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Abstract
Skeletal muscle is an abundant tissue type with critical roles in locomotion, force
production and whole body energy regulation. Skeletal muscle mass and function are
adaptively regulated by multiple stimuli including physical loading (exercise), nutrient
intake (protein supplementation) and lifestyle events (injury and unloading). MicroRNAs
(miRNAs) are short non-coding RNAs with the capacity to target specific mRNAs for
breakdown and thereby alter the rate and extent of protein expression. Therefore, miRNAs
may explain often observed disconnects between gene and protein expression and may
regulate key mechanisms underpinning muscle phenotype. The studies in this thesis used
a targeted qRT-PCR approach to address the role of muscle regulatory miRNAs in multiple
models.
Research Chapter 2, compared a group of elite Norwegian powerlifter to age matched
healthy controls. The powerlifters were significantly stronger and had ~2x larger myofiber
areas than control individuals. 12 of the 17 measured miRNAs were differentially
expressed with the five most divergently expressed miRNAs (miR-126, -23b, -16, -23a and
-15a) able to discriminate participants into their appropriate groups with 100% accuracy.
These miRNAs regulated expression of their target mRNAs and correlated with phenotype
measures.
Chapter 3 undertook a cross-sectional analyses of fasting muscle and plasma miRNA (cmiRNA) expression in 50 middle-aged men and compared these expressions to phenotype
measures of muscle mass, size and strength. Of the 35 miRNAs measured, only 6 cmiRNAs and 12 miRNAs in muscle were related to phenotype. No c-miRNA predictor for
peak knee extensor torque evident. Additionally, the best c-miRNA predictor of phenotype
explaining <40% of the observed variance whilst this was only marginally better (~50%)
for muscle miRNA expression. Whilst miR-146a was related muscle related to knee
extensor strength in muscle, it correlated with age and leg lean mass in circulation.
Additionally, no relationship between tissue pools was identified for miRNA-146a.
Therefore, the study identified low utility for muscle regulatory miRNAs as biomarkers of
muscle function in healthy middle-aged men.
Chapter 4 for the first time measured 30 miRNAs in matched muscle and plasma at
matched time points following a bout of resistance exercise (RE) in nine previously trained
young men. The study attempted to clarify whether established muscle regulatory miRNAs
in circulation show related response to RE. 6 of 30 miRNAs were altered in muscle
following exercise and only 2 c-miRNA were altered. Only miR-133a was increased in both
i

tissue pools. This elevation was related to potential myofiber damage that may have
occurred following the stimulus and was consistent with other reports. However, the
mismatch between regulatory responses in the tissue poolssuggested the involvement of
non-muscle tissue in the regulation of c-miRNA profiles.
Chapter 5 assessed firstly, the regulatory impact of miRNAs during a period of acute
disuse and secondly, the efficacy of protein supplementation to mitigate muscle loss via
differential muscle miRNA expression. 25 middle-aged men underwent a 2-week period of
unilateral lower-limb immobilisation and were fed either a protein or placebo supplement.
No phenotype difference were evident between intervention groups. 18 of 24 miRNAs
were increased in the placebo group whilst protein supplementation attenuated this
increase in 13 miRNAs. Protein supplementation results in miRNAs regulation that was
reflective of potential protection of muscle mass at the biochemical level. For the first time
in human atrophy, miRNA alterations were also reflective of abundances in mRNA targets
including PAX7, Atrogin1 and MuRF1 known to be regulated during muscle atrophy
signalling.
Given the disconnect between muscle and total plasma miRNA profiles it was
hypothesised that the unique exosomal miRNA signature may better relate to muscle
miRNA profiles following an intense cycling exercise bout than plasma. Muscle, plasma
and exosomal miRNA content of 29 targeted miRNAs altered with aerobic exercise was
assessed ten healthy untrained participants. 12 of the measured miRNAs were altered in
at least two tissue pools but no relationship was evident between the expression patterns.
12 miRNAs were increased in exosomes following exercise suggesting their release may
be a critically regulated event. Additionally, exosomal miRNA content was identified as a
potentially relevant tissue pool when addressing tissue cross-talk mechanisms and health
benefits that arise from exercise.
In conclusion, these studies identified specific miRNA species as predictors of muscle size
and function that are also regulated in response to hypertrophy and atrophic stimuli.
Additionally, this thesis reports on the disconnect between muscle and circulatory miRNAs
abundances at rest and following exercise, indicating the importance of understanding
miRNA levels in both tissue types. The findings of this thesis also confirms exosomal
miRNA content is a regulated event following exercise and they likely represents an
independent biofluid from total circulatory miRNAs and thereby warrants further
investigation. It was also evident that neither total circulatory miRNAs nor enriched
exosomal miRNAs are likely useful biomarkers of muscle function or effective proxies for
intramuscular signalling events in response to acute exercise stimuli.
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Dedication

This thesis is dedicated to my parents,
Rennie and Felix for their constant support.

iii

Acknowledgements

I would like to thank my supervisor, Professor David Cameron-Smith for taking me on as
a student. It really has been a fulfilling journey. You have been a great supervisor giving
me free rein to operate in a manner that suits my way of work. You have instigated a sense
of curiosity in me that no amount of data and results can satisfy. I am extremely grateful
for the privilege of working on this project and sincerely hope I have delivered on the
‘goods’.
I would like to thank Dr. Cameron J Mitchell for being my supervisor and constantly
suggesting I think outside the box. The countless hours of clinical trials and data analyses
involving extensive ‘THINKING ABOUT IT’ have culminated in an extremely productive
PhD for me. I have learned a lot about research; the good and bad from you, which I hope
to use in the future. I hope I did not hinder your own plans as a post-doc or drive you too
far up the wall with my billion questions. Good luck with the upcoming changes in your
professional and personal life!
I would like to thank Dr. James F Markworth and Dr. Vandre C Figueiredo for passing on
a raft of molecular lab knowledge and techniques, and the extensive long gym sessions
that often ended in ‘PROFESSIONAL’ science arguments’! Also, the ongoing banter has
resulted in new friendships and collaborative efforts I hope to be able to continue.
I need to sincerely thank Nina Zeng, my PhD competitor and reciprocative helper. We have
had some long intense lab hours working on samples, arguing about data and just all round
whinging on moaning. Your constant challenging made me aim higher and be better that I
ever thought I could be. Thank you for over 5 years of ongoing fun times that have resulted
in a long list of collaborative publications.
I would like to thank Brenan R. Durainayagam, Chantal A. Pillegi, Dr. Amber M. Milan, Dr.
Shikha Pundir from the DCS ‘originals’ for the endless hours of yap /chat and just general
friendship. All of you have at some point given me useful advice when it was most required.
To the DCS current lab (Farha Ramzan, Sarah M. Mitchell, Pankaja Sharma, Utpal K.
Prodhan, Aahana Shrestha and Nicola Gillies and Clara Han) thank you for staying out of
my way and dealing with grumpy old me and my sad attempts at organising lab clean ups,
inventory and other things. Im sure we will have more work that will tie some of us together
for a while yet.

iv

To Kirsten MM Aasen and Alex HC Chan, you were both hard working and extremely
curious MSc students who had the misfortune of having to deal with me. I am frequently
and repeatedly stunned that neither of you tried to kill me through the long crazy hours of
work I made either of you undertake and get involved in.
To the routine distractors, Emma J. Buckels and Elsie Jacobson riding the waves of PhD
emotions with you guys has been extremely entertaining to say least! To Tayaza Fadason,
props for a being straight up right-hand-man (hopefully you have now learned to save files
as you work on them).
To Thomas Bjornsen and Hamish McGorm, it was a privilege and fun (despite the long
hours) to collaborate with you guys and I hope you can successfully complete your
research and hope for future work to collaborate over.
To Eric Thorstensen and Jean Leonard at various times throughout this my PhD journey
you have both been extremely helpful with just the organising a multitude of little things
that can often pile up and drive one into a corner.
To Shihan Goran Glucina, Senseis Patrick, Tracy and Arisa at SKIF NZ those extreme
trainings, occasional blood, injuries and piles of sweat made this part of the journey seem
almost easy at times. I shall forever be grateful for all your insight and wisdom.
To my brother Rohann constantly borrowing money always reminded me of the poor PhD
student life. But thanks for taking on my set of the chores and walking the dog leaving me
to pile on this monster of a thesis.
I would also like to thank Fonterra for funding my PhD studies as part of the Post Farmgate
Funding Program. This funding has allowed me to undertake ‘cutting-edge’ research in
several areas of personal interest.
Lastly, Tarun you left around the time I made the decision to do this PhD unfortunately you
won’t be here for the end of it either. However, you will be forever remembered.

v

Publications, conference proceedings and awards
Publications
D'Souza RF, Markworth JF, Figueiredo VC, Della Gatta PA, Petersen AC, Mitchell CJ,
Cameron‐Smith D (2014). Dose‐dependent increases in p70S6K phosphorylation and
intramuscular branched‐chain amino acids in older men following resistance exercise and
protein intake. Physiological reports, 2(8), e12112.

Mitchell CJ, McGregor RA, D’Souza RF, Thorstensen EB, Markworth JF, Fanning AC,
Poppitt SD, Cameron-Smith D (2015). Consumption of milk protein or whey protein results
in a similar increase in muscle protein synthesis in middle aged men. Nutrients, 7(10),
8685-8699.

Milan AM, D'Souza RF, Pundir S, Pileggi CA, Barnett MPG, Markworth JF, CameronSmith D & Mitchell CJ (2015). Older adults have delayed amino acid absorption after a
high protein mixed breakfast meal. The journal of nutrition, health & aging, 19(8), 839.

Mitchell CJ, D'Souza RF, Zeng N, McGregor RA, Fanning AC, Poppitt SD & CameronSmith D (2016). Understanding the sensitivity of muscle protein synthesis to dairy protein
in middle-aged men. International Dairy Journal, 63, 35-41.

Mitchell CJ, D'Souza RF, Fanning AC, Poppitt SD & Cameron-Smith D (2017). Muscle
protein synthetic response to microparticulated whey protein in middle-aged men. Journal
of dairy science, 100(6), 4230-4234.

D'Souza RF, Bjørnsen T, Zeng N, Aasen KM, Raastad T, Cameron-Smith D & Mitchell CJ
(2017). MicroRNAs in Muscle: Characterizing the Powerlifter Phenotype. Frontiers in
Physiology, 8, 383.

Mitchell CJ, Zeng N, D’Souza RF, Mitchell SM, Aasen K, Fanning AC, Poppitt SD &
Cameron-Smith D (2017). Minimal dose of milk protein concentrate to enhance the
anabolic signalling response to a single bout of resistance exercise; a randomised
controlled trial. Journal of the International Society of Sports Nutrition, 14(1), 17.

D’Souza RF, Markworth JF, Aasen KM, Zeng N, Cameron-Smith D & Mitchell CJ (2017).
Acute resistance exercise modulates microRNA expression profiles: Combined tissue and
circulatory targeted analyses. PloS one, 12(7), e0181594.

vi

Mitchell CJ, D'Souza RF, Mitchell SM, Figueiredo VC, Miller BF, Hamilton KL, Frederick
PF, Coronet M, Pileggi CP, Durainayagam BR, Fanning AC, Poppitt SD & Cameron-Smith
D (2017). The impact of dairy protein during limb immobilization and recovery on muscle
size and protein synthesis; a randomized controlled trial. Journal of Applied Physiology,
jap-00803.

Figueiredo VC, Zeng N, D'Souza RF, Della Gatta PA, Petersen A, Barnett MPG,
Markworth JF & Cameron-Smith D (2017). High dose of whey protein following resistance
exercise promotes 45S pre-ribosomal RNA synthesis in older men. Nutrition.

Markworth JF, Mitchell CJ, D'Souza RF, Aasen KM, Durainayagam BR, Mitchell SM, Chan
AHC, Sinclair AJ, Garg M & Cameron-Smith D (2017). Arachidonic acid supplementation
modulates blood and skeletal muscle lipid profile with no effect on basal inflammation in
resistance exercise trained men. Prostaglandins, Leukotrienes and Essential Fatty Acids
(PLEFA).

Zeng N, D'Souza RF, Figueiredo VC, Markworth JF, Roberts LA, Peake JM, Mitchell CJ
& Cameron‐Smith, D. (2017). Acute resistance exercise induces Sestrin2 phosphorylation
and p62 dephosphorylation in human skeletal muscle. Physiological reports, 5(24),
e13526.

D’Souza RF, Zeng N, Figueiredo VC, Markworth JF, Durainayagam BR, Mitchell SM,
Fanning AC, Poppitt SD, Cameron-Smith D & Mitchell CJ. Dairy protein supplementation
modulates the human skeletal muscle microRNA response to lower limb immobilization.
Molecular Nutrition and Food Research, February 2018.

Mitchell CJ, D'Souza RF, Figueiredo VC, Chan AHC, Aasen KMM, Durainayagam BR,
Mitchell SM, Sinclair AJ, Egner IM, Raastad T, Cameron-Smith D & Markworth JF. The
effect of dietary arachidonic acid supplementation on acute muscle adaptive responses to
resistance exercise in trained men: a randomized controlled trial. In Press, Journal of
Applied Physiology, December 2017.

D’Souza RF*, Zeng N*, Markworth JF, Figueiredo VC, Roberts LA, Raastad T, Coombes
JS, Peake JM, Cameron-Smith D & Mitchell CJ. Divergent effects of cold water immersion
versus active recovery of skeletal muscle fiber type and angiogenesis in young men.
November 2017. In Press, American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, November 2017. (*equal contribution)

Zeng N, D’Souza RF, Sorrenson B, Merry TL, Barnett MPG, Mitchell CJ & Cameron-Smith
D. The putative leucine sensor Sestrin2 is hyperphosphorylated by acute resistance
exercise but not protein ingestion in human skeletal muscle. European Journal of Applied
Physiology, March 2018.

vii

Mitchell CJ, D’Souza RF, Schierding W, Zeng N, Ramzan F, O’Sullivan JM, Poppitt SD &
Cameron-Smith D. Identification of human skeletal muscle miRNA related to strength by
high-throughput sequencing. Submitted to Physiological Genomics, October 2017.

Markworth JF, D’Souza RF, Aasen KMM, Mitchell SM, Durainayagam BR, Sinclair AJ,
Garg M, Egner IM, Raastad T, Cameron-Smith D & Mitchell CJ (2018). Arachidonic acid
supplementation transiently augments the acute inflammatory response to resistance
exercise in trained men. Journal of Applied Physiology.

Zeng N, D’Souza RF, Mitchell CJ & Cameron-Smith D (2018). Sestrins are differentially
expressed with age in the skeletal muscle of men: A cross-sectional analysis. Submitted
to Experimental Gerontology.

D’Souza RF, Woodhead JST, Zeng N, Blenkiron C, Merry TL, Cameron-Smith D & Mitchell
CJ (2018). Circulatory exosomal miRNA following intense exercise is unrelated to muscle
and plasma miRNA abundances. American Journal of Physiology – Endocrinology and
Metabolism.

Pileggi CA, Hedges CP, D’Souza RF, Durainayagam BR, Markworth JF, Hickey AJR,
Mitchell CJ & Cameron-Smith D (2018). Exercise recovery increases skeletal muscle H2O2
emission and mitochondrial respiratory capacity following two-weeks of limb
immobilization. Free Radical biology and medicine.

Manuscripts under review
Bjørnsen T, Wernbom M, Løvstad A, Paulsen G, D’Souza RF, Cameron-Smith D, Flesche
A, Hisdal, Berntsen S & Raastad T. Delayed myonuclear addition with frequent strenuous
blood flow restriction training. Submitted to Medicine and Science in Sports and Exercise,
December 2017.

D’Souza RF, Zeng N, Poppitt SD, Cameron-Smith D & Mitchell CJ. Circulatory microRNAs
as predictive biomarkers of muscle size and function in healthy middle aged men.
Submitted to Biomarkers, September 2018.

Manuscripts in preparation

viii

Pileggi CA, D’Souza RF, Durainayagam BR, Zeng N, Figueiredo VC, Hedges CP, Hickey
AJR, Mitchell CJ & Cameron-Smith D. Impaired skeletal muscle mitochondrial dynamics
in response to unilateral limb immobilization and retraining in middle aged men.

Zeng N, D’Souza RF, Ramzan F, Mitchell SMM, Sharma P, Knowles SO, Roy NC, Sjodin
A, Wagner K, Milan AM, Mitchell CJ & Cameron-Smith D. Regulation of Amino Acid
Transporters and Sensors in Response to a High Protein Diet: A Randomised Control Trial
in Older Men.

Ramzan F, D’Souza RF, Durainayagam BR, Milan AM, Markworth JF, Miranda V, Roy N,
Poppitt SD, Mitchell CJ & Cameron-Smith D. Utilising expression of circulatory miRNAs as
potential biomarkers of metabolic syndrome.

Figueiredo VC, D’Souza RF, Zeng N, Markworth JF, Mitchell CJ & Cameron-Smith D.
Skeletal muscle ribosome biogenesis following immobilization and reloading in humans.

Ramzan F, Mitchell CJ, Milan AM, Schierding W, Zeng N, Sharma P, Mitchell SM, D’Souza
RF, Roy NC, Knowles SO, Sjodin A, Wagner KH, Cameron-Smith D. High-throughput
sequencing of plasma microRNA in elderly men fed a high protein diet in relation to the
PMBC transcriptome: A 10 week randomized controlled trial.
Chan AHC, D’Souza RF, Beals JW, Zeng N, Prodhan UK, Fanning AC, Poppitt SD, Burd
NA, Cameron-Smith D, Mitchell CJ. The rate of protein-induced aminoacidemia does not
modulate the post exercise anabolic response in young men: a randomized control trial.

Ramzan F, D’Souza RF, Durainayagam BR, Milan AM, Markworth JF, Miranda V, Roy N,
Mitchell CJ, Cameron-Smith D. The post-prandial microRNA response following a high
glycaemic meal in post-menopausal women: combined plasma and peripheral blood
mononuclear cell analyses.
McGorm H, Sødal SA, Pileggi CA, D’Souza RF, Chan AHC, Østgaard HN, Ugelstad I,
Cumming KT, Cameron-Smith D, Raastad T, Roberts LA, Coombes JS, Peake JM.
Chronic and acute effects of hot water immersion on adaptations to resistance exercise,
and markers of hypertrophy, atrophy and inflammation.
McGorm H, Sødal SA, D’Souza RF, Pileggi CA, Østgaard HN, Ugelstad I, Cumming KT,
Cameron-Smith D, Raastad T, Roberts LA, Coombes JS, Peake JM. Effects of hot water
immersion on mitochondrial adaptations to resistance training.
D’Souza RF, Mitchell CJ, Cameron-Smith D. Unravelling the skeletal muscle miRNAome
and its relationship to regulation of muscle mass and function.

ix

Professional Presentations and Abstracts
D’Souza RF, Bjornsen T, Aasen KM, Raastad T, Mitchell CJ, Cameron-Smith D.
MicroRNA in Muscle: Characterisng the Powerlifter Phenotype. Experimental Biology
Conference (EB), Chicago, Illinois, USA, April 21-26, 2017.

Zeng N, Sharma P, Ramzan F, Mitchell SM, D’Souza RF, Prodhan U, Milan AM, Mitchell
CJ, & Cameron-Smith D. Sestrin 2 and 3 gene Expressions Correlate with Homeostasis
Model Assessment of Insulin Resistance and Beta Cell Secretory Status in Older men.
Experimental Biology Conference (EB), Chicago, Illinois, USA, April 21-26, 2017.

Pileggi CA, Hedges CP, Hickey AJR, D’Souza RF, Durainayagam BR, Coronet M, Mitchell
SM, Zeng N, Mitchell CJ, & Cameron-Smith D. The role of leg immobilization and retraining
on skeletal muscle mitochondrial H2O2 emission. European Bioenergetics Conference
(EBEC), Riva del Garda, Italy, July 2-7, 2016.

MicroRNAs as biomarkers of muscle function. Invited talk at the University of Queensland,
Brisbane, Australia, June 2016.

Awards

The Maurice and Phyllis Paykel Trust Travel Grant (2017).

x

Co-Authorship forms

xi

xii

xiii

xiv

xv

xvi

Table of Contents
Abstract .......................................................................................................................... i
Dedication..................................................................................................................... iii
Acknowledgements...................................................................................................... iv
Publications, conference proceedings and awards................................................... vi
Publications .................................................................................................................. vi
Manuscripts under review ......................................................................................... viii
Manuscripts in preparation ....................................................................................... viii
Professional Presentations and Abstracts .................................................................. x
Awards ........................................................................................................................... x
Co-Authorship forms ................................................................................................... xi
Table of Contents ...................................................................................................... xvii
List of figures ............................................................................................................. xxi
List of tables ............................................................................................................. xxiii
Glossary.................................................................................................................... xxiv
Chapter One................................................................................................................... 1
1.1

Skeletal muscle .................................................................................................. 2

1.2

Skeletal muscle composition ............................................................................ 2

1.3

Myogenesis ........................................................................................................ 3
1.3.1 Skeletal muscle development ................................................................... 3
1.3.2 Repair and regeneration via satellite cell function..................................... 3

1.4

Skeletal muscle mass and function.................................................................. 4
1.4.1 Acute muscle regulation ........................................................................... 5
1.4.2 Chronic muscle regulation ........................................................................ 7

1.5

Biogenesis and function of microRNAs ........................................................... 8

1.6.

Functions of miRNA in skeletal muscle ......................................................... 10
1.6.1 Skeletal muscle specific miRNAs ........................................................... 10
1.6.2 Established functions of miRNAs in myogenesis .................................... 12
1.6.3 Established functions of miRNAs in ageing ............................................ 14
1.6.4 Established functions of miRNAs in resistance exercise......................... 14
1.6.5 Established functions of miRNA in aerobic exercise ............................... 16
1.6.6 Established functions of miRNAs in atrophy ........................................... 16
1.6.7 Summary of miRNA function in skeletal muscle ..................................... 17

1.7

Circulatory miRNAs (c-miRNAs) ..................................................................... 17
1.7.1 c-miRNAs in muscle regulation .............................................................. 18
1.7.2 c-miRNAs in response to exercise ......................................................... 19
1.7.3 c-miRNAs in response to atrophy ........................................................... 21

1.8

c-miRNAs - Biomarkers ................................................................................... 21

1.9

Exosomes ........................................................................................................ 22
xvii

1.10

Perspectives and significance........................................................................ 22

1.11

Aims ................................................................................................................. 24

1.12

Hypothesis ....................................................................................................... 25

Chapter Two ................................................................................................................ 27
2.1

Preface ............................................................................................................. 28

2.2

Introduction ..................................................................................................... 30

2.3

Methods ........................................................................................................... 32
2.3.1 Participants ............................................................................................ 32
2.3.2 Muscle strength ..................................................................................... 33
2.3.3 Muscle biopsy sampling ......................................................................... 33
2.3.4 miRNA/mRNA isolation ............................................................................. 33
2.3.5 miRNA cDNA/RT-PCR ........................................................................... 33
2.3.6 mRNA cDNA/RT-PCR .............................................................................. 34
2.3.7 Immunohistochemical staining .................................................................. 34
2.3.8 Statistical analysis.................................................................................. 35

2.4

Results ............................................................................................................. 37
2.4.1 Skeletal muscle strength and histology .................................................. 37
2.4.2 miRNA and gene expression ................................................................. 40
2.4.3 Correlation analysis ............................................................................... 43
2.4.4 Discriminant analysis ............................................................................. 44

2.5

Discussion ....................................................................................................... 47

2.6

Supplementary Tables .................................................................................... 51

Chapter Three.............................................................................................................. 59
3.1

Preface ............................................................................................................. 60

3.2

Introduction ..................................................................................................... 62

3.3

Materials and methods .................................................................................... 64
3.3.1 Participants ............................................................................................ 64
3.3.2 Imaging .................................................................................................. 64
3.3.3 Muscle function ...................................................................................... 65
3.3.4 Blood sampling ...................................................................................... 65
3.3.5 Muscle biopsy sampling ......................................................................... 65
3.3.6 Muscle miRNA isolation ......................................................................... 65
3.3.7 Plasma miRNA extraction ...................................................................... 65
3.3.8 Muscle and circulatory miRNA cDNA/RT-PCR....................................... 66
3.3.9 Statistical analysis.................................................................................. 68

3.4

Results ............................................................................................................. 69
3.4.1 Plasma miRNA that related to phenotype .............................................. 69
3.4.2 Muscle miRNAs that related to phenotype ............................................. 72
3.4.3 Muscle miRNA to plasma miRNA abundance correlates ........................ 75

3.5

Discussion ....................................................................................................... 76
3.5.1 c-miRNAs related to muscle phenotype ................................................. 76
3.5.2 Intramuscular miRNAs related to muscle phenotype .............................. 77
3.5.3 Applicability of c-miRNAs as muscle phenotype biomarkers .................. 78
3.5.4 Conclusion ............................................................................................. 79

Chapter Four ............................................................................................................... 81
4.1

Preface ............................................................................................................. 82
xviii

4.2

Introduction...................................................................................................... 84

4.3

Methods............................................................................................................ 86
4.3.1 Participants ............................................................................................ 86
4.3.2 Experimental protocol ............................................................................ 87
4.3.3 Resistance exercise trial ........................................................................ 87
4.3.4 Muscle biopsy sampling ......................................................................... 87
4.3.5 Blood sampling ...................................................................................... 87
4.3.6 Muscle miRNA isolation ......................................................................... 88
4.3.7 Plasma miRNA extraction ...................................................................... 88
4.3.8 Muscle and circulatory miRNA cDNA/RT-PCR ....................................... 88
4.3.8 Statistical analysis .................................................................................. 92

4.4

Results ............................................................................................................. 93
4.4.1 Muscle miRNAs...................................................................................... 93
4.4.2 Circulatory miRNAs ................................................................................ 93

4.5

Discussion ....................................................................................................... 97

4.6

Supplementary Tables................................................................................... 101

Chapter Five .............................................................................................................. 107
5.1

Preface ........................................................................................................... 108

5.2

Introduction.................................................................................................... 110

5.3

Methods.......................................................................................................... 112
5.3.1 Participants .......................................................................................... 112
5.3.2 Supplementation and immobilisation .................................................... 112
5.3.3 Muscle biopsy sampling ....................................................................... 113
5.3.4 miRNA isolation/cDNA/RTPCR ............................................................ 113
5.3.5 mRNA RT-PCR .................................................................................... 115
5.3.6 Statistical analysis ................................................................................ 115

5.4

Results ........................................................................................................... 116
5.4.1 miRNAs modulated by immobilisation irrespective of supplement ........ 116
5.4.2 miRNAs differentially expressed with protein supplementation during
immobilisation .................................................................................................. 117
5.4.3 let-7 family members modulated with protein and or immobilisation ..... 118
5.4.4 Relationship between miRNA and mRNA............................................. 119

5.5

Discussion ..................................................................................................... 121

Chapter Six ................................................................................................................ 125
6.1

Preface ........................................................................................................... 126

6.2

Introduction.................................................................................................... 128

6.3

Methods.......................................................................................................... 130
6.3.1 Participants .......................................................................................... 130
6.3.2 Peak oxygen uptake (V02peak) and maximal power output .................. 130
6.3.3 Exercise protocol.................................................................................. 131
6.3.4 Muscle biopsy sampling and miRNA isolation ...................................... 131
6.3.5 Blood sampling and plasma miRNA extraction ..................................... 131
6.3.6 Plasma exosome miRNAs extraction ................................................... 132
6.3.7 Muscle and circulatory miRNA cDNA/RT-PCR ..................................... 132
6.3.8 Immunoblotting .................................................................................... 134
6.3.9 Exosome size determination ................................................................ 134
6.3.10
Transmission electron microscopy .................................................. 135
6.3.13
Statistical analysis ............................................................................ 135
xix

6.4

Results ........................................................................................................... 137
6.4.1 Muscle, plasma and exosome responsive miRNAs .............................. 137
6.4.2 Muscle and plasma responsive miRNAs .............................................. 137
6.4.3 Muscle and exosome responsive miRNAs ........................................... 137
6.4.4 Plasma and exosome responsive miRNAs........................................... 137
6.4.5 Single sample responsive miRNAs ...................................................... 138
6.4.6 Non responsive miRNAs ...................................................................... 138

6.5

Discussion ..................................................................................................... 146

Chapter Seven ........................................................................................................... 151
7.1

Preface ........................................................................................................... 152

7.2

Introduction ................................................................................................... 153

7.3

Major findings and implications ................................................................... 155
7.3.1 miRNAs relationships to muscle phenotype ......................................... 155
7.3.2 miRNA expression relationships between sample pools ...................... 158

7.4

Future directions ........................................................................................... 161
7.4.1 Identification of miRNA species involved in muscle regulation ............. 161
7.4.2 Functional role of exercise-induced young and old exosomal miRNA
regulating cellular processes and phenotype. .................................................. 164

7.5

Conclusion ..................................................................................................... 167

Chapter Eight ............................................................................................................ 169
8.1

Appendix A .................................................................................................... 170

8.2

Appendix B .................................................................................................... 186

8.3

Appendix C .................................................................................................... 187

8.4

Appendix D .................................................................................................... 188

8.5

Appendix E..................................................................................................... 188

Chapter Nine.............................................................................................................. 207
References ................................................................................................................ 208

xx

List of figures
Figure 1-1. mTOR and ERK signalling pathways ........................................................ 6
Figure 1-2. MicroRNA biogenesis and maturation ...................................................... 9
Figure 1-3. myomiR involvement in the regulation of key myogenic factors .......... 13
Figure 1-4. miRNA involvement in the regulation of critical anabolic and catabolic
signalling processes .................................................................................. 15
Figure 2-1. Phenotype ................................................................................................. 38
Figure 2-2. Immunohistochemistry ............................................................................ 39
Figure 2-3. MyomiR and related gene abundance..................................................... 41
Figure 2-4. Other muscle miRNAs and related gene abundance ............................. 42
Figure 2-5. Receiver operator curve analysis to determine sensitivity and
specificity .................................................................................................... 45
Figure 2-6. Interactions of miRNA with expression gene expression of muscle
function regulators ..................................................................................... 46
Figure 3-1. Correlations between significantly modelled circulatory miRNA
abundances against phenotype ................................................................. 70
Figure 3-2. Correlations between significantly modelled muscle miRNA
abundances against phenotype ................................................................. 73
Figure 4-1. Skeletal muscle miRNA fold change to pre exercise ............................. 94
Figure 4-2. c-miRNA fold change to pre exercise ..................................................... 95
Figure 5-1. miRNAs modulated by immobilisation irrespective of supplement.... 116
Figure 5-2. miRNAs responsive to protein feeding ................................................. 117
Figure 5-3. let-7 miR family members responsive to protein and/or
immobilisation .......................................................................................... 118
Figure 5-4. Relationships between fold change miRNAs and target mRNAs of
interest....................................................................................................... 119
Figure 5-5. Pathway diagram of the various miRNAs and their influence of muscle
regulatory function ................................................................................... 120
Figure 6-1. Exosome validation ................................................................................ 136
Figure 6-2. Fold change to pre-exercise in miRNAs altered in muscle, plasma and
exosomes .................................................................................................. 139
Figure 6-3. Fold change to pre-exercise in miRNAs altered in muscle and
plasma ....................................................................................................... 140
Figure 6-4. Fold change to pre-exercise in miRNAs altered in muscle and
exosomes .................................................................................................. 141

xxi

Figure 6-5. Fold change to pre-exercise in miRNAs altered in plasma and
exosomes ...................................................................................................142
Figure 6-6. Fold change to pre-exercise in miRNAs altered in exosomes only .....143

xxii

List of tables
Table 2-1. Participant Characteristics ........................................................................ 32
Table 2-2. Myonuclei and satellite cells ..................................................................... 37
Table 2-3. Phenotype vs miRNA expression correlations ........................................ 43
Table 2-4. (Supplementary) Catalogue numbers for the miRNAs analysed and
housekeepers with Thermo Fisher Scientific independent miRNA assay
IDs ................................................................................................................ 51
Table 2-5. (Supplementary) Forward and reverse mRNAs sequences of analysed
genes ........................................................................................................... 52
Table 2-6. (Supplementary) Forward and reverse sequences of reference mRNAs 54
Table 2-7. (Supplementary) False discovery rate for multiple gene comparisons . 55
Table 2-8. (Supplementary) mRNA vs miRNA expression correlations .................. 57
Table 3-1. Subject Characteristics ............................................................................. 64
Table 3-2. miRNA classification, catalogue and order identification number ......... 66
Table 3-3. Regression model included circulatory miRNAs that correlate to
phenotype.................................................................................................... 71
Table 3-4. Muscle miRNAs correlated to phenotype and excluded from regression
model ........................................................................................................... 71
Table 3-5. Regression model included muscle miRNAs that correlate to
phenotype.................................................................................................... 74
Table 3-6. Muscle miRNAs correlated to phenotype and excluded from regression
model ........................................................................................................... 75
Table 4-1. Subject Characteristics ............................................................................. 86
Table 4-2. miRNAs analysed ....................................................................................... 90
Table 4-3. Muscle and plasma miRNAs expression fold change to baseline .......... 96
Table 4-4. (Supplementary) Model details for studies used to identify candidate
miRNAs ...................................................................................................... 101
Table 5-1. Catalogue numbers for the miRNAs analysed and housekeepers with
Thermo Fisher Scientific independent miR assay IDs ........................... 114
Table 5-2. Forward and reverse mRNA sequences of analysed genes ................. 115
Table 6-1. Subject Characteristics ........................................................................... 130
Table 6-2. Catalogue numbers for the miRNAs analysed and housekeepers with
Thermo Fisher Scientific independent miRNA assay IDs ...................... 133
Table 6-3. Muscle miRNA expression fold change to baseline .............................. 144
Table 6-4. Cell-free plasma miRNA expression fold change to baseline ............... 145

xxiii

Glossary
4EBP1
AKT
ANOVA
Atrogin1/MAFbx
BMI
BMP2
BSA
c-miRNA
C1orf43
CCND
CHMP2A
COPD
CSA
DMD
DNA
dPBS
DXA
ECL
EDTA
eIF4E
EMC7
ERK
FOXO
GDF8
HDAC4
HSP-70
MEF-2
miRNA
MMP
MNK
MPB
MPS
MRF
mRNA
MRTF-A
mtDNA
mTOR
mtTFA
MuRF1
Myf5
MYH

Eukaryotic translation initiation factor 4E-binding protein 1
Protein kinase B
Analysis of Variance
Atrophy gene (MAFbx)
Body Mass Index
Bone Morphogenetic Protein 2
Bovine serum album
Circulatory miRNAs
Chromosome 1 open reading frame 43
Cyclin D
Charged multivesicular body protein 2A
Chronic obstructive pulmonary disease
Cross sectional area
Duchenne muscular dystrophy
Deoxyribonucleic acid
Dulbecco’s phosphate buffered saline
Dual energy x-ray absorptiometry
Enhanced chemiluminescence
Ethylenediaminetetraacetic acid
Eukaryotic translation initiation factor 4E
Endoplasmic reticulum membrane protein complex subunit 7
Extracellular signal-regulated kinase
Forkhead box O
Myostatin
Histone Deacetylase 4
Heat shock protein-70
Myocyte enhancer factor-2
MicroRNA
Matrix-metalloproteinases
MAP kinase interacting protein kinase
Muscle protein breakdown
Muscle protein synthesis
Myogenic regulatory factor
Messenger ribonucleic acid
Myocardin related transcription factor-A
Mitochondrial DNA
Mammalian target of rapamycin
Mitochondrial transcription factor A
Muscle ring-finger Protein 1
Myogenic factor 5
Myosin heavy chain
xxiv

MyoD
MyoG
NaOH
NCAM
p70S6K
PAX
PGC-1α
PI3K
pQCT
PTEN
qRT-PCR
RE
RISC
RNA
ROC
RSK
RT
RT-PCR
S6RP
SIRT1
SOX6
SPRED-1
SRF
SRY
TBST
TGFβ
Thrap1
VCP
VEGF

Myogenic differentiation 1
Myogenin
Sodium Hydroxide
Neural cell adhesion molecule
p70-S6 Kinase 1
Paired box transcription factor
Peroxisome proliferator activated receptor coactivator 1 alpha
Inhibitor of phosphoinositide 3-kinase
Peripheral quantitative computed tomography
Phosphatase and tensin homolog
Quantitative Real-time PCR
Resistance exercise
RNA induced silencing complex
Ribonucleic acid
Receiver operator characteristic
Ribosomal protein S6 kinase alpha-1
Resistance training
Real-time polymerase chain reaction
Ribosomal protein S6
Sirtuin 1
SRY (Sex Determining Region Y)-Box 6 (SOX6)
Sprouty-related protein 1
Serum response factor
Sex determining region
Tris-buffered saline + Tween
Transforming growth factor beta
Thyroid hormone receptor associated protein 1
Valosin-containing protein
Vascular Endothelial Growth Factor

xxv

Chapter One

Review of the Literature
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1.1

Skeletal muscle

The primary function of skeletal muscle is to develop force which is then transmitted via
tendons to the skeletal system to provide movement [1]. Skeletal muscle mass is in a constant
state of flux and the loss or gain of muscle mass is dictated by a range of external stimuli, with
a significant and sustained impact of ageing. Indeed ageing results in a slow, irreversible loss
of muscle mass. With dramatic or considerable muscle loss the individual is at risk of becoming
frail and hence, unable to perform basic daily activities that may constitute independent living
[2, 3]. In addition to voluntary movement, skeletal muscle produces tonic muscle tone which
is required for postural and positional control, thus with extreme loss of muscle mass postural
control is also lost.
Modulating skeletal muscle mass is a wide range of stimuli including incidental physical
activity, voluntary exercise, disuse and nutrition which through differing mechanisms
collectively act to dictate muscle strength and size. Strength and size together are the major
predictors of functional capacity [4]. The functional capacity of an individual has a major
bearing on both quality of life and risk of early mortality. With a rapidly ageing population, more
than ever before, the regulation of functional capacity is a global public health issue [5-8].
Currently, there are limited interventions, beyond exercise and adequate nutrition to attenuate
decline in muscle function. Hence, maintaining functional capacity in the elderly is currently of
a lower priority than managing many other acute disease burdens. There is however an
established relationship between the loss of functional capacity detrimental alterations in the
quality of life of those affected, often characterised by the need for constant care and
institutionalisation of elderly, which also places an immense financial burden on health care
systems [9]. Hence, there is an urgent need to better understand mechanisms by which
muscle mass and strength are lost and interventions that can support their maintenance.

1.2

Skeletal muscle composition

Skeletal muscle is comprised of a range of cell types that function in a cohesive manner to
facilitate locomotion and postural control. In addition to nerves and satellite cells are three
main myofiber types each expressing a specific isoform of the myosin heavy chain protein that
controls contractile function and capability [10]. These include type I, type IIa and type IIx.
Type I fibers are highly oxidative, slow twitch and fatigue resistance [11]. Type IIa fibers are
intermediate twitch, less fatigue resistant than type I fibers and are recruited to force
generation for rapid powerful contractions. Type IIx fibers are less common, fatigue rapidly
and are highly anaerobic [12]. Additionally, evidence suggests muscle fiber phenotypes may
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be altered with various stimuli including resistance training promoting type II fibers, aerobic
training increasing type I fibers while unloading produces fiber shifts depending on the model
of disuse employed [13-15]. Few hybrid fibers also exist, expressing combinations of myosin
heavy proteins. In humans, hybrids are usually either type I/IIa or type IIa/x [16]. Some
muscles tend to express specific fiber types only. For example, in rodents, the gastrocnemius
is predominantly constituted of fast twitch glycolytic fibers whilst the soleus is exclusively slow
twitch oxidative fibers [17].

1.3

Myogenesis

1.3.1 Skeletal muscle development
The term myogenesis is broad descriptive term with different connotations depending on
timing during the life course [18, 19]. During embryo development, muscle myogenesis refers
to the proliferation of muscle precursor cells called myoblasts that differentiate and fuse to
form mature multinucleated myotubes [20]. How myoblasts ‘decide’ to proliferate or
differentiate in-vivo is not completely understood [21]. However in-vitro, myoblasts proliferate
in the presence of growth factors [22, 23]. When growth factors are no longer available,
differentiation occurs [24]. Of the key factors that are involved, paired box transcription factor
3 (PAX3) is critical for the activation of MyoD to support regenerative ability of satellite cells
[25]. Myf5 promotes proper myoblast fusion and is intricately regulated by many factors
including MyoD [26]. Differentiation of myoblasts is closely regulated by Myogenin (MyoG)
which enable fusion to new or existing fibers [27, 28]. Deletion of MyoG results in a decline in
skeletal muscle mass [29].

1.3.2 Repair and regeneration via satellite cell function
Following birth, human myofiber number does not increase, therefore alterations in muscle
size are usually a consequence of changes in myofiber CSA sizes [30-32]. Accretion of
contractile proteins within existing myofibers increases fiber size. As CSA increases, the area
maintained by a single nucleus (myonuclear domiain) increases [33]. Therefore, as fiber size
increases, there is a need to increase the number of nuclei per fiber [34, 35]. This is achieved
via a process termed myonuclear addition [36]. Satellite cells are muscle tissue-specific stem
cells that become activated through the expression of specific proteins including PAX7. Apart
from donating nuclei to existing myofibers to promote growth, satellite cells are essential for
the repair of damaged fibers [37].
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It is established that satellite cell number and activity is often increased following strength
training [38]. Following resistance exercise where muscle damage is evident, satellite cell
activity is prominent from 24 hrs of recovery to a few days later [39]. Additionally, a reduced
number and activity of satellite cells is evident in ageing and other atrophy related diseases
like muscular dystrophy. While the role of satellite cells are established in muscle repair and
remodelling, its direct requirement in the process of hypertrophy and contribution to increases
in myofiber size is still a matter of debate. Some reports suggest satellite cells may be central
for hypertrophy [36, 40-42]. Others however indicate, satellite cell activity is usually paired with
inflammation and remodelling early in training rather than later where most hypertrophy is
proposed to occur [43-45]. Furthermore, ablation of satellite cells in animal hypertrophy
models suggests no impairments to muscle growth responses [46-49]. There are profound
differences in satellite cell content in young compared to elderly individuals [50, 51], which
may partially explain the relative blunting of muscle adaptations to training responses in
elderly.

1.4

Skeletal muscle mass and function

Skeletal muscle mass undergoes dynamic changes across the life course through a range of
crucial mechanisms. In-vitro, and embryo development, myoblasts are able to proliferate
thereby increasing the number of muscle cells (hyperplasia). Once they have proliferated, they
are able to differentiate in to mature myofibers and thereby contribute to muscle mass and
function. However, after birth, hyperplasia is uncommon and most alterations in muscle mass
is the result of accretion of muscle contractile proteins contributing to increases in myofiber
areas rather than changes in myofiber populations [52-54].
During the 5th decade of life, skeletal mass begins to decline. This has been attributable to
reductions in myofiber populations, cross sectional area (CSA), increased adipose infiltration,
deteriorations in muscle architecture and changes in neuromuscular adaptation [55-59].
However, since a minimum amount of skeletal muscle tissue is required for survival, diseases
that promote muscle breakdown like dystrophy increase mortality in young individuals [60].
Reduced muscle mass has also been identified as a key contributor to metabolic diseases like
diabetes, cardiovascular disease and even reduce survivability in a range of cancers [61-63].
In elderly individuals, declining muscle mass promotes frailty which increases the risk of falls
and fractures that contributes to loss of independence and an increased need for health care
[54, 64]. Yet, the regulatory processes that orchestrate loss of muscle mass with age are not
fully elucidated.
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While it is established that skeletal muscle is critical for survival, current measures of muscle
health and quality are focused on muscle size via measurements of leg thickness [65]. With
technical advances in medical imaging, whole muscle thickness, muscle volume, fat free mass
and amounts of fat infiltrates can be quantified [66]. Other measures of physical function
typically revolve around muscle contractile strength and power. Isolated knee extensor
torques have been previously used as a predictor of functional decline typically in atrophy [67].
Physical performance and capacity is also determined by the myofiber type phenotype
expressed within muscle. For example, with advancing age, there is evidence suggesting a
transition toward type I fibers with specific IIa fiber atrophy [68-71].

1.4.1 Acute muscle regulation
Skeletal muscle mass is maintained through a range of signalling mechanisms that contribute
to the determination of muscle mass. The balance between muscle protein synthesis (MPS)
and breakdown (MPB) are critical determinants of muscle mass. However, many pathways
are involved in the regulation of muscle anabolism and catabolism. These include complex
signalling mechanisms that individually contribute to two key opposing pathways resulting in
MPS and MPB [72]. During a 24 hr period, fluxes between rates of MPS and MPB exist. For
example, following a meal, MPS exceeds MPB resulting in net protein accretion [73-75].
During fasting, MPB exceeds MPS and therefore contributes to net contractile protein
degradation. In general, amounts of muscle mass are maintained via the long term balance
between MPS and MPB [66]. Resistance exercise is a potent stimulator of MPS while inactivity
and even ageing displays reduced MPS and contributes to net protein breakdown [66, 76].
The ability of muscle to stimulate anabolic signalling following mechanical stimulation is
established. Additionally, amino acid ingestion via protein supplementation, namely leucine
promotes MPS independently and synergistically with exercise in several studies [73-75, 77,
78].
At the molecular level, several signalling pathways are critical to altering MPS and MPB,
including the mammalian target of rapamycin (mTOR) and ERK pathways [79-81]. Anabolic
signalling generally results from the activation of protein synthesis in response to a range of
mechanical or chemical stimuli. Upstream induction of insulin or insulin-like growth factor
allows for inhibition of Phosphatase and tensin homolog (PTEN) and so promotes
phosphorylation of Akt [82, 83]. Phosphorylated-Akt is an important effector that can in turn
propagate MPS via mammalian target of rapamycin complex 1 (mTORC1) activation [84-86].
mTOR activity can also occur independently of insulin dependent Akt signalling in response
to exercise stimuli. mTORC1 can bind to and activate many phosphorylatable proteins some
of which can bind directly to DNA and promote transcription of key contractile protein genes
5

which contribute to muscle anabolism [87]. Downstream targets of the mTOR cascade
includes p70S6K, rpS6 and 4EBP1 that are critical for muscle protein synthesis.
When Akt becomes phosphorylated it is able to inhibit catabolic signalling via repression of
FOXO and its downstream activators; MuRF1 and Atrogin 1 [88-90]. With mechanical stress,
often the ERK pathway becomes activated [91, 92]. Being transiently regulated, ERK signlling
often returns to resting levels within four hours following the stimulus [93, 94]. Similarly, protein
supplementation is reported to activate MPS and activate mTOR and its downstream
signalling components independent of Akt-signalling [73, 74]. Protein ingestion also
potentiates muscle anabolic responses following exercise producing a synergistic activation
of muscle metabolism [66, 77, 95]. The ERK and mTOR pathways are however, complex and
have a degree of overlap (Figure 1-1).

Figure 1-1. mTOR and ERK signalling pathways.
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1.4.2 Chronic muscle regulation
Resistance exercise (RE) is the performance of muscle contractions with loads that are greater
than would normally be encountered during activities of living [96]. Additionally, even a single
bout of exercise stimulates MPS for 4-48 hr following exercise [97, 98]. Following extended
periods of frequent resistance training, muscle anabolism presents as increases in myofiber
CSA, improvements in neural drive and changes in muscle architecture that contributes to
enhanced contractile capacity [99]. Satellite cells, native muscle stem cells, are able to repair
damaged myofibers, support fibres hypertrophy via nuclear addition therefore increasing
resilience to imposed loads [100]. Resistance training is also thought to promote shifts in
myofiber type composition and increases satellite cell populations [14, 42, 101, 102].
Over the life-course, events like fractures or illness often occur and result in muscle disuse or
immobilisation [66]. Additionally several muscle wasting disorders like dystrophy and cancer
cachexia also exist [103]. While muscle atrophy results from increases in MPB that outweigh
MPS, several reports suggest that MPB is not elevated but rather MPS is reduced. This is
often due to an impaired ability to respond to anabolic stimuli, often termed anabolic resistance
[66, 104]. Disuse also results in the activation of catabolic factors such as MuRF-1, Atrogin-1
[66] and Myostatin [105] that inhibits myogenic signalling and contributes to the degradation
of contractile proteins. Muscle disuse is also thought to impair mitochondrial function [106] but
reducing oxidative capacity [66, 107] and promoting apoptosis. Periods of immobilisation are
thought to induce anabolic resistance and therefore blunt MPS responses to protein
supplementation [108-110] similarly to ageing [111, 112]. However, protein supplementation
as a countermeasure to offset accelerated declines in muscle mass and function during
periods of decline have yielded conflicting results [66, 113-117].
The age dependent decline in muscle mass and function is well documented and is
compounded by undernutrition [118, 119] and reduced mobility [120]. Advancing age is also
associated with reduction in anabolic hormones [121-123]. Lastly, aged individuals are thought
to be in a state of chronic low grade inflammation [124], which is reported to impair normal
muscle repair responses [125, 126]. Unlike acute inflammation that resolves itself, low grade
inflammation is also documented in metabolic conditions like diabetes where muscle mass
decline is evident [127, 128]. Together these issues compound to result in anabolic resistance
in elderly [129].
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1.5

Biogenesis and function of microRNAs

Genomic mapping indicates that primary microRNAs (pri–miRNAs) are often derived from the
non-coding intron sequences [130-132]. Once transcribed, precursor miRNAs (pre-miRNA)
are cleaved by the endonuclease, Drosha. The cleaved products are transported into the
cytoplasm via Exportin-5 (a nuclear export receptor) [133-135]. In the cytoplasm, another
endonuclease, Dicer cleaves the pre-miRNA to produce a ~22 bp double stranded RNA
molecule. This cleaved RNA product is considered the mature form of the miRNA which
through the RNA induced silencing complex (RISC) binds to the 3’-UTR of target mRNAs
through complementary binding resulting in inhibition of translation or degradation of bound
transcripts [136, 137]. The second strand is targeted for degradation [137] (Figure 1-2). Dicer
knock out resulted in miRNA content [138, 139] indicating its importance in miRNA biogenesis.
Since miRNAs are transcribed with the gene transcript, their activation is related to the
transcription of specific genes. Their biogenesis can be analysed by measuring the
abundances of pre-, pri- and mature miRNA, related to the abundance of mRNAs they are
transcribed with. Activity may be reflected in the gene and protein abundance of purported
regulatory targets. Although miRNA exert their functions via inhibition of target genes or
proteins, different miRNAs affect a range of often opposing signalling pathways adding several
levels of complexity. It is also thought that miRNA expression may better explain the often
reported disconnect between gene and protein expression [140, 141]. Due to the widespread
scope, yet modest inhibition of transcriptomes/proteomes by individual miRNAs, they are
proposed to regulate phenotype via coordinated actions of single or multiple miRNAs on
various gene targets producing an integrated regulatory effect on several vital pathways [142,
143]. Improper functioning of tightly regulated spatial and temporal expression of miRNAs
have been implicated in many human diseases such as cancer, infectious diseases, and
cardiovascular diseases [144-146].
To date, more than 1800 individual miRNA species have been identified in humans [147, 148]
and several miRNA species have been described as tissue-specific in the literature, most are
secreted in the circulation (plasma) whereby system-wide effects may be activated [149].
Several miRNAs have been identified as dysregulated in a range of disease states and are
therefore miRNAs are rapidly becoming assessed as potential biomarkers for understanding
progression and onset of various diseases.
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Figure 1-2. MicroRNA biogenesis and maturation (figure from [150]).
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1.6. Functions of miRNA in skeletal muscle
Many analyses have measured either single or targeted miRNA groups in skeletal muscle,
whilst others have aimed to compile the full miRNAome. Such studies have shown patterns of
miRNA expression that suggests similarities in species of miRNAs identified as relevant in
muscle regulation. However, there is little agreement in skeletal muscle miRNAome analyses.
Whilst only few analyses have focussed on human muscle [151-156], miR-1 has been reported
as the most abundant miRNA in skeletal muscle of rats, pigs and humans [151, 152, 157,
158], although Narasimhan et al. [159] and Mitchell et al. [160] identified miR-486 as most
abundant in humans. The advantage of such unbiased strategies allows for all miRNAs
species to be considered. However, these techniques usually generate large datasets often
requiring complicated analyses that can often produce a lot of ‘noise’ whereby miRNAs may
appear significant or important just due to the large number of comparisons will arise that will
be made. However, the reverse would also pose a problem as once the required correction
for multiple testing is carried out, large sample sizes would be required to identify significant
changes when ~300-500 miRNAs are being assessed. Furthermore, as there is no set
standard pipeline for downstream analyses, data can often become misrepresented.
Additionally, it is also suggested that library prep reagents may influence the outcome of such
data sets [161]. The utilization of a strategic targeted approach using a-priori miRNA targets
validated from the literature in both animal and cell mechanistic models and human
observational studies allowed for a focused approach on more samples to be undertaken.
Many miRNA species are indicated as myogenic, attributable to their roles in regulating muscle
signalling processes, validated across targeted in-vitro and in-vivo studies. These include
genes involved in the maintenance of muscle mass through the mTOR and ERK pathways
[162, 163]. Also, the positive regulators of catabolism (Atrogin-1, MuRF1) are regulated by
miRNAs [163]. Additionally, miRNAs also act as regulatory factors in muscle atrophy,
inflammation and even play a vital role in angiogenesis [164]. Muscle mass maintenance as
mentioned earlier is achieved by the precise control of many different yet inter-related
pathways. The following section provides an overview of the existing literature that supports
the investigation of several miRNA species analysed in this thesis.

1.6.1 Skeletal muscle specific miRNAs
Originally, the term ‘myomiRs’ was coined by Rooij et al., to classify three miRNAs, miR-208a,
-208b and -499 encoded within the intronic sequences of myosin heavy chain genes (MYH6,
7 and 7b respectively) [165, 166]. Following this, McCarthy et al, classified a larger subset of
eight miRNAs (miR-1, -133a, -133b, -206, -208a, -208b, -486 and -499) as ‘canonical
myomiRs’ [167].
10

The term myomiRs is currently used to define miRNAs highly expressed within skeletal
muscle. They are reported to play important roles in the regulation of MPS and MPB signalling.
Lee et al., described miRNA as tissue specific when they are expressed at levels 20 times or
more in the target tissue than other tissue types [168]. Specifically miR-1, -133a, -133b and 206 were characterised as making up over 25% of all miRNA expression in skeletal muscle
tissue of mouse and human tissue [163, 169]. Often myomiRs refer particularly to these
miRNAs [163]. These four miRNAs are all part of the miR-1 family which is generally broken
into two main subgroups miR-1/206 and miR133a/b. Due to their elevated expressions, these
four miRNAs species are being extensively assessed for their potential roles in muscle
maintenance and function through myogenesis, hypertrophy and even energy metabolism.
In addition to the four main myomiRs, several others have been reported as muscle specific.
miR-208, -486 and -499 have all been identified as having skeletal muscle specific functions.
miR-208b and -499 encoded within the introns of MHC-7 and MHC7b respectively [170], are
mainly expressed in type I myofibres. By regulating target genes like Sry-box 6 (Sox6), thyroid
hormone receptor associated protein 1 (Thrap1), and purine-rich element-binding protein and
also by repressing beta-Myosin Heavy Chain (β-MHC) expression. The combined effect of this
regulation is critical to the determination of muscle myofiber compostion [170-175]. They have
also been implicated in the modulation of GDF8 (myostatin) a major negative regulator of
muscle mass [176]. Phosphatase and tensin homolog (PTEN), an inhibitor of phosphoinositide
3-kinase (PI3K)/AKT signalling is a target of miR-486 [177]. Gain and loss of function
experiments have shown miR-486 directly represses PTEN, and hence activates AKT and its
downstream signalling components.
Other non-canonical myomiRs are also thought to be relevant in maintaining muscle regulatory
signalling processes. For example, miR-181 is reportedly elevated during muscle
differentiation and is implied to impact homeobox AII, a repressor of muscle differentiation,
promoting new muscle growth [178, 179]. miR-24 was found to be related to myogenesis via
alteration of transforming growth factor beta (TGFβ), myocyte enhancer factor-2 (MEF2) and
myogenin (MYOG) [179] critical in the regulation of muscle remodelling via satellite cell
function. Increased expression of miR-696 within skeletal muscle tissue, results in negative
regulation of peroxisome proliferator-activated receptor gamma co-activator 1 alpha (PGC1α), an indicator of muscle aerobic capacity, along with reduced mRNAs of its downstream
genes [180]. miR-23 was found to reduce mRNA and protein expression of PGC-1, and its
downstream targets in mouse skeletal muscle [181]. miRNAs are however complex, as they
undergo many interactions to modulate a plethora of genes, making it very difficult to isolate
a single miRNA as a marker for specific physiological or pathological conditions [182].
Therefore, their current uses as clinical biomarkers requires further validation.
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1.6.2 Established functions of miRNAs in myogenesis
In several instances, of differentiation and proliferation, miRNA expression is reported to
control myogenic function. In Xenopus laevis embryos, miR-1 promotes myogenesis by
targeting histone deactelyase 4 (HDAC4), a repressor of myogenic gene expression [183].
Contrarily, miR-133 enhances myoblast proliferation by targeting serum response factor
(SRF). In differentiated C2C12 myoblasts, miR-1 and -133 were also upregulated [183].
Therefore miR-1 is thought to promote myotube differentiation while miR-133 increases
myoblast proliferation [183].
Following birth, the number and activity of satellite cells closely determine myogenesis. Given
that satellite cell populations are seen to increase with resistance training and decreases with
age, it is likely the satellite cell activity induced by PAX3 and PAX7 maybe critical for muscle
remodelling and determination of muscle size and function [184]. PAX3 and PAX7 function by
increasing expression of key muscle regulatory factors including MRF5 and MyoD upstream
of MyoG and MEF2C [185]. In adults, increased satellite cell activity has been extensively
reported following several acute exercise models where fiber damage is evident [102, 186].
After birth, mature multinucleated myofibers are incapable of further division but can undergo
myonuclear addition via satellite cell fusion. As myofiber area increases, more nuclei are
added to them hence, maintaining the myonuclear domain [49, 187, 188]. Multiple satellites
cells are also capable of fusing together to facilitate the generation of new fibers to a very
small extent [189].
The canonical myomiRs are closely involved in the regulation of the PAX7 expression and
oversees myogenic function in skeletal muscle. miR-1, -133a, -133b and - 206 whilst being
abundant, are thought to repress PAX7 and PAX3 at various stages and inhibit myogenesis
[163, 169]. Their transcription is promoted with MyoD, MyoG and MEF2C [183, 190, 191]
signalling and therefore they may play crucial roles in fine tuning myogenic regulation in
response to different stimuli. The four miR-1 family miRNAs are stimulated by the essential
myogenic regulatory factors (MRFs), MEF2C, SRF and myocardin related transcription factorA (MRTF-A) [177, 183, 192-194]. They play crucial roles in myogenesis regulation via direct
or indirect interactions with SRF, HDAC4, DNA polymerase and upstream PAX7 [195, 196].
These miRNAs also regulate hypertrophy and atrophy through modulation of various growth
factor gene targets. miR-1 and -206 are also thought to directly inhibit HDAC4 while miR-133a
may regulate SRF signalling. SRF may activate miR-486 which can also inhibit myogenesis
via repression of PAX7 function (Figure 1-3).

12

Figure 1-3. myomiR involvement in the regulation of key myogenic factors.

Satellite cell mediated-muscle repair and maintenance is a complex process, with reported
attenuations with ageing and several disease states including muscular dystrophy and reflect
on poor muscle quality and function [197, 198]. During adolescence and into adulthood,
muscle progenitor cell populations reduce and become quiescent satellite cells. Several
miRNAs including members of the let-7 family are differentially expressed with age and are
thought to contribute to dysregulation of muscle myogenesis associated with satellite cell
function [199]. Apart from the earlier discussed myomiRs, several other miRNAs tend to have
a role in controlling muscle protein accretion and degradation and are therefore involved in
muscle mass regulation. Among these are miR-23a, -26a, -27a, -31, -125b, -214, -221, -222,
-378, -675-3p and 5p, and -682 [176, 200-208]. Despite having demonstrated roles in
myogenic function, these miRNAs are not exclusive to skeletal muscle and hence, cannot be
eliminated from having effects in other non-muscle tissues.
Taken together, myogenesis is complex and likely regulated by many miRNAs, only a subset
of those identified are discussed. These miRNAs reportedly alter expression and function of
satellite cell-dependent remodelling are often associated with satellite cell populations and
activity. Myogenic signalling and remodelling and anabolic processes reportedly blunted with
age resulting in declines in muscle mass and function termed sarcopenia. Given that
resistance exercise and dietary interventions are suggested to maintain or increase muscle
massin elderly, the role of miRNA species involved in these processes are unclear. Whilst
13

miRNA species related to myogenesis are dysregulated with age and altered in response to
periods of resistance training and even dietary interventions, it is still unclear which miRNAs
species are most critical for the regulation of muscle mass and function.

1.6.3 Established functions of miRNAs in ageing
Ageing is associated with accelerated declines in skeletal muscle mass and function. Several
muscle regulatory miRNAs have been found to be altered with age. These include miR-29, 181 and -206 that are previously correlated with ageing [209]. Many miRNA species are also
associated with atrophy and age-related muscle wasting models. These include miR-23a, -29,
-31, -145, -146a, -199-5p and -486 [209]. Several other miRNAs are being analysed for their
roles in the regulation of inflammatory processes. These include miR-21, -22, -25, -126, -146a,
-155, -221, -222 and -663 [210-216], and are likely factors in understanding the reasons for
declining muscle mass in ageing along with the miRNAs involved in myogenesis and ageing.
The age related decline is muscle size and strength begins in middle-age and often progesses
to frailty without any effective way of tracking disease progression. Currently established
markers of muscle function are measures of muscle mass and size using medical imaging and
function via exercise testing. There is however, sufficient evidence to suggest muscle decline
in strength often occurs more rapidly than size [56, 217, 218] and therefore better biomarkers
of muscle function are required. To date however, there are no established biochemical
markers of muscle function. Reports of longitudinal relationships between muscle strength and
miRNA expression exist. However, the utilisation of established regulatory miRNAs to predict
muscle mass, size and strength in healthy at-risk individuals has not yet been attempted.

1.6.4 Established functions of miRNAs in resistance exercise
Resistance exercise stimulates the previously described mTOR and ERK pathways that
results in increases in MPS with paired reductions in MPB. Despite reports that miRNAs may
regulate factors translated in response to exercise, thus far no evidence of miRNAs relating to
target gene and protein expression are identified in complex human studies. Following
resistance exercise, few studies (APPENDIX A Table 1) have reported fluxes in regulatory
miRNAs including Drummond et al. [219], who demonstrated no change in miR-133 and -206
following an RE bout however, they reported a reduction in miR-1 at 3 and 6 hrs following
exercise. Additionally, another report suggests elevations in miR-486 expression at 2 hrs
following exercise in young men [220]. Whether the observed miRNA regulations are reflective
of acute muscle signalling events is currently unknown. Additionally, the effects of exercise
intensity and volume, participant nutritional and previous training status on the observed
miRNA responses is currently unknown.
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Frequent resistance training has been repeatedly shown to increase muscle mass and
strength in training naïve and even previously trained individuals [173, 174, 221]. Several
reports (APPENDIX A Table 2) have aslo reported changes in muscle miRNAs over periods
where muscle hypertrophy occurs as a result of either training or functional overload in animals
(Figure 1-4). Amongst reports are reductions in miR-1 and -133a in several models however
findings are conflicted [222-227]. A recent study suggests miRNAs may regulate the muscle
fiber and vascular adaptations to exercise by interacting with purported genes and proteins
[174]. From in-vitro and in-vivo it is evident that miRNAs are able to critically regulate muscle
pathways resulting in altered gene and protein expression, and therefore relate to functional
phenotype. Whilst few longitudinal studies in humans support the role of miRNA expression
in regulating muscle size and strength, whether resting miRNA expression is reflective of the
long-term adaptations to resistance exercise is currently unknown. Additionally, whether
resting miRNA expression can be used to predict muscle size and functional phenotype and
ihas never been examined.

Figure 1-4. miRNA involvement in the regulation of critical anabolic and catabolic
signalling processes. Adapted from [228].
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1.6.5 Established functions of miRNA in aerobic exercise
Few studies have measured intramuscular miRNAs responses to acute bouts of
aerobic/endurance exercise (APPENDIX A Table 3). miR-1 was found to be decreased within
muscle following some protocols but increased in others, whilst miR-133a was increased in
one study and unchanged in others [181, 229-231]. Additionally, miR-23 thought to be an
inhibitor of PGC1α, a key determinant of muscle aerobic capacity, was reduced proportionally
to increased PGC1α protein content [181]. Contradictory changes are likely due to the mode
of exercise undertaken (running vs. swimming or cycling), as well as the intensity and duration
of the bouts.
With frequent aerobic training, improvements in aerobic capacity and oxidative function is
evident. This includes mitochondrial capacity and function, increased capillary density and
noticeable shifts toward a type I fiber phenotype [232, 233]. Following training, there are
reports of increased miR-208b and -499 encoded in the MYH7 and 7b isoforms of slow twitch
fiber proteins that support type I shifts [234]. Additionally, miR-494, -761 and -696 are all
thought to have roles in regulating PGC1α expression [180, 235-237]. Also miR-1, -133a/b
and -206 reduced with training with several other miRNA species also reportedly altered with
frequent training (APPENDIX A. Table 4). From training studies, it is evident that alterations
in miRNA content may relate to changes in muscle aerobic capacity and may indicate their
role in predicting aerobic function.

1.6.6 Established functions of miRNAs in atrophy
Skeletal muscle atrophy occurs due to imbalances between MPS and MPB that favour MPB.
During the life course, disuse events may arise due to injury or illness and may result in
immobilisation and unloading of a limb/joint. This is often accompanied by reductions in
muscle mass and function. During such events muscle mass declines are accompanied by
shifts in myofiber type compositions and decreases in myofiber CSA. Skeletal muscle miRNAs
have been extensively evaluated in atrophy models (APPENDIX A Table 5). Typically, miR-1
and -133a, 206 and 486 are thought to regulate satellite cell dependent myogenesis and
mTOR activity both of which are altered during atrophy [157, 238-243]. Additionally, miR-208b
and -499 are found to be reduced along with MYH7, and 7b but also they are thought to inhibit
myostatin expression [167, 239, 240]. In humans, shifts in myofiber type composition can
occur between type II to type I fibers with reductions in fiber CSA, VO 2 max and peak torque
generation [66]. Additionally, miR-1, -133a, -206 and -486 are also found to be regulated in
response to limb unloading and reloading [242]. In mice, miR-23a decreased while MuRF-1
and Atrogin-1 were upregulated [239] suggesting a role for this miRNA in the inhibition of
catabolic signalling.
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Following ten days of bed rest, a nano-string analysis demonstrated [157], 15 miRNAs as
down regulated in muscle of young men. Similarly, another group demonstrated a decline in
16 while 3 miRNAs were elevated following a disuse event in human volunteers [241].
Therefore the model and duration of disuse are both possibly determinant of the miRNA
responses that arise. Additionally, the utilisation of nano-string vs. an array have different
normalisation strategies that are unlikely to identify the same results across multiple platforms
[244]. Thus far however, it is unknown whether atrophy-induced alterations in muscle
phenotype result in miRNA dysregulation that is reflective of the molecular pathways
responsible for muscle catabolism and functional decline. Additionally, whilst mTOR activity is
essential for MPS, whether protein ingestion during atrophy can function as a countermeasure
to offset, decline in muscle size and function is currently controversial. Additionally, whether
this attenuation in phenotype decline is dependent on the differential expression of muscle
regulatory miRNAs is currently unknown.

1.6.7 Summary of miRNA function in skeletal muscle
miRNAs are complex regulators of muscle function, capable of interacting with key factors and
ultimately contribute to muscle phenotype. miRNA expression is thought to change with both
acute and chronic exercise, age and atrophy. Apart from the established myomiRs, several
more are emerging as relevant in regulating muscle. It is also evident that several miRNAs for
example miR-1 and -133a are involved in the regulation of myogenesis, hypertrophy, atrophy
and are also regulated with aerobic exercise which suggests the pathways involved in muscle
mass and function determination are intricately linked. However, it is unclear whether
expression of established muscle regulatory miRNA species relate to muscular phenotype at
rest. Furthermore, whether muscular miRNA expression can better predict phenotype
variance than existing muscle function measures is unknown.

1.7

Circulatory miRNAs (c-miRNAs)

The presence and stability of miRNAs in circulation was recently established [245-247].
Reports suggest mature processed miRNAs may be secreted from tissue either via cellular
leakage resulting in free miRNAs (generally riboprotein bound) or packaged within small
membrane bound vesicles [248]. Given that miRNAs require cellular machinery for biogenesis,
it is reasonable to assume all miRNAs in circulation arise from within cells. Several studies
indicate miRNAs are released into circulation and can function similarly to hormones such that
they may be taken into target tissues to regulate signalling processes [245]. Additionally,
profiles of c-miRNAs are thought to change in various conditions like cancers, metabolic
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diseases and others diseases, therefore c-miRNAs have been suggested as predictive
biomarkers [238, 246, 249-254].
Previously, miR-21 has been associated with the development of cancer [255, 256], whilst
mechanistically it is associated with the regulation of tumour suppressor genes [257, 258].
Various groups have published findings related to elevated c-miR-21 in several different
cancers including, diffuse large B-cell lymphoma, osteosarcoma, colorectal cancer, gastric
cancer, prostate cancer and glioblastomas [259-264]. Together, the results suggest that cmiR-21 may be a good circulatory indicator for patients with cancer. Being differentially
expressed in the serum of patients compared to healthy individuals, and paired with in-vitro or
in-vivo validations miRNA species that are secreted into circulation and dysregulated in tissues
of interest makes them interesting biomarkers for diagnosis and even tracking disease
progression [246, 253, 265]. However, associating c-miRNAs with disease onset,
development or recovery is not appropriate until the mechanisms of their regulation are
completely.

1.7.1 c-miRNAs in muscle regulation
The detection of muscle specific miRNAs in circulation of animals and cell culture media has
confirmed the ability of muscle to contribute miRNAs to the circulation [245, 266]. Yet, the
exact mechanisms that underpin miRNAs release or uptake into skeletal muscle tissue is
unknown. However, given that c-miRNAs have been utilised to identify cancer and metabolic
disease states, their examination as biomarkers of muscle phenotype and as proxies of
muscle signalling is a promising avenue of research. Particularly, in individuals where muscle
biopsy sampling may not be an option.
MiR-1, -133a and -206 are elevated in Duchenne muscular dystrophy (DMD) models,
dystrophin-deficient muscular dystrophy and X-linked muscular dystrophy dog, compared to
normal animals [238]. Unlike traditional circulating markers (creatine kinase, myoglobin and
lactate dehydrogenase) for muscle disorders, miRNAs are less influenced by physical stress
suggesting they may be more reliable biomarkers for muscular dystrophy [238, 267, 268].
Roberts et al., confirmed that the dystrophy related myomiRs were expressed dynamically and
correlated to the progression of the disease in mdx mice [269]. Changes in c-miR-1, -133a
and -206 correlated with the levels of regeneration factors like myogenin (MyoG) in muscle
tissue, indicating they may be reflective of the rates of muscle turnover. Whilst these miRNAs
are not currently employed in the clinic, their expression patterns have also been confirmed
human DMD patients when compared to age-matched healthy individuals [252, 270].

18

miR-1, -206 and -499 have all been found to be elevated in circulation in patients with chronic
obstructive pulmonary disease (COPD) [271]. Their phenotypes include reduced muscle fiber
size and myofiber type compositions associated with mechanisms promoting inflammationinduced protein catabolism when compared to control individuals. Patients with
rhabdomyosarcoma tumours express higher miR-1, -133a, -133b and -206 than control
individuals [272]. Increased c-miR-144 was found in type 2 diabetic humans and animals [273].
A negative correlation was also reported between c-miRNA expression and insulin receptor
substrate1 with insulin-responding tissue including skeletal muscle [273].
In healthy resting humans however, the utilisation of muscle regulatory miRNAs in circulation
as predictor of muscle mass, size and strength has not been attempted. Whether these
purported miRNAs regulators are related to intramuscular expression is also not defined. If a
relationship exists between tissue pools. The contribution of muscle to the c-miRNA pool will
be confirmed. Additionally, relationships between muscle phenotype and c-miRNA biomarkers
can be validated further for use in a clinical setting.

1.7.2 c-miRNAs in response to exercise
The c-miRNA response to acute and chronic exercise are extensively researched (APPENDIX
A Table 6). Among the early exercise studies assessing c-miRNAs in humans, c-miRNA
abundances were correlated to angiogenesis and inflammation in competitive male rowers
[274]. Plasma levels of miR-20a, -21, -146a, -221 and -222 were all elevated both after a single
bout of endurance cycling or 90 days rowing training [274]. Though it is not completely
understood where the miRNAs are secreted from, several tissue types related to exercise
responses (vascular epithelium, muscle tissue, platelets and leukocytes) can secrete miRNAs
in circulation [275]. Additionally, positive correlations between peak miR-146a and VO2max;
as well as between changes in miR-20a to VO2max from pre training and post training have
been identified [274]. Another study found an inverse correlation between circulating miR-21,
-210 and -222 and lower VO2max [276]. These studies could validate c-miRNAs as potential
biomarkers of aerobic fitness since accurate VO2 max tests are intense and are not always
appropriate.
Acute and chronic exercise studies in untrained individuals found a down regulation in almost
all the myomiRs (miR-1, -133a/b, -206, -208b and -499) [277]. Similar results were evident in
other analyses that indicated low-level secretion of these myomiRs into circulation amongst of
healthy individuals [238, 276, 277]. miR-486 abundance was decreased in circulation
immediately after a bout of endurance cycling (70% VO2max for 60 min) [277]. This decline
was also demonstrated at rest following 4 weeks of the same exercise bout at 3 times a week.
Additionally, a significant negative correlation was found between changes in c-miRNAs and
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changes in VO2max for each subject [277]. Since the half-life for c-miRNAs though unknown
ought to be longer than 60 mins, it is likely exercise may drive uptake of miR-486 into specific
target tissue. This was consistent with the miR-486 expression response in mouse skeletal
muscle post exercise, though it has not been confirmed whether it is transferable from the
plasma into the skeletal muscle [180]. It is established that an acute bout of exercise can
activate insulin signalling in skeletal muscle tissue to activate glucose uptake as a substrate
for energy metabolism to facilitate contraction. It is proposed that miR-486 may facilitate
glucose uptake by promoting insulin signalling and repressing PTEN allowing for promotion of
muscle contraction in exercise [177]. Hence, miR-486 may regulate insulin dependent glucose
uptake in metabolically active tissues like skeletal muscle. This may also explain the negative
correlation between c-miR-486 and VO2max.
Banzet et al. [278], reported changes in miR-1, -133a, -133b and -206 were dependent on
exercise modality with no difference in these myomiRs evident with concentric uphill walking
but a significant increase was noticed with eccentric downhill walking. It was hypothesised that
muscle damage-induced cellular leakage had contributed to this miRNA efflux from muscle
[279].In contrast, these myomiRs were elevated in circulation after an acute bout of cycling
among untrained males in a separate study, indicating exercise may promote myomiR
secretion [280]. Consistently, an increase in proteins regulating miRNA biogenesis, dicer,
drosha and exportin-5 was also reported [280]. Conversely, there was also a reported decline
in myopathy related miRNAs including miR-9, -23a, -23b and -31. This is reflective of an
exercise-mediated improvement in muscle function. Following acute resistance exercise in 12
healthy males, reported no changes in c-miRNAs were acutely evident [281]. There was a
significant increase in c-miR-149 at 24 hrs with declines in miR-146a and -221 reported at 72
hrs after the workout.
Thus far it is established that both muscle and plasma miRNA content is regulated in response
to exercise. It is also evident that exercise intensity, modality, duration and participant
characteristics are key contributors to the observed patterns in miRNAs regulation. However,
thus far no analyses have undertaken simultaneous analyses of both muscle and circulatory
tissue pools to identify the relatedness of the responses in muscle regulatory miRNAs
following an acute exercise event. If muscle miRNAs content is indeed reflective of muscle
signalling event and the observed miRNA alterations are related to those in circulation, then
utilisation of c-miRNAs as proxies for muscle signalling events may be possible. These
findings may be extended into understanding dysregulation of signalling cascades following
exercise that are blunted in some populations including elderly.
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1.7.3 c-miRNAs in response to atrophy
In disease states where muscle wasting is evident, c-miRNAs are found to relate with disease
severity. These include models of dystrophy [282], COPD [271] and ageing [283]. While
atrophy and muscle loss have extensively researched, the analyses of c-miRNA responses to
disuse are scarce (APPENDIX A Table 5). Elevations of miR-1 and -206 were found to related
to reduced muscle mass [271, 283]. Additionally, miR-21 and -146a were increased with age
while being negatively related to performance [283]. To date, alterations in c-miRNA profiles
in response to an acute disuse or atrophic stimulus has not been characterised.

1.8

c-miRNAs - Biomarkers

It is accepted that miRNAs may be secreted by or taken into muscle cells [284]. Although the
mechanisms by which this happens are unclear. Given miRNAs functioning is complex due to
regulation of many pathways, both related and unrelated, slight changes in expression may
cause noticeable downstream changes of expression and function of various genes [285].
Since small changes in physiological expression produce dramatic downstream effects,
miRNAs are emerging as prominent molecules of study in identifying biomarkers for many
human diseases. Many studies have identified potential miRNA biomarkers of various
cancers, and other genetic conditions like muscular dystrophy [286-288]
A previous sequencing analyses from our laboratory identified several miRNAs expressed
within muscle tissue that were related to muscle phenotype measures of mass, size and
strength [160]. Muscle biopsies are an invasive procedure hence the idea of a ‘liquid biopsy’
is emerging [289]. Validation of these targets in a separate population with insights into cmiRNA relationships will help better develop effective biomarkers for the prediction and
progression of age-related muscle.
Following periods of training, circulatory miRNAs have been found to relate to changes in
muscle aerobic capacity. However, whether at rest muscle regulatory c-miRNA abundances
relate to muscle size and strength phenotype is unknown. Additionally, studies often suggest
the ability of muscle to secrete miRNAs into the circulation, whether abundances of muscle
specific miRNA in muscle and plasma related is not established. This identification may
progress the discovery and validation of effective biomarkers in defining muscle size and
function.
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1.9

Exosomes

Exosomes are characterised as a category of extracellular vesicles generally between 50150nm and generally contain many factors including, peptides, cytokines, mRNAs,
mitochondrial DNA and miRNAs [245, 266, 290-292]. The number of exosomes in circulation
following exercise have are reported to increase [266, 293, 294]. Additionally, the exosomal
enriched miRNA content is different from total c-miRNA [295]. Thus far, the role of free vs.
vesicle encapsulated miRNAs in their ability to produce signalling effects in target tissue has
never been evaluated. Safdar et al. [266], suggests, c-miRNAs may reflect systemic signalling
events since tissue types have specific miRNA expression profiles. It is probable that various
miRNAs are secreted from multiple unrelated tissue types. Kosaka et al., reported miRNA
secretion is controlled by neutral sphingomyelinase 2, a rate limiting enzyme for the
biosynthesis of ceramide which activates secretion of exosomes [296]. Subsequent studies
have identified the presence of miRNAs in plasma, serum, saliva, urine and other interstitial
fluids. Other vesicles, like microvesicles and apoptotic bodies are also involved in the process
of miRNA secretion [146]. Only one analysis of exosomal miRNA content following exercise
has been conducted [297]. This was however limited to examination only of vesicles
expressing alpha sarcoglycan which while being muscle specific is likely not expressed on all
muscle derived exosomes [297]. Additionally, whether total c-miRNA and enriched exosomal
miRNA content relate to each other and to the muscle pool particularly after an exercise
stimulus requires further studies.

1.10 Perspectives and significance
Skeletal muscle is a highly important and abundant tissue type. Skeletal muscle mass is lost
with age and may be increased by the combination of resistance training and acute protein
intake. However, the mechanisms that drive muscle functional decline are complex and not
completely understood. Whilst muscle mass and function often correlate, there is a notable
disconnect between rates of reductions in strength loss compared to mass and size. This
paired with the burdens of an ageing population identifies a critical need for the establishment
of clear biomarkers of muscle function. Many miRNAs have been identified as regulators of
myogenic processes and therefore contribute to the regulation of muscle mass and phenotype.
However, thus far human studies have only attempted to relate muscle functional changes to
miRNAs following periods of training using longitudinal designs. Whether resting muscle
miRNA expression is related to resting muscle phenotype and can be utilised to discriminate
between individuals of different muscle size and strength is unknown and provides and
interesting area for further investigation.
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Muscle regulatory miRNAs are also abundant in circulation and have been observed as altered
in multiple disease states as well as following exercise bouts. It is suggested that muscle tissue
may be the source these miRNAs in circulation. However, in-vivo no evidence has been
established regarding the ability of muscle to secrete miRNAs into circulation. Additionally,
whether the expression of these miRNAs in circulation and muscle have related abundances
at rest and in response to exercise is unknown. Studies that therefore identify whether a
relationship exists between muscle and circulatory content of established myogenic miRNAs
are urgently required if circulatory miRNA abundances are to be employed as effective
biomarkers of muscle function or as proxies of muscle signalling events particularly in
individuals where muscle biopsy sampling is not feasible.
Acute disuse due to injury, illness and bedrest are common over the life-course and occur
more frequent in elderly. These events are reported to regulate muscle miRNAs and result in
muscle mass and functional decline [157, 241, 242, 298, 299]. Protein supplementation is
often recommended as a countermeasure to attenuation declines in muscle size during disuse
because of its ability to stimulate anabolic signalling however; there are conflicting reports of
its efficacy [66, 300-304]. In humans, whether muscle miRNA alterations during periods of
atrophy are related to established muscle regulatory pathways known to be dysregulated is
unknown. Additionally, whether protein ingestion differentially alters miRNA expression during
these events and may therefore contribute to muscle mass and functional protection needs
evaluation.
It is known that circulatory miRNAs are either riboprotein complexed or contained within
circulatory exosomes. The concentration of circulatory exosomes transiently increases in
response to exercise [266, 293, 294]. Exosomes have been suggested as a potential
mechanism of tissue cross-talk that enables distance communication between tissue types in
the body [266]. Additionally, they are implicated in partially mediating some of the healthassociated benefits in response to exercise. The profile of enriched exosomsal miRNAs is
reported to contain a biologically distinct signature compared to total circulatory content [295].
Following exercise, the content of this unique sample pool has never been assessed. Whether
the packaging of muscle regulatory miRNAs into exosomal vesicles is actively regulated is
also unknown. Human exercise trials are required in order to elucidate whether muscle
regulatory miRNAs are enriched within exosomes which are released following exercise.
Additionally, how miRNA expression profiles of the exosome fraction compares to muscle and
total cell-free plasma also needs to be understood. Such relationships will better determine
which tissue pools are of most relevance in understanding muscle regulatory processes.

23

1.11 Aims

This thesis aims to examine the role of muscle and circulatory microRNA profiles in the
regulation and determination of muscle size and function.

The specific aims of the experimental studies that comprised this thesis were:


To identify whether intramuscular miRNA abundances were dependent on muscular
phenotype when comparing individuals with stronger larger muscles with healthy agematched sedentary controls.



To identify utility of muscle regulatory miRNAs in circulation to function as predictive
biomarkers of muscle mass, size and peak contractile strength.



To identify the acute exercise and early recovery responses of muscle and circulatory
miRNA profiles to bout of resistance exercise, and to determine whether muscle
responses related to plasma and hence establish whether plasma miRNA expression
could be utilised as a proxy for muscle signalling events.



To establish the intramuscular miRNA response to a two-week lower limb
immobilisation event and to determine whether a daily protein supplement differentially
regulates miRNA profiles compared to a carbohydrate placebo.



To establish the relationship of miRNA expression in muscle, plasma and enriched
circulatory exosomes in response to a bout of high intensity interval cycling exercise
and to determine whether any relationship between miRNA expressions across the
sample pools exists.
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1.12 Hypothesis

It is hypothesised that



Intramuscular miRNA profiles would be different between individuals with varying
muscle phenotype. The miRNA differences would be reflective of the activity of various
regulatory pathways that contribute to alterations in muscle phenotype.



Circulatory abundances of muscle regulatory miRNAs would relate with muscle size
and strength measures. Additionally, correlations between circulatory and muscle
miRNA content was expected in an attempt to identify c-miRNA biomarkers of muscle
phenotype.



In response to a bout of resistance exercise, mainly muscle tissue would be activated
and therefore acute c-miRNA profiles were expected to reflect muscle alterations.



Following a disuse event, muscle miRNA profiles would be altered and reflective of
changes in muscle function. Protein ingestion as a countermeasure would however,
differentially regulate muscular signalling at the mRNA and protein level via miRNA
regulators of muscle function when compared with placebo ingestion.



Whilst expression of muscle and plasma miRNAs are unrelated following exercise, the
characterisation of exosome enriched miRNAs may be a more relevant biological
tissue reflective of muscle events following high intensity exercise.
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Chapter Two

MicroRNAs in Muscle: Characterising the Powerlifter Phenotype
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2.1

Preface

The data presented in this chapter investigated the divergent expression of intramuscular
miRNAs and their potential role in identifying at rest mechanisms that may explain skeletal
muscle phenotype differences between elite powerlifters and age matched healthy untrained
controls. Data was used to correlate overall expression to phenotype. ROC curve analyses
were used to identify miRNAs that best predict the powerlifter phenotype based on miRNA
expression between the assessed groups.
The following section contains an altered reproduction of the article “MicroRNAs in Muscle:
Characterizing the Powerlifter Phenotype” co-authored by Randall F. D’Souza, Thomas
Bjørnsen, Nina Zeng, Kirsten M. M. Aasen, Truls Raastad, David Cameron-Smith and
Cameron J. Mitchell (See Appendix B for an unaltered reproduction of the first page of the
article). This article was published in Frontiers in Physiology. The full publication is available
for review at: http://journal.frontiersin.org/article/10.3389/fphys.2017.00383/full

28

MicroRNAs in Muscle: Characterising the Powerlifter Phenotype

R.F. D’Souza1, T. Bjørnsen2, N. Zeng1, K. M.M. Aasen1, T. Raastad3, D. Cameron-Smith1, C.
J. Mitchell1*
1

2

Liggins Institute, The University of Auckland, Auckland, New Zealand.
Department of Public Health, Sport and Nutrition, Faculty of Health and Sport Sciences,

University of Agder, Kristiansand, Norway
3

*

Department of Physical Performance, Norwegian School of Sport Sciences, Oslo, Norway

Correspondence: Dr Cameron Mitchell

The Liggins Institute,
University of Auckland,
85 Park Road, Grafton, Private Bag, 92019,
Auckland 2018, New Zealand.
Phone +64 9 923 6606
Fax + 64 9 373 7039
Email: cameron.mitchell@auckland.ac.nz

29

2.2

Introduction

Powerlifting is a competitive sport which requires maximal lifts for three multi-joint exercises.
Powerlifters display an extreme capacity to generate muscle force relative to their body size.
Self-selection and genetic predisposition undoubtedly play a part in becoming an elite
powerlifter. However, extensive resistance training is required to make a competitive
powerlifter [305, 306]. Regardless of the relative importance of genetics and training,
powerlifters embody a unique phenotype, which can aid in understanding the molecular
mechanisms which regulate muscle mass and strength.
Powerlifters are stronger relative to body size in comparison to untrained individuals.
Theoretically, this greater strength is due to a combination of increased fiber area, altered
muscular architecture and an improved ability to activate the muscle [32, 307, 308]. However,
the relative importance of each of these factors is not fully elucidated [309, 310].
Muscle hypertrophy occurs through a net accretion of muscle contractile proteins. Chronic
resistance training promotes muscle anabolism via a complex interaction of multiple
competing pathways [311]. A number of myogenic regulatory factors including MyoD and
MyoG are upregulated acutely in individuals after chronic resistance exercise [312] and are
involved in myogenic remodelling and programming following exercise [313]. Conversely,
resistance exercise reduces expression of some genes which promote muscle degradation
such as myostatin and atrogin1, while increasing the expression others such as MuRF1 [314,
315]. Satellite cells, which are PAX7+ multipotent cells resident in the stem cell niche between
mature muscle fibers and the basal lamina [316], are involved in the maintenance and repair
of damaged fibers, while also being capable of fusing to increase fiber number or supporting
hypertrophy via nuclear addition [36, 48, 221]. PAX7 mRNA and protein positive cells
expression have been shown to increase with both acute and chronic resistance exercise
[317-319].
Central in the coordinated regulation of gene expression are microRNAs (miRNAs), small noncoding RNAs that selectively bind inhibiting translation or promote degradation of targeted
mRNAs [320-322]. Hundreds of different miRNAs are expressed in human tissue, with many
found to be highly enriched in specific tissue types [323, 324]. To date only a few studies have
examined the effect of anabolic stimuli such as resistance exercise or feeding on muscle
miRNA profiles [219, 325-327]. Of these analyses, 8 miRNAs (miR-1, -133a, -133b, -206, 208a, -208b, -486 and -499a) have been consistently identified as myogenic miRNAs
(myomiRs) that are vastly more abundant within skeletal muscle compared to other tissues
[171, 177, 222]. These myomiRs have been implicated in a variety of roles within muscle. For
example, miR-1, -133a and -206, are all involved in the regulation of PAX7 and are themselves
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regulated by downstream genes such as MyoD and MyoG [183, 190, 191]. miR-208a, -208b
and 499a inhibit myostatin and thus are important to muscle catabolism [176, 328]. In addition,
miR-499a inhibits Sox-6 expression which plays a role in the conversion between muscle fiber
types [170].
Further to these established myomiRs, there is evidence from either myogenic cell lines,
animal and human studies, of further miRNAs that may exert crucial roles in control of muscle
hypertrophy, atrophy, myogenesis and apoptosis via cell cycle regulation [178, 196, 329-336].
From this increasing literature, only those miRNAs that have been demonstrated from both
mechanistic analysis in cell lines and in-vivo were selected as being key candidates for
analysis. This included an additional subset of 9 miRNAs (miR- 30b [178, 337], -148b [338,
339], -145 [340, 341], -23a [342, 343], -23b [157, 344], -126 [331, 332], -15a, -16 [333, 345347] and 451a [348, 349].
Powerlifters are capable of generating very high relative muscular forces due to greater
muscle size and quality than the general population [350]. It is unknown if the basal expression
of miRNAs differs between powerlifters and healthy controls. Further, it is unclear if miRNA
expression may partially regulate the expression of genes related to the regulation of muscle
mass. Hence, the aim of this study was to quantitatively analyse using real-time PCR, the
regulation of the extended list of key myomiRs and key myogenic regulatory mRNA species
in both elite powerlifters and healthy age matched controls. It was hypothesised that muscle
specific miRNAs with defined roles in muscle mass regulation are differentially expressed
between these distinctive muscular phenotypes, and that these differences will relate to the
expression of downstream mRNAs.
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2.3

Methods

2.3.1 Participants
13 recreationally active young males students 24.3 ± 1.8 years and 15 elite male Norwegian
Powerlifters aged 23.5 ± 3.1 years were recruited (Table 2-1). Exclusion criteria were any
injuries of the musculoskeletal system that could prevent the participant from exerting maximal
force, use of medication and the use of anabolic steroids. Subjects were asked to refrain from
any strenuous exercise for 72 hours prior to the study day. The study complied with the
standards set by the Declaration of Helsinki and was reviewed by the Regional Committee for
Medical and Health Research Ethics (REC South-East). The nature and goals of the study
were thoroughly explained, and all subjects provided a written informed consent.

Table 2-1. Participant Characteristics. Values presented as means ± SD, n=13 controls and
n=15 powerlifters.
Healthy Controls

Powerlifters

Age (years)

23.7 ± 2.1

25.1 ± 5.8

Height (m)

178.6 ± 7.4

176.4 ± 7.1

Weight (kg)

77.4 ± 12.1

94.8 ± 16.7

BMI (kg/m2)

24.1 ± 2.3

30.4 ±4.3

32

2.3.2 Muscle strength
Isokinetic torque of the knee extensor was measured at 60° per second over a range of 70°
(from 20°-90° when 0° is fully extended) using a dynamometer (HUMAC 2009NOMR CSMi.
Testing and Rehabilitation System, USA). Participants were strapped to the dynamometer
chair with two belts crossing over their chest. Hands were placed on these belts to ensure
isolation of knee extensor muscles. Participants repeated the test three times after four warm
up attempts with strong verbal motivation from the same individual with the best value being
recorded. To correct for variance between body size between groups, peak torque was
normalized to height as a form of allometric scaling of strength as proposed by Jaric [351].

2.3.3 Muscle biopsy sampling
Muscle biopsies (200-300 mg) were obtained from m. vastus lateralis using a 6 mm sterile
Bergström needle under local anaesthesia (Xylocain-adrenaline, 10 mg /ml + 5 mcg/mL,
AstraZeneca, Södertälje, Sweden). Connective tissue and fat were dissected away before a
bundle of fibers identified for later immunohistochemical analyses was mounted in OCT
Embedding Matrix (Tissue-tek, O.C.T. compound, Sakura, USA) and immediately frozen in
isopentane, which was pre-cooled (∼ -140°C) with liquid nitrogen and stored at -80°C for later
analysis. A ~20 mg piece was snap frozen in liquid nitrogen for RNA analysis.

2.3.4 miRNA/mRNA isolation
Total RNA was extracted from ~20 mg of muscle tissue using the AllPrep® DNA/RNA/miRNA
Universal Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer's instructions as
described by Figueiredo et al. [352].

2.3.5 miRNA cDNA/RT-PCR
10 ng of input RNA was used for cDNA synthesis using TaqMan™ Advanced miRNA
cDNA Synthesis Kit (Thermo Fisher Scientific, Carlsbad, CA, USA), miRNA abundances
were measured by RT‐PCR on a QuantStudio 6 (Thermo Fisher Scientific, Carlsbad, CA,
USA) using Applied Biosystems Fast Advanced Master Mix (Thermo Fisher Scientific,
Carlsbad, CA, USA).
Target miRNAs were miR-15a-5p, - 23a-5p, - 23b-5p, -499a-3p, -206, -208a-3p, -208b-3p, 451a, -486-5p, -126-3p, -1-3p, -133a-3p, -133b, -148b-3p, -30b-3p, -145-5p and -16-5p
Thermo Fisher Scientific, Cat# A25576, Carlsbad, CA, USA) (Supplementary Table 2-4). The
geometric mean of three reference miRNAs (miR-361-5p, -320a, -186-5p) [353] was used for
normalisation based on miRNAs that showed the least variation amongst the participants
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between and within groups. The abundance of miRNAs were measured using the 2(-ΔCT)
method [354].

2.3.6 mRNA cDNA/RT-PCR
1500 ng of input RNA was used for cDNA synthesis using the High‐Capacity RNA‐to‐
cDNA™ kit (Life Technologies, Carlsbad, CA). Messenger RNA (mRNA) were measured by
RT‐PCR on a LightCycler 480 II (Roche Applied Science, Penzberg, Germany) using SYBR
Green I Master Mix (Roche Applied Science). Target mRNAs were decided based on previous
published pubmed literature that associated targeted miRNAs with muscle regulatory genes.
These included, cMYC, Myogenic Differentiation 1 (MyoD), Forkhead Box O3 (FOXO3),
PAX7, Cyclin D1 (CCND1), Myogenin (MyoG), Neural Cell Adhesion Molecule (NCAM),
Atrogin-1, Muscle-Specific RING Finger Protein 1 (MuRF1), Vascular Endothelial Growth
Factor (VEGF), Myostatin, Histone Deacetylase 4 (HDAC4), Bone Morphogenetic Protein 2
(BMP2), SRY (Sex Determining Region Y)-Box 6 (SOX6), Phosphatase and tensin homolog
(PTEN), Serum response factor (SRF), SPRED1, PAX3, and Forkhead Box 01 (FOXO1).
Primers were designed using BLAST software (sequences in Supplementary Table 2-5). The
geometric mean of four reference genes was used for normalisation [353]. The recently
proposed human reference genes [355], endoplasmic reticulum membrane protein complex
subunit 7 (EMC7), valosin-containing protein (VCP), charged multivesicular body protein 2A
(CHMP2A) and chromosome 1 open reading frame 43 (C1orf43) were identified as the least
variable and therefore, used as reference genes (Supplementary Table 2-6). Standard and
melting curves were performed for every target to confirm primer efficiency and single‐product
amplification. The abundance of mRNAs were measured using the 2(-ΔCT) method [354].

2.3.7 Immunohistochemical staining
Muscle biopsies were cut to 8 µm thick cross sections at -20°C using a cryostat (CM 1950,
Leica Biosystems GmbH, Nussloch, Germany) and mounted on microscope slides (Superfrost
Plus, Menzel-Glaser, Brouschweig, Germany). Glass slides from the freezer were air dried at
room temperature for 10 minutes and a PAP-pen (OmmEdge PEN. Vevtor Laboratories, Inc)
was used to draw a lipid ring around sections. Next, primary antibodies and stains were
applied for 45 min incubation in 1% Bovine Serum Albumin (BSA) (Dako, 10082504) and PBSt solution (QC213624, Thermo Fisher Scientific, Carlsbad, CA, USA). BSA was removed and
the slide dried using lint-free paper towel (Kimtect Science, Precision Wipes Tissue Wipers)
to prepare for secondary antibody application. Specific secondary antibodies (Alexa-488 goat
anti-mouse (14C1013, Biotium, Inc, Hayward, CA, USA, 1:200) and CF-594 goat anti-rabbit
(14C0916, Biotium, 1:200) were applied after each primary antibody. Sections were mounted
with a fluorescent anti-fade containing DAPI (for nuclear staining) (Invitrogen, 1266174, Life
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Technologies, Denmark, Naerum, Denmark) and coverslip were pasted together with slides
and stored protected from light in a fridge (5°C). Satellite cells were visualised with an antibody
against PAX7 (DSHB, 1:100) and laminin (Dako, 20025756, 1:400) as well as DAPI-stains (for
nuclear staining) (Invitrogen, 1266174, Life Technologies, Denmark, Naerum, Denmark),
while serial sections for MCH-II (DSHB, 1:1000) and dystrophin (ABCam, ab15277), 1:500)
and were added onto a separate slide for distinction of the myofiber border and type II
myofibers.
Stained biopsies were visualised on a computer screen using a light microscope (Olympus
BX61, Japan) connected to a fluorescent light (EXFO, Xl120PC-Q, Canada) and was used to
quantify the sections. The microscope was also connected to a digital camera (Olympus DP72,
Japan) that took pictures at 20x zoom of the sections. All morphometric analysis was
performed in Cell-F (Olympus, Japan), TEMA (ChekVision, Hadsund, Denmark) and ImageJ
(version 2.0.0-rc-41/1.5d, National Institutes of Health, Bethseda, MD, USA). Type I
(unstained) and type II (stained) myofibers were differentiated, and myofiber area was
determined. On average 543 ± 241 myofibers were analysed per biopsy sample for the
assessment of muscle fiber area. Satellite cells and myonuclei were identified using the
following criteria: satellite cells had to stain positive for PAX7 and be placed within the basal
lamina; nuclei with a subordinate placement were considered myonuclei. The number of PAX7
positive satellite cells and myonuclei are presented relative to the number of type I and II
myofibers. Myonuclear domain is expressed as the area of each fiber type supported by a
single myonucleus (22). A total of 50 myofibers for each fiber type were analysed for
quantification of myonuclei, in accordance with previous methods from Mackey et al (23). The
same investigator performed all analyses manually in a blinded manner.

2.3.8 Statistical analysis
Statistical analysis was performed using Graph Pad Prism Software (GraphPad Software Inc.,
La Jolla, CA). Differences between controls and powerlifters were determined using a
Student’s t-test. Multiple comparison corrections were undertaken using false discovery rates
where p<q was determined as significant with alpha set at p<0.05 (Supplementary Table 27). Linear regression was performed using measures of phenotype including peak strength,
fiber CSA, fiber area per satellite cell and fiber type as dependent variables with miRNAs as
independent variables. Only miRNAs which independently correlated with the dependent
variable and did not correlate with the expression of any of the miRNAs already in the model
were included in the linear regression models. Step wise discriminant analyses was performed
using IBM SPSS for Windows Version 23 (IBM Corp. USA) to determine the ability of miRNAs
to distinguish between powerlifters and controls, as per [356]. Receiver operating
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characteristic curves (Prism software) were then used to determine the area under the curve
for each of miR-126, -23a, -16, -23a and -15a in order to correctly identify the powerlifter
phenotype. Prism software was also used to generate graphs. Data are shown as means ±
SD. Statistical significance was accepted at p<0.05.
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2.4

Results

2.4.1 Skeletal muscle strength and histology
The powerlifters were stronger (p<0.001) than the healthy control group. This difference was
maintained when corrected for body size (p<0.001) (Figure 2-1A and 2-1B). Powerlifters also
had larger muscle fibers (p<0.001) of both fiber types (Figure 2-1C and 2-1D). The area per
myonucleus (myonuclear domain) was not different between groups irrespective of fiber type
(type I p=0.555 and type II p=0.515) (Figure 2-2A and 2-2B). No difference between area of
type I fibers per satellite cell was seen between groups (p=0.560) however, the powerlifters
had increased type II area per satellite cell (p=0.007) (Figure 2-2C and 2-2D) (Table 2-2).

Table 2-2. Myonuclei and satellite cells. Values presented as means ± SD, n=13 controls
and n=15 powerlifters.*difference powerlifters and controls p<0.05.
Healthy Controls

Powerlifters

p-values

Fiber Ratio (Type I : II)

1.1 ± 0.4

0.8 ± 0.3

0.022*

Myonuclei/Type I Fiber

3.3 ± 0.4

6.8 ± 1.3

<0.001*

Myonuclei/Type II Fiber

3.6 ± 0.4

7.8 ± 0.9

<0.001*

Satellite Cell/Type I Fiber

0.036 ± 0.007

0.071 ± 0.033

0.003*

Satellite Cell/Type II Fiber

0.036 ± 0.014

0.049 ± 0.021

0.111
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Figure 2-1. Phenotype. (A) Peak knee extension torque (Nm). (B) Peak knee extension
torque corrected for body size (C) Type I CSA (µm2). (D) Type II CSA (µm2). (* difference
between powerlifter and controls p<0.05, ** difference between powerlifter and controls
p<0.005 and *** difference between powerlifter and controls p<0.001). Data expressed are
expressed as means ± SD.
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Figure 2-2. Immunohistochemistry. Area of fiber per nucleus. (A) Type I (µm2). (B) Type II
(µm2). Area of fiber per satellite cell. (C) Type I (µm2). (D) Type II (µm2). (*difference between
powerlifter and controls p<0.05, ** difference between powerlifter and controls p<0.005 and
*** difference between powerlifter and controls p<0.001). Data expressed are expressed as
means ± SD.
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2.4.2 miRNA and gene expression
Five of the seven myomiRs measured were differentially abundant between groups. Four were
elevated (miR-486 p=0.003, -499a p=0.012, -133a p<0.001 and -1 p=0.008, one lower (miR206 p=0.009) in the healthy controls compared to the powerlifters, two were similarly
expressed (miR-208a p=0.71 and-208b p=0.496) between groups. MyomiRs have putative
roles in the control of known muscle mass regulators such as PAX7 (p<0.001), PAX3
(p=0.008) MyoD (p=0.011), Myostatin (p<0.001), MyoG (p=0.002), HDAC4 (p=0.001), SRF
(p<0.001) and SOX6 (p=0.008) which were all more abundant in the powerlifters while PTEN
(p=0.302) transcript abundance was not different between groups (Figure 2-3).
miR-15a (p<0.001), -16 (p=0.016) and -451a (p=0.017) were elevated in the powerlifters
compared to the healthy controls (Figure 2-4A, 2-4B and 2-4C). Downstream mRNA target
cyclin D1 (p=0.198) was not different between groups whilst D2 (p=0.019) (Figure 2-4H) was
less abundant in the powerlifter group. Furthermore, miR-15a and -16 have reported roles in
inhibiting angiogenesis via action on VEGF which trended toward being more abundant in
powerlifters (p=0.064) (Figure 2-4I). miR-145 showed no difference between groups
(p=0.730).
miR-23a (p<0.001) and -23b (P<0.001) are both inhibitors of catabolic gene expression [357]
and were found to be elevated in the powerlifter group (Figure 2-4D and 2-4E). Catabolic
genes FOXO1/3 (p=0.244, p=0.213) were unchanged between groups while MuRF1
(p=0.013) and Atrogin1 (p=0.004) all showed increased expression in powerlifters compared
to controls (Figure 2-4J and 2-4K). The upstream regulator c-MYC was expressed similarly
between groups (p=0.693).
miR-30b expression (p=0.013) was higher in powerlifters compared to controls (Figure 2-4F).
miR-126 (p<0.001) had lower expression in powerlifters compared to controls (Figure 2-4G).
SPRED-1 (p=0.083), an inhibitory target of miR-126 upstream of VEGF showed no difference
between groups.
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Figure 2-3. MyomiR and related gene abundance. (A) miR-486, (B) miR-499a, (C) miR-133a, (D) miR-1, (E) miR-206, (F) PAX-7 mRNA, (G)
PAX3 mRNA, (H) MyoD mRNA, (I) Myostatin mRNA, (J) MyoG mRNA, (K) HDAC4 mRNA, (L) SRF mRNA. miRNAs normalised to geomean of
3 endogenous stable miRNAs, mRNAs normalised to geomean of 4 housekeepers. (*difference between powerlifter and controls p<0.05, **
difference between powerlifter and controls p<0.005 and *** difference between powerlifter and controls p<0.001). Data expressed are expressed
as means ± SD.
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Figure 2-4. Other muscle miRNAs and related gene abundance. (A) miR-15a, (B) miR-16, (C) miR-451a, (D) miR-23a, (E) miR-23b, (F) miR30b, (G) miR-126, (H) CCND2 mRNA, (I) VEGF mRNA, (J) MuRF-1 mRNA, (K) Atrogin-1 mRNA. miRNAs normalised to geomean of 3
endogenous stable miRNAs, mRNAs normalised to geomean of 4 housekeepers. (*difference between powerlifter and controls p<0.05, **
difference between powerlifter and controls p<0.005 and *** difference between powerlifter and controls p<0.001). Data expressed are expressed
as means ± SD.
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2.4.3 Correlation analysis
miRNAs were correlated against phenotype with both groups combined. With multiple
regression analyses, we see a range of significant in relationships as described in Table 2-3.
Supplementary Table 2-8 indicates miRNAs correlated with mRNA expression in individuals
of both groups.
Table 2-3. Phenotype vs miRNA expression correlations.
R2

β

Pvalue

Strength (miR-133a)

0.368 -0.606

0.001

Corrected strength

0.47

-

0.001

miR-133a

-

-0.568

0.001

miR-486

-

-0.273

0.043

Type I CSA

0.63

-

<0.001

miR-206

-

0.446

0.002

miR-16

-

0.269

<0.001

miR-133a

-

-0.398

0.011

Type II CSA

0.668 -

<0.001

miR-206

-

0.351

0.007

miR-133a

-

0.446

0.018

miR-486

-

-0.277

<0.001

miR-1

-

-0.11

0.034

Type II Area/SC (miR- 0.354 0.595
23b)

0.003

Fiber type ratio (miR- 0.324 0.569
126)

0.002

Fiber type area ratio

0.337 -

0.011

miR-126

-

0.009

0.385
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miR-145

-

0.399

0.029

2.4.4 Discriminant analysis
Of the 17 miRNAs analysed, stepwise discriminant analyses revealed that the combination of
five miRNAs (miR-126, -23b, -16, -23a and 15a) correctly classified 100% of participants as
powerlifters or controls. Receiver operator characteristic curves were then used to measure
the sensitivity and specificity of these miRNAs (Figure 2-5). miR-126 differentiated
powerlifters with an area under curve of 0.98, sensitivity 93% and specificity 100%. miR-23b
distinguished powerlifters with an area under curve of 0.91, sensitivity 85.7% and specificity
84.6% whereas miR-16 had an area under curve of 0.74 with sensitivity 85.7% and specificity
46.2%. miR-23a had an area under curve of 0.98 with sensitivity 100% and specificity 92.3%
while miR-15a had an area under the curve of 0.96 with a sensitivity of 93.3% and specificity
of 84.6%
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Figure 2-5. Receiver operator curve analysis to determine sensitivity and specificity. (A) miR-126, (B) miR-23b, (C) miR-16, (D) miR-23a,
(E) miR-15a.
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Figure 2-6. Interactions of miRNA with expression gene expression of muscle function regulators. Orange miRNAs show greater
expression in healthy controls than powerlifters, blue miRNA showed lower expression in controls than powerlifters. miRNAs shown in black were
expressed similarly in powerlifters and controls. Green genes more abundant in powerlifters, red less abundant while yellow were unchanged.
Arrowheads indicate a positive interaction while perpendicular lines indicate an inhibitory effect.
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2.5

Discussion

Powerlifters represent an extreme muscular phenotype with muscle fibers double the size of
controls and the ability to exert ~45% more torque. These athletes provide a unique
opportunity to study how differences in muscle miRNA and gene expression may regulate the
maintenance of the extreme increases in muscle size and strength. A targeted approach was
used to analyse miRNA species that have previously been shown to be both differentially
regulated within skeletal muscle, corresponding to a change in phenotype, and further have
been established to be involved in the mechanistic control of muscle-regulatory genes. Of the
17 miRNAs analysed, a total of 12 were differently expressed in the biopsied skeletal muscle
samples between powerlifters and healthy controls with miR-126, -23b, -16, -23a and -15a
showing the greatest separation between groups. The different miRNA expression patterns in
powerlifters have putative roles in the control of fiber type, protein turnover, muscle
remodelling and angiogenesis.
Chronic resistance training results in increases in fiber area, alteration in muscle architecture
and improvements in neural drive which are associated improvements in peak torque [32, 307,
308]. The present study demonstrated that both muscle fiber types in powerlifters are
approximately two fold larger than those in healthy controls. This is in contrast to previous
analyses indicating a 10 week period of resistance training produces ~12.2% increases in fiber
CSA [358]. The increased myonuclear content in powerlifters were offset by increases in fiber
size showing support for myonuclear domain theory in both fiber types whereby it is proposed
each nucleus supports a fixed area/ volume of a myofiber [49, 187, 188]. Whilst area per
satellite cell for type I fiber area was not different between groups, area per satellite cell in
type II fibers was significantly higher (~1.6 fold) in the powerlifters. In studies of untrained
individuals who undertook 2-4 months of resistance training resulting in muscle hypertrophy,
satellite cells per fiber area were seen to increase [41, 42]. This finding is inconsistent with the
powerlifters in the present study. The greater type II fiber area per satellite cell in the
powerlifters may represent an adaptive ceiling not observed in shorter duration training
studies.
The human genome has been shown to encode at least 1881 non-coding miRNAs
(miRbase.org Version 21). Amongst these, the importance of a subset have been identified
as playing crucial roles in the myogenesis, hypertrophy and atrophy of skeletal muscle [328,
359, 360]. Most of these appear to exert conserved roles across species and have functions
from the early phases of myogenesis, from stem cell differentiation through to myofiber
atrophy. Within these a subset commonly identified as myomiRs are highly expressed within
skeletal [361] muscle and have reported roles in skeletal muscle maintenance processes
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[362]. We have identified a number of differences in miRNA expression between powerlifters
and controls which through transcriptional regulation (Figure 2-6) may partially explain the
divergent powerlifter phenotype. Several miRNAs were found to correlate with strength, fiber
size, type II fiber area per satellite cell and type I:II fiber ratios and area. miR 133a and -486
were significantly correlated against strength and fiber size irrespective of fiber size. miR-206,
-1 and -16 were correlated to fiber size alone.
For example, miR-499a has been shown to repress SOX6, a key inhibitor of type II to type I
fiber conversion [167, 363, 364]. Powerlifters showed a greater proportion of type II fibers
reduced miR-499a expression and an increased abundance of SOX6. It is likely that the
reduced miR-499a expression allows for a greater SOX6 expression that may support the
maintenance of a larger proportion of type II fibers. Since the powerlifter group expressed
lower type I/II fiber ratios (0.8 vs 1.1) they have an abundance of type II fibers compared to
controls. This is consistent with other studies that have analysed the fiber shifts associated
with consistent resistance training [365, 366] but could also be the result of self-selection to
the sport of powerlifting by individuals with a pre-existing abundance of type II fibers. We also
find miR-126 that was less abundant in the powerlifters correlated to fiber ratios for cell
population and for area representation. Previously it was reported that miR-126 may not be
specific to type I fibers [325]. As mentioned earlier since powerlifters have lower type fiber
ratios, the idea that miR-126 is type I specific may warrant further analyses. miR-499a is also
known to inhibit myostatin, which is a negative regulator of muscle mass [176, 367, 368].
Powerlifters showed more abundant expression of this gene. Myostatin is an upstream
regulator of mass accretion that through SMAD3 signalling, can directly inhibit muscle growth
and differentiation pathways governed by PAX3/7, MyoD, MyoG and SRF [369]. The
expression of these anabolic factors was significantly higher in powerlifters. Previous training
studies indicate a down regulation of myostatin while positive regulators of mass, like MyoD
and MyoG, are increased [312, 314, 315]. However, the powerlifters in the present study have
undergone years of rigorous training and may not be directly comparable to individuals who
have undergone only 2-4 months of resistance training. The expression of other muscle
catabolism markers MuRF1 and Atrogin1 showed greater abundance in the powerlifters
despite upregulation of their direct inhibitors miR-23a/b. Together these data may be explained
by an increased rate of muscle protein turnover in powerlifters compared to controls. It has
previously been demonstrated that resistance training increases rates of muscle protein
synthesis [370], it is thus conceivable that increases in expression of genes related to both
anabolism and catabolism would underpin a greater resting muscle protein turnover in
powerlifters as well. It is also possible that the greater expression of catabolic genes such as
myostatin, MuRF1 and Atrogin1 in the powerlifters represents a limit to hypertrophic
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adaptation following long term training which is not seen individuals with lower training ages
[371].
PAX3/7, MyoD and MyoG are key components of the myogenesis pathway [372, 373] and are
more abundantly expressed in powerlifter than the healthy controls. They have been shown
to be involved in muscle repair and regeneration in various models injury models as well as
following resistance exercise [374, 375]. PAX7 protein concentrations are downregulated by
miR-1, -133a, -206 and -486 [183, 191]. All except miR-486 are transcribed in response to
increased MyoD and MyoG expression [191, 193] and act to provide a negative feedback
mechanism. miR-1 and -133a were found to be less abundant in powerlifters. The reduced
abundance of miR-1 and -133a in powerlifters may explain higher HDAC4 and SRF expression
respectively. SRF is expected to promote miR-486 activity via MyoD [183, 196] instead, we
observed a lower expression of miR-486 despite elevated SRF expression. miRs -1, -133a
and -486 all directly or indirectly provide negative feedback to the processes of muscle repair
and regeneration, despite MyoD and MyoG expression. miRs -1, -133a and -486 remained
down regulated in powerlifters compared to controls. This suggests a complex interaction
between multiple miRNAs and genes related to muscle regeneration.
The cell cycle regulators Cyclin D1 and D2 directly inhibit MyoD and are themselves directly
inhibited by miR-451a, -15a and -16 [334-336]. These miRNAs were more abundant in the
powerlifters, perhaps acting to support increased myogenesis and muscle remodelling.
CCND2 gene had lower expression in powerlifters likely resulting from the increased
expression of its inhibitors miR-451a, -15a and -16.
Powerlifters exhibited no difference in expression of the proangiogenic gene VEGF which is
partly regulated via the mammalian target of rapamycin (mTOR) pathway [376]. Resistance
training induces angiogenesis to support hypertrophy but on its own does not normally
increase capillary density [319]. The direct inhibitors of VEGF, miR-15a/16 were however,
upregulated in the powerlifters, which may limit angiogenesis in powerlifters. miR-126 which
increases VEGF expression via Sprouty-related protein (SPRED1) inhibition [332] was lower
in powerlifters with no differences in SPRED1 expression between group. The direct regulation
of angiogenesis by resistance training via miRNAs requires further elucidation.
The discriminant analysis identified miR-126, -23b, -16, -23a and -15a as strong determinants
of the powerlifter phenotype, correctly categorising participants with 100% accuracy. Each of
these five miRNAs independently, correctly grouped individuals by expression with at least
74% accuracy. The five identified miRNAs could be investigated further as markers of training
adaptation.
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The powerlifter phenotype is characterised by dramatic differences in muscle fiber size and
force generation capacity when compared to age matched untrained controls. Regulation of
mRNA via miRNAs provides a likely mechanism which may underpin these phenotypic
differences. However, because protein expression was not measured it is not possible to draw
definite conclusions about how miRNAs might alter phenotype. The design of the study did
not allow for the delineation of specific effects of long term resistance training and genetic
endowment. Undoubtedly both play a role but it is probable that the majority of the observed
effects are due to a long history of high intensity resistance training.
The present study indicates maintenance of the distinct powerlifter phenotype may be
modulated by robust differences in miRNA expression profiles at rest when compared to
healthy controls. Specifically, miR-126, -23b, -16, -23a and -15a discriminate accurately
between powerlifters and controls. Differences in miRNA expression are involved in the
regulation of downstream mRNA but can also themselves be regulated by mRNA making
understanding the system a complex undertaking. miRNAs identified from the rare elite
powerlifter phenotype can now be investigated in other populations with disparities in muscle
strength and size such as young and older adults and those with myopathies in order to
validate their importance as biomarkers of muscle function.
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2.6

Supplementary Tables

Table 2-4. (Supplementary) Catalogue numbers for the miRNAs analysed and
housekeepers with Thermo Fisher Scientific independent miRNA assay IDs
miRNA

ID Number

miR-15a-5p

477858_mir

miR-16-5p

477860_mir

miR-23a-3p

478532_mir

miR-23b-3p

478602_mir

miR-451a

477968_mir

miR-486-5p

478128_mir

miR-126-3p

477887_mir

miR-133a-3p

478511_mir

miR-206

477968_mir

miR-1-3p

477820_mir

miR-148b-3p

477806_mir

miR-30b-5p

478007_mir

miR-145-5p

477916_mir

miR-499a-3p

478948_mir

miR-208a-3p

477819_mir

miR-208b-3p

477806_mir

miR-186-5p

477940_mir

miR-320a

478594_mir

miR-361-5p

478056_mir
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Table 2-5. (Supplementary) Forward and reverse mRNAs sequences of analysed genes.
Gene

Sequence

c-MYC Forward

GGTAGTGGAAAACCAGCAGCC

c-MYC Reverse

TCTCCTCCTCGTCGCAGTA

MYOD (Forward)

CGGCATGATGGACTACAGCG

MYOD (Reverse)

CAGGCAGTCTAGGCTCGAC

FOXO 3 (Forward)

TGAACGTGGGGAACTTCACT

FOXO 3 (Reverse)

GTGTCAGTTTGAGGGTCTGC

PAX 7 (Forward)

CCTTTGGAAGTGTCCACCCC

PAX 7 (Reverse)

TCGCCCATTGATGAAGACCC

CCND1 (Forward)

GCTGCGAAGTGGAAACCATC

CCND1 (Reverse)

CCTCCTTCTGCACACATTTGAA

CCND2 (Forward)

CTGCCCCCACCTAGATCATA

CCND2 (Reverse)

TCCCTTATGCTGTACTTCAAATAGG

MYOG (Forward)

GGCCAAACTTTTGCAGTGAATATT

MYOG (Reverse)

TCGGATGGCAGCTTTACAAACAAC

NCAM 1 (Forward)

GCAGCGAAGAAAAGACTCTGG

NCAM 1 (Reverse)

GCAGATGTACTCTCCGGCAT

ATROGIN1 (Forward)

GCAGCTGAACAACATTCAGATCAC

ATROGIN1 (Reverse)

CAGCCTCTGCATGATGTTCAGT

MuRF1 (Forward)

CCTGAGAGCCATTGACTTTGG

MuRF1 (Reverse)

CTTCCCTTCTGTGGACTCTTCCT

VEGF (Forward)

TCTTCAAGCCATCCTGTGT

VEGF (Reverse)

CTTTCTTTGGTCTGCATTC
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Myostatin (Forward)

CTACAACGGAAACAATCATTACCA

Myostatin (Reverse)

GTTTCAGAGATCGGATTCCAGTAT

HDAC4 (Forward)

GGGAGCTGAAGAATGGCTTTG

HDAC4 (Reverse)

AGGATCTTGCTCACGCTCAA

BMP2 (Forward)

AACGGACATTCGGTCCTTGC

BMP2 (Reverse)

CCATGGTCGACCTTTAGGAGA

Sox6 (Forward)

GCAAGAACAGATTGCGAGAC

Sox6 (Reverse)

AATTGGGATCATGAGCGGAGG

PTEN (Forward)

TGTAAAGCTGGAAAGGGACGA

PTEN (Reverse)

GGGAATAGTTACTCCCTTTTTGTC

SRF (Forward)

CTCAACTCGCCAGACTCTCC

SRF (Reverse)

AGTGTGTCCTTGGTCTCCCC

SPRED1 (Forward)

CGTTTCAAAGTCCTGCTGATG

SPRED1 (Reverse)

CATTTGCTTGTAAGTCATCTGCCC

PAX3 (Forward)

CTCACCTCAGGTAATGGGACT

PAX3 (Reverse)

GAGCGCGTAATCAGTCTGGG

FOXO 1 (Forward)

ACGAGTGGATGGTCAAGAGC

FOXO 1 (Reverse)

AATTGAATTCTTCCAGCCCGC
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Table 2-6. (Supplementary) Forward and reverse sequences of reference mRNAs.
Gene

Sequence

EMC7 (Forward)

GGGCTGGACAGACTTTCTAATG

EMC7 (Reverse)

CTCCATTTCCCGTCTCATGTCAG

VCP (Forward)

AAACTCATGGCGAGGTGGAG

VCP (Reverse)

TGTCAAAGCGACCAAATCGC

CHMP2A (Forward)

CGCTATGTGCGCAAGTTTGT

CHMP2A (Reverse)

GGGGCAACTTCAGCTGTCTG

C1orf43 (Forward)

CTATGGGACAGGGGTCTTTGG

C1orf43 (Reverse)

TTTGGCTGCTGACTGGTGAT
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Table 2-7. (Supplementary) False discovery rate for multiple gene comparisons.
Gene/miRNA

Q*-Value

P<Q*

miR-126

1.194E-06 0.0013514

TRUE

miR-133a

0.0001012 0.0027027

TRUE

Myostatin

0.0001073 0.0040541

TRUE

miR-23a

0.0001246 0.0054054

TRUE

miR-23b

0.0001533 0.0067568

TRUE

SRF

0.0003873 0.0081081

TRUE

Pax7

0.0004376 0.0094595

TRUE

ZFAS1

0.0004376 0.0108108

TRUE

miR-15a

0.000489 0.0121622

TRUE

HDAC4

0.0014381 0.0135135

TRUE

MyoG

0.0016226 0.0148649

TRUE

0.002736 0.0162162

TRUE

NCAM

0.0041465 0.0175676

TRUE

Atrogin1

0.0043034 0.0189189

TRUE

PAX3

0.0076647 0.0202703

TRUE

miR-1-3p

0.0083747 0.0216216

TRUE

SOX6

0.0084403

0.022973

TRUE

miR-206

0.0094524 0.0243243

TRUE

myoD

0.0107511 0.0256757

TRUE

miR-499a

0.0115594

0.027027

TRUE

miR-30b

0.0127352 0.0283784

TRUE

MuRF1

0.0129013 0.0297297

TRUE

miR-16

0.015872 0.0310811

TRUE

0.0173291 0.0324324

TRUE

0.018976 0.0337838

TRUE

Vegf

0.0641044 0.0351351

FALSE

miR-208a

0.0713695 0.0364865

FALSE

SPRED1

0.0834647 0.0378378

FALSE

CCND1

0.1978214 0.0391892

FALSE

FOXO3a

0.2134608 0.0405405

FALSE

FOXO1

0.2441532 0.0418919

FALSE

miR-148b

0.2808157 0.0432432

FALSE

PTEN

0.3016128 0.0445946

FALSE

miR-208b

0.4956834 0.0459459

FALSE

c-MYC

0.6931612 0.0472973

FALSE

miR-486

miR-451a
CCND2

P-Value
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BMP2
miR-145

0.71763 0.0486486
0.7296115

0.05

FALSE
FALSE
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Table 2-8. (Supplementary) mRNA vs miRNA expression correlations.
Pearson P(r)
value
CCND2 (miR-23b)

-0.384

0.048

MyoD (miR-23b)

0.438

0.022

miR-451a

0.405

0.036

miR-1

-0.442

0.024

MuRF-1 (miR-206)

0.440

0.019

miR-126

-0.452

0.016

miR-148b

-0.419

0.029

Myostatin (miR-15a)

0.461

0.014

miR-23b

0.411

0.033

miR-486

-0.482

0.009

miR-126

-0.501

0.007

miR-133a

-0.398

0.036

miR-30b

0.655

<.001

Pax7 (miR-15a)

0.435

0.021

miR-206

0.476

0.010

miR-126

-0.400

0.035

miR-133a

-0.438-

0.020

miR-30b

0.441

0.024

MyoG (miR-499)

-0.428

0.026

miR-486

-0.496

0.007

miR-126

-0.565

0.002

57

FOXO3a (miR-206)

0.631

<0.001

miR-148b

-0.452

0.018

Atrogin-1 (miR_23a)

0.413

0.029

miR-23b

0.440

0.022

miR-126

-0.494

0.008

miR-133a

-0.351

0.067

miR-148b

-0.480

0.011

FOXO1 (miR-499)

-0.528

0.007

BMP2 (miR-486)

-0.398

0.036

PAX3 (miR-15a)

0.478

0.010

miR-23a

0.508

0.006

SOX6 (miR-15a)

0.391

0.044

miR-23a

0.397

0.040

miR-23b

0.471

0.015

miR-126

-0.409

0.034

SRF (miR-15a)

0.597

0.001

miR-23a

0.436

0.020

miR-23b

0.420

0.029

miR-486

-0.415

0.028

miR-126

-0.405

0.033

miR-30b

0.403

0.041

HDAC4 (miR-15a)

0.492

0.009

miR-499a

-0.411

0.037

miR-126

-0.487

0.010
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Chapter Three

Circulatory microRNAs as predictive biomarkers of muscle size and function
in middle-aged men
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3.1

Preface

The data presented in this chapter investigated muscle regulatory miRNAs in muscle and
circulation at rest amongst 50 middle aged men (35-60) in an attempt to identify muscle and
circulatory miRNA predictors of muscle size and function. Furthermore, the relationship at rest
between muscle and circulatory expression was assessed in an attempt to verify the validity
of measuring muscle specific miRNAs in circulation to predict size and function of muscle.
The following section contains an altered reproduction of the article “Circulatory microRNAs
as predictive biomarkers of muscle size and function in healthy middle aged men” co-authored
by Randall F. D’Souza, Nina Zeng, Sally D. Poppitt, David Cameron-Smith and Cameron J.
Mitchell. This article is currently in review in Frontiers in Physiology.
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3.2

Introduction

Skeletal muscle strength and size are important determinants of physical function and mobility
in the elderly [377-379]. Beyond the 5th decade of life, skeletal muscle mass and strength
begin to decline [380]. Reduced muscle mass and physical function often become clinically
relevant with the onset of sarcopenia resulting in the increased risk of falls and fractures, a
reduced quality of life [120], and heightened of metabolic and cardiovascular diseases risk
[381]. In addition to declines in muscle size, subtle changes in muscle composition,
architecture and innervation, together explain the greater observed loss of muscle strength
than size [56, 217, 218]. With advancing age, there is a reported decline in myogenic satellite
cell number and regenerative capacity [50]. Satellite cells are PAX7 positive muscle specific
stem cells capable of repairing damaged fibers and donating nuclei during myofiber
hypertrophy [173, 382]. Aging also induces a blunted muscle anabolic response to stimuli such
as feeding and exercise, termed ‘anabolic resistance’. This anabolic resistance is in part due
to reduced activation of the anabolic mammalian target of rapamycin (mTOR) signalling
pathway in the elderly and may be related to increased age associated systemic inflammation
[383-386].
Central to the determination of the complex processes that regulate muscle mass are a range
of miRNA species reported to promote transcript breakdown and inhibit translation of specific
mRNAs involved in muscle phenotype regulation. Whilst differences in expression of primiRNAs, miR-1,-133 and -206 were reported in young compared to aged muscle, no
differences in mature miRNAs were seen [219]. However, miR-451a, -15a and 16 were
elevated in aged muscle [348]. These miRNAs inhibit cyclin-dependent cell cycle activity [336,
387] and along with miR-126 regulate angiogenesis [173, 174, 332, 388]. miR-1, -133a, -206
and let -7 family miRNAs mediate satellite cell dependent muscle remodelling and repair [173,
183, 389, 390], and are reportedly involved in regulating inflammatory and apoptotic signalling
[391, 392] in ageing skeletal muscle [175]. miR-23a and -23b are implicated in the inhibition
of atrophy via downregulation of catabolic factors, MuRF1 and Atrogin1 [228]. miR-486 and 148b are thought to promote mTOR signalling through inhibition of upstream PTEN activity
[228]. Several of these and other miRNA species have been implicated in the regulation of
atrophy [157, 167, 228, 241, 299, 393], dystrophy [394, 395] and cancer cachexia [396, 397].
In an increasingly diverse range of cancers [246, 249, 250], organ system disease states
(including muscular dystrophy [238, 251, 252] and liver diseases [253, 254]) and
cardiovascular diseases [398-400], analyses of circulatory miRNA (c-miRNAs) profiles has
provided proxies for risk prediction, early disease identification, disease severity and disease
diagnosis. While factors measured, including miRNA, within skeletal muscle are likely the best
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predictors of muscle health and function, the process of skeletal muscle biopsy collection is
invasive and not possible in all population groups including the frail elderly [401, 402]. It is
likely that a subgroup of c-miRNAs may be directly secreted from muscle and therefore might
reflect intramuscular miRNA expression or muscle phenotype [245, 266]. Given that plasma
is a more readily available sample matrix than muscle tissue, plasma biomarkers of muscle
phenotype are an attractive prospect. To date, two studies have identified c-miRNAs as
potential biomarkers of whole body aerobic capacity following periods of aerobic training [274,
403]. However, the use of c-miRNAs as a possible marker of muscle miRNA expression or
predictors of muscle mass and strength in age-matched healthy individuals has not previously
been reported.
The primary aim of the study was to identify from a cohort of 50 healthy middle-aged men, the
ability of c-miRNA or intramuscular miRNAs to act as predictive biomarkers of skeletal muscle
mass, size and strength. An a priori set of 35 previously established target miRNA species
reported to regulate key processes related to mTOR signalling, myogenesis, catabolic
signalling, satellite cell proliferation or differentiation were included in this analysis. The
secondary aim was to determine if a relationship exists between intramuscular and c-miRNA
expression in order to assess the ability of c-miRNA to act as a proxy of miRNA measurements
made directly from sampling skeletal muscle tissue.
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3.3

Materials and methods

3.3.1 Participants
50 healthy middle-aged men (35-60 years) were recruited to the study (Table 3-1).
Participants underwent strength testing and muscle imaging analyses prior to participating in
either an acute nutritional or a chronic immobilisation trial [66, 75]. Participants were nonsmokers, free from any metabolic or neuromuscular injury or disease. Participants were
sedentary to recreationally active and did not perform any regular resistance exercise. Written
consent was obtained before the commencement of the study which was approved by the
Northern Health and Disability Ethics Committee (New Zealand), (15/NTB/154/AM01 and
14/NTA/146). These trials were registered with the Australia New Zealand Clinical Trial
Registry# ACTRN12615000454572 and ACTRN12615001375549 on 11th May 2015 and 17th
December 2015 respectively.
Subjects were instructed not to perform any exercise or strenuous activity for a minimum of
48 hours prior to the trial day. The evening prior to the trial day, participants were instructed
to eat nothing after 10 pm and arrive to the laboratory the following morning at ~7 am in a
fasted state.

Table 3-1. Subject Characteristics. Values presented as means ± SEM.
Age (years)

48.8 ± 4.5

Height (cm)

177.2 ± 6.8

Weight (kg)

84.0 ± 12.2

2

BMI (kg/m )

26.6 ± 3.3

3.3.2 Imaging
As previously described [66], whole body dual energy x-ray absorptiometry (DXA, Lunar
Prodigy, GE, Waltham, MA, USA) scans were performed prior to any strength testing to
prevent increased blood flow from interfering with the scan results. The scan was automatically
segmented by Lunar Prodigy encore 2007 Version 11.40.004 (GE, Madison, WI, USA), and
tissue regions were defined by lines positioned on the image, allowing measures of total body
lean mass and leg lean mass to be determined.
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Muscle cross sectional area (CSA) was assessed using a Stratec XCT 3000 peripheral
quantitative

computed

tomograph

(pQCT)

with

software

version

6.20C

(Stratec

Medizintechnik, Pforzheim, Germany). Participants were positioned supine with the scanned
leg centred within the machine’s gantry and anchored by a foot rest with straps to limit
movement during each scan. Muscle CSA was measured at 50% of femur length. Femur
length was measured from the lateral knee joint space to the greater trochanter. A scout view
scan was used to position the anatomical reference line at the distal femur joint surface.
Muscle CSA was determined by subtracting cortical area (mm2) from the total area without the
subcutaneous fat (mm2). Settings were as defined previously by Mitchell et al. [66]. All pQCT
scans were analysed by the same operator.

3.3.3 Muscle function
Isometric knee extensor strength was measured using a Biodex dynamometer (Shirley, New
York, United States) with the knee angle set to 90º of flexion. Three maximal isometric knee
extensions of 5 s each with 30 s of rest were completed. The highest values were used for
analysis.

3.3.4 Blood sampling
A cannula (20-gauge) was inserted into an antecubital vein from which 10 mL of plasma
was collected into an ETDA vacutainer. Samples were centrifuged immediately upon
collection at 4°C at 1900 g for 15 minutes. The supernatant was collected in 1.6 mL sterile
tubes as 1 mL aliquots and stored at -800C.

3.3.5 Muscle biopsy sampling
Muscle biopsies (~100 mg) were collected at rest from the vastus lateralis muscle under local
anesthesia (1% Xylocaine) using a Bergstrom needle modification of manual suction. Biopsies
were quickly frozen in liquid nitrogen and stored at -80°C until further analyses.

3.3.6 Muscle miRNA isolation
Total RNA was extracted from ~20 mg of muscle tissue using the AllPrep® DNA/RNA/miRNA
Universal Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer's instructions
[173].

3.3.7 Plasma miRNA extraction
Total RNA was extracted from 200 µl plasma thawed on ice as per [96]. Briefly, after treatment
with proteinase K (Macherey and Nagel, GmbH & Co. KG), plasma RNA was phase separated
in 3:1 trizol LS (Thermo Fisher Scientific, Cat# 10296028, Carlsbad, CA, USA) and 160 µl
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chloroform and again in 1:1 acid phenol chloroform (Thermo Fisher Scientific, Cat# AM9722,
Carlsbad, CA, USA). 4 µl glycogen was used as a carrier molecule with 1:1 ethanol. Samples
were then isolated using purelink columns (Thermo Fisher Scientific, Cat# 12183025,
Carlsbad, CA, USA) with modifications. Samples were eluted in 30 µl of nuclease free water.
The exogenous spike-in cel-miR-39 was added prior to extraction (10 pg) while cel-miR-238
was spiked-in prior to cDNA synthesis (10 pg) to ensure variations in sample preparation were
accounted for.

3.3.8 Muscle and circulatory miRNA cDNA/RT-PCR
10 ng of total RNA from muscle while 2 ul of input RNA from plasma was used for cDNA
synthesis using TaqMan™ Advanced miRNA cDNA Synthesis Kit (Thermo Fisher
Scientific, Carlsbad, CA, USA) as per manufacturers protocols. miRNA abundances were
measured by RT‐PCR on a QuantStudio 6 (Thermo Fisher Scientific, Carlsbad, CA, USA)
using Applied Biosystems Fast Advanced Master Mix (Thermo Fisher Scientific, Carlsbad, CA,
USA).
Target miRNAs are described in table 3-2 (Thermo Fisher Scientific, Cat# A25576, Carlsbad,
CA, USA). The performance of probes was tested for linearity across an eight point standard
curve with a 40 fold dilution range. Optimised dilutions were used to achieve product
amplification (Ct) between 18-35 cycles. Ct values > 35 cycles were excluded from the
analyses if duplicates had a standard deviation greater than 1 cycle. Sample concentrations
were 1:10 dilution of the stock pre-amplification generated product as per the manufacturers’
protocol. The geometric mean of three reference miRNAs (miR-361, -191 and -186) for muscle
and four for plasma (miR-191 and -186, -320a and -423) were used for normalisation based
on miRNAs that showed the least variation amongst the current sample set. Data was
analysed using the 2-ΔCT method [173].

Table 3-2. miRNA classification, catalogue and order identification number.
miR

CAT NO

ID number

hsa-miR-23b-3p A25576

478602_mir

hsa-miR-361-5p A25576

478056_mir

hsa-miR-126-3p A25576

477887_mir

hsa-miR-191-5p A25576

477952_mir

hsa-miR-145-5p A25576

477916_mir

hsa-miR-101-3p A25576

477863_mir

hsa-miR-149-5p A25576

477917_mir
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hsa-miR-146a-5p A25576

478399_mir

hsa-miR-499a-3p A25576

477916_mir

hsa-miR-26a-5p A25576

477995_mir

hsa-miR-29b-3p A25576

478369_mir

hsa-miR-486-5p A25576

478128_mir

hsa-miR-451a A25576

477968_mir

hsa-miR-208b-3p A25576

477806_mir

hsa-miR-208a-3p A25576

477819_mir

hsa-miR-206 A25576

477968_mir

hsa-miR-133b A25576

480871_mir

hsa-miR-133a-3p A25576

478511_mir

hsa-miR-1-3p A25576

477820_mir

hsa-miR-222-3p A25576

477982_mir

hsa-miR-221-3p A25576

477981_mir

hsa-miR-98-5p A25576

478590_mir

hsa-miR-454-3p A25576

478329_mir

hsa-miR-378a-5p A25576

478076_mir

hsa-miR-210-3p A25576

477981_mir

hsa-miR-21-5p A25576

477975_mir

hsa-miR-30b-5p A25576

478007_mir

hsa-miR-148b-3p A25576

477806_mir

hsa-miR-23a-3p A25576

478532_mir

hsa-miR-16-5p A25576

477860_mir

hsa-miR-15a-5p A25576

477858_mir

hsa-let-7a-5p A25576

478575_mir

hsa-let-7b-5p A25576

478576_mir

hsa-let-7c-5p A25576

478577_mir

hsa-let-7d-5p A25576

478439_mir

hsa-let-7e-5p A25576

478579_mir

hsa-let-7g-5p A25576

478580_mir

hsa-miR-423-5p A25576

478090_mir

hsa-miR-186-5p A25576

477940_mir

hsa-miR-320a-5p A25576

478594_mir

cel-miR-39-3p A25576

478293_mir

cel-miR-238 A25576

478292_mir
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3.3.9 Statistical analysis
Linear regression was used to examine the relationships between measures of phenotype
including total body lean mass, isometric knee extension strength, age, leg lean mass and
50% thigh muscle CSA as dependent variables with miRNAs of interest as independent
variables. Only miRNAs found to independently correlate with the dependent variable and not
correlate with the expression of any other miRNAs already included in the model were added
to linear regression analyses [404, 405]. All analyses were conducted using IBM SPSS for
Windows Version 23 (IBM Corp. USA). Alpha of <0.05 was taken as statistically significant.
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3.4

Results

3.4.1 Plasma miRNA that related to phenotype
Linear regression of plasma miRNA expression indicated a relationship between age and cmiR-146a (R2 = 0.088 and p=0.039) (Figure 3-1A). Independent β values for c-miRNAs in the
specified models are listed in Table 3-3 along with corresponding p-values. Lean mass was
found to relate to c-miR-451a expression (R2 = 0.193 and p=0.002) (Figure 3-1B). Together
c-miR-146a and -451a were found to relate with lean leg mass (R2 = 0.252 and p=0.002)
(Figure 3-1C) while 50% thigh muscle cross sectional area was associated with c-miR-222
and -361 (R2 = 0.392 and p<0.001) (Figure 3-1D). Isometric knee extension strength showed
no relationship to abundance of any of the c-miRNAs analysed in the present study. c-miRNAs
that significantly correlated to phenotype but had to be excluded from the model are presented
in Table 3-4.
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Figure 3-1. Correlations between significantly modelled circulatory miRNA abundances against phenotype. (A) Age vs c-miR-146a, (B)
lean mass vs c-miR-451a, (C) leg lean mass vs c-miR-146a and -451a and (D) 50% thigh CSA vs c-miR-222 and -361.
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Table 3-3. Regression model included circulatory miRNAs that correlate to phenotype.
(Independent β and p-values)
β

Pvalue

miR-146a

0.296

0.039

miR-451a

-0.440

0.002

miR-146a

0.226

0.049

miR-451a

-0.395

0.006

miR-222

0.482

0.019

miR-361

-0.473

0.005

Age
Lean mass
Lean leg mass

50% Thigh muscle area
(mm2)

Table 3-4. Muscle miRNAs correlated to phenotype and excluded from regression
model. (Pearson r and p-values)
Pearson R

Pvalue

-0.301

0.036

-0.292

0.042

Lean mass
miR-16
50% Thigh muscle area
(mm2)
miR-21
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3.4.2 Muscle miRNAs that related to phenotype
Linear regression analyses indicate significant relationships between muscle miRNA
expression and age. Let-7d, miR-133a and -210 related with subjects age (R2 = 0.22 and
p=0.001) (Figure 3-2A). Independent β values for miRNAs in the specified models are listed
in Table 3-5, along with corresponding p-values. Lean mass was found to relate to miR-133a,
-146a and -15a (R2 = 0.387 and p<0.001) (Figure 3-2B). miR-133a and -133b together related
to lean leg mass (R2 = 0.498 and p=0.002) (Figure 3-2C) whilst 50% thigh muscle CSA was
associated with miR-486, -29b and -133b (R2 = 0.380 and p<0.001) (Figure 3-2D). Isometric
knee extension strength was found to relate with miR-146a and -101 (R2 = 0.257 and p=0.002)
(Figure 3-2E). miRNAs that significantly related to phenotype but had to be excluded from the
model are presented in Table 3-6.
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Figure 3-2. Correlations between significantly modelled muscle miRNA abundances against phenotype. (A) Age vs let-7d, miR-133a and
-210, (B) lean mass vs miR-133a, 146a-5p and -15a, (C) leg lean mass vs miR-133a and 133b, (D) 50% thigh CSA vs miR-486, -29b and -133b
and (E) isometric knee extension torque vs miR-146a and -101.
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Table 3-5. Regression model included muscle miRNAs that correlate to phenotype.
(Independent β and p-values)
β

Pvalue

let-7d

0.229

0.026

mir-133b

0.206

0.047

mir-210

-0.272

0.045

miR-133a

-0.343

0.005

miR-146a

0.417

0.003

miR-15a

-0.213

0.026

miR-133a

-0.399

0.002

miR-133b

-0.234

0.037

miR-486

0.447

0.002

miR-29b

-0.278

0.013

miR-133b

-0.265

0.041

miR-146a

0.259

0.022

miR-101

-0.387

0.002

Age

Lean mass

Lean leg mass

50% Thigh muscle area
(mm2)

Isometric
Extension

knee
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Table 3-6. Muscle miRNAs correlated to phenotype and excluded from regression
model. (Pearson r and p-values)
Pearson R

P-value

miR-29b

-0.367

0.011

miR-148b

-0.402

0.006

miR-29b

-0.35

0.017

miR-148b

-0.38

0.01

mir-98

0.389

0.01

let-7c

0.401

0.003

let-7b

0.378

0.01

miR-126

0.366

0.012

miR-133a

-0.383

0.009

miR-29b

-0.404

0.005

miR-133b

-0.352

0.016

miR-148b

-0.339

0.023

Lean Mass

Lean leg mass

50% Thigh muscle
area (mm2)

Isometric
Extension

Knee

3.4.3 Muscle miRNA to plasma miRNA abundance correlates
Of the 35 miRNAs measured only miR-23b showed a significant relationship between muscle
and plasma miRNA abundances at rest (R2 =0.102 and p =0.030). For the 34 miRNAs that did
not correlate between tissues, R2 ranged from 0.001 – 0.064 and p-values ranged from 0.817
– 0.087.
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3.5

Discussion

Muscle and plasma expression for 35 miRNAs previously reported to regulate muscle function
and metabolism and their relationships to phenotype were assessed. Of these, only six cmiRNAs were found to relate to measures of muscle size and mass whilst none were related
to peak knee extension torque. However, in muscle, 12 of the 35 miRNAs were found to
correlate with at least one of the phenotype measures of age, total body lean mass, lean leg
mass, 50% thigh muscle CSA and isometric knee extension torque. Of the 35 miRNAs
quantified, only miR-146a related with phenotype in both tissue types and only miR-23b
showed related expression profiles in muscle and plasma indicating that c-miRNA profiles at
rest are not reflective of intramuscular miRNA expression at rest in middle-aged men. The
current cohort of middle-aged men showed a ~1.7 fold range in total body lean mass, a ~1.9
fold range in leg lean mass, ~3.3 fold range in 50% thigh CSA and ~3.3 fold spread in peak
knee extensor torque. The chronological age of the participants (38-57 years) did not affect
any of the muscle phenotype measures and therefore other factors would be responsible for
the observed variance in phenotype.

3.5.1 c-miRNAs related to muscle phenotype
c-miRNAs are stable in circulation with several reports identifying various miRNAs as
biomarkers of systemic disease risk [261, 398, 406-412]. Preservation of muscle mass and
function requires constant remodelling via ongoing proliferation of satellite cells. c-miR-21 and
-222 were demonstrated to have respective negative and positive relationships with thigh
muscle CSA. miR-21 is reported to promote mTOR signalling via inhibition of TGFβI [413].
Hence, the negative relationship with size was unexpected given the important role of mTOR
in promoting muscle cell growth. miR-222 is a purported promoter of cell proliferation which is
in agreement with the positive relationship between c-miR-222 and muscle CSA. However, as
c-miR-222 expression predicts less than 25% of the observed phenotype variance, it has
limited utility as a biomarker.
Increased inhibition of satellite cell proliferation is thought to be a contributor to reduced
muscle mass in elderly due to impaired muscle repair and remodelling [50, 197]. c-miR-451a
and -16 were negatively related to total body lean mass and leg lean mass whilst miR-361
was negatively related with thigh CSA. Previously, both miR-451a and -16 were reportedly
elevated in aged muscle of non-human primates [348]. There was however, no relationship to
participant age in the current cohort of men with a relatively narrow age range (35-60 years).
Both of these miRNAs are purported to inhibit anabolic cyclin D1/D2 dependent cell
proliferation in cancer models [414]. miR-361 is a reported tumor suppressor but may also
inhibit angiogenesis [415, 416]. The pattern of expression of these anti-proliferative miRNAs
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in circulation is suggestive of possible increased inhibition of satellite cell dependent
myogenesis amongst individuals with smaller muscles.
miR-146a, a potential marker of cellular stress, was elevated in muscle of individuals with both
increased total body lean mass and knee extensor strength. Whilst c-miR-146a was found to
positively relate with age and lean leg mass. The relationship between c-miR-146a and age is
consistent with other reports [417, 418]. Additionally, the positive relationship of c-miR-146a
to leg lean mass appears to match the intramuscular expression patterns with knee extensor
strength suggesting c-miR-146a may warrant further investigation in uncovering c-miRNA
biomarkers of muscle function.

3.5.2 Intramuscular miRNAs related to muscle phenotype
In muscle three (miR-133a, -133b and -486) of the eight previously identified canonical
myomiRs were related to measures of muscle size and function [167]. Of these miR-133a and
-133b was negatively related to measures of size and strength (thigh muscle CSA and
isometric knee extensor strength). miR-101 an inhibitor of Enhancer of zeste homolog 2
(EZH2) was negatively related to knee extensor strength. Both miR-133a/b are necessary in
the regulation of satellite cell dependent muscle repair and remodelling via inhibition of PAX7.
These data are consistent with miRNA sequencing analysis from our laboratory in which miR133a demonstrated a negative but non-significant trend with both muscle strength and CSA
(p=0.078 and p=0.101 respectively) in a similar cohort of middle-aged men [160]. These
findings are also congruent with another study that reported reduced intramuscular miR-133b
following five months of resistance training where improvements in muscle size and knee
extensor strength were demonstrated [225]. Similarly in hypertrophic rats, miR-133a was
found to negatively correlate with muscle mass [227]. There is also a decreased expression
of miR-133a in powerlifters compared to age matched healthy controls [173]. Together these
findings suggest a consistent negative relationship between miR-133a expression and skeletal
muscle size across multiple studies and models. Additionally, lowered expression of miR-101,
-133a and -133b in individuals with larger and stronger muscle suggests increased PAX7
dependent muscle remodelling and maintenance in healthy adult muscle.
Muscle anabolism is tightly regulated via the mTOR pathway, which controls both the initiation
of protein translation and biogenesis of ribosomal machinery [419, 420]. The present study
demonstrates miR-486 to be positively related to thigh muscle CSA whilst miR-148b and -29b
were inversely related to both size and strength. Both miR-486 and -148b are able to promote
mTOR anabolic signalling through upstream Akt activity [177, 196, 228, 338, 421, 422]. A
recent rodent muscle disuse study reported decreases in muscle size, CSA and strength with
associated reductions in miR-486 expression following immobilisation, whereas reloading of
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the muscle recovered size, strength and miR-486 expression, supporting a positive
relationship between miR-486 and muscle size [242]. The observed negative correlation
between miR-148b and muscle size and strength fits with the previously observed increases
in miR-148b with diminished physical activity leading to muscle atrophy [175, 338]. miR-29b
which demonstrated an inverse relationship with strength is reported to decline following 12
weeks of hypertrophy inducing resistance training [325]. Moreover, miR-29b expression has
been shown to be repressed by cMYC activity a pro-anabolic factor in muscle hypertrophy
signalling [423]. The observed cross-sectional relationships between muscle size and strength
fit well with previous longitudinal intervention studies however, the current miRNA predictors
explain less than 50% of variance in muscle phenotype limiting their utility as predictive
biomarkers.

3.5.3 Applicability of c-miRNAs as muscle phenotype biomarkers
Of the 35 miRNAs assessed, only miR-23b expression demonstrated a relationship between
plasma and muscle samples. However, the strength of the relationship only explained ~10%
of the observed variance. Only miR-146a abundance related to phenotype in both circulation
and muscle, but no relationship was evident between inter-tissue expression patterns (R2 =
0.011 and p=0.493). This was consistent with previous findings that reported the absence of
a relationship between muscle and plasma miRNA responses following a bout of acute
resistance exercise in a smaller cohort of young men [96]. Additionally, the inability of any cmiRNA to explain variance in muscle strength further highlights the limited ability for c-miRNA
abundances to act as effective biomarkers of muscle function. Together, these findings
indicates c-miRNAs cannot be used, in our cohort of middle aged men, as proxy for
measurements made directly from sampling muscle tissue or to function as biomarkers of
muscle phenotype.
Most miRNAs are abundant in more than one tissue type for example, miR-451a is highly
expressed in several tissues including skeletal muscle, erythrocytes, thyroid, spleen, liver and
brain tissue. This lack of tissue specificity for all but an extremely limited set of miRNAs make
it impossible to identity the tissue source of most c-miRNAs [424]. The absence of certainty
about tissue sources of c-miRNAs significantly limits the ability to make inferences about the
mechanistic functions of c-miRNAs analyses. It is suggested that most c-miRNAs are typically
part of riboprotein complexes whilst a small proportion are encapsulated within exosomes that
reportedly contain a unique miRNA profile from total cell-free plasma [295]. Future studies
therefore ought to characterise miRNA content within muscle specific exosomes in an attempt
to better identify circulatory miRNA biomarkers for muscle size and strength.
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3.5.4 Conclusion
This study demonstrated no evidence from the current cohort that the selected subset of cmiRNAs are effective biomarkers of muscle size and function. This however, does not
preclude a potential role of other miRNAs [160] in circulation as predictive biomarkers of
muscle function. The absence of a relationship between intramuscular and circulatory miRNA
profiles, paired with weak relationships to muscle size and no relationship with muscle strength
highlights the limited ability for c-miRNAs to explain variance in muscle phenotype.
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Chapter Four

Acute resistance exercise modulates microRNA expression profiles:
Combined tissue and circulatory targeted analyses
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4.1

Preface

The data presented in this chapter investigated the acute response of both intramuscular and
circulatory miRNA profiles following a bout of exercise in previously trained men. Given resting
plasma and tissue miRNA content were unrelated it was hypothesised that the use of a
stimulus may result in tissue activation responses that may be reflected in plasma miRNAs.
This was further extended in an attempt to validate the role of circulatory miRNA abundances
and their ability to function as proxies for muscle signalling events in response to resistance
exercise.
The following section contains an altered reproduction of the article “Acute resistance exercise
modulates microRNA expression profiles: Combined tissue and circulatory targeted analyses”
co-authored by Randall F. D’Souza, James F. Markworth, Kirsten M. M. Aasen, Nina Zeng,
David Cameron-Smith and Cameron J. Mitchell (See Appendix C for the unaltered
reproduction of the first page of the article). This article was published in PloS ONE. The full
published

article

is

available

for

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0181594.
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4.2

Introduction

Resistance exercise (RE) is the performance of muscle contractions with loads that are greater
than would normally be encountered during activities of daily living [425]. RE stimulates
transient increases in muscle protein synthesis, which when repeated over time in the form of
resistance training, promotes muscle hypertrophy and enhanced contractile force as a result
of increases in myofibre size and altered muscle architecture as well as adaptations in the
extracellular matrix, tendons, innervating nerves and vascular tissue [32, 307, 426]. One
element of this complex and coordinated adaptive response is post transcriptional regulation
by microRNAs (miRNAs) [427]. Yet currently there remains very limited data on the role of
miRNAs in muscle following RE. Few human studies have demonstrated acute alterations in
miR-23a/b, -133b, -378 and 494 [428] as well as miR-1, -133a, -206, -208, -486 and -499 [171,
177, 220, 222] following a single bout of RE. This set of miRNAs partially overlaps with those
identified to respond to endurance exercise, where the predominant muscular adaption is
increased mitochondrial oxidative capacity (although significant myofibre structural
adaptations may also occur) [429, 430]. Acute endurance exercise and/or training has been
shown to regulate a range of miRNAs including miR-1, -133a/b, -206, -23a/b and -378 [229,
280, 431, 432]. Whilst these studies collectively demonstrate the impact of exercise on miRNA
expression, it is likely that this represents only a fraction of what may be an intricately complex
response.
Of the estimated 1881 miR species [147, 148] encoded in the human genome, studies to date
have suggested a putative role for the involvement of approximately 30 miRNA species in the
regulation of skeletal muscle function. Both in-vitro analysis of pathways related to muscle
function and in-vivo observations following changes in muscle contractile activity have
identified miRNAs which may be involved in satellite cell proliferation; miR-1, -133a/b, -206, 486 [196, 433, 434], myogenic cell cycle regulation; miR-15a, -16 and -451a [336, 345, 346],
myogenic differentiation; mir-1, -133a/b, -206, -486, -26a, -221 and -222 [171, 177, 206, 222,
435-437] and fibre type determination; miR-208a/b and -499a [167, 171]. Similarly, further
miRNAs have purported overlapping influence on skeletal muscle stress responsiveness,
protein catabolism and atrophy, including miR-378a, -378b [158, 325, 438], miR-23a/b [157,
342-344, 439, 440] -208a/b, -499a [171, 177, 222] and miR-23a/b [157, 342-344, 439, 440].
Also implicated in the regulation of metabolism within myofibres, are miRNAs involved in the
regulation of insulin and glucose responsiveness and signalling upstream of mTOR; miR-21
[441, 442], -148b [338] and -486 [443], Furthermore, miR-494 has been demonstrated to be
involved in mitochondrial adaptation [444], whilst miR-126 [331, 332], -15a, -16 [333, 347]
have been shown to be involved in angiogenesis within skeletal muscle. Supplementary
Table 4-4 shows the models used to identify each candidate miRNA.
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miRNAs are known to act locally within the cells in which they are transcribed, but their
existence in circulation indicates a potential to be released from one tissue type and act in
another. In-vitro analyses demonstrate miRNAs contained within skeletal muscle derived
exosomes are detectible in the circulation [297, 445]. Additional evidence indicates that
miRNAs contained in muscle derived exosomes can play a paracrine role in surrounding cell
types [446]. As yet there is limited data on whether miRNA species expressed in skeletal
muscle in response to exercise are also co-regulated in circulation following exercise. To date
a limited number of studies have measured the muscle or plasma responses of a subset of
miRNAs after RE but none have concurrently measured muscle and circulating miRNAs.
Therefore, the aim of the current study was to characterise intra-muscular miRNA and cmiRNA responses during the early hours of recovery following an intense bout of high volume
RE. For this, muscle biopsies and blood plasma were collected from the same participants at
matching time-points. It was hypothesised that a relationship will exist between miRNA
species that are regulated within skeletal muscle following exercise with the abundance of the
same miRNA species in circulation.
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4.3

Methods

4.3.1 Participants
Nine healthy young men (18-35 years of age) were recruited for the study (Table 4-1). They
were free of metabolic or neuromuscular diseases and any injuries which would impair their
ability to perform RE. Inclusion criteria required that subjects were currently participating in a
RE training program for ≥1 year which included at least one leg based training session per
week. Participants were not taking any medication or performance enhancing drugs. Written
consent was obtained before the commencement of study which was approved by the
Northern Health and Disability Ethics Committee (New Zealand) (14/NTA/147).

Table 4-1. Subject Characteristics. Values presented as means ± SEM, n=9.
Age (years)

24.6 ± 4.9

Height (cm)

181.0 ± 8.8

Weight (kg)

92.0 ± 10.6

BMI (kg/m2)

28.1 ± 3.3

Body fat (%)

18.0 ± 2.0

Isometric knee extension
torque (Nm)

330.8 ± 28.9
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4.3.2 Experimental protocol
Approximately 4 weeks prior to the experimental trial day, participants performed a
familiarisation session which included one-repetition maximum (1RM) strength testing to
determine the experimental exercise load (80% of 1RM). The maximal weight that subjects
could lift for 3–6 repetitions (3–6RM) on a leg press and leg extension exercises was
determined and participants’ 1RM was estimated using the Brzycki equation [447].
Participants were instructed to abstain from lower body RE for at least 48 hours prior to the
experimental trial day. The evening before the trial, participants were asked to remain fasted
from 10pm. The following morning, subjects arrived at (~7am) in a fasted state.

4.3.3 Resistance exercise trial
Upon arrival at the laboratory, individuals rested in a supine position for ~30 min prior to
collection of resting muscle biopsy samples (see below). Participants then rested supine
following collection of resting muscle biopsy for approximately ~5 min after which the exercise
protocol commenced. The exercise protocol began with two sets of ten repetitions of leg press
with load increasing from (50-70% of 1RM) as warm-up. Participants then completed six sets
of 8–10 repetitions of horizontal leg press, and eight sets of 8-10 repetitions of seated knee
extensions at 80% of their predetermined 1RM. The exercises were performed with 2 min rest
between each set and exercise, with the final set of each exercise preformed to the point of
momentary muscle fatigue. The exercise protocol took ~45 min to complete. Following
completion of the exercise protocol, participants rested in a supine position throughout the 4
hr recovery period with additional biopsies collected at 2 and 4 hr post exercise.

4.3.4 Muscle biopsy sampling
Muscle biopsies (~100 mg) were collected from the vastus lateralis muscle under local
anaesthesia (1% Xylocaine) using a Bergstrom needle modification of manual suction. All
three biopsies were collected from the same limb starting proximally and moving distally. A
gap of at least 2–3 cm between sequential biopsies was maintained in order to avoid any
potential confounding effects caused by repeated sampling from the same location. Biopsies
were quickly frozen in liquid nitrogen and stored at -80°C until further analyses.

4.3.5 Blood sampling
A cannula (20-gauge) was inserted into an antecubital vein and a baseline blood sample
was obtained. A slow saline drip was used to keep the catheter patent. Further plasma
samples were collected at two and four hours after the completion of the exercise bout.
Plasma was collected in 10 mL EDTA vacutainers and centrifuged immediately upon
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collection at 4°C at 1500 g for 15 min. The supernatant was collected in 1.6mL sterile tubes
as 1 mL aliquots and stored at -80°C.

4.3.6 Muscle miRNA isolation
Total RNA was extracted from ~20 mg of muscle tissue using the AllPrep® DNA/RNA/miRNA
Universal Kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer's instructions. As
per D’Souza et al. [173].

4.3.7 Plasma miRNA extraction
Frozen plasma was thawed and centrifuged at 10,000 g for 10 min at 4°C. The top 200 µL of
plasma was transferred to a fresh tube. 10 µL of 10 mg/mL proteinase K was added (Macherey
and Nagel, GmbH & Co. KG) and incubated at 37°C for 1 hr. Samples were mixed in 3:1 Trizol
LS (Thermo Fisher Scientific, Cat# 10296028, Carlsbad, CA, USA) vortexed and incubated at
room temp for 5 min. Next, 160 µL of chloroform was added followed by 15 sec of vigorous
vortexing and a 10 min room temp incubation. Samples were then centrifuged at 20,000 g for
10 min at 4°C. The upper aqueous phase was transferred to a new tube and mixed in
equivolume (1:1) acid phenol chloroform (Thermo Fisher Scientific, Cat# AM9722, Carlsbad,
CA, USA). After a 5 min incubation, they were centrifuged again at 20,000 g for 10 min at 4°C.
The upper aqueous phase was then transferred to a fresh tube and 4 µL of glycogen was
added as a carrier molecule and incubated for 5 min. 1:1 volumes of 100% ethanol was then
added to the samples. These were then applied to purelink columns (Thermo Fisher Scientific,
Cat# 12183025, Carlsbad, CA, USA) and centrifuged at 3000 g for 2 min at room temp. Flow
through was discarded and the process repeated when necessary. Samples were then
washed twice in 500 µL wash buffer II (Thermo Fisher Scientific, Cat# 12183025, Carlsbad,
CA, USA) and centrifuged at 12,000 g for 1 min at room temp each time. The column filter
was then dried by spinning at 20,000 g for 3 min at room temp with a fresh collection tube to
ensure no contaminants were carried forward. Samples were then eluted in 30 µL of 70°C
RNAse free water, incubated for 5 min and centrifuged at 12,000 g at room temp. The eluate
was reapplied to the column and centrifuged for a further 2 min at 25°C. The exogenous spikein cel-miR-39 was added prior to extraction (10 pg) while cel-miR-238 was spiked-in prior to
cDNA synthesis (10 pg) to ensure variations in sample preparation were accounted for.

4.3.8 Muscle and circulatory miRNA cDNA/RT-PCR
10 ng of total RNA from muscle and 2 µL of input RNA from plasma (maximum suggested)
was used for cDNA synthesis using TaqMan™ Advanced miRNA cDNA Synt hesis Kit
(Thermo Fisher Scientific, Carlsbad, CA, USA) as per manufacturers protocols. miR
abundance were measured by RT‐PCR on a QuantStudio 6 (Thermo Fisher Scientific,
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Carlsbad, CA, USA) using Applied Biosystems Fast Advanced Master Mix (Thermo Fisher
Scientific, Carlsbad, CA, USA).
Target miRs were as per Table 4-2 (Thermo Fisher Scientific, Cat# A25576, Carlsbad, CA,
USA). The performance of probes were tested for linearity across an eight point standard
curve with a 40 fold sample dilution range. Optimised sample dilutions were used to achieve
product amplification (Ct) between 18-35 cycles. Ct values > 35 cycles were excluded from
the analyses if duplicates had a standard deviation greater than 1 cycle. Final probe
concentrations were maintained as suggested by the manufacturer in a 10 µL reaction.
Sample concentrations were 1:10 dilution of the stock pre-amplification generated product as
per the manufacturers’ protocol. The geometric mean of three reference miRNAs (miR-361, 191 and -186) for muscle (p=0.328) and five for plasma (miR-361, -191 and -186, -320a and
-423) [353] (p=0.690) were used for normalisation based on miRNAs that showed the least
variation amongst the current sample set. RTPCR data was analysed using 2-ΔΔCT method.
Where each subject was compared to themselves and pre exercise samples were given an
arbitrary expression of 1 and post exercise values were represented as fold changes in respect
to the pre exercise abundance [448].
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Table 4-2. miRNAs analysed. Classification and identification number.
miR

ID number

hsa-miR-23b-3p

478602_mir

hsa-miR-361-5p

478056_mir

hsa-miR-126-3p

477887_mir

hsa-miR-191-5p

477952_mir

hsa-miR-145-5p

477916_mir

hsa-miR-20a-5p

478586_mir

hsa-miR-149-5p

477917_mir

hsa-miR-146a-5p

478399_mir

hsa-miR-499a-3p

477916_mir

hsa-miR-26a-5p

477995_mir

hsa-miR-29b-3p

478369_mir

hsa-miR-486-5p

478128_mir

hsa-miR-451a

477968_mir

hsa-miR-208b-3p

477806_mir

hsa-miR-208a-3p

477819_mir

hsa-miR-206

477968_mir

hsa-miR-133b

480871_mir

hsa-miR-133a-3p

478511_mir

hsa-miR-1-3p

477820_mir

hsa-miR-222-3p

477982_mir

hsa-miR-221-3p

477981_mir

hsa-miR-494-3p

478135_mir
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hsa-miR-454-3p

478329_mir

hsa-miR-378b

479245_mir

hsa-miR-378a-5p

478076_mir

hsa-miR-210-3p

477981_mir

hsa-miR-21-5p

477975_mir

hsa-miR-30b-5p

478007_mir

hsa-miR-148b-3p

477806_mir

hsa-miR-23a-3p

478532_mir

hsa-miR-16-5p

477860_mir

hsa-miR-15a-5p

477858_mir

hsa-miR-423-5p

478090_mir

hsa-miR-186-5p

477940_mir

hsa-miR-320a-5p

478594_mir

cel-miR-39-3p

478293_mir

cel-miR-238

478292_mir
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4.3.8 Statistical analysis
A-priori sample size calculations were conducted using the average effect size and variance
in all c-miRs regulated by resistance exercise as reported by Sawada et al. [245]. 8
participants were required to yield a statistical power of 80% and an additional participant was
recruited to account for possible attrition. One way repeated measures ANOVA was carried
out using SigmaPlot for Windows version 12.1 (Systat 218 Software Inc., San Jose, USA).
Normality was determined using Shapiro-Wilk analysis. Holm-Sidak post hocs were used
where appropriate to compare post exercise 2 hr and 4 hr time points against pre exercise
values with alpha set at p≤0.05. Graphs were made using GraphPad Prism 7.00 Software
(GraphPad Software Inc., La Jolla, CA). Data are shown as mean ± SEM.
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4.4

Results

4.4.1 Muscle miRNAs
Of the 30 miRNAs analysed in the biopsied skeletal muscle, miR-133a, -206, -486, -378b,
146a and -23a were regulated in response to the exercise bout. Of these, miR-133a and -206
were elevated at 2 hr (p=0.047 and p=0.026 respectively) while miR-486 and -146a were
increased at 4 hr (p=0.041 and p=0.002 respectively) (Figure 4-1). miR-378b expression was
reduced at 2 hr (p=0.010) while trending to remain lowered at 4 hr (p=0.051). Further, miR23a was reduced at both 2 hr and 4 hr (p=0.039 and p=0.003 respectively). miR-1 approached
significance with p=0.059 as seen in table 4-3.

4.4.2 Circulatory miRNAs
Both miR-133a and -149 demonstrated significant elevations from baseline (p=0.049 and
p=0.006) at 4 hr following exercise (Figure 4-2). miR-16 was found to trend toward
significance (p=0.080) (table 4-3). Of the other analysed miRNAs, miR-1 -208a and -499a
were not detected in the present analyses.
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Figure 4-1. Skeletal muscle miRNA fold change to pre exercise. (A) miR-133a, (B) miR-206, (C) miR-486, (D) miR-378b, (E) miR-146a and
(F) miR-23a expression normalised to geomean of 3 endogenous stable miRNAs. (Significant changes from baseline represented as * p≤0.05,
** p<0.01 and *** p<0.001, trends from baseline 0.05<p<0.1 represented as Φ). Data expressed are expressed as means ± SEM.
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Figure 4-2. c-miRNA fold change to pre exercise. (A) c-miR-133a and (B) c-miR-149 expression normalised to geomean of 5 endogenous
stable miRNAs (Significant changes from baseline represented as * p≤0.05, ** p<0.01 and *** p<0.001, trends from baseline 0.05<p<0.1
represented as Φ). Data expressed are expressed as means ± SEM.
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Table 4-3. Muscle and plasma miRNAs expression fold change to baseline. Values
presented as means ± SEM, n=9 and 7 for muscle and circulation respectively. P-values
generated from One Way Repeated Measures ANOVA. ND indicated values for miRNAs that
were not detected. * indicates time points significantly different from respective baseline with
p≤0.05 and Φ indicates trends from baseline 0.05<p<0.10.
Muscle

Plasma
pvalue

miRNA

2hr

4hr

2hr

4hr

p-value

mir-1

1.30±0.12

1.02±0.18

0.059 ND

ND

ND

mir-133a

1.25±0.44*

1.63±0.58

0.05 2.83±0.82

3.97±1.16*

0.049

mir-133b

1.50±0.34

1.39±0.53

0.221 2.55±0.67

1.97±1.02

0.286

miR-206

1.55±0.22*

1.10±0.23

0.027 1.56±0.45

2.10±0.88

0.418

mir-208a

1.98±0.45

1.46±0.45

0.13 1.02±0.26

1.06±0.45

0.872

mir-208b

1.46±0.20

1.37±0.22

0.139 ND

ND

mir-486

1.73±0.28

1.78±0.39*

0.028 1.31±0.66

0.77±0.23

mir-499a

1.49±0.24

1.24±0.17

0.167 ND

ND

mir-378a

1.33±0.15

1.19±0.20

0.178 0.96±0.23

1.11±0.50

0.926

mir-378b

0.61±0.12*

0.72±0.15 Φ

0.009 0.95±0.10

0.93±0.20

0.845

mir-23a

0.59±0.19*

0.37±0.09*

0.005 0.83±0.15

1.14±0.28

0.585

mir-23b

1.33±0.16

1.65±0.44

0.186 1.87±0.74

1.08±0.39

0.46

mir-15a

0.80±0.24

0.70±0.13

0.631 0.84±0.16

0.62±0.19

0.184

mir-16

0.76±0.17

1.04±0.20

0.365 0.85±0.19

0.62±0.12

0.08

mir-126

1.51±0.16

1.60±0.34

0.12 1.78±0.81

1.14±0.31

0.547

mir-148b

0.98±0.07

1.28±0.23

0.66 1.38±0.46

1.23±0.24

0.604

mir-30b

1.28±0.16

1.13±0.20

0.276 1.84±0.90

1.11±0.50

0.606

mir-21

1.08±0.11

1.09±0.17

0.616 2.24±0.82

0.93±0.20

0.207

mir-210

1.11±0.17

1.19±0.27

0.375 1.11±0.44

1.08±0.25

0.604

mir-221

1.40±0.34

1.69±0.30

0.219 2.04±0.78

1.79±0.48

0.471

mir-222

1.56±0.34

1.72±0.29

0.101 1.00±0.24

1.28±0.20

0.383

mir-454

1.94±0.41

3.28±1.67

0.169 1.71±0.76

1.24±0.50

0.49

mir-494

1.32±0.27

1.54±0.48

0.222 1.52±0.53

0.99±0.31

0.496

mir-451a

1.06±0.22

1.98±0.89

0.28 1.07±0.51

0.93±0.22

0.978

mir-29b

1.25±0.16

1.06±0.17

0.504 2.57±1.09

1.48±0.43

0.283

mir-26a

1.28±0.15

1.28±0.17

0.179 0.94±0.22

1.03±0.19

0.899

mir-20a

1.35±0.2

1.40±0.41

0.39 1.37±0.36

1.03±0.19

0.496

mir-145

1.16±0.18

1.27±0.25

0.379 1.38±0.67

0.77±0.21

0.609

mir-146a

1.17±0.19

2.14±0.47*

0.024 2.18±0.59

1.26±0.30

0.286

mir-149

1.58±0.28

2.02±0.58

0.15 1.67±0.44

2.38±0.28*

0.034

96

ND
0.672
ND

4.5

Discussion

Following a bout of RE, 6 of 30 miRNAs analysed exhibited altered expression within skeletal
muscle, whilst just 2 of the 30 were altered in plasma within the 4 hour recovery period. Of
these measured miRNA species, selected on the basis of prior evidence indicating in-vivo
association, or in-vitro regulation of skeletal muscle mass or metabolic function, only miR133a had increased abundances in both muscle and circulation. Thus, in the current
experimental protocol, it is not evident that the analysis of circulating miRNAs is reflective of
the altered miRNA expression within skeletal muscle after a single bout of RE. Hence, it is
unlikely that the analysis of circulatory miRNAs in exercise recovery can be used as a ‘liquid’
biopsy or a proxy for alterations in muscle miRNA expression and therefore for signalling
events being undertaken in skeletal muscle.
The current study demonstrated a number of unique findings, with respect to the skeletal
muscle miRNA expression. Of the measured 30 miRNA species, it was shown that miR-133a
and -206 were elevated at 2 hr, with miR-486 and -146 being elevated at 4 hr. It was also
demonstrated that miR-378b was reduced at 2 hr, with miR-23a being reduced at both 2 and
4 hr following RE.
The miRNA species elevated following a bout of RE (miR -133a, -206, -486 and -146a) have
previously been analysed in skeletal muscle [177, 219, 222, 344]. Drummond et al. reported
miR-133a and -206 were unaltered by RE [219]. While the cohort from the Drummond study
were untrained and underwent co-ingestion of essential amino acids, the present study used
a resistance-trained cohort, lack of feeding, and a larger total exercise volume, it is unclear
which of these factors accounts for the discrepancy between studies. Drummond et al. [219]
also reported a decrease in miR-1 at 3 and 6 hr following exercise. Though not significant, the
present study reports a trend for miR-1 to increase at 2 hr before returning to baseline levels
at 4 hr. We show miR-486 to be unchanged at 2 hr and elevated ~70% above baseline, 4 hr
following exercise. miR-486 abundance has previously been shown to increase in muscle 2
hr following exercise amongst young men [220]. It is possible that either the training status of
the participants or the much higher exercise volume used in the current study acted to delay
or blunt the miR-486 elevation following exercise however, the mechanism of this is unclear.
A blunting of the muscle protein synthetic response [449], satellite cell activation [318, 449]
and IL-6 synthesis [450] has been reported following an acute bout of RE in trained individuals.
We have recently shown baseline differences in muscle miRNA expression at rest between
trained and untrained individuals [173]. Therefore, it is conceivable that training would also
regulate the acute miRNA response to exercise. Increased miR-146a was reported within
muscle at 4 hr following exercise. miR-146a is reported as a negative regulator of muscle
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fibrosis in an animal model via inhibition of TGF-β signalling [451]. TGF-β signalling plays
important roles in both hypertrophy [452] and atrophy [453] regulation suggesting a complex
role for miR-146a following RE.
Several miRNA species were demonstrated to be acutely suppressed following the bout of
RE. miR-378b which was reduced at 2 hr, yet approached basal levels by 4 hr post-exercise.
miR-378 in cancer and cardiomyocyte models inhibits mitogen activated protein kinases
(MAPK), p38 MAPK and ERK1/2 kinase signalling [454, 455]. These stress-related pathways
have been reported to be activated by physical activity, with peak activity typically evident in
the first few hours of exercise recovery [94, 456-458]. In agreement with the time course of
miR-378b expression, we report, phosphorylation of kinases within the MAPK and ERK
pathway typically returns to pre-exercise levels within 4 hr of recovery [93, 94].
miR-23a was found to be significantly downregulated at both 2 and 4 hr following exercise
while miR-23b was unaltered. miR-23a and -23b inhibit MuRF1 and Atrogin1 dependent
proteolytic signalling [439]. In contrast to our findings, Camera et al. 2016 [431], previously
reported that muscular expression of both miR-23a and -23b were elevated after concurrent
exercise in conjunction with protein feeding in untrained men. Taken together with the present
study, these data suggest protein feeding following RE may regulate miR-23a/b expression
which in turn may control catabolic signalling via MuRF1 and Atrogin1. This fits with what is
known about muscle protein metabolism following RE. When performed in the fasted state,
RE elevates MPB proportionally to MPS while total muscle protein balance remains negative
[459]. Whereas when RE is combined with feeding, MPB is suppressed and accretion of
muscle protein occurs.
Of the selected miRNAs, only 2 were found to be altered in circulation. This is in contrast to
Margolis et al who found 9 c-miRs were altered 6 hr following exercise in untrained men [356].
Of these, there was a ~4 fold increased in c-miR-133a at 4 hr after exercise. Following
exercise, both muscle and circulating miR-133a increase which agrees with its potential role
as a muscle damage marker [252, 460]. Previously, circulatory expression of miR-133a has
been observed to be increased after damaging exercise including resistance training [238,
279, 432, 460, 461]. Further, myopathies including muscular dystrophy, where muscle
damage is increased, also demonstrate increased c-miR-133a [238]. Similar increases in cmiR-133a are also evident with downhill running, but not for uphill running, where the extent
of muscle damage differs markedly [278]. Previously, c-miR-133a was shown to be unchanged
in untrained men following RE [245], while it was found to be downregulated immediately after
exercise in trained men before returning to baseline levels 1 hr after exercise [462]. This was
inconsistent with our current results suggesting that the RE induced rise in c-miR-133a
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beginning at 2 hr after exercise and may be reflective of muscle damage possibly due to the
higher RE volume employed in the current study. Cui et al [462] reported increased expression
of miR-206 and -21 1 hr following resistance exercise which is in contrast to our findings
indicating no changes to these miRNAs following resistance exercise. The present study and
the work conducted by Cui et al [462] differ in participant training status, exercise volume and
the inclusion of upper body exercise. Multiple differences in research design make it difficult
to account for discrepancies in results between studies.
In circulation, it was also demonstrated that c-miR-149 was increased 4 hr post exercise.
Previously, increased circulatory abundance has been reported 3 days, but not within the first
24 hr, after RE [245]. Within skeletal muscle miR-149 promotes mitochondrial biogenesis by
inhibiting PARP-2 [463]. c-miR-149 expression is reduced in coronary artery disease,
suggesting a possible relationship to the vascular or cardiac responses to exercise [464].
Although the time course and functional role of c-miR-149 elevations following RE needs to
be further elucidated it seems clear that acute RE regulates c-miR-149 regardless of
participant training status.
While skeletal muscle is thought to secrete transcribed miRNAs into circulation via exosomes
[432], the tissue of origin of c-miRNAs cannot be determined. Cell culture evidence shows cmiRNA abundance is downregulated with inhibition of exosomal secretion [296]. Although
skeletal muscle is the primary tissue stimulated by RE, c-miRNA increases after RE could also
be attributed to blood cells and other tissues capable of secreting exosomal miRNAs into
circulation [465-467]. Circulatory miRNAs exist primarily bound to carrier proteins [247, 468,
469] rather than within exosomes. The current plasma extraction technique employed isolated
total miRNAs. The inability to differentiate between exosomal and non-exosomal miRNAs
could mask potentially important differences in exosomal or protein bound miRNA
abundances. The role of miRNAs in circulation as long distance signalling molecules has been
previously suggested [470, 471]. However, currently no relationship between muscle and
plasma responses of individual miRNAs was demonstrated.
In conclusion, the findings of the current study demonstrate acute changes in both muscle and
c-miRNA abundance following high volume RE in young strength trained men. By focusing on
the early recovery phase, we identify miRNAs potentially involved in pathways associated with
MPS rather than myogenesis and muscle repair. The utilisation of a fasted model during
recovery prevented confounding that may be regulated by nutrient dependent signalling. Our
data suggests that both training and nutritional status are important factors in determining the
post exercise miRNA responses. While some miRNAs appear to be globally responsive to
exercise, exercise modality and intensity are important factors in the regulation of miRNAs.
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Additionally, our findings do not indicate a relationship between intramuscular and total cmiRNA abundances after RE. The measurement of miRNAs contained in circulating
exosomes may better reflect muscle miRNA expression following exercise and should be
further elucidated.
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4.6

Supplementary Tables

Table 4-4. (Supplementary) Model details for studies used to identify candidate miRNAs.

Reference

Authors

Year

Organism

Model

Cell type

Manipulation

miRNAs

Finding

[222]

McCarthy
and Esser

2007

Mouse

in vivo

skeletal muscle

synergist ablation

miR-1, -133a

miR-1, -133a decreased during
skeletal muscle hypertrophy

[177]

Small et al

2010

Rat

in-vitro

neonatal
rat
cardiomyocytes
(CMCs)

infected with viruses
expressing MRTF-A or
β-galactosidase

miR-486

inverse correlation between miR486 expression and PTEN in
maturing heart

[171]

van Rooij et
al

2009

Mouse

in-vivo

Skeletal
and
cardiac muscle

Wild type vs miR-208
deficient mice

miR-208a,208b, -499

Involvement of miR-208a,-208b
and -499 in regulation of fiber type

[220]

Zacharewicz
et al

2014

Human

in vivo

skeletal muscle

Acute
resistance
exercise (before and
2hr)

miR-486,
149

[431]

Camera et al

2016

Human

in vivo

skeletal muscle

Acute
concurrent
exercise with placebo
or protein feeding

miR-9,
23a/b, -133b,
-181,-378
and -486

[432]

Nielsen et al

2014

Human

in vivo

blood

Acute bouts with 12
week chronic training
(aerobic)

8 miRs acutely down regulated, 5
were upregulated 1h post with 1
miR upregulated 3h post exercise.
Additionally
chronic
training
reduced basal expression of 7miRs
and increased expression of 2miRs

[229]

Nielsen et al

2010

Human

in vivo

skeletal muscle

Acute bouts with 12
week chronic training
(aerobic)

miR-1 and -133a increased 60min
post exercise prior to training
period. No change in miR
expression with acute exercise
following 12 wk training period

[280]

Russell et al

2013

Human

in vivo

skeletal muscle

Acute aerobic exercise
pre and post 10days of
training

101

miR-1,133a,-133b

-

miR-486 increased and
decreased in young men

-149

increased miR-9, -23a/b, -133b, 181,-378 and -486 4h after exercise
with protein but not placebo

miR-1,-133a,-133b
acutely.
10days

of

increased
training

increased
miR-1
and
133b
compared to pretraining levels.

[433]

Chen et al

2010

Mouse

In-vitro

C2C12
myoblasts

Knockdown of miR-1
and -206

mir-1, -206

Knockdown of miR-1 and -206
increases satellite cell proliferation

[434]

Koutsoulidou
et al

2011

Human

In-vitro

Feotal or new
born
infant
myoblasts

Development

miR-1,133a,-133b,206

miR-1, miR-133a, miR-133b and
miR-206 are induced during human
muscle cell differentiation and their
levels are increased proportionally
to the stage of muscle foetal
development

[196]

Dey et al

2011

Mouse

In-vitro

C2C12
myoblasts

Different
anti-miR
treatments for miR
proof of function

miR-206,
486

miR-206
and
downregulate Pax7 by
targeting its 3′ UTR

[472]

Bandi et al

2011

Human

In-vitro

NSCLC cell lines
A549,
H2009,
H1299
and
H358

Transfection with miR15a/16 and miR-34a

miR-15a/16

miR-15a/16 and miR-34a act
synergistically to induce arrest in
G1-G0

[345]

Musumeci et
al

2011

Human

In-vitro

Prostate cancer
cell
lines
isolated
from
surgical
specimens

Transfection with miR15a/16

miR-15a/16

miR-15 and miR-16 act as tumor
suppressors both on tumor and on
stromal cells

[336]

Nan et al

2010

Human

In-vitro

RCC-derived
cell lines (786-O,
A498,
Caki-1
and Caki-2 and
HK-2

Over-expression
miR-451

miR-451a

significantly
proliferation,
apoptosis

[435]

Sander et al

2008

Mouse

In-vitro

murine
MYCinduced
lymphoma cell
lines

MYC activation

miR-26a

demonstrate direct regulation of
EZH2 via miR-26a

[435]

Sander et al

2008

Human

in vivo

PBMCs

Leukemia vs control

miR-26a

[436]

Lu et al

2011

Human

In-vitro

nasopharyngeal
epithelial
cell
NP69, 5-8F, 610B,
CNE1,
CNE2, C666-1,
HONE1, HNE,
HEK 293T

upregulation
vs
knockout miR-26a

miR-26a
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of

-

impacts
invasion

-486
directly

cell
and

miR-26a functions as a growthsuppressive miRNA in NPC

[437]

Togliatto
al

et

2013

Mouse

In-vivo

skeletal muscle

Unilateral
ischemia

[206]

Cardinali
al

et

2009

Quail

In-vitro

skeletal muscle

[206]

Cardinali
al

et

2009

Mouse

In-vitro

[167]

McCarthy et
al

2009

Mouse

[158]

McLean et al

2015

[325]

Davidsen et
al

[473]

hindlimb

miR-221/222

Treatement with pre-miR-221/222
results in increased number of
PAX7/MyoD positive cells

Myoblasts

miR-221/222

miR-221 and miR-222 found to be
modulated during myogenesis

Primary
satellites
and
skeletal muscle

Primary satellite cells
and two cell lines

miR-221/222

In-vivo

skeletal muscle

Hindlimb suspension

miR-499,
208b

Human

In vivo

skeletal muscle

Acute aerobic exercise

mir-378

13 miRs differentially regulated with
exercise

2011

Human

In vivo

skeletal muscle

12 weeks chronic
resistance exercise

mir-378,451,-26a,29a

expression of miR-378 and -451
was increased in low responders
while -26a and -29a were
decreased in low responders

Kapchinsky
et al

2015

Human

In vivo

skeletal muscle

COPD patients vs age
matched
healthy
controls

miR-145,206

miR-145 and -206 differentially
expressed between groups

[342]

McCarthy

2014

Mouse

In vitro

skeletal muscle

transfection with miR182 and dex treatment

miR-23a

[342]

McCarthy

2014

Rat

In vivo

skeletal muscle

STZ induced diabetes

miR-23a

Dex enhanced the exosomal
packaging and release of two
atrophy-related microRNAs (miR-1
and miR-23a)

[440]

Wang et al

2016

Human

In vivo

blood

AMI, CAD and healthy
controls

miR-23a

[157]

Rezen et al

2014

Human

In vivo

skeletal muscle

10 days bedrest

miR-23a,
23b

[441]

Zhong et al

2013

Mouse

In vivo

kidney tissue

Diabetes model

miR-21

[441]

Zhong et al

2013

Rat

In vitro

rat
mesangial
cell (MC) line,
1099,
and
tubular epithelial
cell (TEC) line,
NRK52E

Control vs TGF-β
receptor II knockout
model

miR-21

103

-

Reduction of miR-499 and -208b
paralleled by upregulation of Sox6
and Purβ, known repressors of slow
myosin expression, and a 28%
decrease in β-MHC

elevated miR-23a in plasma was
better than cTnI for reflecting the
severity of coronary artery stenosis
-

15 mirR were downregulated with
muscle
following
bedrest
intervention including miR-23a and
23b
miR-21 in kidney cells enhanced,
but
knockdown
of
miR-21
suppressed, high-glucose-induced
production
of
fibrotic
and
inflammatory markers.

[442]

Kornfeld et al

2012

Bats

in vivo

skeletal muscle

Hibernating
measures

[338]

Gastebois et
al

2016

Human

in vitro

myotubes

[338]

Gastebois et
al

2016

Mouse

in vivo

skeletal muscle

[444]

Yamamoto
et al

2012

Mouse

in vitro

[331]

Wang et al

2008

Mouse

[331]

Wang et al

2008

[332]

Fish et al

[332]

atropy

miR-21

expression of miR-21 decreased by
80% during torpor

inhibition of miR-148b
expression, voluntary
exercise suppression
(inactivity)

miR-148b

overexpression
of
miR‐148b
decreased NRAS and ROCK1
protein
levels,
and
PKB
phosphorylation
and
glucose
uptake in response to insulin.

C2C12
myoblasts

miR-494 knockdown

miR-494

miR-494 knockdown upregulated
the activity of mtTFA and Foxj3.

in vitro

endothelial cells

miR-126
null
CONTROL

VS

miR-126

Human

in vitro

umbilical
vein
endothelial cell
(HUVEC)

miR-126 is required for vascular
integrity and angiogenesis, as well
as survival post-MI, suggests that
strategies to elevate miR-126 in the
ischemic
myocardium
could
enhance cardiac repair.

2008

Human

in vitro

HeLa cells

Knockdown of miR126

miR-126

Fish et al

2008

Zebrafish

in vivo

developing
zebrafish

reduced
miR-126
expression
during
development

miR-126

miR-126 functioned in part by
directly
repressing
negative
regulators of the VEGF pathway,
including
the
Sprouty-related
protein
SPRED1
and
phosphoinositol-3 kinase regulatory
subunit
2
(PIK3R2/p85-β).
Increased expression of Spred1 or
inhibition of VEGF signaling in
zebrafish resulted in defects similar
to miR-126 knockdown.

[347]

Yin et al

2012

Human

in vitro

umbilical
vein
endothelial cell
(HUVEC)

cerebromicrovessel
isolation,
Hindlimb
ischemia

miR-15a

[347]

Yin et al

2012

Mouse

in vivo

endothelial cells

[388]

Sun et al

2012

Human

in vivo

blood

[388]

Sun et al

2012

Human

in vitro

RPMI-8226,
ARH-77, OPM2, U266 and
NIH929
(MM)
cell lines

miR-148b

miR-15a

transfected with miR15a/16

104

miR-15a/16
miR-15a/16

miR-15a in ECs can significantly
suppress
cell-autonomous
angiogenesis
through
direct
inhibition
of
endogenous
endothelial FGF2 and VEGF
activities
Western blotting combined with the
luciferase
reporter
assay
demonstrated that VEGF-A was a
direct target of miR-15a/16. Ectopic
overexpression of miR-15a/16 led
to
decreased
pro-angiogenic
activity of MM cells.

[297]

Guescini
al

et

2015

Human

in vivo

Blood

Acute aerobic exercise
trial

miR-133b,181a

significant positive correlation was
found between the aerobic fitness
and muscle-specific miRNAs and
EV miR-133b and -181a-5p were
significantly up-regulated after
acute exercise

[245]

Sawada et al

2013

Human

In vivo

blood

acute
bout
of
resistance exercise

miR-146a,149

miR-146a and 149 were altered
following exercise 1 -3 days later

[219]

Drummond
et al

2008

Human

in vivo

skeletal muscle

Acute
resistance
exercise with protein
feeding

miR-1,

acute protein anabolic stimulus,
consisting of resistance exercise +
EAA ingestion, has the ability to
regulate miR-1 skeletal muscle
expression in young men

[454]

Weng et al

2016

Human

In vitro

HCT-116, HCT15,
SW-480,
SW-620, WiDr,
HT-29
and
Caco-2
colon
cancer cell lines

transfected with miR378

miR-378

BRAF mutants could even be
inhibited in cell proliferation after
elevated concentration of miR-378
in cells

[455]

Ganesan et
al

2013

Rat

In vitro

Neonatal
rat
cardiomyocytes
or fibroblasts

Cardiac
model

miR-378

miR-378 regulators cardiomyocyte
hypertrophy, via suppression of
MAPK signaling

[252]

Cacchiarelli
et al

2011

Mouse

In vivo

Skeletal muscle
and blood

Muscle and serum

miR-1,-133,206

[252]

Cacchiarelli
et al

2011

Human

In vivo

blood

Serum from dystropy
patients

miR-1,-133,206

propose that miR‐1, miR‐133, and
miR‐206 are new and valuable
biomarkers for the diagnosis of
DMD and possibly also for
monitoring the outcomes of
therapeutic
interventions
in
humans.

[460]

Gomes et al

2014

Human

In vivo

blood

Half marathon run circulatory analysis

miR-1,-133,206

MiR-1,
−133a,
and
−206
significantly increased after the
race. These miRNAs are potential
biomarkers of muscle damage or
adaptation to exercise.

[461]

Cacchiarelli
et al

2010

Mouse

In vitro

satellite cells

MDX model mice
muscle was cultured

mir-1,-133a,29c,-30c,206,-23a

According to the mdx model, when
dystrophin synthesis was restored,
miR-1, miR-133a, miR-29c, miR30c, and miR-206 increased, while
miR-23a expression did not change

[238]

Mizuno et al

2011

Mouse

In vivo

MDX model

dystrophy model

miR-1,133a,-206

Found that the serum levels of
several muscle-specific miRNAs

hypertrophy

105

miR-1,133a,-206

(miR-1, miR-133a and miR-206)
are increased in both mdx and
CXMD

[238]

Mizuno et al

2011

Dog

In vivo

CXMDJ

[278]

Banzet et al

2013

Human

In vivo

blood

Young men cross-over
uphill
running
vs
downhill running

miR-133b

hsa-mir-133b
increased
response to eccentric exercise.

[463]

Mohamed et
al

2014

Mouse

in vivo

skeletal muscle

Standard vs high fat
diet

miR-149

miR-149 is a regulator of SIRT1/PGC-1α activation and provides a
novel insight into skeletal muscle
energy homeostasis

[474]

Ali Sheikh et
al

2015

Human

in vivo

blood

CAD
patients
healthy control

vs

miR-149

circulating miR-149 levels were
downregulated by 3.5-fold in stable
CAD and 4.2-fold in unstable CAD
patients, respectively.

[277]

Aoi et al

2013

Human

in vivo

blood

Acute and
human
exercise trial

chronic
aerobic

miR-486

The reduction in circulating miR486 may be associated with
metabolic changes during exercise
and adaptation induced by training
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Chapter Five

Dairy protein supplementation modulates the human skeletal muscle
microRNA response to lower limb immobilisation

107

5.1

Preface

The data presented in this chapter investigated the intramuscular miRNA response of
muscle regulatory miRNAs following a 14-day unilateral lower-limb immobilisation in
healthy men. Whilst it is reported that muscle mass declines are related to changes in
regulatory pathways, the involvement of miRNAs as regulators is poorly defined.
Participants were randomised to consume either a single daily dose of milk protein
concentrate of an isocaloric carbohydrate placebo in an attempt to further validate the role
of protein consumption on miRNA and muscle regulatory processes during disuse.
The following section contains an altered reproduction of the article “Dairy protein
supplementation modulates the human skeletal muscle microRNA response to lower limb
immobilisation” co-authored by Randall F. D’Souza, Nina Zeng, Vandre C. Figueiredo
James F. Markworth, Brenan R. Durainayagam, Sarah M. Mitchell, Aaron C. Fanning,
Sally D. Poppitt, David Cameron-Smith and Cameron J. Mitchell (See Appendix D for the
unaltered reproduction of the first page of the article). This article was published in
Molecular nutrition and food research. The full article can is available for review at
http://onlinelibrary.wiley.com/doi/10.1002/mnfr.201701028/full.
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5.2

Introduction

Skeletal muscle atrophy occurs rapidly in response to periods of disuse such as bedrest
[300, 475], limb immobilisation or spaceflight [476]. The maintenance of muscle mass is
dependent on the dynamic balance between the synthesis (MPS) and degradation (MPB)
of myofibrillar proteins. Muscle disuse results in net protein degradation promoting a loss
of muscle contractile proteins, contributing to reductions in muscle mass, oxidative
capacity and contractile function [66, 477-479]. Periods of disuse may arise due to illness
or injury requiring episodes of bedrest, limb immobilisation or reduced ambulation [480,
481]. Experimental models of disuse atrophy include bedrest [157, 241] and limbimmobilisation [482, 483], which involves the unloading of a specific joint replicating what
occurs due to bone fractures or impact injuries. A less extreme intervention is step
reduction, which in part mimics reduced mobility characteristics associated with aging
[484]. Collectively, these models of disuse have been shown to lead to reductions in
myofiber size and shifts in fiber types [485], reductions in oxidative capacity due to altered
mitochondrial content via downregulation of mitochondrial biogenesis [486, 487], changes
in myogenic satellite cell proliferative activity [488, 489] and increased caspase-3
dependent apoptotic signalling mechanisms [490, 491].
The molecular mechanisms underpinning the adaptive changes in muscle phenotype with
immobilisation are undoubtedly complex. One possible mechanism is the role exerted by
microRNAs (miRNAs) which impact on many pathways involved in the regulation of
skeletal muscle size and function. miRNAs are short non-coding RNAs transcribed within
the intronic sequences of genes [492]. miRNAs promote transcript degradation thereby
exerting regulatory control over transcriptional processes [96, 173]. Previous evidence
suggests a widely published set of ~30 miRNAs as being intricately involved in the
regulation of myogenesis, satellite cell mediated repair, fiber type and hypertrophy (miR1, -133a, -133b, -206, 208a, -208b, -486, -499a) [171, 177, 222]. The complete
complement of miRNAs involved in skeletal muscle regulation is not yet known, although
a consistent number of them have been shown to respond to various exercise and feeding
stimuli across multiple animal and human trials [219, 325-327]. A number of these miRNAs
have been experimentally validated to exert impact on atrophy (miR-23a/b) [157, 344,
357], angiogenesis (miR-126) [331, 332], regulation of cell cycle (miR-15a, -16 and -451a)
[348, 388], ROS production (miR-1 and 133a) [493], glucose and insulin responsiveness
(miR-21 and -148b) [338, 442] and mitochondrial biogenesis (miR-26a, miR-494) [435,
444]. Additionally, let-7 miRNAs are reported as having roles in myogenic stem cell
meditated repair [389, 390], and inflammation and apoptotic signalling [391, 392] within
ageing skeletal muscle.
110

Dairy protein ingestion has well established roles in stimulating MPS and inhibiting MPB
[494, 495]. Protein consumption has been an effective countermeasure to mitigate disuseinduced losses in muscle mass, function and MPS rates following acute disuse events in
several studies [300, 303, 496]. Others however, have demonstrated protein
supplementation as having no protective effect on muscle mass and function following
acute immobilisation events [66, 304]. The muscular miRNA response to acute protein
consumption has also been explored [176, 431]. However, the ability of protein
consumption to alter miRNA expression profiles during periods of disuse is unknown.
Evidence indicating differential expression of miRNAs in individuals with smaller weaker
vs larger stronger muscles suggests the potential role of miRNAs in regulating muscle
function [173]. The aim of the current study was to analyse the regulation of miRNAs
previously identified as having actions within skeletal muscle important for the
maintenance of mass, fiber composition, oxidative capacity, and apoptosis - in response
to a two-week unilateral lower limb immobilisation as described by Mitchell et. al [66].
Further, the actions of dairy protein supplementation, relative to an isocaloric carbohydrate
supplement, to modulate the muscle miRNA expression were examined.
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5.3

Methods

5.3.1 Participants
Twenty-five healthy middle-aged men between the ages of 45 and 60 were recruited from
local newspapers. The participants were free from metabolic conditions such as diabetes,
musculoskeletal impairments, and had no history of heart disease or cancer, nor a family
history of blood clots. Further, current smokers were also excluded from the study. Written
consent was obtained before the study began with approval from the Northern Health and
Disability Ethics Committee (New Zealand) (14/NTA/146). This paper reports secondary
outcomes of a clinical trial [66] registered at Australian New Zealand Clinical Trials
Registry as ACTRN12615000454572. Twenty-five of the original thirty participants from
[66] were included in this study as there was insufficient remaining muscle tissue from five
participants.

5.3.2 Supplementation and immobilisation
One week prior to the commencement of immobilisation and throughout the two weeks of
immobilisation, participants were provided with controlled breakfast and dinner along with
dietary advice for their mid-day meal. The targeted protein intake was 1 g of protein/kg/day
as this amount has been demonstrated to be sufficient to maintain muscle mass in
ambulatory men in the upper end of the age range used in the present study [497].
Participants in both groups slightly exceeded their mid-day protein intake targets and
consumed 1.1g/kg/day of protein during the baseline and immobilisation phases exclusive
of the supplemental beverages, while achieving energy balance throughout the study [66].
Participants were randomised to receive daily dietary supplementation with 20 g of milk
protein concentrate, where the amino acid composition have been previously reported in
[74] (n=12, 51.4 ± 3.8 years and 28.2 ± 2.9 kg/m2) (Mean ± SD) or an isocaloric
carbohydrate placebo (n=13, 48.7 ± 2.7 years and 28.3 ± 3.3 kg/m2). Carbohydrate was
chosen as a placebo in order to match the energy content of the protein without simulating
the anabolic mTORC1 pathway [95]. Both supplements were artificially vanilla flavoured
and sweetened to match taste as closely as possible. The powdered supplements were
mixed in ~150 mL of water and consumed with breakfast as this meal traditionally contains
less protein than afternoon or evening meals [498]. The total protein intake in the protein
group was 1.3 g/kg/day whilst the placebo group continued to consume 1.1 g/kg/day of
protein [66]. As previously described [66], participants were subjected to a 14-day period
of unilateral immobilisation of the knee joint on a randomly selected limb at an angle of 60º
using a rigid knee brace (DonJoy, IROM, Vista, California, United States). Participants
112

were provided a set of crutches and asked to avoid any weight bearing on the immobilised
leg. The brace was removed and re-adjusted every two days by an investigator who sealed
the brace with signed tape to ensure protocol compliance [66, 109].

5.3.3 Muscle biopsy sampling
Muscle biopsies (~100 mg) were collected following an overnight fast from the vastus
lateralis muscle under local anaesthesia (1% Xylocaine) using a Bergström needle
modification of manual suction. The pre-immobilisation biopsy was collected from the nonimmobilised leg and the post biopsy was taken from the immobilised leg. Biopsies were
snap frozen in liquid nitrogen and stored at -80°C until further analyses.

5.3.4 miRNA isolation/cDNA/RTPCR
Total

RNA

was

extracted

from

~20

mg

of

muscle

tissue

using

the

AllPrep® DNA/RNA/miRNA Universal Kit (QIAGEN GmbH, Hilden, Germany) following the
manufacturer's instructions as previously described [173]. 10 ng of input RNA was used
for cDNA synthesis using TaqMan™ Advanced miRNA cDNA Synthesis Kit (Thermo
Fisher Scientific, Carlsbad, CA, USA), miRNA abundance were measured by RT‐PCR on
a QuantStudio 6 (Thermo Fisher Scientific, Carlsbad, CA, USA) using Applied Biosystems
Fast Advanced Master Mix (Thermo Fisher Scientific, Carlsbad, CA, USA).
Target miRNAs were miR -1-3p, -15a-5p, -16-5p, -21-5p, -23a-5p, -23b-5p, -26a-5p, -1263p, -133a-3p, -133b, -148b-3p, -206, -208a-3p, -208b-3p, -451a, -486-5p, -494-3p, -499a3p, let-7a-5p, let-7b-5p, let-7c-5p, let-7d-5p, let-7e-5p and let-7g-5p (Table 5-1). The
geometric mean of three reference miRNAs [173, 499] were used for normalisation based
on miRNAs that showed the least variation amongst the current sample set (miR-320a,
miR-423-5p and miR-186-5p). The 2-ΔΔCT method was used to compare differences in raw
miRNA expression [500].
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Table 5-1. Catalogue numbers for the miRNAs analysed and housekeepers with
Thermo Fisher Scientific independent miR assay IDs.
miR

ID Number

miR-1-3p

477820_mir

miR-15a-5p

477858_mir

miR-16-5p

477860_mir

mir-21-5p

477975_mir

miR-23a-3p

478532_mir

miR-23b-3p

478602_mir

mir-26a-5p

477995_mir

miR-126-3p

477887_mir

miR-133a-3p

478511_mir

mir-133b

480871_mir

miR-148b-3p

477806_mir

miR-206

477968_mir

miR-208a-3p

477819_mir

miR-208b-3p

477806_mir

miR-451a

477968_mir

miR-486-5p

478128_mir

mir-494-3p

478135_mir

miR-499a-3p

478948_mir

let-7a-5p

478575_mir

let-7b-5p

478576_mir

let-7c-5p

478577_mir

let-7d-5p

478439_mir

let-7e-5p

478579_mir

let-7g-5p

478580_mir

HK miRs
miR-186-5p

477940_mir

miR-191-5p

477952_mir

miR-320a

478594_mir

miR-361-5p

478056_mir

miR-423-5p

478090_mir
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5.3.5 mRNA RT-PCR
As per [66], RNA was converted to cDNA and gene expression of PAX7, atrogenes
(MuRF1/TRIM63 and Atrogin-1/FBXO32) and SOX6 were analysed. For normaliaation,
the geometric mean of stable reference genes C1orf43, CHMP2A, EMC7, and VCP were
used [66]. The 2-ΔΔCT method was used to compare difference in raw gene expression
[500]. Sequences of primers used for this analysis are shown in Table 5-2.

Table 5-2. Forward and reverse mRNA sequences of analysed genes.
Gene

Sequence

PAX 7 (Forward)

CCTTTGGAAGTGTCCACCCC

PAX 7 (Reverse)

TCGCCCATTGATGAAGACCC

ATROGIN1 (Forward)

GCAGCTGAACAACATTCAGATCAC

ATROGIN1 (Reverse)

CAGCCTCTGCATGATGTTCAGT

MuRF1 (Forward)

CCTGAGAGCCATTGACTTTGG

MuRF1 (Reverse)

CTTCCCTTCTGTGGACTCTTCCT

Sox6 (Forward)

GCAAGAACAGATTGCGAGAC

Sox6 (Reverse)

AATTGGGATCATGAGCGGAGG

5.3.6 Statistical analysis
Two way repeated measures ANOVA with time as a within subject factor and group as a
between subject factor was conducted using SigmaPlot for Windows version 12.1 (Systat
218 Software Inc., San Jose, USA) to determine differences in miRNA expression. Where
appropriate, group and time differences were assessed using Holm-Sidak post hoc tests.
Linear stepwise regression was conducted using SPSS for Windows Version 24 (IBM
Corp. USA), in order to determine which miRNAs best explained changes in mRNA for
which they are putative regulators. Data are shown as means ± SEM. Statistical
significance was accepted at p<0.05.

115

5.4

Results

5.4.1 miRNAs modulated by immobilisation irrespective of supplement
miR-133a, -206, -15a, -451a, and -126 increased in both the protein (p=0.047, p=0.008,
p=0.043, p=0.044 and p=0.048 respectively) and placebo fed (p=0.049, p=0.025, p=0.031,
p=0.029 and p=0.037 respectively) groups following immobilisation. miR-208b
demonstrated a main effect of time, indicating increased expression irrespective of
supplement group (p=0.026) with no increases following immobilisation with either protein
(p=0.078) or placebo supplementation (p=0.089) (Figure 5-1). miR133b and -208a
showed non-significant trends to increase (p=0.085 and p=0.093 respectively) following
immobilisation. miR-499a and miR-21 did not change with immobilisation (p=0.478 and
p=0.855) (data not shown).

Figure 5-1. miRNAs modulated by immobilisation irrespective of supplement. (*
difference between pre and post immobilisation p<0.05 from respective pre, with horizontal
bars depicting main effects of immobilisation where post hocs were not significant). Data
are expressed as means ± SEM.
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5.4.2 miRNAs differentially expressed with protein supplementation during
immobilisation
miR-1, -486, -23a, -23b, -26a and -148b showed group by time interaction effects, with
lower expression in the protein group compared to the placebo group following
immobilisation (p=0.003, p=0.019, p<0.001, p=0.002, p=0.021 and p=0.035 respectively)
(Figure 5-2). miR-486, -23a, -23b, -26a, -148b, -16 and -494 demonstrated increased
abundance from their respective baselines only in the placebo group (p=0.007, p=0.004,
p=0.002, p=0.004, p<0.001, p=0.008 and p=0.022 respectively). miR-16 and -494
displayed non-significant trends to be differentially expressed between groups (p=0.064
and p=0.06 respectively) following immobilisation.

Figure 5-2. miRNAs responsive to protein feeding. (* difference between pre and post
immobilisation p<0.05 from respective pre). (# supplemental difference post immobilisation
p<0.05 between treatment following immobilisation). Data are expressed as means ±
SEM.
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5.4.3 let-7 family members modulated with protein and or immobilisation
Let-7b and -7g demonstrated group by time interaction effects (p=0.01 and p=0.003
respectively) with lower abundance in the protein group compared to the placebo group
following immobilisation. Let-7a, -7c, -7d and -7g showed increased abundance from their
respective baselines only in the placebo group (p=0.04, p=0.022, p=0.015 and p=0.002
respectively) while remaining unchanged in the protein group (p=0.151, p=0.422, p=0.162
and p=0.803 respectively). Let-7e was increased following immobilisation in both the
protein (p=0.047) and the placebo fed groups (p=0.049) (Figure 5-3).

Figure 5-3. let-7 miR family members responsive to protein and/or immobilisation.
(* difference between pre and post immobilisation p<0.05 from respective pre). (#
supplemental difference post immobilisation p<0.05 between treatment following
immobilisation). Data are expressed as means ± SEM.
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5.4.4 Relationship between miRNA and mRNA
Based on previous literature, 11 miRNAs (miR-133a, -206, -486, -1, -23a, -23b, 26a, 148b, let-7a, -7b and -7e) were identified as putative regulators of PAX7 abundance
however, using a stepwise regression model only fold change in let-7a expression was
found to relate to the fold change in PAX7 abundance (r=0.434 and p=0.030) (Figure 54A). From the literature, 4 miRNAs (miR-23a, -23b, -26a and -148b) were identified as
putative regulators of MuRF1 and Atrogin-1 however, only miR-23a was negatively related
to Atrogin-1 (r=-0.476 and p=0.019) (Figure 5-4B), and miR-26a was positively related to
MuRF1(r=0.589 and p= 0.004) (Figure 5-4C). Whilst 3 miRNAs (miR-208a, -208b and 499a) are thought to regulate SOX6 expression, only miR-208b had a positive correlation
with SOX6 (r=0.778 and p<0.001) (Figure 5-4D).

Figure 5-4. Relationships between fold change miRNAs and target mRNAs of
interest. (A) let-7a and PAX7, (B) miR-23a and Atrogin-1, (C) miR-26a and MuRF1 and
(D) mir-208b and SOX6.
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Figure 5-5. Pathway diagram of the various miRNAs and their influence of muscle regulatory function. Blue miRNAs represent those
upregulated with immobilisation irrespective of group. Green miRNAs represent those differentially regulated between supplement groups (group
x time interaction effect) with suppressed expression in the protein group. Orange miRNAs represent those with time effects with increased
expression in the placebo group only post-immobilisation. Ovals contain main regulatory factors that control regulatory mechanisms (rectangles).
Arrowhead indicates positive regulation with perpendicular lines indicating an inhibitory effect. Dotted lines indicate an indirect interaction through
regulation of intermediary upstream products.
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5.5

Discussion

Following short-term lower limb immobilisation with either protein or placebo supplementation,
this study analysed the expression of 24 miRNAs previously demonstrated as having roles in
regulatory aspects of muscle physiology. It was demonstrated that 18 miRNAs exhibited
increased abundances following the intervention in the placebo group, with protein
supplementation attenuating this increase in 13 miRNAs. Previously, the reduction in muscle
size, knee extension and flexion torque, and synthesis rate of mitochondrial proteins following
immobilisation have been reported in the same cohort [66]. However, these data demonstrated
that protein supplementation exerted no detectible impact on muscle mass or function. Whilst
our previous report did not include change in muscle fiber size or populations, others suggest
reductions in muscle fiber size and changes in fiber populations and function following disuse
[485, 501].
miR-133a, -206, -486, -1, -23a, -23b, 26a, -148b, let-7a, -7b and -7e are all thought to regulate
satellite cell dependent myogenesis via direct or indirect PAX7 inhibition [157, 177, 222, 344,
357]. Currently, miR-133a, -206 and let-7e were elevated following immobilisation irrespective
of supplement. The increases in miR-133a, -206 and let-7e expression suggests
immobilisation inhibits myogenesis and remodelling via satellite cell activity (Figure 5-5).
Reduced satellite cell activity has been observed in sedentary individuals, elderly and disuse
models where muscle mass and function are impaired [57, 502]. miR-486, -23a, -23b, 26a, 148b, let-7a and -7b were differently expressed following immobilisation, increasing only in
the placebo group, a change that was attenuated with protein supplementation. Differential
expression of miR-1, -486 and let-7b between the protein and placebo groups suggests a
potential role for protein supplementation to reduce inhibition of myogenesis following
immobilisation [196, 503], whilst increased miR-26a is thought to promote cell differentiation
and proliferation in response to stress [435]. Alterations in the expression of these 11 miRNAs
were compared to PAX7 mRNA changes in a step-wise regression model, which
demonstrated only let-7a to be related to PAX7 abundance indicating its potential importance
for regulating PAX7 during disuse.
Presently, we report increased expression of miR-486 and -148b post-immobilisation in the
placebo, but not the protein group. Both miR-486 and -148b are implicated in promoting Akt
signalling via inhibition of PTEN and have the potential to regulate the mTOR pathway
downstream of Akt. Long term MPS was not different between groups in the present cohort
[66] and disuse-induced atrophy in humans has been found to not alter basal Akt signalling
[504]. Whilst, it is unlikely these miRNAs are acting to regulate mTOR, their upregulation in
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the placebo group is possibly a result of insulin-dependent activation of Akt signalling [177,
191] due to carbohydrate consumption rather than immobilisation per se.
miR-23a, -23b and -148b inhibit catabolism via repression of MuRF1, Atrogin 1 and SMAD
proteins [338, 344, 357, 505]. Currently we report elevated miR-23a, -23b, -26a and -148b
with placebo consumption, an increase that was attenuated with protein ingestion. miR-148b
has previously been shown to increase with reduced physical activity in rats and also following
one month of detraining in active men [338]. We have previously demonstrated elevated
expression of both MuRF1 and Atrogin1 after immobilisation irrespective of protein intake [66].
Whilst elevated miR-23a currently is inconsistent with previous findings that demonstrate miR23a was less abundant in mouse cells where MuRF1 was upregulated [506], the presence of
a negative relationship between Atrogin-1 and miR-23a supports critical regulation of this
mRNA. We also demonstrate a positive relationship between MuRF1 mRNA and miR-26a
expression supporting the role of this miRNA in the regulation of catabolic genes. The positive
direction of this relationship is unexpected however, and along with the upregulation of
miRNAs which supress catabolism (miR-23a, -23b, -26a and -148b) may signify either
involvement of negative feedback, dysregulation of catabolic signalling mechanisms during
disuse or involvement of other gene targets.
miR-208a, -208b and -499a are encoded within the introns of slow twitch myosin heavy chain
genes and are known to inhibit SOX6 activity [507, 508]. SOX6 functions to maintain a fast
twitch fiber phenotype, suggesting increases in these miRNAs may promote fast-to-slow fiber
shifts [167, 171]. Currently miR-208b was increased with immobilisation irrespective of group,
while miR-208a and -499a were unchanged. However in rats following 28 days of hindlimb
suspension, declines in miR-499 and -208b (60% and 40% respectively) with corresponding
~2.2-fold increases in SOX6 expression were evident [167]. Currently of these three miRNAs,
just miR-208b demonstrated a positive relationship with SOX6 expression indicating potential
negative feedback. The difference between species and atrophy models [485] are likely to
have contributed to the observed disconnect in perceived fiber type shifts.
Previously we reported a significant decrease in mitochondrial protein synthesis following
immobilisation [66]. miR-494 inhibits crucial regulators of mitochondrial biogenesis MEF2C
and

mtTFA

[444].

Immobilisation

increased

miR-494

expression,

whilst

protein

supplementation attenuated this increase, suggesting protein supplementation may have
supported the maintenance of mitochondrial signalling pathways. Caspase 3 and cytochrome
C are key mitochondrial proteins responsible for apoptotic regulation and are downregulated
with immobilisation-induced atrophy [481, 509]. Together, miR-1, -15a, -16, -451a and let-7c
regulate cell cycle function via inhibition of cytochrome C, differentially from let-7a, -7g and 122

7d which directly inhibit caspase-3. Immobilisation elevated miR-15a and -451a irrespective
of group, whilst miR-1, -16 and let-7c were increased with placebo but not protein ingestion
suggesting divergent caspase-3 dependent apoptosis in the placebo compared to the protein
group (Figure 5-5). miR-15a, -16, -1 and let-7c indirectly promote cytochrome C inhibition of
caspase3, thereby attenuating apoptosis. Increased abundance of let-7a and -7g in the
placebo group may indicate a negative feedback mechanism preventing caspase-3 activity.
Together, these findings demonstrate a potential protective role for protein supplementation
on muscle metabolism via the reduced inhibition of mitochondrial biogenesis and apoptotic
pathways compared to the placebo group.
Rezen et al., demonstrated 15 of 152 miRNAs were significantly altered with ten days of
bedrest [157], whilst Rullman et al. [241] reported 19 of 455 miRNAs were regulated following
21 days of bedrest in hypoxic conditions. Both reports employed non-targeted analytical
approaches (nanostring and array respectively) that potentially identify lowly expressed
miRNAs with minor physiological roles rather than previously established key miRNAs that
target mRNAs in pathways known to be dysregulated during atrophy. Currently, 10 of the 15
miRNAs reported to be decreased in Rezen et al. [157] were shown to be increased following
immobilisation, while protein supplementation attenuated the increases in let-7a, -7b, -7c, -7d,
-7g, miR- 23a, -23b and 148b. Yet our results are in part consistent with findings from Rullman
et al [241] who also reported increases in miR-15 and let-7 family. Two rodent disuse studies
[242, 298] also report either reductions or no change in miRNA expression with a tendency to
return to resting levels following reloading. The current brace based limb immobilisation model
is likely less severe and mechanistically distinct from bedrest or even hindlimb suspension
models, which along with differences in techniques used to detect miRNA could explain
discrepancies between the present study and previous work. For example, miR-133a was
reduced with bedrest, whereas it increased in the present model [241, 299]. Furthermore,
there remains conflicting evidence regarding the ability of protein ingestion to attenuate disuse
atrophy [66, 300-304] with the previously reported analysis from this current study failing to
identify an effect of protein supplementation [66].
Whilst no phenotype differences were shown between supplement groups [66], divergent
miRNA expression may reflect differential regulation of signalling pathways involved in muscle
function. Therefore, the lack of phenotype differences is a limitation in understanding the
mechanisms that underpin the differential miRNA expression. It is possible however, that had
the immobilisation event been longer or the dose of protein larger, phenotype type differences
may have become evident. From the current findings it is evident that two weeks of lower limb
immobilisation is sufficient to alter basal expression of muscle regulatory miRNAs.
Supplementation with 20 g of dairy protein in middle-aged men with matched diets appears to
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attenuate changes in expression of some miRNAs during limb immobilisation indicative of
differential regulation of the biochemical signalling pathways involved in muscle maintenance.
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Chapter Six

Circulatory exosomal miRNA following intense exercise is unrelated to muscle
and plasma miRNA abundances
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6.1

Preface

The data presented in this chapter characterised the acute response on muscle, plasma and
exosome enriched microRNAs in response to an acute bouts of high intensity interval exercise
(HIIE). It also attempted to identify relationships in the expression patterns in each of the three
matrices. It further aimed to identify whether exercise induced exosomal release is occurs in
a regulated manner of whether miRNA enriched in exosomes is an unregulated event.
The following section contains an alter reproduction of the article “Circulatory exosomal
miRNA following intense exercise is unrelated to muscle and plasma miRNA abundances” coauthored by Randall F. D’Souza, Jonathan S.T. Woodhead, Nina Zeng, Cherie Blenkiron, Troy
L. Merry, David Cameron-Smith, Cameron. J. Mitchell. This article is currently In Press at the
American Journal of Physiology – Endocrinology and Metabolism.
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6.2

Introduction

Regular exercise training is associated with increases in life expectancy and reduced morbidity
due to cardiovascular disease, metabolic syndromes and cancer [510-512]. Whilst, muscle is
the major tissue activated during exercise, system-wide adaptations to exercise also occur,
with evidence of wide-spread regulatory effects in organ systems including liver, pancreas and
neural tissue [266]. This response is mediated in part by a range of bioactive compounds
secreted from multiple tissues, these include peptides, cytokines, mRNAs, mitochondrial DNA
and microRNAs (miRNAs) collectively termed ‘exerkines’ [245, 266, 290-292].
Whilst it has long been recognised that exercise stimulates the release of skeletal-derived
molecules such as cytokines and anabolic hormones directly into circulation [266, 513, 514],
recent reports suggest that extracellular vesicle may also be released from skeletal muscle
following exercise [293, 294]. Extracellular vesicles with diameter between ~50 -150nm, are
commonly classified as exosomes. There is emerging evidence of the involvement of
exosomes in regulating biochemical signalling in multiple tissue types via specific transfer of
regulatory proteins and miRNAs [290, 291, 293]. Thus, transport of miRNAs, within or in
association with exosomes, may provide a functionally distant and potentially more bioactive
pool of circulating miRNAs compared to those that are riboprotein bound [247, 469]. Currently
however, there is no evidence to suggest functional differences between exosomal and free
miRNAs, nor is it known whether exosomal and free miRNAs are differentially regulated in
response to exercise.
Several reports indicate regulation of either intramuscular or circulatory miRNA profiles
following exercise [96, 245, 278, 432, 515, 516], with independent miRNAs identified as
potential biomarkers of muscle damage and aerobic performance [278, 403]. Thus far
however, there have been no direct comparisons between miRNA profiles in skeletal muscle,
cell-free plasma and circulating exosomes. Given that, our laboratory previously established
a disconnect between muscle and cell-free plasma miRNA content following exercise [96],
whether enriched exosomal miRNA abundances of exercise-regulated miRNA better relates
with what is present within the skeletal muscle is important to elucidate. Analysis of the
exosomal miRNA profile has been previously described as providing a potentially enriched
population of cell-free miRNAs that is unique from total plasma miRNA content [295], possibly
more closely related to the intramuscular miRNA expression.
High intensity interval exercise (HIIE) characterized by repeated short periods of intense
activity (30s- 2min) with (1-5min) active recovery periods [517], is emerging as a highly
effective method of enhancing metabolic function, health outcomes in obesity and aerobic
capacity in elite athletes [517, 518]. Several studies also report the enhanced efficacy of HIIE
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compared to volume matched endurance exercise of moderate intensity in improving aerobic
capacity in humans [517, 519]. There is evidence to suggest that exercise induced health
benefits are at least partially mediated by factors in the systemic circulation [520-522], it is
currently unknown which factors released following exercise are responsible for many of the
observed systemic benefits.
Thus, the aim of this study is to determine whether there is an altered exosomal miRNA
expression profiles evident within the first 4 hours after an acute HIIE exercise bout and to
establish whether there is a relationship between exosomal enriched miRNA alterations and
muscle observed miRNA changes or whether exosomal profiles reflect venous plasma miRNA
content following a bout of exercise..
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6.3

Methods

6.3.1 Participants
Ten healthy young men (18-35 years of age) were recruited (Table 6-1). They were free of
cardiovascular and metabolic disease as well as any injuries which would impair their ability
to perform high intensity aerobic exercise. Inclusion criteria required that participants had not
been participating in any regular aerobic training for at least 6-months prior to the intervention
and engaged in less than four hours per week of structured physical activity (such as ball
sports). Participants were not taking any medication that might influence responsiveness to
exercise and were non-smokers with no history of cardiovascular or metabolic disease. Written
consent was obtained before the commencement of the study, which was approved by the
Northern Health and Disability Ethics Committee (New Zealand) (16/STH/116).

Table 6-1. Subject Characteristics. Values presented as means ± SD, n=10.
Age (years)

24.6 ± 4.0

Height (cm)

182 ± 10

Weight (kg)

79.7 ± 8.8

BMI (kg/m2)

24.1 ± 2.1

6.3.2 Peak oxygen uptake (V02peak) and maximal power output
Five to seven days prior to the acute exercise trial day, participants completed a ramp exercise
protocol using an electromagnetically braked cycle ergometer (Veltron, RacerMate, Seattle,
WA, USA) in order to determine individual peak oxygen uptake (VO 2peak) and associated
peak workload. Prior to testing, participants warmed up for 5 minutes at self-selected workload
between 60-80 W. The ramp protocol began at 60 W, with the cycle power output set to
increase by 1 W every 4 seconds (15 W/minute) continuously until the participant had an
inability to maintain cycling workload (cycling cadence < minimum 60 revolutions per minute).
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6.3.3 Exercise protocol
Participants were instructed to abstain from physical activity for at least 48 hours prior to the
aerobic exercise trial day and fast from 10pm the evening before the trial. After an overnight
fast, the participant arrived at the laboratory at ~7 AM and had an intravenous cannula inserted
into a forearm vein. Participants rested in a supine position for ~30 minutes prior to collection
of a resting plasma and muscle biopsy samples, following which they completed 10 x 60
second intervals of cycling at peak power output (as determined during VO2 peak testing) with
75 seconds rest between interval. Muscle and plasma samples were then collected
immediately (within 5 min, POST) and 4 hr following completion of the exercise protocol. All
participants completed the entire exercise protocol.

6.3.4 Muscle biopsy sampling and miRNA isolation
Muscle biopsies (~70 mg) were collected from the vastus lateralis muscle under local
anaesthesia (1% Xylocaine) using a Bergstrom needle modification of manual suction. All
three biopsies were collected from the same leg starting proximally and moving distally. A gap
of at least 2–3 cm between sequential biopsies was maintained in order to avoid any potential
confounding effects caused by repeated sampling from the same location. Biopsies were snap
frozen in liquid nitrogen and stored at -80° C until analyses. Total RNA was extracted from
~20 mg of muscle tissue using the AllPrep® DNA/RNA/miRNA Universal Kit (QIAGEN GmbH,
Hilden, Germany) following the manufacturer's instructions and as previously described [173].

6.3.5 Blood sampling and plasma miRNA extraction
A cannula (20-gauge) was inserted into an antecubital vein and a baseline blood sample
was obtained. Blood was collected in 10 mL EDTA vacutainers and centrifuged immediately
upon collection at 4° C at 2000 g for 10 min. The supernatant plasma was stored at -80°C
until analyses. Total RNA was extracted from 200 µL plasma thawed on ice as described
previously [96]. Briefly, after treatment with proteinase K (Macherey and Nagel, GmbH & Co.
KG), plasma RNA was phase separated in 3:1 Trizol LS (Thermo Fisher Scientific, Cat#
10296028, Carlsbad, CA, USA) and 160 µL chloroform and again in 1:1 acid phenol chloroform
(Thermo Fisher Scientific, Cat# AM9722, Carlsbad, CA, USA). 4 µL glycogen was used a
carrier molecule with 1:1 ethanol. Samples were then isolated using Purelink columns (Thermo
Fisher Scientific, Cat# 12183025, Carlsbad, CA, USA) with modifications. Samples were
eluted in 30 µL of nuclease free water. The exogenous spike-in cel-miR-54 was added prior
to extraction (10 pg) while cel-miR-238 was spiked-in prior to cDNA synthesis (10 pg) to
ensure variations in sample preparation were accounted for. No outlier samples were identified
using the spike controls.
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6.3.6 Plasma exosome miRNAs extraction
A 1 mL aliquot of plasma was thawed on ice then centrifuged at 1500 g for 10 min to precipitate
and cellular/protein aggregates. The supernatant was recovered and spun for at 10000 g for
10 min at 40 C, and 500 µL of this supernatant was overlaid onto qEV size exclusion columns
(Izon, NZ). Once the sample was no longer on the column surface, sterile dPBS buffer was
added to the column to wash samples through the column. The initial 3 mL that eluted through
the column was discarded with the next 2 mL fraction being collected as it was the predicted
exosome enriched fraction. For validation a further 2 mL of dPBS was collected (protein
enriched fraction). Columns were washed with 20 mL of dPBS between samples followed by
and an additional wash with 15 mL of sterile 0.1 M NaOH after every three samples. The 2 mL
of enriched exosomes were spun through an through a 0.22 µM filter and concentrated in an
Amicon Ultra 2 mL 10KDa concentration column at 7000 g for 20 min to achieve a final volume
of ~200 µL. RNA was extracted from the concentrated samples in a using the same
methodology as the plasma samples mentioned previously.

6.3.7 Muscle and circulatory miRNA cDNA/RT-PCR
10 ng of total RNA from muscle and 2 µL of input RNA from plasma/exosome preparation was
used for cDNA synthesis using TaqMan™ Advanced miRNA cDNA Synthesis Kit
(Thermo Fisher Scientific, Carlsbad, CA, USA) as per manufacturers protocols. miRNA
abundance were measured by RT-PCR on a QuantStudio 6 (Thermo Fisher Scientific,
Carlsbad, CA, USA) using Applied Biosystems Fast Advanced Master Mix (Thermo Fisher
Scientific, Carlsbad, CA, USA).
Target miRNAs were as per Table 6-2 (Thermo Fisher Scientific, Cat# A25576, Carlsbad, CA,
USA). The performance of probes were tested for linearity across an eight point standard
curve with a 40 fold sample dilution range. Optimised sample dilutions using test samples
were used to achieve product amplification (Ct) between 18-35 cycles. For samples where Ct
values were > 35 cycles data were excluded from the analyses if a standard deviation > 1
cycle was obtained [523]. Final probe concentrations were maintained as suggested by the
manufacturer in a 10 µL reaction. Sample concentrations were 1:10 dilution of the stock preamplification generated product as per the manufacturers’ protocol. The geometric mean of
three reference miRNAs (miR-361-5p, -191-5p and -186-5p) for muscle and five for plasma
(miR-361-5p, -191-5p, -186-p, -320a and -423-5p) were used for normalization based on
miRNAs that showed the least variation amongst the current sample set. RT-PCR data was
analysed using 2-ΔΔCT method. Where each subject was compared to themselves and pre
exercise samples were given an arbitrary expression of 1 and post exercise values were
represented as fold changes in respect to the pre exercise abundance. Exosomal miRNA were
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assessed as a 2-ΔCT to the mean of the whole group pre exercise value due to lack of stability
in any single miRNA that could potentially be used as a housekeeper. Additionally no proposed
housekeepers for miRNA expression in cell free plasma exosomes have been validated.

Table 6-2. Catalogue numbers for the miRNAs analysed and housekeepers with Thermo
Fisher Scientific independent miRNA assay IDs.
miR

ID number

hsa-miR-23b-3p

478602_mir

hsa-miR-126-3p

477887_mir

hsa-miR-146a-5p

478399_mir

hsa-miR-499a-3p

477916_mir

hsa-miR-486-5p

478128_mir

hsa-miR-451a

477968_mir

hsa-miR-208b-3p

477806_mir

hsa-miR-208a-3p

477819_mir

hsa-miR-206

477968_mir

hsa-miR-133b

480871_mir

hsa-miR-133a-3p

478511_mir

hsa-miR-1-3p

477820_mir

hsa-miR-222-3p

477982_mir

hsa-miR-221-3p

477981_mir

hsa-miR-149-5p

477917_mir

hsa-miR-378b

479245_mir

hsa-miR-378a-5p

478076_mir

hsa-miR-21-5p

477975_mir

hsa-miR-148b-3p

477806_mir

hsa-miR-23a-3p

478532_mir

hsa-miR-16-5p

477860_mir

hsa-miR-15a-5p

477858_mir

has-miR-150-5p

477918_mir

has-miR-134-3p

478708_mir

hsa-miR-423-5p

478090_mir

hsa-miR-361-5p

478056_mir

hsa-miR-186-5p

477940_mir

hsa-miR-320a

478594_mir

hsa-miR-191-5p

477952_mir
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cel-miR-54-3p

478293_mir

cel-miR-238

478292_mir

6.3.8 Immunoblotting
Concentrated exosome and the following protein rich fraction were extracted for total protein
in RIPA lysis buffer (Millipore, Temecua, CA) supplemented with HaltTM protease and
phosphatase inhibitor cocktail (ThermoFisher Scientific, Waltham, MA ). The homogenate was
vortexed and spun down. 1:10 dilution of the stock homogenate was quantified for total protein
in each sample using a Pierce™BCA Protein Assay Kit (ThermoFisher Scientific). 15 µg load
of protein was boiled in 4 Laemmli buffer. Samples were separated using SDS-PAGE and
then transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA) using
a semidry Trans-Blot Turbo™ device (Bio-Rad). Following 1 h blocking at room temperature
with 5% skim milk powder solution in Tris-buffered saline with 0.1% Tween 20 (TBST), the
membranes were incubated with primary antibodies, with gentle agitation overnight at 4°C.
The antibodies used included CD63 (1:1000; Abcam, ab68418), HSP70 (1:1000; Abcam,
ab2787) and human serum albumin (1:2000; Abcam, ab83465). Following primary antibody
incubation, membranes were washed in TBST 5x 5 min before being incubated in appropriate
anti-rabbit or anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories,
West Grove, PA) linked to horseradish peroxidase (1:10000) for 1 h at room temperature. The
membranes were washed again in TBST and visualized on a ChemiDoc image device (BioRad), using enhanced chemiluminescence reagent (ECL Select kit; GE Healthcare Ltd., Little
Chalfont, U.K.). Bands of proteins HSP70, Albumin and CD63 shown in Figure 6-1A indicates
purification of exosomal surface proteins with the optimized fraction with reduced albumin
contamination.

6.3.9 Exosome size determination
The size distribution of particles was analysed using a NanoSight NS300 instrument (Malvern,
Worcestershire, UK). Concentrated samples were diluted 1:400 in nuclease free water and
run through the column. Videos were recorded at camera level 15. The following post
acquisition settings were selected: minimum detection threshold 5, automatic blur, and
automatic minimum expected particle size. Samples were diluted 1:400 in PBS to achieve
measured particle concentration 5–15x108/mL. For each sample, five 60 sec videos were
recorded and analyzed in the batch processing mode to quantify number and size of
exosomes per mL of sample. (Figure 6-1B).
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6.3.10 Transmission electron microscopy
Concentrated samples were diluted 1:10 in nuclease free water. Samples were fixed for 20
min in 1% glutaraldehyde and 0.1M phosphate buffer (pH 7.4). Following fixation samples
were placed on parafilm and a formvar coated electron microscopy grid was floated on the
droplets for 5 min. Grids were washed 3x 5 min in milliQ water. Exosomes were stained by
placing grids on droplets of 2% aqueous uranyl acetate for 3 min. Following staining excess
uranyl acetate was washed off with 3x 5 min milliQ water. Grids were air dried prior to imaging
with a FEI Tecnai G2 Spirit Twin transmission electron microscope at 120 kV (Figure 6-1C
and 6-1D).

6.3.13 Statistical analysis
A-priori sample size calculations were conducted using the average effect size and variance
in all circulatory plasma miRNAs regulated by resistance exercise as reported by Sawada et
al. [245]. 8 participants were required to yield a statistical power of 80% and 10 participants
were recruited to account for possible attrition. PCR data was analysed with arbitrary units
(au). One way repeated measures ANOVA was carried out using SigmaPlot for Windows
version 12.1 (Systat 218 Software Inc., San Jose, USA). Normality was determined using
Shapiro-Wilk analysis. Where normality failed, data was log transformed. Dunnet post hocs
were used where appropriate to compare post exercise and 4 hr time points against pre
exercise values with alpha set at p≤0.05. Graphs were prepared using GraphPad Prism 7.00
Software (GraphPad Software Inc., La Jolla, CA). Data are shown as mean ± SEM.
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Figure 6-1. Exosome validation. (A) Immunblotting of specific exosomes surface markers (HSP70 and CD63) vs albumin in the exosome enriched vs protein
enriched fractions, (B) concentration and size of particles in the enriched fraction using NANOSIGHT300 light scattering, (C) and (D) transmission electron
microscope image of exosomes (Scale bar 200nm and 500nm respectively).
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6.4

Results

6.4.1 Muscle, plasma and exosome responsive miRNAs
Figure 6-2 depicts all assessed miRNAs that were altered across muscle, plasma and
enriched circulatory exosomes. The observed patterns and magnitudes of change in these
three miRNAs were unrelated in all three sample pools. Following HIIE there was a reduction
in muscle miR-1-3p at 4 hr (p=0.026), while plasma expression was reduced at POST
(p=0.028) and 4 hr (p=0.030) (Figure 6-2A). The exosomal content of this miRNA was
dramatically increased at POST (>50-fold, p=0.033) and returned to resting levels at 4 hr.
Similarly, miR-16-5p was increased following HIIE in muscle (p=0.040) (Figure 6-2B), with a
decline in circulation at both POST and 4 hr (p=0.010 and p=0.033 respectively). The
exosomal content of this miRNA however increased ~10 fold immediately following the bout
(p=0.016). miR-222-3p was increased at POST in muscle (p=0.025) (Figure 6-2C) and at 4
hr in plasma ~6.8 fold (p=0.033) and in exosomes at POST (p=0.039).

6.4.2 Muscle and plasma responsive miRNAs
Figure 6-3 indicates those miRNAs that were regulated in both muscle and cell-free plasma
following the exercise bout. Of these, miR-21-5p was elevated in muscle at POST (p=0.023)
and in plasma at 4 hr (p=0.022) (Figure 6-3A). miR-134-3p was downregulated at POST in
muscle and plasma (p=0.038 and p=0.029 respectively) (Figure 6-3B) Whilst miR-107 was
downregulated in plasma at POST and 4 hr (p=0.012 and p=0.004 respectively) but
upregulated in muscle at 4 hr (p=0.030 respectively) (Figure 6-3C). The observed changes
suggested no relationship between muscle and plasma miRNA levels in response to exercise.

6.4.3 Muscle and exosome responsive miRNAs
Figure 6-4 indicates the measured miRNAs that were significantly regulated in both muscle
and enriched circulatory exosomes following the exercise event. In muscle, miR-23a-3p was
reduced at POST (p=0.044) (Figure 6-4A), while miR-208a-3p and -150-5p were both
downregulated at 4 hr (p=0.022 and p=0.025 respectively) (Figure 6-4B and 6-4C). In
exosomes, miR-23a-3p, -208a-3p and -150-5p were all elevated at POST (p=0.040, p=0.033
and p=0.028 respectively). There was no relationship between the muscle and exosomal
responses in these three miRNAs.

6.4.4 Plasma and exosome responsive miRNAs
Figure 6-5 depicts miRNA species altered in both cell-free plasma and enriched exosomes in
response to the exercise bout. miR-486-5p and -378a-5p were reduced in plasma at POST
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(p=0.009 and p=0.012) (Figure 5A and 5B) while miR-126-3p was elevated at 4 hr (p=0.018)
(Figure 5C). In exosomes miR-486-5p, -378a-5p and -126-3p were all elevated at POST
(p=0.018, p=0.012 and p=0.019). The observed patterns and magnitudes of change in these
three miRNAs were unrelated in both pools.

6.4.5 Single sample responsive miRNAs
Several miRNAs were only altered in one sample type. In exosomes, miR-23b-3p, -451a and186-5p were elevated at POST (p=0.018, p=0.19 and p=0.030) (Figure 6A-C). In muscle,
miR-24-1-5p, -208b-3p and -15a-5p were elevated immediately following exercise (p=0.027,
p=0.049 and p=0.043, respectively) (Table 6-3) with miR-149-5p elevated at 4 hr recovery
(p=0.026). Furthermore miR-206 was reduced 4 hr (p=0.040). In plasma miR-146a-5p was
the only miRNA identified as elevated immediately after exercise (p=0.008) (Table 6-4).
Additionally miR-221-3p was elevated at 4 hr following exercise (p=0.033).

6.4.6 Non responsive miRNAs
Of the miRNAs analysed, miR-499a-5p, -24-2-5p, -378b, -494-3p, -27a-5p and -33a-3p were
not regulated following exercise in any sample type (p>0.05) following the current exercise
protocol.
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Figure 6-2. Fold change to pre-exercise in miRNAs altered in muscle, plasma and exosomes. (A) miR-1, (B) miR-16 and (C) miR-222. (Significant changes
from baseline represented as * p≤0.05. Horizontal bar reflects main ANOVA effect with no significant pairwise comparisons) Data expressed are expressed as
means ± SEM.
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Figure 6-3. Fold change to pre-exercise in miRNAs altered in muscle and plasma. (A) miR-21, (B) miR-134 and (C) miR-107. (Significant changes from
baseline represented as * p≤0.05 Data expressed are expressed as means ± SEM.
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Figure 6-4. Fold change to pre-exercise in miRNAs altered in muscle and exosomes. (A) miR-23a, (B) miR-208a and (C) miR-150. (Significant changes
from baseline represented as * p≤0.05). Data expressed are expressed as means ± SEM.
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Figure 6-5. Fold change to pre-exercise in miRNAs altered in plasma and exosomes. (A) miR-486, (B) miR-378a and (C) miR-126. (Significant changes
from baseline represented as * p≤0.05). Data expressed are expressed as means ± SEM.
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Figure 6-6. Fold change to pre-exercise in miRNAs altered in exosomes only. (A) miR-23b, (B) miR-451a and (C) miR-186 expression normalised to
geomean of the group pre-exercise. (Significant changes from baseline represented as * p≤0.05) Data expressed are expressed as means ± SEM.
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Table 6-3. Muscle miRNA expression fold change to baseline. Values presented as means
± SEM, n=10. P-values generated from One Way Repeated Measures ANOVA. * indicates
time points significantly different from respective baseline with p≤0.05.
miRNA

POST

4 hr

p-value

hsa-miR-133a-3p

1.16±0.14

1.01±0.14

0.582

hsa-miR-206

0.80±0.13

0.61±0.11*

0.049

hsa-miR-378a-5p

1.10±0.15

0.94±0.11

0.462

hsa-miR-486-5p

0.94±0.10

1.25±0.21

0.149

hsa-miR-451a

3.23±0.99

3.13±1.37

0.093

hsa-miR-23b-3p

0.85±0.11

1.01±0.16

0.539

hsa-miR-126-3p

2.01±0.40

2.04±0.68

0.136

hsa-miR-15a-5p

2.80±0.70*

1.73±0.54

0.046

hsa-miR-208b-3p

1.83±0.36*

0.65±0.12

0.019

hsa-miR-499a-3p

2.77±0.82

2.84±0.12

0.178

hsa-miR-24-2-5p

1.25±0.41

0.79±0.16

0.418

hsa-miR-149-5p

0.99±0.13

2.21±0.52*

0.024

hsa-miR-221-3p

1.42±0.27

1.19±0.30

0.541

hsa-miR-378b

1.75±0.59

1.27±0.29

0.352

hsa-miR-494-3p

0.82±0.20

0.78±0.15

0.464

hsa-miR-24-1-5p

1.71±0.27*

1.03±0.25

0.027

hsa-miR-27a-5p

0.68±0.20

0.94±0.47

0.76

hsa-miR-33a-3p

1.97±0.62

1.51±0.34

0.301

hsa-miR-146a-5p

5.69±2.62

0.96±0.43

0.105
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Table 6-4. Cell-free plasma miRNA expression fold change to baseline. Values presented
as means ± SEM, n=9. P-values generated from One Way Repeated Measures ANOVA. ND
indicated values for miRNAs that were not detected. * indicates time points significantly
different from respective baseline with p≤0.05.
miR

POST

4 hr

p-value

hsa-miR-133a-3p

2.69±1.37

5.46±2.31

hsa-miR-206

ND

ND

hsa-miR-23a-3p

1.29±0.43

2.35±0.69

0.132

hsa-miR-451a

0.944±0.82

0.14±0.10

0.284

hsa-miR-23b-3p

1.76±0.61

1.73±0.51

0.234

hsa-miR-15a-5p

0.79±0.17

0.84±0.19

0.508

hsa-miR-208b-3p

2.05±0.83

2.40±0.1.31

0.318

hsa-miR-499a-3p

ND

ND

ND

hsa-miR-24-2-5p

ND

ND

ND

hsa-miR-150-5p

184±135

15.3±9.7

hsa-miR-149-5p

ND

ND

hsa-miR-208a-3p

2.59±1.29

9.93±5.45

0.084

hsa-miR-221-3p

1.15±0.24

1.82±0.33*

0.043

hsa-miR-378b

2.58±0.96

1.01±0.41

0.053

hsa-miR-494-3p

ND

ND

ND

hsa-miR-24-1-5p

ND

ND

ND

hsa-miR-27a-5p

ND

ND

ND

hsa-miR-33a-3p

ND

ND

ND

hsa-miR-146a-5p

4.93±0.1.19*

0.88±0.25

0.086
ND

0.143
ND
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0.008

6.5

Discussion

The expression of 29 miRNAs previously reported to be altered in skeletal muscle and or cell
free blood following an exercise bout were here analysed in matched biopsied skeletal muscle,
venous plasma and enriched circulatory exosomes following a single HIIE bout in ten young
healthy males. Of the assessed 29 miRNAs, only three miRNAs (miR-1-3p, -16-5p and -2223p) were regulated in all three tissues. A subset of three miRNAs demonstrating alterations in
just muscle and plasma (miR-21-5p, -134-3p and -107). A further three being significantly
altered in muscle and exosomes (miR-23a-3p, -208a-3p and -150-5p) and three in plasma
and exosomes (miR-486,-5p, -378-5p and 126-3p). In all cases the observed alterations in
miRNA followed different patterns of results in each sample pool, demonstrating distinct
responses in relation to the extent, direction or time of altered expression (relative to resting
values). Additionally, 23 of the measured 29 miRNAs, demonstrated alterations in at least one
of muscle, cell-free venous plasma or exosome enriched plasma fractions following the
exercise bout, providing evidence in part that these miRNAs are altered by exercise-mediated
mechanisms.
From the miRNAs selected for analysis, 12 miRNAs (miR-1-3p, -208a-3p, -486-5p, -23a-3p, 23b-3p, -451a, -16-5p, 378a-5p, -126-3p, -150-5p, -222-3p and -186-5p) were shown to be
increased in the enriched circulatory exosome fraction following exercise, whilst the remaining
17 analysed miRNAs were unaltered. Previous work has shown that acute cycling exercise
increases the number of small vesicular particles released (50-150 nm) post exercise which
returns to resting levels by 4 hr [293, 294]. The findings suggest miRNA packaging into
exosomes following exercise, may be a regulated event since global elevation of exosomal
miRNAs was not evident in this study. Altered relative expression of these selected miRNAs
provides further evidence that exercise leads to the release a subset of exosomes with specific
miRNAs, or alternatively that exercise led to the preferential packing of certain miRNAs into
exosomes.
There was a remarkable lack of similarity, including the timing of altered expression and the
magnitude of change in the observed miRNA responses across the three studies miRNA
pools. This study was able to identify 12 miRNAs that were regulated in at least two tissues
following exercise. Yet, the patterns of miRNA alterations were not reflective of any clear intertissue miRNA expression relationship. The present results also demonstrated 7 miRNAs (miR206, -499a-3p, -24-2-5p, -149-5p, -494-3p, -24-1-5p and -27a-5p) expressed in muscle, but
not detectable in plasma. This extended to 12 miRNAs (miR-133a-3p, -206, -191-5p, -320a, 361-5p, -499a-3p, -423-5p, -149-5p, - 494-3p, -24-1-5p, 27a-5p and -33a-3p) that were
measureable in muscle, but below the limits of detection in the exosomes. The absence of
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related changes between muscle and plasma and further between muscle and exosomal
miRNA profiles may have been partially attributable to involvement of non-muscle tissue in
the turnover of miRNAs [96, 266, 292, 521, 522].
The discrepancy between plasma and exosomal miRNA content may provide additional
confirmatory evidence that plasma abundances are not a proxy of miRNA abundances within
putatively biologically active exosomal fraction [295]. It was notable that there were five (miR133a-3p, -191-5p, -320a, -361-5p and -423-5p) in cell-free venous plasma that could not be
detected by RT-qPCR in the enriched plasma exosomes. Conversely, miR-24-2-5p was
detected in the exosomal fraction but not whole plasma [295]. miR-23a, 208a-3p and -150-5p
reported to respond to exercise in muscle were altered in exosomes but not plasma following
exercise currently. Taken together, these data confirm exosomes contain a unique miRNA
profile when compared to whole cell-free plasma [295]. This suggests enriched exosomes
reflect a potentially separate by relevant ‘biofluid’ requiring a more systematic analysis of
exosomal miRNA content. A focus on abundances at rest and in response to various exercise
modalities will further elucidate mechanisms of exosomal miRNA regulation and how they may
contribute to the beneficial effects of exercise that are apparent in many tissues and organs.
HIIE unlike moderate intensity endurance exercise is conducted over short periods (~25 min
currently) and has demonstrated greater health and performance benefits compared to
volume matched endurance exercise [519, 524, 525]. The present data indicated some
inconsistencies with previous reports whereby miR-1-3p, -206 and -23a-3p were found to
reduce in muscle following HIIE. However, previous reports indicate increases in these
miRNAs following low intensity endurance and even resistance exercise [96, 229]. The
reduced miR-23a was consistent with our previous findings following resistance exercise [96].
Some similarity to previous endurance exercise studies however was evident with lower
plasma expression of miR-1 and -486 and increased miR-21 following exercise [526, 527].
Differences between the present study and other reports of miRNAs regulated following
aerobic exercise may have arisen due to difference in exercise intensity, modality, duration,
nutritional status and study populations.
Currently, it was hypothesised that following exercise, muscle tissue would be most
responsive tissue and therefore be the major contributor to the miRNA profile of exosomes in
circulation. Several studies suggest exercise-induced release of exosomes from skeletal
muscle however, the level involvement of other tissue types is unknown [266, 293]. In the
current study, non-muscle specific miRNAs were regulated with exercise. This includes mir126, which is specific to endothelial cells and miR-451a expressed in multiple cell types [96,
424]. Thus suggesting, the involvement of non-muscle tissue in the observed miRNA
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responses and accounting for the disparities between muscle and exosome-enriched miRNA
profiles. These disparities also imply a more important role than previously suggested for nonmuscle tissue in mediating systemic health benefits resulting from exercise via regulated
tissue-cross talk events. Expression of muscle specific miRNAs such as miR-1, -133a and 486 were also unrelated in muscle, plasma and exosomal pools. This finding suggests
exosomsal miRNA packaging may be regulated independently of tissue expression levels or
exercise-induced changes in tissue expression, suggesting a more complex physiological
control of this process.. A limitation to the current exosome miRNA profile analyses is the
inability to analyse vesicles specifically released by or taken into skeletal muscle. Future
studies may need to undertake in-vitro approaches or muscle specific proteomic based
approaches to affininty isolate muscle specific extracellular vesicles to classify whether miRNA
packaging into exosomes and exosomal uptake is a selective/stimulus dependent process.
However, such techniques may result in only a subset of muscle released exosomes being
examined due to muscle secreted exosomes containing a range of surface markers.
Tissue (such as muscle) contains a greater concentration of RNA than exists in circulation or
the enriched exosomes fraction (74, 75). Additionally changes in muscle miRNA content are
likely primarily dependent on de novo RNA synthesis, however, this process may be too slow
to explain the large observed increases in specific exosomal miRNAs, suggesting that tissue
efflux may also play a role. While muscle abundances are also affected by uptake, release
and degradation, content of the targeted miRNAs are likely to be highly abundant in muscle
[160]. Hence, it was not surprising that the smallest magnitudes of change in miRNA
expression (~3 fold) was reported in muscle, whilst changes in plasma miRNA expression
were only slightly greater (~5 fold). miRNA expression in the exosome fraction produced much
larger fold (~50 fold) change responses. Since vesicular miRNAs represent only a subset of
cell-free plasma miRNAs, the exosomal miRNAs are more susceptible to larger detectible
responses following major perturbation from metabolic homeostasis such as the current
exercise protocol. The total pool of circulating exosomes likely increased after exercise [266,
293, 294] making it impossible to separate the enrichment of specific miRNAs in all exosomes
from an increased subset of exosomes containing specific miRNAs. The semi quantitative
nature of the techniques employed also made it impossible to draw conclusions regarding
absolute miRNA abundances within the different tissue types. Low sample volumes currently,
precluded the use of nanoparticle tracking analysis to measure vesicle size distribution or
immunoblotting to estimate changes in exosomal concentration in response to exercise.
Additionally, given the numerous sizes and types of secreted vesicles, normalization to fixed
sample volumes was the best available method for the enriched exosmal fraction of plasma .
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The identification of 12 miRNAs as significantly altered in at least two of muscle, circulation of
enriched exosomes following exercise was reflective of the system wide effects of exercise
miRNA responses. There was a marked discrepancy between miRNA expression patterns in
the assessed sample pools following exercise. The absence of inter-tissue relationships also
reflects the contribution of non-muscle tissue to miRNAs regulation. The current study
however, corroborates previous findings indicating increases in exosomal secretion following
exercise that returns to resting levels following recovery [266, 293, 294]. Our findings suggest
either an exercise-induced increase in specific miRNA-containing pre-packaged exosomes,
or a selective enrichment of miRNAs released in exosomes following exercise stimulus. The
identification of miRNAs that were altered in muscle and exosomes but not plasma in addition
to detection of miRNA species in exosomes but not plasma further emphasizes the
uniqueness of the exosomal miRNA signature as an independent component that may be an
important mediator of whole body tissue cross-talk following an exercise bout.
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Chapter Seven

General Discussion
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7.1

Preface

The initial studies of the current thesis aimed to identify a potential relationship between the
resting and fasted abundances of c-miRNAs species purported to regulate muscle function,
muscle size and strength. From Chapters 2 and 3 it was evident that such relationships did
not exist or were very weak therefore, Chapters 4 and 5 focused on utilising stimuli to evoke
alteration is miRNAs profiles. It was hypothesized that the introduction of anabolic or catabolic
stimuli would reduce variation in individual miRNA profiles observed at rest and allow for a
better understanding of the roles of identified miRNAs in the regulation of muscle size and
function. Chapter 6 extended the muscle and plasma miRNA work detailed in the previous
chapters with the additional measurement of exosomally packaged miRNAs. This chapter
identifies exosomal miRNA a separate pool distant from muscle and plasma miRNA, further,
evidence is provided that following acute high intensity exercise the release of exosomes
enriched in specific miRNA is a regulated event within the cell.
The following discussion summarises the overall thesis aims, major findings and at length
focusses on overarching findings to highlight the significance of the current work to furthering
the field of miRNA research. There are also two proposed studies that add perspective into
where the author believes this area of research should logically progress.
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7.2

Introduction

Skeletal muscle is the most abundant tissue type in the human body. Being highly plastic,
skeletal muscle responds to range of stimuli. Muscle mass, size and contractile strength can
be increased with chronic exercise and protein supplementation [221, 528-531]. Contrarily,
declining muscle mass is typical with advanced age, promotes morbidity and mortality and is
associated with a raft of metabolic diseases and lower survival rates in a range of cancers [62,
63, 123, 532-538]. Over the life-course events such as limb immobilisations from casting and
bedrest can occur due to injury or illness and can accelerate muscle decline. Muscle mass
and size are strong predictors of muscle strength, a critical variable in maintaining
independence and tracking progression of accelerated atrophy [539-541]. Currently the best
predictor for muscle mass and function are phenotypic measures involving medical imaging
and strength testing. However, the declines in muscle function usually progress more rapidly
than mass or size and therefore they are weak predictors of muscle function [542, 543]. With
the added burden of an ageing population there is a critical need to identify better biomarkers
of muscle function.
Muscle mass increases are the result of a sustained period where MPS exceeds MPB
resulting in net protein accretion; this is primarily regulated via the stimulation of mTOR [66,
544]. Additionally, following resistance exercise, heightened satellite cell-dependent muscle
remodelling and repair further enables muscle hypertrophic adaptation [40, 173, 197, 545].
Atrophy is the result of net protein catabolism which occurs via increases in MPB mediated by
MuRF and Atrogin signalling [546] or via suppression of MPS in response to anabolic stimuli.
However, as discussed throughout this thesis, these pathways overlap significantly and
therefore muscle phenotype is regulated by their combined regulation. Amongst the many
factors that may regulate signalling are miRNAs, short non-coding RNAs that bind target
mRNAs for breakdown and therefore determine translation of specific proteins. Over 1800
miRNAs species have been identified in humans [147, 148] of which several are reported as
muscle specific [163, 170] and are purported regulators of myogenic processes including
satellite cell activity [163, 173, 183, 228], atrophy factors such as Atrogin and MuRF and
several others [173, 228, 342].
In circulation, miRNAs have been identified as stable [245]. Reports of several diseases
including cancers, metabolic and cardiovascular diseases and even muscular dystrophy [238,
246, 249-254, 398-400], also identified a range of miRNAs as predictive biomarkers. Studies
also indicate miRNAs may be released from tissue and into circulation as either free or bound
within exosomes [297, 445, 446]. Therefore, it is logical to suggest that in-vivo, miRNAs may
be released from or taken up into muscle, enabling endocrine or paracrine function. However,
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it is unknown whether miRNA content in circulation or enriched exosomes are reflective of
muscle miRNA content. Upon identification of the disconnect between muscle and circulatory
miRNA profiles at rest and following exercise, this thesis attempted to characterise the miRNA
content of cell-free enriched exosomes compared to both plasma and muscle miRNA content
in response to an exercise bout.
The specific aims of the experimental studies that comprised this thesis were:


To identify whether intramuscular miRNA abundances were dependent on muscular
phenotype when comparing individuals with stronger larger muscles with healthy agematched sedentary controls.



To identify utility of muscle regulatory miRNAs in circulation to function as predictive
biomarkers of muscle mass, size and peak contractile strength.



To identify the acute exercise and early recovery responses of muscle and circulatory
miRNA profiles to bout of resistance exercise, and to determine whether muscle
responses related to plasma and hence establish whether plasma miRNA expression
could be utilised as a proxy for muscle signalling events.



To establish the intramuscular miRNA response to a two-week lower limb
immobilisation event and to determine whether a daily protein supplement differentially
regulates miRNA profiles compared to a carbohydrate placebo.



To establish the relationship of miRNA expression in muscle, plasma and enriched
circulatory exosomes in response to a bout of high intensity interval cycling exercise
and to determine whether any relationship between miRNA expressions across the
sample pools exists.
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7.3

Major findings and implications

The studies compiled in this thesis included several novel findings and together with existing
literature addressed some critical questions around the roles of miRNAs in muscle regulation,
phenotype prediction and expressional relationships between tissue pools. The implications
of the current findings as a whole are discussed in the section that follows.

7.3.1 miRNAs relationships to muscle phenotype
The role of miRNA as predictors of muscle function and phenotype, and as contributors to
muscle function were evaluated in Chapter 2 and 3 respectively. Whilst Davidsen et al. [325],
previously demonstrated relationships between miRNA expression and increases in muscle
strength following a resistance training protocol for 12 weeks, no study has described
differential expression of purported myogenic miRNA regulators between individuals of
different muscle mass, size and strength. The analyses of elite powerlifter vs healthy controls
in Chapter 2 allowed for a unique comparison to be made since muscle strength is determined
by muscle mass, myofiber type,myofiber CSA, neural drive, angles of pennation, limb length
and body size [32, 56, 173, 351]. It was hypothesised, miRNAs would be differentially
expressed between participants from each group and these differences would be reflected in
the key mRNAs reported to be regulated by the differentially expressed miRNAs. The findings
indicated that differentially expressed miRNAs were related to the expression of their proposed
gene targets. Using a composite score based on the five most differentially expressed miRNAs
(miR-126, -23b, -16, -23a and -15a) allowed for correct discrimination of the participants in the
current cohort into their respective groups with 100% specificity and sensitivity. From these
findings, miRNAs were also found to correlate with participant phenotype. Critically, miR-133a
was found to negatively related with strength, a finding previously supported when miR-1 and
-133 were reportedly reduced during hypertrophy [222].
To examine the utility of muscle regulatory miRNA species in circulation as predictive
biomarkers of muscle mass and strength, Chapter 3 undertook a cross-sectional analyses in
50 middle aged men. It was hypothesised that muscle and plasma expression of muscle
regulatory miRNAs would be related. Both muscle and circulatory miRNAs were expected to
explain a large percentage of the observed phenotype variance in the current cohort. The
findings demonstrated muscle regulatory miRNAs expression in both muscle and plasma were
related to muscle phenotype. However, the indicated biomarkers explained less than 50 % of
the cohort variance with no c-miRNA predictor of muscle strength evident in the current
analysis. Consistently however, with Chapter 2 muscle miR-133a expression demonstrated a
155

negative correlation with muscle strength, size and mass. Critically, an unexpected absence
of a relationship in the abundances of the assessed myogenic miRNAs between muscle and
plasma samples pools was also identified.
Zhang et al. [225], previously identified a positive relationship between changes in knee
extensor strength and expression of miR-133a, -133b and -206 in response to training in
elderly individuals (65-80 years). However, in circulation, the expression of these miRNAs
were related to improvements in knee extensor strength. This study was limited to a population
of only seven participants who underwent a resistance training program and therefore
differences in observed miRNAs pattern from the current Chapter 3 are easily explained the
differential experimental approached including the number of participant and the age groups
included in the respective studies.
Muscle atrophy is a complex process with different forms of disuse resulting in varied
alterations in muscle phenotype (reviewed in [485]). In humans, to date, only two bedrest
studies have measured the effect of atrophy on skeletal muscle miRNA content [157, 241].
Rezen et al., identified reduction in HDAC4 protein expression with no change in MyoD
expression [157]. HDAC4 is thought to inhibit myogenic gene expression. Rullman et al did
not attempt to mechanistically relate changes in miRNA expression with muscle pathways
[241]. In Chapter 5 participant underwent a 2-week immobilisation event while being
supplemented with either protein or placebo. From this analysis, muscle size and functional
decline was evident and protein supplementation was unable to offset declines in muscular
phenotype [66, 175]. A range of miRNA species were regulated in response to disuse
irrespective of protein consumption. Interestingly, several miRNAs were differentially
expressed between groups, highlighting the ability of protein consumption to alter miRNA
content and therefore differentially regulate myogenic signalling during an acute-disuse event
[175]. Given that no phenotype difference were evident between the supplement groups, it
was concluded that protein may have protected against muscle decline compared to
carbohydrate supplementation, if larger more frequent protein doses or a longer duration of
disuse was undertaken. This study also demonstrated relationships between expressional
alteration of miRNAs and key catabolic mRNAs regulated during atrophy. Additionally, it was
also evident that miR-133a was increased in muscle as size and strength decline. However,
given that a bedrest model is likely more severe that a limb immobilisation and considering
the role of factors like limb position plays in phenotype outcomes [485], it is not surprising that
the current findings were not congruent with the aforementioned bedrest studies.
Consistent with [160, 222] and Chapters 2, 3 and 5, an inverse relationship between muscle
mass, strength and hypertrophy compared to muscular miR-133a expression is evident.
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Mechanistically, miR-133a is thought to inhibit PAX7 activity whilst regulating SRF [173]. The
importance of satellite cells in muscle regeneration is established [547, 548]. However, their
contributions to muscle hypertrophy is a highly debated subject. Many reports have identified
satellite cells as being essential in mediating muscle hypertrophy [36, 545, 549-551].
Contrarily, several others demonstrate hypertrophy does not require satellite cell activity [4649]. In-vitro and in developmental models, miR-133a is shown to promote myoblast
proliferation resulting in hypertrophy [183]. Previous findings suggest miR-133a regulates
PAX7 expression. Taken together it can be speculated that miR-133a expression is reflective
of satellite cell proliferative ability within skeletal muscle. For example, the powerlifters in
Chapter 2 had larger muscle fibers and were significantly stronger than the controls. The
lower expression of muscular miR-133a may have reflected reductions in satellite cells ability
to proliferate. This was further supported by the observed reduction in satellite cells per type
II myofiber area even though there was increased PAX7 expression in the powerlifters
compared to controls. The training study from Zhang et al. [225], identified increases in miR133a with increases in knee extensor strength. This is congruent with the current proposal
since resistance exercise increases satellite cell populations and proliferative potential in
elderly adults in response to muscle resistance training [40, 552]. Competitive powerlifters are
likely unique genetically, with extreme phenotypes. Therefore, lower satellite cell populations
per fiber area could likely result from long term training adaptations and reflect a hypertrophic
ceiling not evident in individuals with only three months of training experience. In Chapter 5,
miR-133a was also increased with atrophy. Snijders et al., demonstrated that satellite cell
content is not altered with a knee brace model of disuse [553]. The current findings suggest
satellite cell-dependent remodelling of skeletal muscle was likely reduced during
immobilisation (PAX7 gene data) [228]. It is therefore plausible that satellite cell content per
myofiber area may have increased (attributed to reduce myofiber CSA). Therefore, from the
studies in this thesis it appears miR-133a may be a predictor of satellite cell proliferative
potential and may be related to muscle hypertrophy, mass and function.
Separately, miR-486 has been identified as the most highly expressed miRNA in human
skeletal muscle across two separated studies [159, 160]. In Chapter 2, miR-486 was
negatively related to strength but Chapter 3 identified a positive relationship. In Chapter 5
following atrophy, increased miR-486 expression was attenuated with protein consumption.
miR-486 inhibits PTEN and therefore enables Akt-dependent activation of mTOR signalling
and hence inhibits FOXO dependent catabolism [177, 554]. However, there is also evidence
of miR-486 inducing myoblast differentiation by inhibiting PAX7 [196]. Additionally, myostatin
knockout mice showed miR-486 overexpression and resulted in myofiber hypertrophy [555].
The complex inter-relatedness of the pathways regulated by miR-486 reflect why no clear
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pattern was established in the studies conducted. From Chapter 5 it was suggested that the
regulation of miR-486 was unrelated to mTOR regulation but rather facilitation of insulindependent Akt signalling. However, since both MuRF and Atrogin, the downstream catabolic
effectors of FOXO were both upregulated following immobilisation, it seems upregulation of
miR-486 could also have been part of negative feedback regulation in an attempt to reduce
catabolism during atrophy. The contrasting patterns in miR-486 expression with physical
strength between Chapter 2 and 3 are also reflective of the complex extended functioning of
this particular miRNA. The negative relationship to strength in Chapter 2 was possibly
influenced by the uniqueness of the powerlifter phenotype which is likely contributed to by
miRNA expression. Given that powerlifters are probably self-selected and have genetic
predispositions to extreme hypertrophy and strength, it is likely their miRNA expression may
not be relatable to the general population. Additionally, it is possible the expression of this
miRNA though related to myogenic regulation, is also influenced by insulin-dependent Aktsignalling.

7.3.2 miRNA expression relationships between sample pools
In-vitro analyses have suggested that muscle cells may release miRNAs into their surrounding
environment. In-vivo, this is supported by the repeated evidence that muscle specific miRNAs
are detectible in circulation. From exercise studies, it is evident that both muscle and
circulatory miRNA content is altered in response to acute exercise stimuli. In particular, miRNA
responses following acute aerobic exercise are more prominent than those induced in
response to resistance exercise are. Additionally, muscle specific miRNAs in circulation like
miR-133a and miR-206 are suggested biomarkers for muscular dystrophy and even as
markers of muscle damage [238, 252, 267-270]. However, there is no established relationship
between intramuscular and circulatory miRNA content of muscle regulatory miRNAs. This
limits the ability to utilise the circulating expression of muscle regulatory miRNAs as proxies
for intramuscular signalling events.
Chapter 3 recognised a disconnect between resting expressions of intramuscular and plasma
expression of muscle regulatory miRNAs species. Here it was concluded that c-miRNAs are
not likely to be useful biomarkers of muscle function at rest. It was however suggested that
acute exercise stimuli that alter miRNAs in muscle and circulation, may result in related
responses in established muscle regulatory miRNAs. Chapter 4 examined the effect of a bout
of intense high volume resistance exercise on the levels of muscle regulatory miRNAs in both
muscle and plasma. Six miRNAs were defined as regulated in muscle and two were regulated
in plasma. The observed muscular changes were similar to but not congruent with previous
resistance exercise reports [219, 220, 245, 356, 431, 462]. The observed discrepancies could
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have arisen for several reasons including exercise intensity, nutritional and training status of
the participants [176, 219, 274, 280, 431, 556]. Of the plasma miRNAs that were altered, only
miR-133a was regulated in both muscle and plasma. Muscular miR-133a increased at 2 hr
but returned to resting levels by 4 hr following exercise. In circulation, miR-133a was elevated
only at 4 hr following exercise. miR-133a was previously identified as a biomarker of muscle
damage following exercise or with myopathies [238, 252, 278, 279, 356, 432, 460, 461].
Increased expression following exercise in Chapter 4 was likely reflective of muscle damage
onset by the exercise bout. As miR-133a is not the most abundantly expressed miRNA in
skeletal muscle [151-160], its presence in circulation as a marker of muscle damage does not
appear to be related simply to muscle leakage and may be part of critically regulated signalling
following damage inducing stimuli (like eccentric contractions). Also miRNAs in circulation are
likely regulated by non-muscle tissue and miR-133a may also be secreted from these tissue
as part of tissue cross-talk mechanisms at play following exercise. Given that 30 muscle
regulatory miRNAs were assessed, it was concluded that the muscle and circulatory pools of
miRNAs changes were unrelated following exercise and therefore, circulatory miRNAs were
not reflective of muscle signalling events. Further, highlighting the inability to utilise plasma
miRNA content as a ‘liquid biopsy’ of muscle processes.
miRNAs exist in circulation as either free or bound within exosomes. Additionally, exosomal
miRNA constitutes only a minor proportion of total miRNAs in circulation [247, 468, 469]. It
has also been demonstrated that release of miRNAs in-vitro is significantly reduced when
exosomal secretion is inhibited [296]. Further, the content of miRNA containing exosomes
increased in circulation in response to exercise [266, 293, 294]. Following the established
absences of a relationship between muscle and total circulatory content of muscle regulatory
miRNAs in Chapter 3 and 4, it was hypothesised that a relationship may exist between muscle
miRNAs and miRNAs enriched within the circulatory exosomal fraction following exercise. For
Chapter 6 a bout of high intensity interval exercise was employed since this type of stimulus
results in established miRNA regulatory responses. Muscle and plasma was collected prior
to, immediately following and 4 hr after exercise. miRNAs were isolated and abundances
measured in the biopsied skeletal muscle, cell-free plasma and the enriched circulatory
exosome fraction. 12 of 35 miRNAs assessed were regulated in at least two of the three
sample pools. However, there was no demonstration of a related response at any of the
assessed time points between sample pools. The discrepancy between tissue pools was
highlighted further when some miRNAs expressed in muscle were not detected in either
plasma or exosomes or both. There was also one miRNA detected in exosomes by not plasma
which was in agreement with Cheng et al., who demonstrated exosomal miRNA content is
unrelated to plasma [295].
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Given that miRNA biogenesis requires cellular machinery, their presence in circulation must
logically be due to cellular export. However, it is evident that non-muscle tissue can also
contribute muscle-regulatory miRNAs into circulation [266]. It is therefore proposed that the
observed discrepancy between muscle and circulatory miRNA content evident in both
Chapter 4 and 6 suggests the assessed muscle regulatory miRNAs are also regulated by
non-muscle tissue. This disconnect in also evident in expression of the canonical myomiRs
previously reported as muscle specific. However, from previous descriptions it is clear that
miRNAs are not defined as tissue specific based on exclusive expression in a single tissue
type but rather if they are simply much more abundant in the tissue of interest than others
tissues [168]. Remembering that exercise often induces system wide effects and it is evident
that several tissues secrete miRNAs in response to exercise (reviewed in [266]). From this, it
is likely that the observed miRNA disconnect between muscle, cell-free plasma and enriched
exosomes was contributed to, by multiple non-muscle tissue types. It is also possible that
miRNA packaging into exosomes or release from tissue occurred independently of tissue
expression levels and therefore a relationship may have existed with muscle expression but
was not simply related to muscular abundances.
Presently miRNA biogenesis is described extensively yet, breakdown pathways of miRNAs
are not well defined. Most of the expressional disconnect between samples pools in the current
thesis are likely due to involvement of multiple tissue types. However, it is likely that miRNA
breakdown and turnover may contribute to the measured responses. Hypothetically, a miRNA
released from tissue is expected to increase in circulation while being decreased in muscle.
Similarly, it is possible that miRNAs are degraded in tissues and the therefore may reduce
with no alteration in circulatory content. From Chapter 6, expression of miR-1-3p following
and 4 hr after exercise in both muscle and plasma was decreased but it was increased in the
exosome fraction after cycling exercise. This suggests intramuscular miR-1-3p may be
degraded, biogenesis could be blunted, or alternatively increasingly packaged for extracellular
release in exosomes. The reduction in miR-1-3p in the cell-free plasma may indicate its
breakdown in circulation i.e., lack of stability or potential uptake into other tissue types. Without
a clear understanding of tissue source, the mechanisms of uptake of vesicular bound
compared to free miRNAs, and overall miRNA turnover it is not possible to clearly determine
the fate of down regulated miRNAs.
Chapter 6 concluded that miRNA packaging into exosomes following exercise is a regulated
event with either miRNAs selectively enriched or some exosome types are specifically
increased. Additionally the confirmed disconnect between plasma and exosomal miRNA
content further suggests different information may be available from studying both tissue
pools. However, no analyses have identified the difference in regulatory function between free
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miRNAs and those enriched within exosomes. Since they are both clearly different from each
other it is likely they each fulfil separate functional purposes particularly in complex in-vivo
systems.

7.4

Future directions

The data presented in this thesis identifies the ability of miRNA expression in muscle to reflect
muscle size and function. However, the disparity between muscle and plasma miRNA
expression illuminates the weakness in attempting to utilise c-miRNA expression as a proxy
for muscle signalling events. Furthermore, with additional work identifying the novelty of the
exosome specific miRNA fraction, several additional studies ought to be carried out to better
understand the role and extent of miRNAs in the regulation of muscle phenotype
determination.

7.4.1 Identification of miRNA species involved in muscle regulation
Throughout this thesis, several miRNAs are identified as being regulated in response to
exercise and atrophy stimuli, but no relationship was identified between muscle, cell-free
plasma and enriched exosomal miRNA content in Chapter 6. Previous studies suggest
miRNAs are capable of acting as long-distance signalling molecules [557, 558] however, no
studies in-vivo have yet been able to confirm this role of miRNAs. Exercise responses are
complex as they evoke system wide effects. Therefore, it is likely that non-muscle tissue
contributed to both the circulatory and enriched exosome fractions in both Chapter 4 and 6.
From these findings, it was concluded that miRNAs in circulation cannot be used as proxies
for muscle signalling events. The main limitation of both Chapter 4 and 6 was their inability to
isolate circulatory and exosomal miRNA that were secreted by the exercise muscle alone. In
2015, Guescini et al [297] isolated exosomes expressing a muscle specific marker (alphasarcoglycan) and measured miRNAs that were enriched with exosomes expressing this
protein. The drawback with this approach is the high likelihood that not all muscle-derived
exosomes express this protein and therefore this analyses may have been flawed in that only
a subset of muscle released exosomal miRNAs may have been examined. The following table
outlines a study aimed at better identifying miRNAs taken up or being released by muscle
tissue while addressing contribution of peripheral tissue to c-miRNA content.
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Table 7-1: Identifying the ability of muscle to influence cell-free plasma and enriched
exosomal miRNA profiles following an exercise stimulus.
Background This thesis identifies a disconnect between muscle, circulatory and
exosomal miRNA expression at rest and following exercise, is likely due to
the involvement of non-muscle tissue contributing to regulation of circulating
and exosomal miRNA content. Exercise-induced increases in miRNAcontaining exosomes is established. However, muscle has not been
confirmed as the source tissue. Therefore, by isolating blood flow to and
from muscle via arterio-venous balance, isolation of muscle contributions to
the free and exosomal circulating miRNA pools can be evaluated.

Question

Does muscle regulate circulatory and exosomal miRNA content in response
to exercise?

Aim

To identify specific miRNA species that are taken into or released from
muscle in response to an acute bout of exercise.

Design

15 young healthy males will undertake a single bout of cycling exercise as
described in Chapter 6. Vastus lateralis biopsies will be collected, prior to,
immediately post and at 4 hr of recovery. Cell-free plasma will be collected
simultaneously at matching time points from both the femoral artery and
femoral vein.

Measures

As per Chapter 6, validation of exosomes will be undertaken. Using both
immunoblotting and nanoparticle tracking, exosome concentration will also
be quantified.
miRNA abundances will be quantitatively measured using the exploratory
Nanostring platform. miRNA content of muscle, arterial and venous cell-free
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plasma and enriched arterial and venous circulatory exosomes will be
characterised
Using a femoral arteriovenous difference analysis, net secretion or uptake
of miRNAs species from muscle can be identified in response to acute
cycling exercise.

Anticipated



Muscle miRNA alterations will be novel and indicate which miRNA
species are released from or taken into muscle following an exercise

Results

stimulus.


Exosomal concentration is expected to increase following exercise.



Cell-free plasma and enriched exosomal miRNA content are both
expected to be different in the venous blood compared to arterial
blood. Using the quantitative nature of nanostring, the contribution to
both free and exosomsal miRNA content from muscle tissue can be
examined.

Outcomes

This study will firstly highlight which species of miRNAs are critically
regulated by muscle tissue in response to exercise. In doing so it will also
confirm in-vivo, the ability of skeletal muscle tissue to take up or release cellfree miRNAs. Additionally the role of miRNAs to enter or leave cells to
function as distance signalling molecules will also be established.
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7.4.2 Functional role of exercise-induced young and old exosomal miRNA
regulating cellular processes and phenotype.
Skeletal muscle is a complex tissue, composed of a range of cell types including myofibers,
satellite cells, endothelial cells, fibroblasts and others. It is likely skeletal muscle biopsies also
contain a range of different cells. Young skeletal muscle responds more robustly to anabolic
stimuli compared to aged muscle. With advancing age, there is a reported increased of
fibroblasts suggesting invasion of skeletal muscle with non-contractile cell types. Whilst it is
currently shown that miRNAs content in exosomes following exercise are partly regulated by
muscle, it is unclear whether these miRNAs contribute to cellular processes that regulate
muscle phenotype. Whether the miRNA content of exosomes following an acute anabolic
stimulus such as resistance exercise differs in young compared to older individuals is also
unknown. Additionally is also unknown if exosomes, particularly miRNA-contained within
exosomes secreted from the various cell types in muscle, may function in a paracrine or
autocrine manner to regulate muscle is not yet elucidated. The following table outlines a study
aimed at identifying miRNAs contained in the extracellular muscle space and to
mechanistically determine how they regulate signalling and phenotype outcomes.

164

Table 7-2: Determining function of exosome encapsulated miRNAs in regulating
muscle mass, function and metabolism
Background It is established that exercise stimulates miRNA-containing exosomal
release into circulation. However, the work in this thesis suggests measuring
peripheral c-miRNAs is influenced by non-muscle tissue and therefore
unlikely to be reflective of muscle miRNA content. It is logical to assume
some of this increase is indeed from skeletal muscle-derived exosomes.
Given that muscle is constituted of a range of cell types, it is likely that biopsy
analyses is also skewed based on the composition of the particular sample
analysed. It is therefore critical to understand how miRNAs may function as
paracrine or autocrine regulators of the various cell types constituting
muscle tissue.

Question

Does the exosomal-bound miRNAs contents within the muscle interstitial
space differ with age and do they function as paracrine and/or autocrine
mediators of cell function via targeting specific cell types?

Aim

To investigate the role of exosomal-encapsulated miRNAs in the interstitial
space in regulating muscle and its component cell types and their ability to
contribute to age-related muscle decline.

Design

Using a pilot study of 10 young and 10 older individuals, a muscle
microdialysis study is proposed. Media will be collected from interstitial
space following intense resistance exercise.
From human primary tissue culture, myoblast and fibroblasts will be isolated.
Treatment of the isolated cell types with either exosomes from young or from
old individuals will be conducted.

Measures

Exosomes in the interstitial space will be isolated to characterise the miRNA
profiles in young and old individuals via miRNA-SEQ.
In myoblasts, myotube diameter, protein content, rates of proliferation and
differentiation will also be characterised. Myotube myonuclear content will
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also be established. Additionally expression of mTOR related hypertrophy
proteins and MuRF1 and Atrogin1 related gene expression will also be
conducted. In fibroblasts, rates of proliferation, differentiation will also be
measured.

Anticipated



It is likely a range of miRNAs will be identified in the interstitial space
with large differences in expressions evident between age groups.

Results


Treatment of myoblasts with exosome isolated from young
individuals would result in faster proliferation, differentiation, larger
myotube diameter, increased myonuclear number and higher
expression of hypertrophy related genes and protein. It is expected
exosomes from elderly individuals may have slower proliferation and
differentiation with lower myotube diameters and likely higher
expression of catabolic factors.



In fibroblasts, exosomes isolated from young individuals are likely to
inhibit proliferation and differentiation, which is opposite to what may
be expected when treated with exosomes isolated from elderly
individuals.

Outcomes

The dysregulation of miRNAs is likely to contribute to muscle decline with
age. This study will enable confirmation that the content of exosomeencapsulated miRNAs within muscle interstitial spaces are different in young
compared to aged muscle. Using cell models will allow determination of the
importance

of

exosomal-enriched

miRNAs

in

determining

muscle

maintenance and regulatory processes. Additional work should utilise stimuli
such as exercise that induces similar observed changes in phenotype,
mRNA and protein expression to confirm the regulatory differences in
exosomes isolated from young compared to aged individuals, in determining
phenotype. These findings may identify potential therapeutic miRNA targets
to treat muscle related diseases and disorders.
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7.5

Conclusion

Skeletal muscle is an abundant and important tissue type capable of determining the health
of an individual. Additionally miRNAs are integrally related to muscle mass and function and
key determinants of muscle regulatory processes. The major findings of this thesis are as
follows:


Muscle miRNAs are differentially expressed between individuals with larger stronger
muscles compared to healthy controls.



At rest circulatory and muscle miRNAs were weak predictors of muscle function with
low inter-relatedness between tissues suggesting little utility for miRNAs as
biomarkers.



Muscle and circulatory miRNA content is altered following a bout of intense resistance
exercise. However, there was no relationship between observed changes in muscle
and plasma expression suggesting the involvement of non-muscle tissue in regulating
c-miRNA content.



Following a period of disuse-induced reductions in muscle size and strength,
intramuscular miRNA content was altered. Supplementation with a daily 20 g dose of
dairy protein appears to reflect a protective role on muscle signalling pathways during
the disuse period by attenuating atrophy-induced miRNA alterations compared to the
placebo group.



The analyses of muscle, plasma and exosome content reflects three unrelated tissue
pools. The plasma and muscle changes observed suggested exercise modality was a
regulator of observed miRNAs alterations. The uniqueness of exosomal miRNA
response compared to either muscle or plasma suggests its relevance in
understanding miRNA regulation but also highlights the ability of non-muscle tissue
involvement in exosomal release and uptake.
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8.1

Appendix A

Table 1-1: Table reporting previous models of acute resistance exercise where muscle miRNA profiles were measured.

Cell
type

Manipulation

miRs

Findings

skeletal
muscle

acute resistance +20g leucine
enriched EAA drink

pri-miR1-2,
133a-1, 133a-2,
-206 and miR-1

Pri-miRNA-1-2, -133a-1, and -133a-2 reduced at 6 h in young men primiRNA-206 was elevated at different time in older and young men miR-1
was reduced only in the young men,

In vivo

skeletal
muscle

acute resistance exercise pre
and 6h post workout in young
and old.

microarray
detection of a
range of miRs

17 miRs were altered following exercise in young but no changes in old.

in vivo

skeletal
muscle

Acute resistance exercise
(before and 2hr) young and old

miR-486, -149

miR-486 increased and -149, -520g-5p and -99b decreased in young men,
and differentially expressed in elderly following exercise. miR-196-5p, 4895p, -628, 335-5p and -186-5p reduced and -499a-5p, -99a-5p increased with
exercise in elderly.

skeletal
muscle

11 recreationally active males
cross over resistance vs HIT
cycling + RE vs work matched
continuous cycling + RE. Pre,
1hr and 3hr post exercise

miR-1, -133a, 378 and -486

miR-1 no change. miR-133a 3h after RE and at post for HIT+RE. miR-378
and -486 reduced 1h after HIT+RT

skeletal
muscle

young vs old with acute bout of
resistance exercise. Biopsies
per and 2h post ex

mir-320a, -438a5p.

increase in STARs with exercise both groups. Increase in SRF only young.
miR-483-5p expression and linear correlations with SRF mRNA levels in
skeletal muscle from young and older subjects pre- and post-exercise. miR520g-3p and 628-5p reduced with exercise in young. miR539-5p elevated in
old vs young, -628-5p reduced in old vs young

Author

Organism

Model

Drummond et al
2008 [219].

Human

in vivo

Human

Rivas
et
2014[559]

al

Zacharewicz et
al 2014 [220]

Fyfe et al 2016
[560]

Russell et
2017 [561]

al

Human

Human

human

in vivo

in vivo

170

Table1-2: Table reporting previous models of muscle hypertrophy where muscle miRNA profiles were measured.

Author

Organism

Model

Cell
type

Manipulation

miRs

Findings

McCarthy
and Esser
2007 [222]

Mouse

in vivo

skeletal
muscle

synergist ablation

miR-1, -133a

miR-1, -133a decreased during skeletal muscle hypertrophy

Davidsen
et al 2012
[325].

Human

In vivo

skeletal
muscle

12 weeks chronic resistance exercise

mir-378,451,-26a,29a

expression of miR-378 and -451 was increased in low responders while
-26a and -29a were decreased in low responders

in vivo

skeletal
muscle

16 older subjects (8m 8f). Electrical
stimulation training for 9wks (24
sessions)

miR-1,
133a, -206
and -29.

improvements in function, chair rise max torque, stair climb and gait
speed. Increased fast twitch fiber diameter with reduced slow twitch
diameter and increased satellite cell activity. Increase collagen and mir29 signal

in vivo

Skeletal
muscle

nephrectomized mice. Sham vs CKD,
sedentary vs electrical stimulation

miR-1,
133a,-133b
and -206

LFES - increased grip strength, body weight and muscle mass. LFES
stimulates myogenesis in both groups. MIR-1 reduced 26% after LFES.
Returned to control level by day 5. as did miR-206. no changes in mir133a/133b
lean mass and knee extensor strength increase with training. Mir-133b
reduced with training in muscle. No changes in plasma. Percent changes
in knee extensor strength strong positive correlations with percent
changes in muscle miR-133a, -133b, -206 and with percent changes in
plasma and plasma/muscle miR-499 ratio. Baseline level of plasma or
plasma/muscle miR-499 ratio predicts muscle response to RT,

Kern et al
2014 [223]

Hu et a
2014 [224]

Zhang et al
2015 [225]

Su et al
2015 [226]

Ogasawara
et al 2016
[562]

Human

Mouse

Human

mouse

Human

in vivo

skeletal
muscle

before and after 5 months strength
training. Relationship to knee extensor
strength.

mir-1, -133a,
-133b, 206,
208b and 499.

in vivo

skeletal
muscle

control vs diabetic mice with acupuncture
and LFES every 15min for 2 weeks

miR-1,-133a,
-133b and 206

increased muscle CSA with LFES and regeneration proteins/mRNA.
Also increased satellite cell function and protein synthesis with reduced
degradation. Diabetes reduced miR-1 and 206. This was increased with
acute LFES. Also increased was miR-133a and -133b

skeletal
muscle

untrained young men. 3x/wk 6wks biceps
curl resistance training. Categorised high
and
low
responders
based
on
hypertrophy. low responders did acute
exercise knee extension bout. Pre and 3h
post erxercise bout. low and high
responders 12 wk chronic 3x/wk kne
extension and flexion exercise

nanostring

85 and 102 miRs differently regulated with acute and chronic training. 17
miRNAs were differentially expressed at baseline, 23 miRNAs were
different after acute and 26 were different with chronic training between
responders and non responders. Indicating that the expression patterns
of several miRNAs are altered by acute or chronic RE, and that miRNAs
are involved in skeletal muscle adaptation to RE training.

in vivo

171

Koltai et al
2017 [227]

rat

in vivo

plantaris

middle aged rats, synergist ablation vs
sham.

miR-1 and 133a

miR1 and miR133a decrease in hypertrophy and negatively correlate
with muscle mass, SIRT1 and Nampt levels

Wang et al
2017 [563]

mouse

in vivo

skeletal
muscle

normal vs CKD mice with or without
precursor of miR-23a/27a/24-2.

miR-23a, 27a, -24-2

CKD mice expressed less miR-23a in muscle than controls.
Overexpression of miR-23a/miR-27a in CKD mice attenuated muscle
loss, improved grip strength
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Table 1-3: Table reporting previous models of acute aerobic and endurance exercise where muscle miRNA profiles were measured.

Author

Organis
m

Model

Cell type

Manipulation

miRs

Findings

Safdar et. al
2009 [181]

Mouse

in vivo

skeletal
muscle

sedentry vs forced acute
endurance
exercise
(90min)

miR-23, miR-107, miR-1,
133a and -181

miR-23 decreased correlated with PGC1 alpha protein content. miR-107,
-181 and -1 increased with exercise. miR-133a was nor altered

Nielsen et al
2010 [229]

Human

in vivo

skeletal
muscle

Acute bouts with 12 week
chronic training (aerobic)

miR-1,-133a, -133b and 206

miR-1 and -133a increased 60min post exercise prior to training period.
No change in miR expression with acute exercise following 12 wk training
period. Chronic training reduced expression of all four miRs

Min et al
2015 [230]

mouse

in vitro

C2C12

C2C12
treated
with
simvastatin for 22h, made
to contract for 2hr then RNA
extracted. Baseline with no
contraction

miR-1, -134, -133a, -206
and -499-5p

Intracellularly, miR-133a and 499-5p were unchanged with contraction
but miR 1 and -206 reduced with simultaneuse contraction and statin
treatment. miR-1 was increased extracellularly following contraction as
were miR-133a and 206. miR-499a was unaffected.

Camera et al
2016 [431]

Human

in vivo

skeletal
muscle

Acute concurrent exercise
with placebo or protein
feeding

miR-9, -23a/b, -133b, 181,-378 and -486

increased miR-9, -23a/b, -133b, -181,-378 and -486 4h after exercise
with protein but not placebo

Margolis et al
2017 [231]

human

in vivo

skeletal
muscle

endurance ex vs weighted
endurance
ex
with
CHO+protein or PLA. PRE
POST and 3h after ex

miR-1-3p, -206, -208-5p, 133a, -133b and -499

miR-1-3p, -206, -208a and -499 lower for weighted endurance vs no load
irrespective of supplement. miR-1 and 208a-5p reduced with
supplementation compared to control after ex. miR-206 was highest for
CE+CON.
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Table 1-4:Table reporting previous models of aerobic or endurance training where muscle miRNA profiles were measured

Author

Organism

Model

Cell type

Manipulation

miRs

Findings

Aoi et al
2010 [180]

mouse

in
vivo

skeletal
muscle

5x/wk for 4 wk endurance
training vs sedentary

miR-696

miR-696 reduced with ex. PGC1 protein increased with exercise

Nielsen et
al
2010
[229]

human

in
vivo

skeletal
muscle

Acute bouts with 12 week
chronic training (aerobic)

miR-1,-133a, -133b and 206

miR-1 and -133a increased 60min post exercise prior to training period.
No change in miR expression with acute exercise following 12 wk
training period. Chronic training reduced expression of all four miRs

human

in
vivo

skeletal
muscle

Acute aerobic exercise
pre and post 10days of
training

miR-1,-133a,-133b

miR-1,-133a,-133b and -181a increased acutely while miR-9, -23a, 23b and -31 were decreased. 10days of training increased miR-1 and
133b compared to pretraining levels. miR-9 and -31 coreelated with
HDAC4 protein and miR-31 also correlated to NRF1 protein

An et a
2014 [234]l

mouse

In
vivo

skeletal
muscle

4wk voluntary wheel
running increased TRB3
mRNA. Wild type vs
TRB3 overexpression

miR-208b and -499

overexpression had increased shift to I:II fibers. Increased fatigue
resistance paired with increased, miR-208b and -499 along with
encoded genes Myh7 and 7b.

Veeranki et
al
2015
[235]

mouse

ex
vivo

skeletal
musce

mouse swim training
model 4x/wk for 4wks

mir-494, -31

KO has higher miR-494 and 31. return to BL with training.

Khori et at
2015 [564]

mouse

in
vitro

MC4-L2

Tumor was
into mice.

miR-21

in
vivo

skeletal
muscle

Healthy vs tumor vs
tumor+tmx. exercise or no
exercise.
Interval
exercise trainning

exercise reduced 17beta-estradiol in all groups. Tumor with exercise
reduced miR-21. Tumor with TMX further reduced it. Ex + TMX in tumor
mice had most reduction

in
vivo

gastrocnemi
us
muscle/C2C
12

sedentary vs treadmill
exercise training 5x/wk for
4wks. negative control vs
miR-761
mimic
transfection

mir-761, miR-696

both reduced with exercise with increase mtDNA content and PGC1
alpha mRNA and protein. miR-761 mimic increased miR-761
expression and reduced mtDNA content while reducing PGC1 alpha
protein and p-P38 MAPK activity

Russell et
al
2013
[280]

Khori et al
2015 [564]

Xu et al
2015 [236].

mouse

mouse

inoculated
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Uribe et al
2015 [565]

dogs

in
vivo

skeletal
muscle

weight loss program in
dogs
with
calorie
restriction + training or
calorie restriction alone.

mir-23, -107, -103, -223, 93, and 21.

Calorie restriction along altered miR-23 and -107 in muscle and miR103, -107 and -21 in adipose tissue. No difference in miRs between
groups following the intervention was seen.

miR-206, miR-21 and Let7a

miR-206 and let-7a increased with ex in all groups. miR-206 and let-7a
also increased with tumor. miR-21 reduced wit exercise . miR-21
reduced with tumor.

Isanejad et
al
2016
[566]

mouse

in
vivo

Soleus,
Tumor and
blood

treated
mice
breast
cancer cells in culture
were inoculated into mice
to mimic breast cancer.
Control ex vs no ex.
Tumor ex vs no ex and
Tumor +tamoxifen ex vs
no ex. Tumor+ letrozole
ex vs no ex. 5wk treadmill
ex training

Sun et al
2016 [237]

mouse

in
vivo

skeletal
muscle

control vs voluntary wheel
running mice.

miR-494 and -696

exercise reduced miR-494 and -696 increased PGC1 alpha protein

Nie et al
2017 [567]

mouse

in
vivo

skeletal
muscle

miR-133a KO vs wild
type, acute and chronic
exercise

miR-133a

Aerobic exercise induces the expression of miR-133a. Exercise
performance
reduced
in
KO
mice.
Reduced energy expenditure in miR-133a–deficient mice.
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Table 1-5: Table reporting previous models atrophy muscle or circulatory miRNA profiles were measured

Author

Organism

Model

Cell Type

Manipulation

miRs

Drummond
et al 2008
[219].

Human

in
vivo

skeletal
muscle

resting

pri-miR-1-1,
133a-2

Allen et a
2008 [393]

Mouse

in
vivo

gastrocnemuis

mouse anti gravity space
flight

microarray, RT-qPCR

272 mirs changed, miR-206 decreased and -1/133a ratio increased

McCarthy
et al 2009
[167]

Rats

in
vivo

soleus

Hindlimb suspension for
7 days vs 2 days vs
control

microarray, RT-qPCR miR23b, -107, -126, -221, 206
and -499

miR-107. -221 and -499 reduced with 7day HS. Decrease in beta
MHC expression after 28 days. 499 and 208b reduced with 28 days
with increased SOX6

Aoi et al
2010 [180]

mouse

in
vivo

skeletal
muscle

sedentary vs immob

miR-696

miR-696 increased with immob. PGC1 gene and protein reduced
with immob pGC1 protein to miR expression content negative
correleation

Mizuno et
al
2011
[238]

Mouse

In
vivo

MDX model

dystrophy model

miR-1,-133a,-206

Found that the serum levels of several muscle-specific miRNAs
(miR-1, miR-133a and miR-206) are increased in both mdx and
CXMD

Ringholm
et al 2011
[299]

Human

In
Vivo

Skeleral
muscle

7 days bed rest

miR-1 and -133a

reduced approx 10%. Along with mtDNA/nuclear DNA, max oxygen
uptake, exercise endurance, hexokinase and sirt-1 protein and
citrate synthase activity. AMPK, PPAR gamma and VEGF mRNA
was upreguated with exercise . Following bedrest this was not seen.

Mizuno et
al
2011
[238]

Dog

In
vivo

CXMDJ

dystrophy model

miR-1,-133a,-206

Found that the serum levels of several muscle-specific miRNAs
(miR-1, miR-133a and miR-206) are increased in both mdx and
CXMD

Kornfeld et
al
2012
[442]

Bats

in
vivo

skeletal
muscle

Hibernating
measures

miR-21

expression of miR-21 decreased by 80% during torpor

miR-1, 499, 133, 16 ,122, 206

mir-1 inversely correlated with fat free mass while miR-499
associated with quadricep strength and type I fiber proportion in the
cohort. miR-16 and -122 not different between groups Also miR-206
was associated with patient who had more advanced fors of the
disease.

Donaldson
et al 2013
[271]

Human

in
vivo

plasma

atropy

103 COPD patients vs 23
age match controls
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Finding
-1-2,-133a-1,-

pre - miR-1 and -133a elevated at rest in old vs young

Goodman
et al 2013
[568]

Mouse

in
vivo

skeletal
muscle

Smad 3 transfection in to
mouse tibialis anterior

miR-29

Smad 3 increased Atrogin1, MuRF1, PTEN and FOXO; reduced
PGC1alpha and miR-29c/b. Alsi reduced CSA

mir-1,-133a and -206

miR-1 levels in the serum of patients with LGMD, FSHD, and BMD
were approximately 5.5, 3.3 and 1.7 compared to that in controls,
0.68, respectively. Similarly, those of miR-133a and miR-206 levels
in the serum of BMD patients were about 2.5 and 2.1 compared to
those in controls, 1.03 and 1.32, respectively. No significant
differences compared with those of controls by Bonferroni correction

Matsuzaka
et al 2014
[282]

Human

In
vivo

blood

muscular
dystrophy
patients including DMD,
myotonic dystrophy 1
(DM1),
limb-girdle
muscular
dystrophy
(LGMD),
facioscapulohumeral
muscular
dystrophy
(FSHD), becker muscular
dystrophy (BMD), and
distal myopathy with
rimmed
vacuoles
(DMRV)

Hudson et
al
2014
[506]

Rat

in
vivo

muscle

STZ induced diabetes

Rezen et al
2014 [157]

Human

In
vivo

skeletal
muscle

10days bedrest in young
men

152 miRs were detected with
15 differentially expressed,

miR-206, -30b, -23a, -7b, -145, -23b, -199a/-199b, -98,- 148b, let7a, -7g, -7d, -7b, -7c and -7e were all reduced with bedrest

Hudson et
al
2014
[569]

Rat

in
vivo

skeletal
muscle

STZ induced diabetes

miR-182

FOXO3 increased miR-182 decreased

Wu et al
2015 [570]

mouse

in
vivo

skeletal
muscle

mouse miR-421 TG and
wild type

miR-431

miR-431 attenuates the muscular dystrophic phenotype in mdx mice
and may be a potential therapeutic target in muscular diseases

Egawa et al
2015 [239]

mouse

in
vivo

skeletal
muscle

AMPK-DN
dominant
negative
mutant
vs
control, 2wk hindlimb
suspension vs control

miR-1, 23a, -133a, -206, 208b and -499

unloading reduced solues, EDL and gastroc wt and CSA. P-62, pFOXO3aMuRF1 and Atrogin1 increased in control. miR-1, -23a, 133a, -208b and -499 reduced with HS. miR-206 no change

Boon et al
2015 [240]

human

In
vivo

skeletal
muscle

spinal cord injury in
human
patients
vs
healthy controls

miR-208b and -499a

progressive decline in MYH7 and 7b along with miR-208b and 499
and myostatin increased

Boon et al
2015 [240]

mouse

In
vivo

skeletal
muscle

mice electroporated with
control or miR-208b or 499-4p

miR-208b and -499a

over expression or -208b inhibits myostatin

atrophy inhibits miR-23a and increases miR1
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Rullman et
al
2016
[241]

human

in
vivo

skeletal
muscle

biopsies at D0 D6 and
D21

microarray

16 miRs upregulated, 3 down regulated

miR-1, -133a, -206, -486

immob reduced gastroc wt and recovery incresed wt. same as
strength. Immob shifted to type II fibers, reloading switched back.
CSA down with immob and up with reloading. miR-1 reduced with
3/7day I, mir-206 down with 7/15day I. miR-486 down with 3-30day
I. miR-1, 206, and -486 up from 1 day reloading

ChaconCabrera et
al
2016
[242]

Human

In
vivo

Skeletal
muscle

control vs 1 day vs 2day
vs 3day, vs 7 day, vs 15
day vs 30day HS vs ,
7day+1 day R vs 7day+3
day R vs 7day+7 day R,
7day+15 day R and
7day+30 day R

Margolis et
al 2017

Rats

in
vivo

skeletal
muscle

rats given ad lib vs calorie
restriction with high or low
protein

miR-16, -26b, -99a, -100, 128a, -133a, -199a, and -221

no miR changes. Muscle mass reduced

Lee et al
2017 [243]

mouse

in
vivo

skeletal
muscle

healthy
mice
given
cancer cells to induce
cancer cachexia. Tib ant
muscle collected.

mirna sequencing

371 miRNAs to be present in the muscle above background levels.
Of these, nine miRNAs were found to be differentially expressed

Kangas et
al
2017
[283]

human

in
vivo

serum

sprinters 18-39, 50-66,
66-79 and 79-90years.

miR-21, -146a

miR-146a and -21 increased with age. miR-21 and miR-146a with
knee flexion, and bench press and miR-146a with sprint
performance.
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Table 1-6: Table reporting previous models of resistance and/or aerobic or endurance training where circulatory miRNA profiles were measured

Author

Organism

Model

Cell
type

Manipulation

miRs

Findings

Tonevitsky et
al 2013 [571]

Human

In vivo

blood

30min moderate exercise
pre post, 30 and 60
recovery in trained athletes

miR-21-5p, -24-2-5p, 27a-5p and
181a-5p

All 4 changed with exercise

Mooren et al
2014 [403]

Human

In vivo

Plasma

pre post and 24 following
marathon
in
male
endurance atheletes

miR-1, -133a, -133b, -206 ,208a, -499, -21 and -155

miR-1, 133a, 206 elevated post exercise and remains elevated 24h
after. miR-208b and -499 increased following exercise and return to
resting levels 24 later. miR-21 and -155 no change with exercise.
VO2 max correlated with change in miR-133a following exercise

Baggish et al
2014 [515]

Human

In vivo

Plasma

pre post and 24 following
marathon
in
male
endurance atheletes

miR-1, -133a, -499-5p, -208a, 126, -146a and -134

before marathon run, c-miR-1, c-miR-133a, c-miR-208a, and cmiR-134 were nearly undetectable in plasma, whereas c-miR-146a
and c-miR-126 were detectable at higher relative levels. C-miR-1
and -208a were unchanged with 30 min exhaustive exercise. But
miR-1, -133a, -208a, -499-5p, -and -146a elevated post marathon
before returning to rest levels after 24h of marathon running.

Nielson et al
2014 [432]

Human

In vivo

Plasma

Acute bouts with 12 week
chronic training (aerobic)

microarray detection of a range
of miRs altered a different points
following exercise

8 miRs acutely down regulated, 5 were upregulated 1h post with 1
miR upregulated 3h post exercise. Additionally chronic training
reduced basal expression of 7miRs and increased expression of
2miRs

Gim et al
2014 [572]

Human

In vivo

Plasma

Before and after 30min
trotting

miR-33a and 17

Both increased following exercise
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Gomes et al
2014 [460]

Human

In vivo

Blood

Half marathon run pre and
post

miR-1, -133 and -206

MiR-1, −133a, and −206 significantly increased after the race.
These miRNAs are potential biomarkers of muscle damage or
adaptation to exercise.

Min et al
2015 [230]

human

in vivo

plasma

control vs marathon run in
>35 yr olds with >6months
statin use. Blood pre, post
and 24h following

miR-1, -134, -133a, -206 and 499-5p

miR-134, -133a, -1, -206 were all elevated post marathon and return
to rest levels the following in both groups. miR-499-5p was only
elevated in the statin group 24hr following exercise.

miR-21, -126, -146a, -150, and 210

Van
Craenenbroe
ck et al 2015
[573]

human

in vivo

blood

CKD patients vs Healthy
with acute exercise. Blood
pre and 10min post
exercise.

no baseline difference in miR-21, -126, -146a,- 150 and -210
between healthy and CKD patients. miR-150 was upregulated with
exercise. -146a decreased with exercise in healthy no change in
CKD. Changes in miR-150 correlated to peak VO2.

Cui et al
2015 [574]

human

in vivo

blood

18 healthy young active
males with 2x 30s with 4min
rest. Pre and post cycling

miR-1, -133a, -133b, -206, -499,
-122 and -16

mir-1, -133a ,-133b, -122 and -16 reduced following exercise. No
change in miR-206 and -499. peak sprint power correlated with
miR-133b fold change. Peak power ratio 1vs 2 correlated with miR122 fold change.

Guescini et
al 2015 [297]

Human

in vivo

plasma
exosom
es

22 males with a range of
fitness from poor to high.
Acute treadmill running
bout. Pre and post running
bloods for those that ran.

mir-1, -133a, -133b, -181a-5p, 206, -499, -146a, and -24

expression of mir-1, -133a, -133b, -181a-5p, -206, -499, -146a, and
-24 correlate with VO2 max. with miR-181a increasing with exercise.

De GonzaloCalvo et al
2015 [575]

Human

in vivo

serum

pre, post, 24 and 72 hr
following exercise. With
10k, half and full marathon
for inflammation. Pre, post
and 24h miR response in
10k vs marathon

106 c-miRs

classical parameters reveal dose dependent inflammation. 10k
showed increased miR-150-5p. After marathon, let-7d-3p, let-7f-23p, miR-125b-5p, miR-132-3p, miR-143-3p, miR-148a-3p, miR223-3p, miR-223-5p, miR-29a-3p, miR-34a-5p, miR-424-3p, and
miR-424-5p were increased. at 24h all return to rest levels. different
doses of acute aerobic exercise induced a distinct and specific cinflammamiR response
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Xu et al 2016
[527]

human

in vivo

Serum

Heart failure patients, acute
exhaustion ramp cycling
test. Pre and post analysis

mir-1, -133a, -133b, -208a, 208b, -378, -486, -499, -940, 126, -328, -221, -146a, -155 and
-210.

miR-378, -21 and -940 increased following exercise. No correlation
to VO2 max, peak work load or anaerobic lactate threshold

Clauss et al
2016 [576]

human

in vivo

Plasma

elite vs non elite marathon
runners. 10wk training
program prior to marathon.
Pre and post training, post
marathon and 24h later.

miR-1, -133a, -30a, -26a, and 29b

baseline miRs same between groups. 10wk training no noticeable
changes. miR-1, -133a and -30a significantly up post marathon in
mainly in elite runners. 24hr post significant decline in miR-1 ,-133a
and -30a. significant correlation between the peak plasma levels of
miR-1 and miR-133a and LA diameter after and 24h postmarathon
in elite but not others.

Camera et al
2016 [431]

Human

in vivo

skeletal
muscle

Acute concurrent exercise
with placebo or protein
feeding

miR-9, -23a/b, -133b, -181,-378
and -486

increased miR-9, -23a/b, -133b, -181,-378 and -486 4h after
exercise with protein but not placebo

Kilian et al
2016[577]

Human

in vivo

blood

healthy young male cyclists
4x4min HIIT training with 3
min
active
recovery
crossover with on high
volume session for 90min.
Blood at 0, 30, 60, and 180
min.

miR-16, -21 and -126

miR-16 and -126 increased during and after HVT. HIIT showed no
changes to miR abundance. VEGF mRNA increased with both
exercises. Potential for exercsie volume dependent regulation of
vascular regulating miRs.

Cui et al
2016 [578]

Human

in vivo

blood

endurance trained subjects
did HIIE vs continuous
running till same distance
was covered (VICE). Pre
and post sample collection

754 different human miRNAs.

229 plasma miRNAs were increased and 220 plasma miRNAs were
decreased following HIIE. Fifty-seven of the markedly altered
miRNAs from the HIIE group (fold-change > 20).

Cui et al
2016 [578]

Human

in vivo

blood

endurance trained subjects
did HIIE vs continuous
running till same distance

RT-qPCR of miR-1, -133a, 133b, -206, -485-5p, -509-5p, 517a, -518f, -520f, -522, -553
and -888

miR-1, -133a, -133b and -206 increased with exercise. miR-1
increased in VICE compared to HIIE. All others also increased
following exercise with no difference between modatilty.
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was covered (VICE). Pre
and post sample collection

Denham et a
2017 [579]

human

in vivo

whole
blood

aerobic trained vs healthy
untrained controls

miR-1, miR-133a, miR-181a,
miR-486, and miR-494

endurance athletes had more miR-1, -486, and -494 content. miR1, -133a, and -486 were decreased after aerobic exercise. Positive
correlations between miR-1 and -486 and VO2 max and an inverse
correlation between miR-486 and resting heart rate.

Wahl et al
2016 [526]

human

in vivo

plasma

high volume training (HVT)
vs HIT vs sprint interval
training (SIT). Pre, post, 30,
60 and 180min following ex

c-miR-16, -21, -126

HVT and SIT increased c-miR-21 and -126 post exercise. HVT and
SIT are associated with the release of endothelial miRNAs into the
circulatio

Margolis et al
2017 [580]

human

in vivo

serum

young and old healthy
untrained. Acute resistance
bout. Blood at pre, post and
6hr following exercise

microarray targeting 84 miRs and
RT-qPCR of miR-34a, -181, 206, 208b, -324 and -486

miR-19b-3p, -206, -221-3p and -486 classify 93% by age with 89%
accuracy. divergent response in expression of 10 c-miRNA, where
expression profiles were upregulated in younger and
downregulated in older participants. positive association observed
with the phosphorylation status of p-AktSer473 and p-S6K1Thr389
and expression of miR-19a-3p, miR-19b-3p, miR-20a-5p, miR-26b5p, miR-143-3p, and miR-195-5p.

Schmitz et a
2017l [581]

human

in vivo

plasma

moderately trained females
did HIT vs progressive HIT
vs Low intensity training
(LIT)
acutely
and
chronically

miR-126-3p and -126-5p

both reduced with exercise. miR-126 levels were increased in
response to exercise in the LIT and proHIIT group post-training.
After the 4-week training intervention, a significant increase of acute
miR-126 levels was detected post-exercise

Baggish et al
2011 [274]

human

In vivo

Plasma

90day training period with
acute exhaustive exercise
pre and post. Blood
collected pre post and 1hr
after exercise

miR-20a, miR-210, miR-221,
miR-222, -328, -21, a-146a and 133a.

182

with training, miR-146a, -222, -21, -221 and-20a were increased.
Acutely miR-146a, -222, -21 and -221 were increased pre training.
post training only miR-146a and -222 were increased acutely.
Changes in miR-20a correlated with % change in VO2 max.

Aoi et al
2013 [277]

human

in vivo

blood

Acute and chronic human
aerobic exercise trial

miR-486

The reduction in circulating miR-486 may be associated with
metabolic changes during exercise and adaptation induced by
training

miR-21 and -210

MIR-21 increased with training. miR-210 decreased with training.
miR-210 reduced with exercise. miR-21 and miR-210, gene DNA
methylation was altered by exercise causing a cascade effect on
the expression of the mature microRNA involved in cardiovascular
function

miR-21, -126, -146a, -150, and 210

chrionic training increased reduced miR-146a but no change in
others.

Denham et al
2015 [582]

human

in vivo

Blood

4wk of 3x/wk sprint interval
training. Rested blood pre
and post training

Van
Craenenbroe
ck et al 2015
[573]

human

in vivo

blood

Chronic exercise 12 wk
training

in vivo

Plasma

elite vs non elite marathon
runners. 10wk training
program prior to marathon.
Pre and post training, post
marathon and 24h later.

miR-1, -133a, -30a, -26a, and 29b

baseline miRs same between groups. 10wk training no noticeable
changes. miR-1, -133a and -30a significantly up post marathon in
mainly in elite runners. 24hr post significant decline in miR-1 ,-133a
and -30a. significant correlation between the peak plasma levels of
miR-1 and miR-133a and LA diameter after and 24h postmarathon
in elite but not others.

aerobic trained vs healthy
untrained controls

miR-1, miR-133a, miR-181a,
miR-486, and miR-494

endurance athletes had more miR-1, -486, and -494 content. miR1, -133a, and -486 were decreased after aerobic exercise. Positive
correlations between miR-1 and -486 and VO2 max and an inverse
correlation between miR-486 and resting heart rate.
4 changed with ex training; miR-376a-5p increased, while -16-5p, 27a-3p, and -28-3p decreased. Bl miR-181a-5p levels and percent
changes in -92a-3p associated negatively with dGaitSp.

Clauss et al
2016 [576]

human

Denham et a
2016 [579]

human

in vivo

whole
blood

Zhang et al
2017 [583]

human

in vivo

plasma

sedentary elderly adults
trained aerobic ex for 5
months 4x/wk.

nanostring, 120 out of 800
miRNAs were found to be
abundantly expressed in plasma

Lopez et al
2017 [584]

human

in vivo

plasma

gastric bypass patients with
or
without
6months
exercise

94 miras

183

CON group, weight loss significantly altered the pattern of
circulating miR-7, miR-15a, miR-34a, miR-106a, miR-122 and miR221. In the EX group, a distinct miRNA signature was altered: miR-

15a, miR-34a, miR-122, miR-135b, miR-144, miR-149 and miR206. predictive value for miR-7, miR-15a, miR-106b and miR-135b

Gomes et al
2017 [585]

rats

in vivo

plasma

lean
vs
sedentary
exercise

obese
rats,
vs swimming

Schmitz et al
2017 [581]

human

in vivo

plasma

moderately trained females
did HIT vs progressive HIT
vs Low intensity training
(LIT)
acutely
and
chronically

Sawada et al
2013 [245]

Human

In vivo

blood

acute bout of resistance
exercise

plasma

acute bout of resistance
exercise, muscular strength
endurance (SE), muscular
hypertrophy (MH)
and
maximum strength (MS) in
young men. Blood pre,
post, 1h and 24h following
exercise.

Cui et al
2017 [462]

Margolis et al
2017 [580]

human

human

in vivo

in vivo

serum

young and old healthy
untrained. Acute resistance
bout. Blood at pre, post and
6hr following exercise

miR-126

miR-126 increased with exercise and correlated with capillary to
fiber ratio

miR-126-3p and -126-5p

both reduced with exercise. miR-126 levels were increased in
response to exercise in the LIT and proHIIT group post-training.
After the 4-week training intervention, a significant increase of acute
miR-126 levels was detected post-exercise

miR-146a,-149

miR-146a and 149 were altered following exercise 1 -3 days later

microarray for 754 miRs

with SE mir-208b and -532 changed. With MH miR-133a,-133b, 206, -181a, -21 and -221 changed. With MS miR-133a and -133b
changed. The nature and dynamic processes of the c-miRNAs
response were likely influenced by the RT modality and intensity

microarray targeting 84 miRs and
RT-qPCR of miR-34a, -181, 206, 208b, -324 and -486

miR-19b-3p, -206, -221-3p and -486 classify 93% by age with 89%
accuracy. divergent response in expression of 10 c-miRNA, where
expression profiles were upregulated in younger and
downregulated in older participants. positive association observed
with the phosphorylation status of p-AktSer473 and p-S6K1Thr389
and expression of miR-19a-3p, miR-19b-3p, miR-20a-5p, miR-26b5p, miR-143-3p, and miR-195-5p.
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SchoberHalper et al
2016 [586]

Zhang et al
2015 [225]

human

human

in vivo

In vivo

PBMCs

blood

Progressive
resistnace
training with or without
nutrition supplementation
(protein/vitamins)
influences CRP and TGFBeta.

before and after 5 months
strength
training.
Relationship
to
knee
estensor strength.

miR-21

elastic band training increased arm-lifting, chair stand and 6min
walking. It reduced TGF-beta recptor expression in PBMC. No
effect of supplements and no change or difference in miR-21

mir-1, -133a, -133b, 206, 208b
and -499.

lean mass and knee extensor strength increase with training. Mir133b reduced with training in muscle. No changes in plasma.
Percent changes in knee extensor strength strong positive
correlations with percent changes in muscle miR-133a, -133b, -206
and with percent changes in plasma and plasma/muscle miR-499
ratio. Baseline level of plasma or plasma/muscle miR-499 ratio
predicts muscle response to RT,
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The following section contains the first page of the published version of Chapter 2 in this
thesis.

8.3

Appendix C

The following section contains the first page of the published version of Chapter 4 in this
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A subset of short non-coding RNAs, microRNAs (miRs), have been identified in the regulation of skeletal muscle hypertrophy and atrophy. Expressed within cells, miRs are also present in circulation (c-miR) and have a putative role in cross-tissue signalling. The aim of this
study was to examine the impact of a single bout of high intensity resistance exercise (RE)
on skeletal muscle and circulatory miRs harvested simultaneously. Resistance trained
males (n = 9, 24.6 ± 4.9 years) undertook a single bout of high volume RE with venous blood
and muscle biopsies collected before, 2 and 4hr post-exercise. Real time polymerase chain
reaction (Rt-PCR) analyses was performed on 30 miRs that have previously been shown to
be required for skeletal muscle function. Of these, 6 miRs were significantly altered within
muscle following exercise; miR-23a, -133a, -146a, -206, -378b and 486. Analysis of these
same miRs in circulation demonstrated minimal alterations with exercise, although c-miR133a (~4 fold, p = 0.049) and c-miR-149 (~2.4 fold; p = 0.006) were increased 4hr post-exercise. Thus a single bout of RE results in the increased abundance of a subset of miRs within
the skeletal muscle, which was not evident in plasma. The lack a qualitative agreement in
the response pattern of intramuscular and circulating miR expression suggests the analysis
of circulatory miRs is not reflective of the miR responses within skeletal muscle after
exercise.

Introduction
Resistance exercise (RE) is the performance of muscle contractions with loads that are greater
than would normally be encountered during activities of living [1]. RE stimulates transient
increases in muscle protein synthesis, which when repeated over time in the form of resistance
training, promotes muscle hypertrophy and enhanced contractile force as a result of increases
in myofibre size and altered muscle architecture as well as adaptations in the extracellular
matrix, tendons, innervating nerves and vascular tissue [2–4]. One element of this complex
and coordinated adaptive response is post transcriptional regulation by microRNAs (miRs)
[5]. Yet currently there remains very limited data on the role of miRs in muscle in response to

PLOS ONE | https://doi.org/10.1371/journal.pone.0181594 July 27, 2017
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