proportional to mV̇O2 and is therefore 

reported as a positive value (%·s−1). Post-exercise mV̇O2 measurements were fit to a mono-

exponential function (OriginPro v8.6, OriginLab Co., Northampton, USA) (Wüst et al., 2013) as 

follows: 

 

2 = (034 − 405'6) × e*3,  Eq. 2 (Study 3) 

 

where y is the relative mV̇O2 during the arterial occlusion, end is the mV̇O2 immediately following 

exercise, delta is the amplitude change in mV̇O2 from end-exercise to rest, k is the recovery rate 

constant and t is time in minutes. According to this first-order metabolic model, the recovery kinetics 

follow a mono-exponential function which is independent of exercise intensity (Crow & Kushmerick, 
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1982; Mahler, 1985; Meyer, 1988; Paganini et al., 1997; Walter et al., 1997; Ryan et al., 2013a). 

Data were quality-checked before curve fitting to remove invalid values or outliers i.e., low initial 

TSI values, or incomplete occlusions (Beever et al., 2020). The recovery rate constant k was used as 

an index of mitochondrial oxidative capacity, as previously described (Ryan et al., 2013b). 

 

Muscle Biopsy 

Eleven participants out of 16 (male (n = 8) and female (n = 3) (age 25 ± 5 years; weight 66.7 ± 13.1 

kg; height 174 ± 5 cm)] agreed to undergo muscle biopsy for all the time points required by the 

experimental protocol. Resting muscle biopsies were taken from the vastus lateralis muscle using a 

130 mm (6”) Weil-Blakesley rongeur (NDB-2, Fehling Instruments, GmbH&Co, Germany) under 

local anesthesia (1% lidocaine). After collection, a specimen of ~20 mg of muscle tissues was 

immediately submerged in Allprotect Tissue Reagent (Qiagen, Netherlands) following the 

manufacturer’s instructions to stabilize and protect cellular DNA and RNA and was stored at -20°C 

for subsequent DNA methylome analysis. Remaining muscle samples were cleaned of excess blood, 

fat, and connective tissue in ice-cold BioPS, a biopsy-preserving solution containing (in mM) 2.77 

CaK2EGTA, 7.23 K2EGTA, 5.77 Na2ATP, 6.56 MgCl2, 20 taurine, 50 MES (2-(N-

morpholino)ethanesulfonic acid), 15 Na2phosphocreatine, 20 imidazole, and 0.5 dithiothreitol 

adjusted to pH 7.1 (Doerrier et al., 2018). A portion of each muscle sample (~10-20 mg) was placed 

in a plate containing clean ice-cold BioPS for preparation of permeabilized fiber bundles as 

previously described (Perry et al., 2011). A portion of ~20-30 mg from each muscle sample was 

rapidly frozen by immersion in liquid nitrogen and stored at -80°C for proteomic analysis. The 

remaining portion were fixed in OCT (Tissue-Tek, Sakura Finetek Europe, Zoeterwoude, The 

Netherlands) embedding medium, frozen in N2-cooled isopentane and stored at -80°C for subsequent 

histology. Only muscle samples from five (out of 11) participants were analyzed (age 29 ± 6 yrs; 

weight 66.5 ± 9.7 kg; height 175 ± 6 cm) for DNA methylome, proteomic, and histological analysis. 

 

Preparation of Permeabilized Fibers 

Fibers bundles were mechanically separated with pointed forceps in ice-cold BioPS. The plasma 

membrane was permeabilized by gentle agitation for 30 min at 4°C in 2ml of BioPS containing 20 

µg·ml-1 saponin, washed for 10-min MiR05 (in mM, unless specified) 0.5 EGTA, 3 MgCl2, 60 

potassium lactobionate, 20 taurine, 10 KH2PO4, 20 HEPES (4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid), 110 sucrose, and 1 g·L-1 bovine serum albumin (BSA), essentially fatty acid–

free (pH 7.1) (Doerrier et al., 2018) and blotted prior to being weighed. 
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Mitochondrial Respiration 

Mitochondrial respiration was measured in duplicate, using 3-6 mg wet weight of muscle fibers, in 2 

ml of MiR05 at 37°C containing myosin II-ATPase inhibitor (25 μM blebbistatin dissolved in DMSO 

5mM stock) to inhibit contraction (Perry et al., 2011) (Oxygraph-2k, Oroboros, Innsbruck, Austria). 

Chamber O2 concentration was maintained between 250 and 450 nmol·ml-1 by periodic O2 injection. 

Instruments were calibrated according to the manufacturer’s instructions (Pesta & Gnaiger, 2012). 

A substrate-uncoupler-inhibitor titration protocol was used (Salvadego et al., 2016, 2018; Doerrier et 

al., 2018) in the following order: glutamate (10 mM) and malate (4 mM) was added to assess LEAK 

respiration through complex I (CIL). ADP (10 mM) was added to assess maximal oxidative 

phosphorylation (OXPHOS) capacity through CI (CIP). Succinate (10 mM) was added to assess 

OXPHOS capacity through CI + complex II (CI+IIP). Cytochrome c (10 µM) added to test for outer 

mitochondrial membrane integrity. Stepwise additions of carbonyl cyanide-p 

trifluoromethoxyphenylhydrazone (FCCP) (0.5 µM) were used to measure electron transport system 

capacity through CI+II (CI+IIE). Inhibition of CI by rotenone (1 µM) determined electron transport 

system capacity through CII (CIIE), while addition of antimycin A (2.5 µM) was used to measure 

residual oxygen consumption, which was subtracted from all measurements. Results were expressed 

in pmol·s-1·mg-1 wet weight calculating mean values of duplicate analyses. 

 

Proteomic Analysis 

Sample Preparation: muscle lysis and protein extraction. Frozen muscles were pulverized in a 

steel mortar using a ceramic pestle, with the constant addition of liquid nitrogen in order to maintain 

muscle components’ properties. The powder thus obtained was homogenized with a lysis buffer 

containing TRIS-HCl 20 mM, Triton 100x 1%, Glycerol 10%, NaCl 15 0mM, EDTA 5 mM, NaF 

100 mM and NaPPi 2 mM supplemented with protease inhibitor 5X, phosphatase inhibitors 1X 

(Protease Inhibitor Cocktail, Sigma-Aldrich, St. Louis MO) and PMSF 1 mM. The lysis of tissue was 

performed on ice for 40 minutes. The homogenate obtained was centrifuged at 13500 rpm for 20 

minutes at 4° C and the supernatant was transferred to clean eppendorf tubes and stored at -80° C 

until use. 

The protein concentration of the lysates was determined using the RC-DC™ (reducing agent and 

detergent compatible) protein assay (Bio-Rad) that is a colorimetric assay for protein determination 

in the presence of reducing agents and detergents. 

 

Western Blot. Equal amounts of muscle samples were loaded on gradient precast gels purchase from 

BioRad (AnyKd) and subjected to electrophoresis. Electrophoretic run was carried out at constant 
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current (100V) for about 2 hours in a running buffer at pH 8.8 (Tris 25 mM, Glycine 192 mM, SDS 

1%). To monitor protein separation, a protein molecular weight marker constituted by a mixture of 

proteins with known molecular weight (Preistained Protein Ladder Marker, BIORAD) was loaded on 

the gel. Proteins were electro-transferred to polyvinylidene fluoride (PVDF) membranes at constant 

voltage at 100V for 2 hours at 4° C or at 35 mA overnight (O/N) in a transfer buffer containing Tris 

25 mM, Glycine 192 mM, and methanol 20%. The effective protein transfer to the membrane was 

verified by staining with Ponceau Red (Sigma) in acetic acid (Ponceau Red 0.2% in acetic acid 3%) 

for 15 minutes under stirring at room temperature. Nonspecific binding sites present on the PVDF 

membrane were saturated with a blocking solution consisting of 5% fat-free milk in TBS-T (Tris 0.02 

M, NaCl 0.05 M and Tween-20 0.1%) for 2 hours at room temperature with constant shaking. At the 

end of incubation, the membrane was washed with TBS-T for three times 10 minutes each. After that 

the membranes were probed with specific primary antibodies (Table 1) overnight at 4° C. Thereafter, 

the membranes were incubated in HRP-conjugated secondary antibody. Proteins detection was made 

using ECL advance detection system (GE Healthcare Life Sciences) which highlights the HPRT 

substrate by a chemiluminescent reaction. The membrane was gained through an analysis software 

ImageQuant LAS 4000 (GE Healthcare Life Sciences).  The content of each protein investigated was 

assessed by determining the brightness–area product of the protein band as previously described 

(Cannavino et al., 2014). Tubulin was used as housekeeping protein for internal loading control to 

normalize protein expression. 

 

Following the previously well described procedure for general western Blot protocol, the detection 

of the subunits from the five mitochondrial complexes (NDUFB8, SDHB, UQCRC2, MTCO1, 

ATP5A for complex I, II, III, IV, and V, respectively) that make up the respiratory chain can be 

performed in the same PVDF membrane by using a cocktail of the five antibodies targeting the five 

proteins. 5 µg of quantified proteins were prepared with adjusted amounts of Laemmli Buffer 4X and 

PBS 1X and denatured at 37° C for 5 min. Following 5 min of acclimation at room temperature, a 

protein molecular weight marker and samples were loaded on gradient Precast 

acrylamide/bisacrylamide gels (Bio-Rad) and electrophoresis was carried out at constant current 

(100V) for about 2 h in running buffer. At the end of the gel run, gels undergo transfer of proteins to 

a PVDF membrane prior to methanol activation. The transfer was carried out at constant voltage at 

100V for 2 h at 4° C or at constant 35 mA overnight (O/N) in cold transfer buffer. 

 

Then, nonspecific binding sites present on the PVDF membrane were saturated with a blocking 

solution consisting of 5% fat-free milk in TTBS 1X for 2 h at room temperature with constant shaking. 
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After that, membranes were washed three times, 10 min each, with TTBS 1X and incubated O/N at 

4° C with the specific primary antibody against the mitochondrial complexes of the respiratory chain 

(OXPHOS 1:1000, Abcam) in 5% fat-free milk in TTBS 1X. Subsequently, membranes were washed 

three times in TTBS 1X and then incubated 1 h at room temperature in constant agitation, with the 

HRP-conjugated donkey anti-mouse secondary antibody (1:10000, Dako) in 5% fat-free milk. After 

final three washes of 10 min each in TTBS 1X, the last one was made in TBS 1X. Proteins detection 

was made by using Amersham ECL Select™ detection system (Cytiva Life Sciences, ex GE 

Healthcare) and membranes gained through the ImageQuant™ LAS 4000 software (GE Healthcare 

Life Sciences), with the exposure time adjusted in an automatic manner or editable depending on the 

intensity of the emitted signal. After, to visualize the total protein amount present on the membrane, 

these were subjected to a Coomassie PVDF-specific staining (0.1% Coomassie Blue R-250, 50% 

Methanol, 10% Acetic Acid) for 20 min and destained with a destain composed by 40% Methanol 

and 10% Acetic Acid. Air dried membranes were then digitalized with a scanner and analysed. Data 

were expressed as the ratio between the BAP of samples from each of the five complexes and of total 

protein amount stained with Coomassie (arbitrary units). 

 
Table 2 (Study 3). List of primary and secondary antibodies used 

TARGET 

PROTEIN 

PROTEIN 

LYSATE 

(µg) 

SATURATION Ab I COMPANY Ab II COMPANY 

PGC-1α 40 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

p-AMPK 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

AMPK 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

TOM20 15 milk 5% 
1:1000 

milk 5% 
Santa Cruz 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

CS 15 milk 5% 
1:2000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 
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OPA1 40 milk 8% 
1:3000 

milk 5% 
Abcam 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

p-Drp1(Ser616) 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

p-Drp1(Ser637) 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Drp1 40 milk 5% 
1:1000 

BSA 5% 

Cell 

Signaling 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Mfn1 40 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

Mfn2 40 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Fis1 40 milk 8% 
1:1000 

milk 5% 
Abcam 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

PINK1 40 milk 5% 
1:1000 

milk 5% 
Invitrogen 

anti-Rabbit 

(1:10000) 

milk 5% 

Cell 

Signaling 

Parkin 40 milk 5% 
1:1000 

milk 5% 
Invitrogen 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

Tub 40 milk 5% 
1:2000 

milk 5% 

SIGMA 

aldrich 

anti-Mouse 

(1:5000) 

milk 5% 

DAKO 

OXPHOS 5 milk 5% 
1:1000 

milk 5% 
Abcam 

anti-Mouse 

(1:10000) 

milk 5% 

DAKO 
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Morphological and Histological Investigation 

Several transverse sections with a thickness of 10 µm each were obtained from muscle samples 

mounted in OCT (Tissue-Tek, Sakura Finetek Europe, Zoeterwoude, Netherlands) embedding 

medium for both myosin heavy chain isoform content and capillarization analysis. The working 

temperature, to ensure the consistency suitable for cutting of the muscles, was set at -20-22° C. 

Sections were collected on the surface of a glass slide polarized, which guarantees the permanent 

adhesion. Images of the stained sections were captured from a light microscope (Leica DMLS) and 

transferred to a personal computer using a video camera (LeicaDFC280). Fiber CSAs were measured 

with Image J analysis software (NIH, Bethesda, MD, USA) and expressed in μm2. 

 

Myosin heavy chain isoform. Several cross-cryosections obtained from the muscles analyzed were 

immunostained using antibodies specific for MHC-I, MHC-IIa and MHC-IIx isoform. A secondary 

rabbit antimouse immunoglobulin G (IgG) antibody conjugated with peroxidase (P-0260, DAKO, 

Glostrup, Denmark) was used to reveal the binding of primary antibodies. The primary antibodies 

were diluted (dilution 1:7 for BA-F8, 1:5 for SC-71) in a solution of PBS + BSA 1% (w / v) (PBS = 

aqueous solution containing NaCl 13 6 mM, KCl 2 mM, Na2HPO4 6 mM, KH2PO4 1 mM; BSA = 

bovine serum albumin). The secondary antibody conjugated with peroxidase has been diluted 1:50 in 

PBS + 1% BSA (w / v). The solution with primary antibodies was distributed on the surface of the 

slides so as to completely cover each section and were allowed to react for 40 minutes at 37° C. After 

the incubation with primary antibodies, slides were washed 3 times, 5 minutes each in PBS at room 

temperature. Then, secondary antibody solution was distributed on the slides at 37° C for 40 minutes, 

and finally, after 3 washes of 5 minutes each in PBS at room temperature, we proceeded to 

visualization of positive immunostained cells where the reaction antigen-antibody occurred. The 

visualization of positive cells was performed by incubating muscle sections with a solution containing 

Diaminobenzidine (DAB) and hydrogen peroxide, which produced brown coloration on positive 

immunostained cells; the color reaction was carried out at room temperature in about 1 minute and 

was, then, blocked by dipping the slides in cold distilled water. The slides were then dehydrated in 

alcoholic solutions as described for Hematoxylin-eosin Staining and finally closed by using a cover 

slip fixed with Eukitt ® Mountant (Bio-Optica). The sections of muscles so colored were examined 

using a computerized image analyzer, consisting of a camera (Digital Vision) placed on a light 

microscope (Leitz, Laborlux D) and connected via a digital interface to a computer equipped with 

specific software (Twain, 32). With this system, it was possible to view images of preparations on 

the screen, to evaluate the distribution of the two different isoforms MHCs and by using Scion Image 

program (NIH, Bethesda, MD, USA), calculate the area of each section. 
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MHC isoform composition was assessed in the whole biopsy. Frozen portion of biopsy was 

pulverized in a steel mortar with liquid nitrogen to obtain a powder that was immediately resuspended 

in a Laemmli solution (Soriano et al., 2006). The samples were incubated on ice for 20 min and 

finally spun at 18 000 g for 30 min. Protein concentration in the dissolved samples was determined 

with a protein assay kit (RC DC, Bio‐Rad, Hercules, CA, USA). About 10 μg of proteins for each 

sample was loaded on 6% SDS‐polyacrylamide gels and electrophoresis was run overnight at 100V; 

following Coomassie staining, three bands corresponding to MHC isoforms were separated and their 

densitometric analysis was performed to assess the relative proportion of isoforms MHC‐I, MHC‐IIa 

and MHC‐IIx in the samples (Brocca et al., 2017). Image gels were acquired using a scanner (Epson 

Expression 1680 Pro) and densitometry was performed with a provided software (2202 Ultroscan 

Laser Densitometric Lkb). During analysis, protein bands were visualized as peaks and areas below 

peaks were measured and compared. In this way, it was possible to determine the percentage ratio 

between every isoform. Analysis of each sample was repeated three times and an average of the three 

repeated measurements was calculated. The single value of MHC distribution obtained from each 

sample was averaged with the other values of subjects of the same group to assess the mean MHC 

isoform distribution. 

 

Capillarization. Remaining cryosections were fixed with methanol in ice for 15 min, washed 3 times 

(5 min each) in PBS (NaCl 136 mM, KCl 2 mM, Na2HPO4 6 mM, KH2PO4 1 mM) at room 

temperature (RT) and incubated in 1%Triton-100x in PBS for 30 min (RT). Cryosections were then 

incubated with blocking reagents (4% BSA in 1% Triton X-100 in PBS + 5% Goat Serum) for 30 

min (RT), raised with PBS (3 times of 5 min each) and probed with anti-CD31 (1:100 dilution, 

Abcam) overnight at 4⁰ C. After 3 washes (5 min each) in PBS, cryosections were incubated with 

Alexa-Fluor 488 anti-mouse (1:200 dilution; Abcam) for 60 min at room temperature. Finally, the 

samples were probed with anti-Dystrophin (1:500 dilution, Abcam) for 60 min at room temperature 

and then with Alexa-Fluor 488 anti-rabbit (1:200 dilution; Abcam) for 60 min at room temperature. 

Fluorescence intensity was visualized with Olympus microscope (U-CMAD3). 125 to 150 fibers were 

measured in each sample. Capillary-to-fiber ratio was defined as total number of capillaries divided 

by number of fibers counted within the sample. 
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Epigenetics Analysis 

Tissue Homogenization, DNA Isolation, and Bisulfite Conversion. Power analysis was conducted 

to detect a greater than 1.05 (5%) fold change in methylation based on our previous studies (Seaborne 

et al., 2018a), n = 3 in a within-subject design was determined as sufficient to detect statistically 

significant changes in methylation over the baseline, training, detraining and retraining time points. 

Thereby, five subjects analyzed in the present study were sufficient to infer conclusion on changes in 

methylation. Tissue samples were homogenized for 45 s at 6,000 rpm × 3 (5 min on ice in between 

intervals) in lysis buffer (180 μl buffer ATL with 20 μl proteinase K) provided in the DNeasy spin 

column kit (Qiagen, United Kingdom) using a Roche Magnalyser instrument and homogenization 

tubes containing ceramic beads (Roche, United Kingdom). The DNA was then bisulfite converted 

using the EZ DNA Methylation Kit (Zymo Research, CA, United States) as per manufacturer’s 

instructions.  

 

Infinium Methylation EPIC Beadchip array. All DNA methylation experiments were performed 

in accordance with Illumina manufacturer instructions for the Infinium Methylation EPIC 850K 

BeadChip Array (Illumina, USA). Methods for the amplification, fragmentation, precipitation and 

resuspension of amplified DNA, hybridization to EPIC BeadChip, extension and staining of the 

bisulfite converted DNA (BCD) can be found in detail in paper from Seaborne and colleagues 

(Seaborne et al., 2018b). EPIC BeadChips were imaged using the Illumina iScan System (Illumina, 

United States).  

 

DNA methylation analysis, CpG enrichment analysis (GO and KEGG pathways), differentially 

methylated region (DMR) analysis and Self Organizing Map (SOM) profiling. Following DNA 

methylation quantification via Methylation EPIC BeadChip array, raw.IDAT files were processed 

using Partek Genomics Suite V.7 (Partek Inc. Missouri, USA) and annotated using the 

MethylationEPIC_v-1-0_B4 manifest file. We first checked the average detection p-values for each 

sample across all probes. The mean detection p-value for all sample across all probes was 0.000295, 

and the highest for any given sample was only 0.000597, which is well below the recommended 0.01 

in the Oshlack workflow (Maksimovic et al., 2017). We also produced density plots of the raw 

intensities/signals of the probes per sample. These demonstrated that all methylated and unmethylated 

signals were over 11.5 (mean median signal for methylated probes was 11.56 and unmethylated 

probes 11.69), and the mean difference between the median methylation and median unmethylated 

signal was 0.13, well below the recommended difference of less than 0.5 (Maksimovic et al., 2017). 

Upon import of the data into Partek Genomics Suite we removed probes that spanned X and Y 
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chromosomes from the analysis due to having both males and females in the study design, and 

although the average detection p-value for each sample was on average very low (no higher than 

0.000597) we also excluded any individual probes with a detection p-value that was above 0.01 as 

recommended (Maksimovic et al., 2017). Out of a total of 865,859 probes removing those on the X 

& Y chromosome (19,627 probes) and with a detection p-value above 0.01 (4,264 probes) reduced 

the total probe number to 843,355 (note some X&Y probes also had detection p-values of above 

0.01). We also filtered out probes located in known single-nucleotide polymorphisms (SNPs) and any 

known cross-reactive probes using previously defined SNP and cross-reactive probe lists identified 

in earlier EPIC BeadChip 850K validation studies (Pidsley et al., 2016). This resulted in a final list 

of 791,084 probes to be analysed. Following this, background normalization was performed via 

functional normalization (with noob background correction), as previously described (Maksimovic 

et al., 2012). Following functional normalization, we also undertook quality control procedures via 

Principle Component Analysis (PCA), density plots by lines as well as box and whisker plots of the 

normalized data for all samples. 

 

Any outlier samples were detected using Principle Component Analysis (PCA) plot and the normal 

distribution of β-values. Outliers were detected if they fell outside 2 standard deviations (SDs) of the 

ellipsoids and/or if they demonstrated different distribution patterns to the samples of the same 

condition. We confirmed that no samples demonstrated large variation [variation defined as any 

sample above 2 standard deviations (SDs) – depicted by ellipsoids in the PCA plots and/or 

demonstrating any differential distribution to other samples, depicted in the signal frequency by lines 

plots]. Therefore, no outliers were detected in this sample set. 

Following normalization and quality control procedures, we undertook differentially methylated 

position (DMP) analysis by converting β-values to M-values [M-value = log2(β/(1 − ββ)], as M-

values show distributions that are more statistically valid for the differential analysis of methylation 

levels (Du et al., 2010). We undertook a one-way ANOVA for comparisons of baseline, training, 

detraining and retraining muscle tissue. Any differentially methylated CpG position (DMP) with an 

unadjusted p-value of ≤ 0.01 was used as the statistical cut off for the discovery of DMPs. 

We then undertook CpG enrichment analysis on these differentially methylated CpG lists within gene 

ontology (GO) and KEGG pathways (Kanehisa & Goto, 2000; Kanehisa et al., 2016, 2017) using 

Partek Genomics Suite and Partek Pathway. Differentially methylated region (DMR) analysis, that 

identifies where several CpGs are consistently differentially methylated within a short chromosomal 

location/region, was undertaken using the Bioconductor package DMRcate (DOI: 

10.18129/B9.bioc.DMRcate). Finally, in order to plot and visualize temporal changes in methylation 
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across the timepoints we implemented Self Organizing Map (SOM) profiling of the change in mean 

methylation within each condition using Partek Genomics Suite. 

 

Statistical Analysis 

Results are reported as the mean ± SD. Outcome measures were assessed using one-way ANOVA to 

determine significant overall main effects across baseline, training, detraining and retraining time 

points. Once an overall effect was confirmed, statistical significance of the measured difference 

between groups was assessed further by Bonferroni’s post hoc analysis, and adjusted p values with 

the corresponding 95% confidence interval are reported. 

To identify effect of initial training and retraining on outcome measures from high-resolution 

respirometry, difference between TR and BAS and between RETR and DETR time points for each 

subject was calculated to determine training and retraining respectively. Mean and SD of differences 

were calculated for each intervention period. Comparison between training and retraining was then 

analyzed using paired Student’s t-test. p < 0.05 was considered statistically significant. Statistical 

software package Prism 8.0 (GraphPad Software Inc, California, USA) was used for data analysis. 

Proteomic, morphological and histological analysis has been completed only on 5 participants out of 

11. Thereby, due to the small statistical power, descriptive statistics has been performed on these 

data, but inferential statistics has not been processed. 

 

For epigenetics analysis methylome wide array data sets for baseline, training and retraining were 

analysed for significant DMPs in Partek Genomics Suite (version 6.6). All gene ontology and KEGG 

signaling pathway analysis was performed in Partek Genomics Suite and Partek Pathway, on 

generated CpG lists of statistical significance (p < 0.01) across conditions (ANOVA) or contrasts 

between paired conditions. For follow up M-value difference in CpG DNA methylation analysis was 

performed via ANOVA in MiniTab Statistical Software (MiniTab Version 17.2.1). Statistical values 

were considered significant at the level of p ≤ 0.01. All data represented as mean unless otherwise 

stated. 

 
RESULTS 

Incremental exercise 

Pulmonary gas exchange, ventilatory, cardiac and metabolic variables attained at the limit of 

tolerance at baseline, training, detraining and retraining are reported in Table 2.  

Initial training period improved significantly V̇O2peak in both relative and absolute values (+4.8 ± 2.5 

ml·min−1·kg−1 and +0.297 ± 0.162 l·min−1, respectively) corresponding to +13% and +13%, 

respectively (both p < 0.001, Fig. 1B-C). Wpeak was also significantly increased of 31 ± 12 W after 
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training (+16% compared to baseline, p < 0.001, Fig. 1A). SVpeak revealed a significant increase of 

15 ± 14 ml after training (+15%, p < 0.01, Fig. 1E), whereas HRpeak did not show any statistically 

significant change (-1 ± 6 beats·min-1, p > 0.99, Fig. 1D). Consistently with the latter, Q̇peak was not 

different from baseline showing a not-significant increment of 1.5 ± 3.0 l·min−1 (+7% from baseline, 

p = 0.20, Fig 1F). 

Retraining was effective in inducing physiological adaptations, but for all the variables changes were 

similar to the initial training highlighting not-significant difference between two training periods. 

During retraining increment in V̇O2peak (+4.8 ± 1.8 ml·min−1·kg−1) and Wpeak (28 ± 10 W) were not 

different compared to the first training (p = 0.97 and p = 0.45, respectively). Similarly, concerning 

the cardiac response, the increase of 13 ± 19 ml in SVpeak was not different from the effect of the first 

training (p = 0.55), whereas no difference was found in HRpeak and Q̇peak compared to the previous 

training stimulus (0 ± 4 beats·min-1, +13 ± 19 ml, 1.8 ± 3.1 l·min−1, all variables p ≥ 0.67). 

 
 
Table 3 (Study 3). Parameters from incremental exercise at the limit of tolerance 

Time point W 
V̇O2 

(ml·min−1·kg−1) 
V̇O2 

(l·min−1) 
V̇CO2 

(l·min−1) 

V̇E 

(l·min−1) 
RER 

Baseline 200 ± 46 36.2 ± 7.8 2.288 ± 0.528 2.992 ± 0.652 116.2 ± 27.0 1.26 ± 0.08 
Training 231 ± 48 *# 40.9 ± 7.3 *# 2.580 ± 0.542 *# 3.304 ± 0.761 *# 124.0 ± 26.0 # 1.23 ± 0.09 

Detraining 198 ± 46 35.7 ± 7.5 2.244 ± 0.579 2.975 ± 0.824 109.7 ± 29.4 1.26 ± 0.06 
Retraining 227 ± 48 *# 40.7 ± 7.2 *# 2.538 ± 0.563 *# 3.208 ± 0.742 *# 123.7 ± 31.6 # 1.22 ± 0.06 

(continued) 

Table 3 (Study 3). Continued 

Time point 
HR 

(beats·min−1) 
SV 
(ml) 

Q̇ 
(l·min−1) 

RPE 

Baseline 189 ± 8 101 ± 16 19.5 ± 3.1 18 ± 1 
Training 188 ± 8 116 ± 21 * # 21.0 ± 3.6 18 ± 2 

Detraining 187 ± 11 102 ± 19 19.3 ± 3.0 18 ± 2 
Retraining 187 ± 8 115 ± 24 * # 21.2 ± 4.0 19 ± 1 

 

Peak values of pulmonary gas exchange, ventilatory, cardiac and metabolic variables attained at the limit of 

tolerance at baseline, training, detraining and retraining time points. W, peak power output; V̇O2, oxygen uptake; 

V̇CO2, carbon dioxide production; V̇E, pulmonary ventilation; RER, respiratory exchange ratio; HR, heart rate; SV, 

stroke volume; Q̇, cardiac output; RPE, rating of perceived exertion. * p < 0.05 vs. baseline; # p < 0.05 vs. detraining. 

All values are means ± SD. (n = 16). 
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Figure 1 (Study 3). Peak values of parameters from incremental exercise before and after 

exposure to two identical interval training interventions separated by 3-month of detraining 

 
Peak values of peak power output (A), absolute (B) and relative (C) peak oxygen uptake, heart rate (D), stroke 

volume (E) and cardiac output (F) attained at the limit of tolerance of incremental exercise at baseline, training, 

detraining and retraining time points. All values are means ± SD. * p < 0.05; *** p < 0.001. (n = 16). 
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Constant work-rate exercise 

The first training period induce reduction in V̇O2 kinetics decreasing τ from 36.0 ± 14.1 s at baseline 

to 28.5 ± 9.3 s after training. During detraining τ increased to 31.1 ± 9.5 s, and was subsequently 

decreased after retraining (23.2 ± 7.6 s). Post-hoc analysis revealed significant reduction in V̇O2 

kinetics between BAS and TR and between DETR and TR (both p < 0.05). Although detraining 

remained lower compared to baseline (-14%), no difference resulted between the two time-points (p 

= 0.30). V̇O2 kinetics were significantly affected by initial training with a decrement of 7.5 ± 9.2 s 

(21%), similarly retraining generated a 25% reduction in τ (-7.8 ± 6.0 s). Changes in training and 

retraining were not statistically different (p = 0.90) (Fig. 2). 

 

Figure 2 (Study 3). Oxygen uptake kinetics during constant work-rate exercise before and after 

exposure to two identical interval training interventions separated by 3-month of detraining 

 
Oxygen uptake kinetics measured during constant work-rate cycling exercise at 80% of GET power output at 

baseline, training, detraining and retraining time points. τ, time constant. All values are means ± SD. * p < 0.05. 

(n = 16). 
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Muscle Oxidative Capacity by NIRS 

Both trainings induce improvement in muscle oxidative capacity showing increase in k from BASE 

to TR (2.31 ± 0.67 min-1 and 3.05 ± 0.75 min-1, respectively) and from DETR to RETR (2.13 ± 0.56 

min-1 and 2.94 ± 0.67 min-1, respectively), with both increments statistically significant (p < 0.001). 

Comparison between training and retraining effect on k did not reveal any significant difference (p = 

0.76) (Fig. 3). 

 

Figure 3 (Study 3). Muscle oxidative capacity by NIRS before and after exposure to two 

identical interval training interventions separated by 3-month of detraining 

 
Muscle oxidative capacity measured by near-infrared spectroscopy using intermittent arterial occlusion protocol 

immediately after constant work-rate cycling exercise at 80% of GET power output at baseline, training, detraining 

and retraining time points. k, muscle oxygen uptake recovery rate constant. 

All values are means ± SD. *** p < 0.001. (n = 15). 
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after first training (p = 0.42) (Fig. 4A). CIP and CIIE showed a tendency to increase but was not found 

any statistical difference (both p ≥ 0.07) (Fig. 4B and Fig. 4E). 

Retraining was effective in inducing improvement in all mitochondrial respiration state investigated. 

Increment from DETR to RETR was +2.7 ± 3.1 pmol·s−1·mg−1 for CI in LEAK state (Fig. 4A); in 

oxidative phosphorylation state, CIP and CI+IIP increased of 8.6 ± 3.7 pmol·s−1·mg−1 and 17.4 ± 14.1 

pmol·s−1·mg−1, respectively (Fig. 4B-C); O2 flux in CI+II and CII during uncoupled respiration 

increased of 24.1 ± 16.0 pmol·s−1·mg−1 and 15.5 ± 14.7 pmol·s−1·mg−1, respectively (Fig. 4D-E) (all 

p < 0.05). 

Comparison between training effects revealed a greater mass-specific mitochondrial respiration for 

CIL, CIP, CI+IIE and CIIE in retraining than initial training (all p < 0.05). Changes in CI+IIP showed 

a trend in being greater during retraining but did not result significantly different between the two 

training periods (p = 0.11) (Fig. 5 and Fig. 6). 

The data presented in this study showed no effect of the addition of cytochrome c as a control for 

outer mitochondrial membrane integrity. 

 

Table 4 (Study 3). Mass-specific mitochondrial respiration capacity 

Time point CIL 
(pmol·s−1·mg−1) 

CIP 

(pmol·s−1·mg−1) 
CI+IIP 

(pmol·s−1·mg−1) 
CI+IIE 

(pmol·s−1·mg−1) 
CIIE 

(pmol·s−1·mg−1) 
Baseline 6.3 ± 1.9 24.7 ± 7.5 51.1 ± 18.6 64.3 ± 15.3 39.0 ± 7.4 
Training 5.5 ± 2.6 26.1 ± 11.0 # 59.7 ± 20.0 * # 77.4 ± 21.3 * # 44.9 ± 12.7 # 

Detraining 3.5 ± 2.7 18.2 ± 10.4 43.7 ± 16.6 55.9 ± 20.7 34.3 ± 8.4 
Retraining 6.2 ± 2.4 # 26.8 ± 11.1 # 61.1 ± 23.3 # 80.0 ± 23.0 # 49.8 ± 12.7 * # 

 

Mass-specific mitochondrial O2 flux values (in picomoles O2 per second per milligram of wet weight) measured 

with high-resolution respirometry in permeabilized fibers obtained from biopsy on vastus lateralis muscle at 

baseline, training, detraining and retraining time points. CIL, leak respiration through CI; CIP, maximum coupled 

mitochondrial respiration through CI; CI+IIP, maximum coupled mitochondrial respiration through CI+II; CI+IIE, 

maximum noncoupled mitochondrial respiration through CI+II; CIIE, maximum noncoupled mitochondrial 

respiration through CII. All values are means ± SD. * p < 0.05 vs. baseline; # p < 0.05 vs. detraining. (n = 11). 
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Figure 4 (Study 3). Mass-specific mitochondrial respiration capacity before and after exposure 

to two identical interval training interventions separated by 3-month of detraining 

 
Mass-specific mitochondrial O2 flux values of leak respiration through CI (A), maximum coupled mitochondrial 

respiration through CI (B), maximum coupled mitochondrial respiration through CI+II (C), maximum noncoupled 

mitochondrial respiration through CI+II (D) and maximum noncoupled mitochondrial respiration through CII (E) 

measured with high-resolution respirometry in permeabilized fibers obtained from biopsy on vastus lateralis muscle 

at baseline, training, detraining and retraining time points. All values are means ± SD. * p < 0.05, ** p < 0.01. (n = 

11). 
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Figure 5 (Study 3). Mitochondrial respiration capacity changes in training and retraining 

intervention 

 
Mitochondrial respiration changes in training (white bars) and retraining (grey bars) intervention measured with 

high-resolution respirometry in permeabilized fibers obtained from biopsy on vastus lateralis muscle in the 

following respiration state: CIL, leak respiration through CI; CIP, maximum coupled mitochondrial respiration 

through CI; CI+IIP, maximum coupled mitochondrial respiration through CI+II; CI+IIE, maximum noncoupled 

mitochondrial respiration through CI+II; CIIE, maximum noncoupled mitochondrial respiration through CII. All 

values are means ± SD. * p < 0.05, ** p < 0.01. (n = 11). 
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Figure 6 (Study 3). Mitochondrial respiration capacity changes in training and retraining 

intervention 

 
Mitochondrial respiration percentage changes in training (white bars) and retraining (grey bars) intervention 

measured with high-resolution respirometry in permeabilized fibers obtained from biopsy on vastus lateralis muscle 

in the following respiration state: CIL, leak respiration through CI; CIP, maximum coupled mitochondrial respiration 

through CI; CI+IIP, maximum coupled mitochondrial respiration through CI+II; CI+IIE, maximum noncoupled 

mitochondrial respiration through CI+II; CIIE, maximum noncoupled mitochondrial respiration through CII. All 

values are means ± SD. * p < 0.05, ** p < 0.01. (n = 11). 
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Proteomic Analysis 

In Figure 7 changes in mitochondrial content biomarkers (CS and TOM20 protein expression) are 

reported. No clear changes are evident in the patterns across repeated training interventions in the 

five subjects’ muscles analyzed. 

 
Figure 7 (Study 3). Mitochondrial content biomarkers across repeated interval training 

interventions separated by 3-month of detraining 

 
Time course of single values of cytrate synthase (A) and translocase of the outer membrane 20 (B) protein 

expression measured in muscle tissue by western Blot in only five subjects across baseline, training, detraining and 

retraining time points. (n = 5). 
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Mitochondrial biogenesis adaptations during the two training interventions are described by changes 

in PGC-1α protein expression and phosphorylation level of AMPK (Fig. 8). One subject showed an 

increment in AMPK during the first training period and, following a reduction after detraining, a 

larger increase during retraining (Fig. 8B). 

 
Figure 8 (Study 3). Mitochondrial biogenesis biomarkers across repeated interval training 

interventions separated by 3-month of detraining  

 
Time course of single values of PGC-1α (A) and phosphorylated state of AMPK (B) protein expression measured 

in muscle tissue by western Blot in only five subjects across baseline, training, detraining and retraining time points. 

(n = 5). 

 

Mitochondrial fusion dynamics are represented by Mfn1, Mfn2 and OPA1 trend, whereas Fis1 and 

phosphorylated state of Drp1 at serine 637 and serine 616 describe fission dynamics (Fig. 9). 

Drp1Ser637, related to mitochondrial fusion inhibition, showed a decreasing trend during initial training 

(Fig. 9D). All 5 subjects revealed an increment in OPA1 and Mfn2 during retraining period (Fig. 9B-

C). 
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Figure 9 (Study 3). Mitochondrial dynamics biomarkers across repeated interval training 

interventions separated by 3-month of detraining 

 
Time course of single values of Mfn1 (A), Mfn2 (B), OPA1 (C), phosphorylated state Drp1 at serine 616 (D), 

phosphorylated state Drp1 at serine 637 (E), Fis1 (F) protein expression measured in muscle tissue by Western Blot 

in only five subjects across baseline, training, detraining and retraining time points. (n = 5). 
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Regarding mitophagy PINK1 and Parkin enzyme expression was evaluated. Parkin showed a negative 

trend during the first training and a retention of lower level during retraining in four subjects out of 5 

(Fig. 10). 

 

Figure 10 (Study 3). Mitophagy biomarkers across repeated interval training interventions 

separated by 3-month of detraining  

 
Time course of single values of PINK1 (A) and Parkin (B) protein expression measured in muscle tissue by western 

Blot in only five subjects across baseline, training, detraining and retraining time points. (n = 5). 
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Time course of single values of complex I (A), 

complex II (B), complex III (C), complex IV (D), 

complex V (E) protein expression measured in 

muscle tissue by Western Blot in only five 

subjects across baseline, training, detraining and 

retraining time points. (n = 5). 

First training appears to be effective in inducing increment in protein expression for all five electron 

transport chain complexes (Fig. 11). For three subjects this trend also occurred during retraining for 

CI, CII, CIII, CIV, CV. For the other two subjects protein level showed a decrement or no visible 

change after retraining that is usually related to an high protein expression maintained during 

detraining. 

 
Figure 11 (Study 3). Electron transport chain complexes protein expression across repeated 

interval training interventions separated by 3-month of detraining 
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Morphological and histological Analysis 

Analysis of myosin heavy chain isoform composition revealed a common pattern in all of the subjects 

to a slight reduction in MHC-I during first training, whereas MHC-IIa resulted increased and MHC-

IIx did not show changes. During detraining MHC-I remained stable, MHC-IIa showed a slight 

decrease associated with an increasing trend in MHC-IIx in all the subjects excepted one. Retraining 

period induced increase in both MHC-I and MHC-IIa, conversely, MHC-IIx resulted in a decrement 

(Fig. 12). 

Capillarization was affected by initial training resulting in increment in C:F uniformly in all five 

participants. After detraining C:F showed a tendency to decrease however maintaining values above 

baseline. During retraining an increase was again observed in C:F (Fig. 13). 

 

Figure 12 (Study 3). Myosin heavy chain isoform composition across repeated interval training 

interventions separated by 3-month of detraining  
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Figure 13 (Study 3). Capillarization across repeated interval training interventions separated 

by 3-month of detraining  

 
Capillary-to-fiber ratio measured by immunofluorescence in cross sections of vastus lateralis in only five subjects 

across baseline, training, detraining and retraining time points. (n = 5). 
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Genome-wide DNA methylation analysis 

The frequency of statistically (p < 0.01) differentially methylated CpG positions (DMPs) in each 

condition was analysed (Fig. 14) and a list of 35,855 DMPs was identified. Following initial interval 

training 21,605 CpG sites were significantly differentially methylated compared to baseline, with a 

larger number being hypomethylated (14,516) compared to hypermethylated (7,089). After 

detraining, the total number of DMPs (3,854), most of which were hypomethylated (3,349), whereas 

hypermethylated DNA sites nearly reverted to baseline (505). Following retraining we observed 

another increase in the number of DMPs (10,396), with most CpGs hypomethylated (9,644) compared 

to hypermethylated DNA sites that remained similar to detraining (752). Although increment in 

hypomethylated CpGs during retraining was smaller compared to initial training period, when 

expressed as percentage of total differentially methylated sites, we observed a shift towards a 

hypomethylated profile across training (67%), detraining (87%) and retraining (93%) (Fig. 14B). 

Fascinatingly, this was due to both another large increase in hypomethylation after retraining, but 

also a much smaller number of DMPs that were hypermethylated (752) during retraining compared 

to the earlier training period (7,089). 
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Figure 14 (Study 3). Differentially methylated CpG sites frequency following training, 

detraining and retraining compared to baseline 

Number of differentially methylated CpG sites following training, detraining and retraining compared to baseline 

identified by Infinium Methylation EPIC BeadChip arrays (850K CpG sites). Number of hypomethylated (blue 

bars) and hypermethylated (yellow bars) CpG sites expresses in absolute number (A) or percentage values (B). 

(n = 5). 
 

Analysis of Gene Ontology (GO) terms significantly enriched over the time-course of baseline, 

training, detraining and retraining upon all pairwise comparisons identified DMPs in nine GO terms: 

(1) anatomical structure development, (2) cell junction, (3) developmental process, (4) movement of 

cell or subcellular component, (5) positive regulation of cellular process, (6) protein binding, (7) 

regulation of cell communication, (8) regulation of developmental process, (9) regulation of 

signaling. Enriched KEGG pathways common to baseline, training, detraining and retraining 

included: (1) axon guidance, (2) calcium signaling pathway, (3) cholinergic synapse, (4) circadian 

entrainment, (5) focal adhesion, (6) MAPK signaling pathway, (7) pathways in cancer, (8) Rap1 

signaling pathway. 

We focused our attention on calcium and MAPK signaling pathway, critical pathways stimulated by 

biochemical alterations and mechanical stress occurring during muscle contractile activity that are 

involved in several cellular signals including muscle plasticity and mitochondrial biogenesis. We 

attempted to elucidate how these pathways were differentially regulated across experimental 

conditions. Intuitively, we report that calcium and MAPK pathways were significantly enriched upon 

all pairwise comparisons of baseline versus training, detraining and retraining, respectively, 

suggesting that pathways were epigenetically modified following periods of skeletal muscle 

perturbation. Moreover, KEGG pathway reported that genes involved in MAPK signaling were 

predominantly hypomethylated (blue) in retraining compared to baseline condition (Fig. 15). 
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Figure 15 (Study 3). MAPK signaling KEGG pathway 

 
Illustration of the KEGG pathway “MAPK signaling” demonstrating predominantly hypomethylation (blue) in 

retraining vs. baseline. Note, the most significant (lowest p-value) DMP for each gene is used to color this pathway 

image. Therefore, this is not always accurate where multiple DMPs occur for a single gene and the image is therefore 

only a visual representation of the overarching methylation profile in this pathway. 

 

In order to investigate whether there were any similarly altered DMPs between training, detraining 

and retraining, we overlapped DMP lists from analysis described above to detect CpG sites 

differentially methylated in the three conditions versus baseline. 5334 DMPs were identified 

overlapping across training, detraining and retraining. Among these, 806 were common to all 

conditions (Fig. 16). 
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Figure 16 (Study 3). Venn diagram overlapping DMPs in training, detraining and retraining 

compared to baseline 

 

 
Venn diagram analysis of the statistically differentially regulated CpG sites following training, detraining and 

retraining compared to baseline. Ellipsis reports number of common overlapping significant DMPs across each 

condition. (n = 5). 

 

Changes in genome-wide DNA methylation related to the 5334 DMPs commonly identified across 

experimental conditions were further analysed, and self-organising map (SOM) profiling highlighted 

four temporal trend profiles of the DMPs (Fig. 17). The first profile (named Signature 1) included 

1190 DMPs and displayed enhanced hypomethylation as a result of first training period. Signature 1 

genes were hypermethylated at baseline and became hypomethylated after initial training. 

Importantly, hypomethylation was then retained/“remembered” even during complete cessation of 

exercise/detraining, when V̇O2peak and mitochondrial O2 flux returned to baseline levels, and this 

hypomethylation was then maintained into the later retraining period (Fig. 17A). The second temporal 

trend (Signature 2) included 2000 DMPs and also displayed an enhanced hypomethylated state after 

initial training. Signature 2 genes showed a reduction in hypomethylation as a result of detraining, 
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although maintaining slightly hypomethylated status. As with Signature 1, retraining led to further 

hypomethylation during retraining at similar or greater level than original training (Fig. 17B). Indeed, 

in Figure 18 the individual DMPs identified in Signature 2 are clearly shown highlighting in a few a 

greater hypomethylation in retraining than in training. The third profile (Signature 3) included 1675 

DMPs and, as previous two, displayed hypomethylation with first bout of training. Differently, this 

cluster became hypermethylated with detraining, but reverted back to hypomethylation state after 

retraining (Fig. 17C). The final profile (Signature 4) included 469 DMPs and was hypomethylated at 

baseline, became hypermethylated after initial training. Then, genes showed a reduction in 

hypermethylation with detraining reverted to a hypermethylated state after retraining (Fig. 17D). 

 

Figure 17 (Study 3). SOM profiling depicting the temporal regulation of DMPs over the time-

course of baseline, training, detraining and retraining 

 
SOM profiling depicting the temporal regulation of DMPs over the time-course of baseline, training, detraining and 

retraining. A) Signature 1 displayed methylated state at baseline becoming hypomethylated in training and 

maintaining hypomethylation across detraining and retraining. B) Signature 2 displayed methylated state at baseline 

becoming hypomethylated in training; hypomethylation is reduced during detraining and reverted to similar or 

greater hypomethylated state after retraining. C) Signature 3 displayed methylated state at baseline becoming 

hypomethylated in training, hypermethylated in detraining and reverted to hypomethylation after retraining. D) 

Signature 1 displayed hypomethylated state at baseline becoming hypermethylated; hypermethylation is reduced 

during detraining and reverted to greater hypermethylated state after retraining. 
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Figure 18 (Study 3). Individual DMPs in Signature 2 identified by self-organising map (SOM) 

 
SOM profiling depicting the temporal regulation of individual DMPs over the time-course of baseline, training, 

detraining and retraining identified in Signature 2. It is possible to appreciate a number of DMPs that showed a 

greater hypomethylation in retraining than in training. 

 

To assess whether the changes in DNA methylation across all conditions affected specific genes, 

modified CpG sites involved in the four Signatures were deeply investigated. DMRs analysis 

identified several regions located in or close to annotated genes with enriched (multiple CpGs in short 

chromosomal regions) differential methylation were identified. Cross reference with the most 

frequently occurring CpG modifications in pairwise comparisons of all conditions resulted in 

identification of six genes following temporal trend outlined by Signature 1 (ADAM19, FOXK2, 

GNGT2, INPP5a, MTHFD1L, TMEM40). Signature 2 characterized only one gene (TPM2). Five 

genes were characterized by Signature 3 profile (CAPN2, PDGFB, MB21D2, SLC16A3, SPPL2C). 

No genes with DMRs from cross reference were detected for Signature 4. 
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DISCUSSION 

The present study aimed to investigate oxidative metabolism adaptations in humans in response to 

repeated endurance interval training interventions interspersed with a prolonged period of detraining. 

Investigation was focused specifically on mitochondrial adapting response at skeletal muscle level in 

order to deepen our understanding of the potential presence of skeletal muscle memory induced by 

aerobic training. The study was structured to investigate the training response at each of the 

organism's levels, ranging from functional to genetic aspects. The most outward analysis involved 

metabolic and cardiovascular adaptations at the whole-body level, focusing then on muscle oxidative 

capacity at the peripheral level using both in vivo and ex vivo measurements. Morphological and 

histological aspects of muscle offered a perspective on cellular modification, whereas mitochondrial 

biomarkers provided insight into molecular adaptations. In addition, epigenetic analysis was 

performed on the muscle sample to explore the endurance training-induced modification on the 

methylome and whether the epigenomic changes affected by repeated intervention could lead to 

upstream oxidative adaptations at the level of skeletal muscle and whole-body function. 

 

Interval training composed by a combination of high-intensity interval training and sprint interval 

training was used in the present study to serve as training program because as previously 

demonstrated interval training was found to be more efficient in inducing improvement in 

mitochondrial function compared to moderate intensity training (Bishop et al., 2014b, 2019; Granata 

et al., 2016b). Moreover, high-intensity exercise is a more effective modality of leading to DNA 

hypomethylation and subsequent increase in gene expression in the mitochondrial biomarker 

compared to low-intensity training (Barrès et al., 2012), which leads to the suggestion that the same 

pattern may occur in response to chronic interventions.. The underlying mechanism could be related 

to the elevated load and intermittent nature of interval training, that we hypothesized might likely 

mediate a muscle memory effect through epigenetic modifications. 

 

Both interval training periods were effective in inducing metabolic adaptations at whole-body level 

showing an increment in V̇O2peak and subsequently reflected on endurance performance with 

increased Wpeak attained (Fig. 1A-C). However, both endurance performance and maximal aerobic 

capacity were not different between training and detraining. This result is accordance with two 

previous study on repeated interventions where no difference was found in V̇O2peak or functional 

aerobic performance comparing two repeated interventions of high-intensity interval training 

interspersed by long-term period of training cessation (Simoneau et al., 1987; Del Giudice et al., 

2020). Physiological and functional response were associated with enhanced adaptations at peripheral 
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level as shown by results from mV̇O2 k measured by NIRS and τ measured during constant work-rate 

exercise (Fig. 2 and Fig. 3). Indeed, NIRS protocols provide in vivo estimation of muscle oxidative 

capacity (Ryan et al., 2012, 2014; Adami et al., 2017; Adami & Rossiter, 2018) and V̇O2 kinetic 

analyzed during constant work-rate exercise provides a close reflection of V̇O2 response in the 

exercising muscle determined by both muscle O2 supply and muscle O2 demand (Krustrup et al., 

2009; Hughson, 2009; Rossiter, 2011). However, enhancement of oxidative metabolism did not show 

evidence of difference between training and retraining. Accordingly, interval training also affects 

cardiovascular adaptations showing increased in maximal stroke volume after both training periods 

but with no difference between the first and the second exposure to the aerobic training stimulus (Fig. 

1E). Conversely to stroke volume, maximal cardiac output was not affected by significant changes 

during training interventions (Fig. 1F). Overall, as discussed extensively in several reviews the 

present results demonstrated the impact of interval training in inducing an improvement in oxidative 

metabolism due to the combined cardiovascular and peripheral response (MacInnis & Gibala, 2017; 

Gibala et al., 2019). In accordance to previous data on detraining (Coyle et al., 1984, 1985; Pavlik et 

al., 1986), three months of training interruption in the present study resulted adequate in reporting all 

whole-body aerobic physiological parameters similar to the baseline level. These in vivo results seem 

to suggest that physiological and functional adaptations at the whole-body level do not appear to 

benefit from repeated interventions, thus counteracting the hypothesis of an aerobic memory profile 

on the phenotype. 

 

Although no significant insights into muscle memory have been found at the whole-body level, it is 

not excluded that a more in-depth investigation at the skeletal muscle level may detect a cellular or 

molecular response characterized by a memory pattern. Hence, further exploring the adaptive 

responses to repeated interval training interventions of oxidative metabolism within skeletal muscle, 

we investigated specific modification of mitochondrial function directly on muscle fibers. Both eight-

week interval training periods elicited improvement in mitochondrial respiration capacity (Fig 4). 

These data confirmed previous findings demonstrating that chronic high intensity exercise is effective 

in producing improvement in mitochondrial function (Daussin et al., 2008; Granata et al., 2016a; 

MacInnis & Gibala, 2017; MacInnis et al., 2017). The novel finding in the present study is the 

different response between repeated interventions. First training period induced improvement in 

mitochondrial respiration only at maximal substrate stimulations (maximal phosphorylating state and 

maximal respiration rate, Fig. 4C-D), whereas during retraining mitochondrial function was enhanced 

in each of the measured respiration states (Fig. 4). More importantly, comparison between 

mitochondrial respiration changes during training and retraining revealed a larger improvement after 
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the second intervention for all of the respiration states except one, which nevertheless showed a non-

significant trend towards higher increment (Fig. 5 and Fig. 6). These important results suggest that 

previous interval training intervention could affect response in mitochondrial function when muscle 

is subsequently exposed to a similar training stimulus, providing, hence, evidence for a muscle 

memory induced by endurance interval training occurring in the adaptive response of mitochondria. 

Thereby, although physiological adaptions at whole-body level seems not to benefit from repeated 

interventions, positive effects are evident at cellular level where mitochondrial function is more 

enhanced after retraining. 

 

Skeletal muscle response to repeated interventions of high-intensity interval training has been 

previously investigated. As in the present study, Islam and colleagues (2021) (Islam et al., 2021) 

found that an individuals exhibited dissimilar adaptive responses in skeletal muscle when re-exposed 

to the same training stimulus, specifically for some of the OXPHOS complex subunits. On the 

contrary, our results are in contrast to result from Lindholm and colleagues (2016) which showed no 

difference in mitochondrial adaptations in terms of citrate synthase activity between two training 

interventions composed by moderate-intensity exercise (45 min knee-extension at submaximal 

intensity) (Lindholm et al., 2016). However, as previously described gene expression involved in 

mitochondrial biogenesis are more affected with high-intensity exercise (Barrès et al., 2012). Thereby 

the lack of evidence of enhanced mitochondrial response during retraining may be explained by the 

absence of specific stimulus to induce modifications on mitochondrial transcription factors. 

Collectively, it might be concluded that differences in responsiveness in mitochondrial function to 

repeated training periods may be attributable to the influence of a prior high-intensity training on 

aerobic adaptation at skeletal muscle level that can affect, through a muscle memory mechanism, the 

subsequent mitochondrial response when exposed to same training stimulus later. 

 

From preliminary data on only five subjects, however, it is difficult to infer a clear conclusion about 

protein changes during repeated interval training intervention that can explain the greater 

improvement in mitochondrial respiratory capacity occurring in retraining. 

Nonetheless, these preliminary data could suggest some important information related to 

morphological and histological modifications. Interval training performed in the present study 

induced increase in type IIa fibers during first intervention for the five subjects analyzed. This 

adaptation was accompanied by a slight decrement in type I (Fig. 12A-B). These observation are in 

accordance to the skeletal muscle recruitment pattern that occurs in proportion to exercise intensity, 

implying that higher intensities of exercise could elicit greater responses in type II fibers relative to 
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lower intensities of exercise (Henneman, 1957; Vollestad & Blom, 1985; Sale, 1987). Indeed, 

although aerobic training, exercise performed during interval training, such as in the present study is 

characterized by elevated force and power production during muscle contraction favoring recruitment 

of fast twitch type fibers and subsequent modification in such fibers (MacInnis & Gibala, 2017). 

Interestingly, during retraining, in addition to an increase in type IIa fibers similarly to the previous 

intervention, type I fibers followed a slight tendency to increase. both changes occurred in shifts of 

reduced type IIx fiber content. Overall, this observation suggests that in the repeated aerobic high-

intensity stimulus, the muscle perturbation might act in a fiber type-specific manner differently than 

in the previous intervention. 

From histological adaptations the five subjects showed a training-induced increase in capillarization 

during both training and retraining (Fig. 13). According to data previously reported by Coyle and 

colleagues (1984) (Coyle et al., 1984) where capillarization is maintained for a long-term period after 

activity interruption, in two out of five subjects in the present study capillarization shows no return 

to the baseline values after three months of detraining. 

 

Epigenetics analysis on skeletal muscle tissue revealed interesting findings showing a large 

modification in the state of DNA methylation across training, detraining and retraining. Total number 

of differentially methylated CpG sites increased during both training period, with a less exaggerated 

response after retraining, and reduced after detraining (Fig. 14A). Simultaneously, the change also 

affects the state of methylation modification, which appears to gradually shift towards a more 

hypomethylated profile throughout conditions (Fig. 14B). As previously described (Nitert et al., 

2012; Rowlands et al., 2014; Stephens et al., 2018) endurance training induced greater 

hypomethylation at CpG sites compared to number of hypermethylated positions suggesting (greater 

ability to switch on expression on some specific gene). Consistently, a cessation of training reduced 

the total number of differentially methylated positions, however, although reduced, number of 

hypomethylated DMPs remained higher showing absence of reversion to the baseline level of the 

epigenome condition. In contrast, hypermethylated CpG sites were nearly reversed toward baseline 

values, indicating a deactivation of gene expression inhibition. Interestingly during retraining, 

although in smaller extent compared to the initial training, hypomethylation increased again, but 

surprisingly number of hypermethylated DMPs was maintained similar to the previous condition after 

detraining, indicating that subsequent interval training stimulus elicited a different remodeling on the 

epigenome and more specifically did not generate any hypermethylated modification along with 

inhibition DNA expression. This increase in hypomethylation and reduced hypermethylation 

coincided with the largest increase in mitochondrial respiration in retraining. 
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Among DMPs enriched over the time-course of baseline, training, detraining and retraining were 

identified two important gene ontology terms related to muscle contractile activity and affecting 

mitochondrial biogenesis: calcium and MAPK signaling pathway. Both pathways are crucial 

elements involved in the contraction-induced signal transduction pathways able to promote 

physiological responses and subsequent adaptations in muscle cells resulting in activation and/or 

repression of specific signaling regulating exercise-induced gene expression and protein 

synthesis/degradation (Bassel-Duby & Olson, 2006; Hood et al., 2006; Coffey & Hawley, 2007; Egan 

& Zierath, 2013). Specifically, calcium and MAPK pathways are respectively modulated by 

mechanical and biochemical stress (Baar & Esser, 1999; Alenghat & Ingber, 2002) generated with 

muscle contraction occurring especially during exercise stimulus of high intensity nature. 

Interestingly downstream signals of calcium and MAPK pathways involve transcription factors 

activation, such as ATF2, NFAT, CREB, MEF2 or HDACs, affecting PGC-1α gene expression in 

skeletal muscle (Pilegaard et al., 2000; Akimoto et al., 2005; Wright et al., 2007a; Chin, 2010; Egan 

et al., 2010). Thereby, epigenetically modification of these pathway across training, detraining and 

retraining periods could be connecting factor that relates muscle perturbations induced by repeated 

endurance training stimuli with enhancement in mitochondrial adaptations providing a hint to 

recognize underlying aerobic muscle memory mechanisms. 

More specific DNA methylation analysis identified signatures of temporal DNA methylation patterns 

that provide initial evidence of an epigenetic memory (Fig. 17). All the four Signatures reported 

similar DNA methylation status between training and retraining profile (hypomethylated for 

Signatures 1, 2 and 3, and hypermethylated for Signature 4), suggesting recurrence of epigenetic 

modifications from the first training period to the later retraining phase.  During detraining, cluster 

from Signatures 3 and 4 revealed a decrement of their previous DNA methylation state consistently 

to the reduction observed in total frequency DMPs. This evidence may therefore suggest that the 

small number of CpG sites differentially methylated observed during detraining could be mostly part 

of Signature 1 and 2 temporal trends characterized by retention of hypomethylation profile during 

long-term interruption phase from training stimulus. Therefore, Signature 1, and even Signature 2 in 

a slightly reduced form, were highlighted as memory profile at epigenetic level. A similar pattern was 

previously found by Seaborne and colleagues (2018) (Seaborne et al., 2018a) in response to resistance 

training, demonstrating the presence of an epigenetic memory at DNA methylation level of previous 

training-induced hypertrophic stimulus that led to the retention of methylation during detraining and 

subsequent larger hypomethylation after later retraining. In the present study, deeply investigation of 

Signature 1 and 2 identified several regions located in or close to annotated genes with enriched 

differential methylation that could likely be affected by more pronounced gene expression. Among 
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these were found genes related to glucose metabolism and aerobic glycolysis (FOXK2), membrane 

protein that mobilizes intracellular calcium (INPP5a), synthesis of tetrahydrofolate in the 

mitochondrion (MTHFD1L) and lactic acid and pyruvate transport across plasma membranes 

(SLC16A3). After identifying the genes affected by memory profiles during the repeated endurance 

training intervention, further analysis should be conducted to provide the temporal profile of gene 

expression in order to understand whether the DNA methylation pattern is matched with the 

transcription of target genes. 

Our results are in contrast with a previous transcriptomic study where authors, investigating gene 

expression via RNA sequencing in response to repeated unilateral endurance training, did not find 

evidence in support to the presence of a transcriptomic memory (Lindholm et al., 2016). However, 

in the above study DNA methylation was not investigated and more importantly the exercise 

paradigm involved was a moderate-intensity endurance training, but as previously described 

methylation and gene expression involved in mitochondrial biogenesis are more affected with high-

intensity exercise (Barrès et al., 2012). Thereby the lack of evidence of muscle memory may be 

explained in the study of Lindholm et al. (2016) by the absence of specific stimulus to induce 

epigenetic modifications. 

 

Limitations 

Although most mitochondrial proteins are nuclear encoded, 13 important proteins are transcribed 

from mitochondrial DNA and are vital for normal respiratory function by leading to the formation of 

the subunits of four ETC complexes (Cogswell et al., 1993; Oliveira & Hood, 2019). Unfortunately, 

in the present study mtDNA methylome was not investigated lacking therefore to investigate an 

important element regarding epigenetic responses and consequent implications at mitochondrial level 

and oxidative metabolism. Indeed, has been demonstrated that aerobic training affect DNA 

methylation on mitochondrial DNA level leading therefore to important consequence in gene and 

protein expression that could be involved in aerobic muscle memory mechanism (Ruple et al., 2021). 

Another limitation in the present study is the lacking in a connecting link between epigenetic memory 

to mitochondrial function due to lacking complete genomic and proteomic analysis necessary to 

explore transcription and translation response to interval training repeated interventions. To date 

preliminary data on five subjects are insufficient to infer conclusions, thus leaving an important 

puzzle component of the aerobic memory mechanism unresolved. 
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CONCLUSIONS 

In summary, two repeated interventions of interval training interspersed by prolonged training 

interruption induced different response at epigenetic and mitochondrial level providing evidence of 

epigenetic memory mechanism affecting muscle aerobic phenotype, suggesting insight into potential 

aerobic muscle memory to interval training. Although response in functional and oxidative 

metabolism parameter measured in physiological conditions were similar between training and 

retraining, previously high intensity aerobic stimulus was effective in elicit greater improvement in 

mitochondrial function when subsequently exposed to an identical stimulus after long-term detraining 

period. A possible explanation for this mechanism could reside in epigenetic modifications induced 

by interval training which led to DNA hypomethylation. Moreover, two memory profiles were 

highlighted at epigenetic level characterized by retention of hypomethylation even during the 

prolonged detraining period. These profiles revealed differentially methylated regions related with 

genes involved in skeletal muscle metabolic pathways. Overall, the present study provides evidence 

for a mechanism of memory elicited by high-intensity endurance training that initiates at the 

epigenetic level and extends upstream to affect mitochondrial function. Further genomic and 

proteomic analyses could elucidate the transcription and translation processes involved in the aerobic 

muscle memory mechanism connecting epigenetic modification to mitochondrial adaptations.
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The work conducted in the present thesis aimed to investigate the potential presence of skeletal 

muscle memory in response to repeated high-intensity endurance training interventions. In addition, 

a methodological project was carried out to assess a novel in vivo approach to estimate muscle oxygen 

diffusion capacity. 

 

Study 1 aimed to assess a novel in vivo approach to estimate muscle oxygen diffusion capacity based 

on non-invasive near-infrared spectroscopy measurement via a novel protocol of arterial occlusions 

performed in both oxygen limiting and not limiting conditions. We tested the hypotheses that mV̇O2 

recovery rate constant, k, is associated with muscle oxidative capacity only in not-limiting oxygen 

conditions and that the difference in mV̇O2 recovery rate constant between well-oxygenated and 

poorly-oxygenated muscle provides insight into DmO2. Our data confirmed previous findings (Ryan 

et al., 2014) demonstrating a correlation between mV̇O2 recovery rate constant measured by NIRS in 

high TSI condition (> 50% of the physiological normalization) and maximal muscle O2 flux in fiber 

bundles measured via high-resolution respirometry on permeabilized fibers. In addition, we showed 

for the first time that this relationship did not hold in oxygen limiting condition; indeed, mV̇O2 

recovery rate constant measured during tissue oxygenation reduced below 50% of the physiological 

normalization was not associated with any variable describing muscle oxidative capacity in fiber 

bundles. This latter finding is consistent with Fick’s law since mV̇O2 becomes increasingly dependent 

on DmO2 as microvascular-to-myocyte PO2 difference is reduced (see Eq. 1). Therefore, 

experimental manipulation of TSI through timing and duration of intermittent arterial occlusions 

provided a new variable, Δk, calculated by the difference in mV̇O2 recovery rate constant between 

well-oxygenated and poorly-oxygenated experimental conditions. As hypothesized, we found that Δk 

was associated with capillary-to-fiber ratio in biopsy samples of the same muscle, a primary structural 

determinant of DmO2. Thus, the NIRS-derived response measured under conditions of both well-

oxygenated and poorly-oxygenated skeletal muscle provided a non-invasive means of assessing both 

muscle oxidative capacity and muscle diffusing capacity in vivo. 

 

Study 2 and 3 were both conducted with the aim to investigate whether skeletal muscle memory 

occurs in response to repeated high-intensity endurance training interventions interspersed with 

prolonged detraining period. High-intensity interval training has been used here to serve as endurance 

training paradigm because, as demonstrated by Barrès and colleagues (2012), high-intensity exercise 

is more effective in inducing DNA hypomethylation and subsequent increase in gene expression in 

the mitochondrial biomarker than low-intensity training (Barrès et al., 2012). The underlying 
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mechanism could be related to the elevated load and intermittent nature of high-intensity interval 

training, which could mediate the muscle memory effect through epigenetic modifications. 

Study 2 was carried out on murine model and was hypothesized that previous high-intensity interval 

training could facilitate functional and molecular adaptations during retraining in mice. Our results 

demonstrated that endurance performance measured during graded exercise test on a rodent treadmill 

was improved in a larger extent after the second exposure to the aerobic stimulus. Moreover, 

molecular protein involved in the mitochondrial network function and remodeling resulted respond 

differently upon administration of repeated endurance training. Specifically, confirming previous 

mitochondrial data in response to resistance training (Lee et al., 2018), adaptations in mitochondrial 

content and biogenesis during retraining appeared to be facilitated by previous exposure to the 

training stimulus, showing a greater increase after the second training compared to the effect elicited 

by the initial intervention although reverted to baseline values during detraining. In addition, during 

retraining was observed a shift in favor of fission rather than fusion mitochondrial dynamics. The 

difference in mitochondrial adaptations observed from repeated interventions in the present study 

paved the way for the presence of memory mechanism affecting muscle aerobic phenotype, 

suggesting insight into potential aerobic muscle memory to high-intensity endurance training. 

Study 3 was conducted in humans and, in order to deepen understanding of the aerobic skeletal muscle 

memory, aimed to investigate aerobic adaptations at all levels of the entire human organism, from the 

epigenetic level to the whole-body response to exercise, across repeated exposure to two identical 

interval training interventions separated by long-term interruption of training. Differently from 

previous mice study improvement in endurance performance were not different between training and 

retraining. This observation was reflected by identical response profile of maximal aerobic capacity. 

Previous human studies characterized by repeated aerobic intervention design with a similar time-

course protocol found similar results revealing no difference in oxidative metabolism whole-body 

adaptations and endurance performance (Simoneau et al., 1987; Del Giudice et al., 2020). Moreover, 

even for repeated resistance training design, a comparison between human and animal studies showed 

difference in hypertrophic response with evidence of greater muscle size after retraining than 

retraining in rodent (Lee et al., 2018; Wen et al., 2021) but similar response in humans (Psilander et 

al., 2019). A possible explanation could lie in the temporal duration of the intervention in humans, 

where interventions lasting 2-3 months are not sufficient to complete the adaptive processes induced 

by the muscle memory mechanism, which start from the epigenetic or transcriptional modifications 

and through the translational machinery come to an enhanced manifestation of adaptations at whole-

body physiological or functional level. However, in the present study some important finding has 

been detected from molecular and epigenetic analysis. Mitochondrial respiration assessment revealed 
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that previously high intensity aerobic stimulus was effective in elicit greater improvement in 

mitochondrial function when subsequently exposed to an identical stimulus after long-term detraining 

period. The underlying mechanism was observed to lie in epigenetic modifications induced by 

interval training which led to DNA hypomethylation in the present study. Moreover, two memory 

profiles were highlighted at epigenetic level characterized by retention of hypomethylation even 

during the prolonged detraining period. These profiles revealed differentially methylated regions 

related with genes involved in skeletal muscle metabolic pathways. Our results are in contrast with a 

previous transcriptomic study where authors, investigating gene expression via RNA sequencing in 

response to repeated unilateral endurance training, did not found evidence in support to the presence 

of an aerobic training-induced transcriptomic memory (Lindholm et al., 2016). In addition, even 

mitochondrial adaptations were not different between the two training interventions (Lindholm et al., 

2016). However, in the above study DNA methylation was not investigated and more importantly the 

exercise paradigm involved was a moderate-intensity endurance training (45 min knee-extension at 

submaximal intensity). As previously described methylation and gene expression involved in 

mitochondrial biogenesis are more affected with high-intensity exercise (Barrès et al., 2012). Thereby 

the lack of evidence of muscle memory in the above-mentioned study may be explained by the 

absence of specific stimulus to induce epigenetic modifications on mitochondrial transcription 

factors. Furthermore, the use of the contralateral leg as a control is recognized to be controversial. 

Training in one leg only can lead to modification in the rest of the body and also in the untrained leg 

in response to the effect of myokines that are released into the circulation from the muscle tissue of 

the trained leg and conveyed via vascular and systemic components (Pedersen & Febbraio, 2012). 

Overall, this third study provides evidence for a mechanism of memory in humans elicited by high-

intensity endurance training that initiates at the epigenetic level and extends upstream to affect 

mitochondrial function. Further genomic and proteomic analyses could elucidate the transcription 

and translation processes involved in the aerobic muscle memory mechanism connecting epigenetic 

modification to mitochondrial adaptations. 
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Key findings: 

 

1. Recovery rate constant (k) of muscle oxygen uptake measured by near-infrared spectroscopy 

reflects muscle oxidative capacity only in well-oxygenated muscle. ∆k, the difference in k 

measured in O2 limiting and not-limiting conditions, was associated with capillary-to-fiber ratio, 

a primary structural determinant of muscle oxygen diffusion capacity. Assessment of muscle k 

and ∆k using near-infrared spectroscopy provides a non-invasive window on muscle oxidative 

and oxygen diffusing capacity. 

 

2. Two repeated interventions of high-intensity interval training induced a greater improvement in 

aerobic performance after the second exposure to the aerobic training stimulus. This enhanced 

response appears to be determined by larger expression of mitochondrial biogenesis factors that 

induced an increase in mitochondrial content, as well as changes mitochondrial dynamics that 

likely promoted healthier and more functional mitochondria. In conclusion, mitochondria 

adaptations to a high-intensity interval training intervention are different if the stimulus has been 

previously encountered, thereby supporting the hypothesis of a mitochondrial memory. 

 

3. Two repeated interventions of interval training interspersed by prolonged training interruption 

induced different response at epigenetic and mitochondrial level providing evidence of 

epigenetic memory mechanism in humans. Although physiological adaptions at whole-body 

level seems not to benefit from repeated interventions, positive effects are evident at cellular 

level where mitochondrial function is more enhanced after retraining. This finding provides 

evidence for a mitochondrial muscle memory induced by endurance interval training occurring 

in the adaptive response of mitochondria. The underlying mechanism lied in epigenetic 

modifications induced by interval training which led to DNA hypomethylation. Two memory 

profiles were highlighted at epigenetic level characterized by retention of hypomethylation 

during long-term detraining period. These profiles revealed were related to genes involved in 

skeletal muscle metabolic pathways. 

 

Collectively, the results from this thesis provided two important outcomes. 

It first provided a novel methodological non-invasive approach to assess in vivo oxygen diffusing 

capacity using near-infrared spectroscopy. 

In the second instance, it provided evidence for a skeletal muscle memory mechanism elicited by 

high-intensity aerobic training that affects muscle aerobic phenotype initiating at the epigenetic level 
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and extends upstream to affect mitochondrial function and endurance performance. This mechanism 

has important consequences on the quality of life, since if the stimulus encountered affects positively 

aerobic adaptations at skeletal muscle level, the organism as a whole may further benefit. This may 

be beneficial both in terms of sports performance, but also to improve the activities of daily living by 

promoting health in the elder age with lifelong healthy maintenance.
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