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specific adaptation (134) and the contributions of synthesis and degradation to changes in the abundance
of individual proteins (135) in exercised skeletal muscle.

THE FUTURE — INTEGRATIVE OMIC INVESTIGATION

Overall, in the future, more extensive integrative ‘OMIC’ investigations using current epigenomic,
transcriptomic (discussed above), proteomic analysis at the tissue and single cell levels, in combination
with genetic profiling using the latest technological sequencing advancements, are required in exercising
knock-out, overexpression and compensatory hypertrophy rodent models, and importantly in human
exercise intervention studies. This will enable the field to delve into the deepest regulatory networks and
take molecular exercise physiology into the next generation of research to uncover the mechanistic
underpinnings of exercise adaptation.
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Figure 2.15 Left — 3D fibrin matrix hydrogel system with human derived skeletal muscle cells;
middle - immuno-cytology image of the mature myotubes in the 3D muscle construct
demonstrating aligned myotubes with actin filaments, surrounding a laminin ECM and
myonuclei (DAPI stained); right — contractile force produced after various electrical
stimulation twitches of varying frequencies. All images are taken from Madden L, et al.
2021 (102) as an open access (Attribution 4.0 International -CC BY 4.0 https://creative
commons.org/licenses/by/4.0/) article in Elife where permissions are not required
provided the work is properly cited.

subject to electrical stimulation and demonstrated relevant twitch and tetanic contractions (Figure 2.15),
as well as functional and mature acetylcholine receptors and even hypertrophy following administration
of anabolic agents.

In summary, cells can be isolated from biopsies and used in culture systems to mimic exercise stimuli.
These can serve as useful tools to investigate mechanisms of skeletal muscle adaptation in highly
controlled laboratory conditions. The research question, the type of in-vitro model and whether the results
are relevant to human exercise in-vivo should be considered when using these types of cell models in
exercise studies. In-vitro systems that can simultaneously electrically stimulate and mechanically load to
represent both the stimuli of muscle contraction and lengthening’s are likely to continue in their
development in the near future (13).
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GENETICS AND EXERCISE THEORY

However, there are reasons to be optimistic. Advances in the human genome sequence (www.ncbi.nlm.
nih.gov/Genbank or www.ebi.ac.uk.embl), DNA sequence variability (www.1000.genomes.org), the
structure and functions of noncoding DNA (ENCODE) (www.encodeproject.org), the role of genotype
on tissue specific gene expression (GTEx) (https://commonfund.nih.gov/gtex), high-throughput
technologies, GWASs with large panels of SNPs, gene expression profiling, DNA methylation and histone
profiling, and screening of the proteome and metabolome are giving more fire power to the efforts aimed
at understanding the connection between genotype and phenotype. Moreover, computational biology and
bioinformatics combined with the availability of online genomic resources provided by non-profit
scientifically driven organizations are improving the odds of success to a considerable extent. The task is
gigantic, which we did not realize in the beginning, but there are reasons to believe that progress is
possible.

REVIEW QUESTIONS

* Explain why is it useful to study the heritability of exercise-related traits?

* Describe the central dogma of molecular biology and its relevance in the response to acute exercise
and when adapting to the demands of exercise training.

* Describe what types of DNA sequence variants can potentially influence exercise capacity?

 Discuss the limitations of using genetic testing for talent identification and sports performance.
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such as the myostatin IVS1+5 G—A allele. It is currently unclear how much of the muscle mass and
strength variation in human populations is due to common polymorphisms and rare DNA sequence
variants. Transgenic mouse models and inbred mouse strains show that the variation of muscle mass and
strength depends on DNA sequence variants that affect the number of muscle fibres within a given
muscle and on the size of muscle fibres. Also, mouse studies demonstrate that a combination of gain- or
loss-of-function mutations can increase muscle mass at least 4-fold compared to wildtype mice. Key
candidate genes are found within the PKB/Akt-mTOR and myostatin-Smad signal transduction pathways
which have also been implicated in the adaptation to resistance exercise, covered in Chapter 8. GWAS and
NGS studies are now beginning to be performed for muscle phenotypes that will further advance our
understanding in the coming years.

REVIEW QUESTIONS

* Draw a diagram to illustrate what factors limit muscle mass and strength. Ensure to include common
and rare DNA sequence variations as one of the causative factors.

* Discuss what is known about the heritability of human muscle size and strength?

* Describe the discovery of the ACTN3 R577X polymorphism. Can an ACTN3 R577X genetic test alone be
used to identify, with good likelihood, someone who has the potential to become a world class sprinter?

* Describe the experimental strategy that researchers have used to identify a mutation in the myostatin
gene as a rare DNA sequence variation responsible for doubling muscle mass in a toddler.

* Explain and compare two transgenic mouse models where a transgene in either the PKB/Akt-mTOR
or myostatin-Smad pathway has increased muscle size. What is the maximal muscle size increase that
has been achieved in a transgenic mouse model when compared to the wildtype (controls)?

* How do GWASs and NGS studies improve our ability to identify DNA sequence variants related to
muscle mass and strength?
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divergent exercise types.

* Critically appraise the exercise mimetic concept as it pertains to molecular exercise physiology and
likelihood of delivering meaningful health impacts to patients with lifestyle-related chronic disease.
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MOLECULAR ADAPTATION TO RESISTANCE EXERCISE

increases myofibrillar protein synthesis and breakdown. Myofibrillar protein balance will only become
positive when sufficient essential amino acids are ingested. Resistance exercise and leucine-rich amino
acids lead to the activation of the mTORC1 pathway, which then increases the translational activity of the
cell by targeting proteins that increase the rate of initiation and elongation. The translational capacity is
also increased by prolonged activation of mTORC1 through the production of new ribosomes. The
mTORC]1 pathway integrates the input of several positive signals, including hormones, such as IGF-I and
insulin, resistance exercise and essential amino acids. Additionally, mTORC1 can be inhibited by catabolic
pathways, including AMPK, which is activated by acute endurance exercise, a caloric deficit and low
glycogen. Myostatin inhibits muscle growth by decreasing myofibrillar protein synthesis and increasing
degradation. Both of these effects could be mediated through the Smad2/3-dependent inhibition of
PIP3/Akt signalling. A decrease in Akt signalling would decrease hormonal activation of mTORC1 and
increase the activity of FoxO resulting in a decrease in protein synthesis and an increase in degradation,
respectively. Following resistance exercise, myostatin-Smad2/3 activity is decreased in the exercised
muscle because of the cleavage and activation of notch, a transmembrane protein that can block Smad2/3
activity. Satellite cells are the resident stem cells of skeletal muscle. They express Pax7 and are normally
quiescent in uninjured skeletal muscle. With a growth- or injury-stimulus, satellite cells become activated,
express MyoD, proliferate until sufficient cell mass is created, and then either turn on myogenin and
differentiate or turn off MyoD and return to quiescence, a process called self-renewal. Satellite cells are
not essential for hypertrophy of small muscle fibres (like those found in rodents) but are perhaps more
important in the hypertrophy of larger fibres (like those found in humans), and for regenerating a
skeletal muscle after injury. The force produced by the extra motor proteins added during muscle
hypertrophy needs to be transferred to the bone through matrix proteins such as collagen and these
proteins are required for the increase in strength with resistance exercise.

REVIEW QUESTIONS

*  What is known about the effects of resistance exercise on myofibrillar protein synthesis?

* Discuss the evidence for the hypothesis that mTORC1 is a key mediator of the protein synthesis
response to resistance exercise and other forms of skeletal muscle overload.

* Explain how mTORC1 regulates protein synthesis.

 Discuss the evidence that myostatin is a key regulator of the muscle growth adaptation to resistance
exercise.

* Describe how myostatin-Smad2/3 activity is inhibited in muscles following resistance exercise.
* Explain what satellite cells are.
* Compare and contrast the function of Pax7 and MyoD in relation to satellite cells.

* Describe the ‘myonuclear domain hypothesis’ and discuss whether it has been experimentally
confirmed.

 Discuss whether satellite cells are required for skeletal muscle hypertrophy and regeneration after
muscle injury.
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the mitochondria and therefore the replication of mitochondrial DNA. PGC-1a, together with ERRa,
drives the expression of VEGF, which results in the formation of new capillaries after exercise.

REVIEW QUESTIONS

* Describe and explain the strategy you would recommend for the prescription of an endurance training
programme which takes the variation in trainability into account.

* Give an example for and explain a signal transduction pathway that regulates physiological (athlete’s
heart) and pathological cardiac hypertrophy (hypertrophic cardiomyopathy).

» Compare and contrast type I, ITa, IIx and IIb muscle fibres. What is special about IIb fibres? What is the
effect of endurance exercise on fibre-type percentages?

* Describe the arguments for and against the hypothesis that the calcineurin pathway is a major
regulator of fibre type.

* Explain and discuss mechanisms that may contribute to the on/off regulation of myosin heavy chain
isoforms in skeletal muscle.

* Discuss how endurance exercise stimulates mitochondrial biogenesis.

* Explain how an increased energy turnover, changed oxygen levels and increased blood flow may
stimulate capillary growth in response to endurance exercise.
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3. Explain the molecular processes regulating mTORC1 activity in response to amino acid ingestion.
4. Critically evaluate the role of macronutrient availability (with specific emphasis on CHO and fat) in
regulating training-induced oxidative adaptations in skeletal muscle.
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How do our bodies sense warmer and colder temperatures and how do we adapt to hot and cold
temperatures?

How do circadian rhythms affect our ability to exercise and how does exercise affect our circadian
rhythms?

How might altitude affect the circadian clock?

FURTHER READING

Gabriel BM & Zierath JR (2019). Circadian rhythms and exercise — re-setting the clock in metabolic disease.

Nat Rev Endocrinol 15, 197—206.

West JB, Schoene RB, & Millede JS (2012). High Altitude Medicine and Physiology, Taylor & Francis Ltd.

REFERENCES

. Habeler P “Ich bin kein Eroberer” Alpin Interview mit Peter Habeler 2008 [Available from: http://www.

alpin.de/home/news/4873/artikel_das_ausfuehrliche_alpin-interview_mit_peter_habeler.html.

. LyonsTW, et al. Nature. 2014. 506(7488):307-15.

. Ainsworth BE, et al. Med Sci Sports Exerc. 1993. 25(1):71-80.

. Dempsey JA, et al. Physiol Rev. 1982. 62(1):262-346.

. Lopez-Barneo J, et al. Am ] Physiol Cell Physiol. 2016. 310(8):C629—42.
. Samanta D, et al. Wiley Interdiscip Rev Syst Biol Med. 2017. 9(4).

. Fernandez-Aguera MC, et al. Cell Metab. 2015. 22(5):825-37.

. West JB. Am ] Respir Crit Care Med. 2012. 186(12):1229-37.

. Schofield CJ, et al. Nat Rev Mol Cell Biol. 2004. 5(5):343—54.

. Jelkmann W. J Physiol. 2011. 589 (Pt 6):1251-8.

. Mairbaurl H. Front Physiol. 2013. 4:332.

Braekkan SK, et al. Haematologica. 2010. 95(2):270-5.

. Lasne F, et al. Nature. 2000. 405(6787):635.

Jelkmann W. Eur ] Haematol. 2007. 78(3):183-205.

. Jacobson LO, et al. Nature. 1957. 179(4560):633—4.
. Haase VH. Blood Rev. 2013. 27(1):41-53.

Gruber M, et al. Proc Natl Acad Sci U SA. 2007. 104(7):2301—6.

. Nielsen R, et al. Nature. 2017. 541(7637):302—10.

Lopez S, et al. Evol Bioinform Online. 2015. 11 (Suppl 2):57—68.

. Beall CM. Proc Natl Acad Sci U S A. 2007. 104 (Suppl 1):8655—60.

. Bigham AW. Curr Opin Genet Dev. 2016. 41:8—13.

. Villafuerte FC, et al. High Alt Med Biol. 2016. 17(2):61-9.

. de la Chapelle A, et al. Proc Natl Acad Sci U SA. 1993.90(10):4495-9.

Morpurgo G, et al. Proc Natl Aca Sci USA. 1976.73(3):747-51.

. W', et al. J Appl Physiol (Bethesda, MD: 1985). 2005. 98(2):598—604.
. Gonzales GF, et al. ] Matern Fetal Neona. 2012. 25(7):1105-10.

. Chonchol M, et al. Am Heart J. 2008. 155(3):494-8.

. Boffetta B, et al. Int J Epidemiol. 2013. 42(2):601-15.

. YiX, etal. Science. 2010. 329(5987):75-8.

. Huerta-Sanchez E, et al. Nature. 2014. 512(7513):194-7.

. Lorenzo FR, et al. Nat Genet. 2014. 46(9):951—6.

. Brand MD. Biochem Soc Trans. 2005. 33 (Pt 5):897-904.

. Schippers MP, et al. Curr Biol. 2012.22(24):2350—4.

Horscroft JA, et al. Proc Natl Acad Sci USA. 2017. 114(24):6382—7.



292 |

35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.

HENNING WACKERHAGE ET AL.

Porter RS, et al. The Merck Manual. 19 ed. Whitehouse Station, NJ: Merck Sharp & Dohme Corp, 2010.
Tansey EA, et al. Adv Physiol Educ. 2015. 39(3):139—48.

Betz MJ, et al. Diabetes. 2015. 64(7):2352-60.

Rosen Evan D, et al. Cell. 2014. 156(1):20—44.

LiY, et al. Cell. 2018. 175(6):1561-74.¢12.

Bartelt A, et al. Nat Rev Endocrinol. 2014. 10(1):24-36.

Lieberman DE. Compr Physiol. 2015. 5(1):99—-117.

Wang H, et al. Temperature (Austin). 2015. 2(2):178-87.

Siemens J, et al. Pflugers Archiv: Eur J Physiol. 2018. 470(5):809-22.
Tan CL, et al. Neuron. 2018. 98(1):31—438.

Song K, et al. Science (New York, NY). 2016. 353(6306):1393-8.

Zhao ZD, et al. Proc Natl Acad Sci USA. 2017. 114(8):2042-7.

Tan CL, et al. Cell. 2016. 167(1):47-59.e15.

HuY, et al. Br J Dermatol. 2018. 178(6):1246-56.

Baker LB. Sports Med (Auckland, N Z). 2017. 47 (Suppl 1):111-28.
American College of Sports M, et al. Med Sci Sports Exerc. 2007. 39(2):377-90.
Hew-Butler T, et al. Front Med (Lausanne). 2017. 4:21.

Farrell MJ, et al. Am J Physiol Regul Integr Comp Physiol. 2013. 304(10):R810—7.
Nejsum LN, et al. Proc Natl Acad Sci U S A. 2002.99(1):511-6.
Gonzalez-Alonso J, et al. J Physiol. 2008. 586(1):45-53.

Walloe L. Temperature (Austin). 2016. 3(1):92—103.

Takai K, et al. Proc Natl Acad Sci USA. 2008. 105(31):10949-54.
Bramble DM, et al. Nature. 2004. 432:345-52.

Mathieson I, et al. Nature. 2015. 528(7583):499-503.

Jablonski NG, et al. Int J Paleopathol. 2018. 23:54-9.

Key EM, et al. PLoS Genet. 2018. 14(5):¢1007298.

Fumagalli M, et al. Science. 2015. 349(6254):1343—7.

Teo W, et al. J Sports Sci Med. 2011. 10(4):600-6.

Lok R, et al. Sci Rep. 2020. 10(1):16088.

Kline CE, et al. J Appl Physiol (Bethesda, MD: 1985). 2007. 102(2):641-9.
Wittmann M, et al. Chronobiol Int. 2006. 23 (1-2):497-509.

Fischer D, et al. PloS One. 2017. 12(6):e0178782.

Leatherwood WE, et al. Br J Sports Med. 2013. 47(9):561-7.

Partch CL, et al. Trends Cell Biol. 2014. 24(2):90-9.

Vitaterna MH, et al. Science (NewYork, NY). 1994. 264(5159):719-25.
Preitner N, et al. Cell. 2002. 110(2):251-60.

Hirano A, et al. Nat Struct Mol Biol. 2016.23(12):1053-60.

Okamura H, et al. Science (New York, NY). 1999. 286(5449):2531—4.
Guler AD, et al. Nature. 2008. 453(7191):102-5.

McCarthy JJ, et al. Physiol Genomics. 2007. 31(1):86—95.

Dyar KA, et al. Mol Metab. 2015. 4(11):823-33.

Perrin L, et al. eLife. 2018. 7:e34114.

Schiaffino S, et al. Skeletal Muscle. 2016. 6:33.

Zambon AC, et al. Genome Biol. 2003. 4(10):R61.

Wang YX, et al. PLoS Biol. 2004. 2(10):e294.

Loizides-Mangold U, et al. Proc Natl Acad Sci USA. 2017. 114(41):E8565—e74.
Dyar KA, et al. PLoS Biol. 2018. 16(8):¢2005886.

Harfmann BD, et al. Skeletal Muscle. 2016. 6:12.

Hodge BA, et al. eLife. 2019. 8:¢43017.

van Moorsel D, et al. Mol Metab. 2016. 5(8):635—45.

Ezagouri S, et al. Cell Metab. 2019. 30(1):78-91.e4.

Sato S, et al. Cell Metab. 2019. 30(1):92—110.e4.



ALTITUDE, TEMPERATURE, CIRCADIAN RHYTHMS | 293

87. Nakahata, et al. Cell. 2008. 134(2):329—40.
88. Masri S, et al. Sci Signal. 2014. 7(342):re6.
89. Lamia KA, et al. Science. 2009. 326(5951):437—40.
90. Wu, et al. Cell Metab. 2017. 25(1):73-85.
91. Peek CB, et al. Cell Metab. 2017.25(1):86-92.
92. Manella G, et al. Proc Natl Acad Sci U SA. 2020. 117(1):779-86.
93. Adamovich, et al. Cell Metab. 2017. 25(1):93-101.
94. Andrews JL, et al. Proc Natl Acad Sci U SA. 2010. 107 (44):19090-5.
95. Dyar KA, et al. Mol Metab. 2014. 3(1):29—41.
96. Kelu JJ, et al. Proc Natl Acad Sci U S A. 2020. 117(49):31208-18.
97. Dyar KA, et al. Mol Metab. 2014. 3(1):29-41.
98. Watson AM. Curr Sports Med Rep. 2017. 16(6):413-38.
99. Laposky A, et al. Sleep. 2005. 28(4):395-409.
100. Ehlen JC, et al. eLife. 2017. 6:26557.



310 |

TORMOD S. NILSEN ET AL.

circulating nutrients and amino acids, resulting in energy and amino acid deficits for other tissues such as
the skeletal muscle mass (117). Mathematical modelling of tumour energy costs in metastatic settings
suggests that the high glucose turnover resulting from anaerobic metabolism can result in cachexia.
Second, tumour cells secrete numerous catabolic factors. These may lower muscle protein synthesis and
activate proteolysis in skeletal muscle, both through the ubiquitin-proteasome system and through
autophagy (118). Different cytokines and pro-inflammatory molecules, generated through tumour-
immune system interactions, leads to an increase in circulating stress hormones (e.g. adrenalin, cortisol
and glucagon), which results in increased resistance towards insulin and other growth factors in muscle
and therefore impaired anabolism (119, 120). Furthermore, transcription of autophagy- and ubiquitin-
proteasome system related genes are directly activated by several pro-inflammatory factors originating
from the tumour, immune cells or both (118). Also, the low circulating levels of amino acids, as a result
of the high tumour uptake, may further activate muscle protein breakdown (121, 122). In summary,
immune cell-tumour cell interactions leads to lowered muscle protein synthesis and increased muscle
protein breakdown (see Chapters 7 and 8), resulting in body weight loss specifically caused by loss of
skeletal muscle mass.

From a clinical perspective, it is still unknown whether exercise may counteract or prevent cancer
cachexia in patients. A 2021 Cochrane review by Grande and co-workers only identified four clinical trials
evaluating the effect of exercise in cachexic settings (123).The authors conclude that together these four
studies offer minimal information on the effectiveness, acceptability and safety of exercise in these
settings and that the body of evidence is shallow with a high risk of bias. There are, however, studies
underway at the moment that may help shed more light on this area in the future.

SUMMARY

Cancer is one of the leading causes of death in the Western world. Due to improvements in early
detection and treatment, relapse-free survival is improving for several cancer forms. Nevertheless, cancer
treatment is still associated with troublesome side-effects and late effects (i.e. “side-effects” occurring or
persisting beyond a year after completing treatment).

Exercise may reduce the risk of developing several cancers. Emerging evidence from preclinical studies
have improved our understanding of the potential role of exercise in risk of cancer incidence. These
mechanisms include improved genomic control and increased cancer cell apoptosis, improved tumour
vascularisation and reduced tumour hypoxia, altered cancer cell metabolism, and improved immune
detection. Exercise may also improve the circulatory environment, in terms of lower levels of stimulating
hormones and growth factors. Furthermore, exercise is a valuable strategy during cancer treatment, as it
may help relieve the symptom burden (i.e. less cancer-related fatigue and improved QoL) and help
patients maintain their physical function. In addition, exercise prior to cancer treatment (i.e.
prehabilitation) may help prepare patients for major cancer surgery. Thus, exercise plays an important role
in all phases of the cancer continuum.

REVIEW QUESTIONS
1. What is cancer, and how does it occur?
2. What are the most common ways of treating cancer?
3. In which way may exercise reduce the risk of developing cancer?
4. In which way may exercise improve the effects of intravenously administrated anti-cancer therapies?
5. How can exercise help cancer patients going through treatment?
6. What is the potential effect of exercise in cancer cachexia, and what do we know from clinical
research in this area?
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REVIEW QUESTIONS

* Describe what satellite cells are and explain their function during muscle adaptation.
* Describe the molecular regulation of myogenesis.

* Explain and discuss how satellite cells respond both acutely and chronically to resistance and
endurance exercise.

* Discuss the important (or not important) role of satellite cells in muscle hypertrophy.

* Describe and discuss the differences in satellite cell function as a result of ageing and exercise.
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