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Preface

Welcome to “Skeletal Muscle Physiology: An Update to Anatomy and Function”—
an engaging, cutting-edge, and comprehensive exploration into the fascinating
world of skeletal muscle physiology. This remarkable volume, generated by Al,
represents a convergence of diverse and profound insights from biology, sports sci-
ence, medicine, and computational data science.

Skeletal muscle, comprising approximately 40% of the human body weight,
plays an essential role in locomotion and posture and in various critical physiologi-
cal processes such as respiration, thermogenesis, and metabolism. Hence, an in-
depth understanding of its physiology can profoundly impact health and disease,
exercise performance, rehabilitation, and overall human function.

This book breaks new ground by being one of the first Al-authored texts in the
field. It draws upon a vast reservoir of knowledge in the Springer Publishing library
and uses advanced Al modeling to provide a meticulously detailed yet lucid per-
spective of skeletal muscle function. The Al-based authoring ensures high accuracy
and consistency, providing an unbiased account of existing scientific knowledge.

This book builds upon the basic and advanced skeletal muscle topics found in
exercise physiology books. The contents within these pages delve into various top-
ics, including the detailed anatomy of skeletal muscle, the mechanics of muscle
contraction, the biochemistry of energy provision, the impact of various factors on
skeletal muscle function such as age, sex, and disease, and the role of exercise and
nutrition in muscle health.

This book does not claim to replace the need for human intelligence and experi-
ence, but instead, it hopes to supplement it, providing a resource that can aid both
learning and teaching. While AI generation has limitations, this text will be an
invaluable stepping stone toward a more profound comprehension of skeletal mus-
cle physiology.

So, whether you are a novice to the field, seeking a refresher course, or a sea-
soned expert looking for a comprehensive resource, we invite you to embark on this
captivating journey of exploration into the world of skeletal muscle physiology.
Let’s delve into the marvel that is the human muscle and unravel the science that
underpins its extraordinary capabilities.

Akron, OH, United States of America Christopher Myers
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Introduction by the Editor

In the dynamic and ever-evolving landscape of physiological research, the explora-
tion of skeletal muscle physiology stands as a cornerstone, bridging fundamental
biological insights with transformative applications in health, disease, and human
performance. This book, a pioneering endeavor co-authored with the assistance of
advanced artificial intelligence (AI), embarks on a journey to distill and articulate
the complex mechanisms, functions, and adaptabilities of skeletal muscles in
unprecedented detail and clarity.

The fusion of human expertise and Al in the creation of this book has enabled a
unique and innovative approach to synthesizing and presenting the wealth of knowl-
edge that defines skeletal muscle physiology. By harnessing the analytical power of
Al, T have sifted through vast arrays of data, research findings, and theoretical
frameworks, selecting and integrating the most critical insights into a coherent and
comprehensive narrative. This collaboration has not only enhanced the accuracy
and depth of the content but also imbued it with novel perspectives and interpreta-
tions that reflect the cutting-edge of scientific discovery.

Our journey through skeletal muscle physiology begins with the advanced prin-
ciples that govern muscle biology and explores new advances in understanding
muscular binding proteins. Also, we explore the remarkable plasticity of skeletal
muscles, highlighting how they adapt to various stimuli, including exercise, injury,
and disease, and how these adaptations can be leveraged for therapeutic and perfor-
mance-enhancing interventions.

This book is designed to serve as an invaluable resource for students, research-
ers, and practitioners across multiple disciplines, including physiology, medicine,
sports science, and rehabilitation. It aims to not only impart knowledge but also to
inspire curiosity, critical thinking, and further exploration into the vast and vibrant
field of skeletal muscle physiology.

The integration of Al in the creation of this book represents a novel paradigm in
scientific publishing. It signifies a step toward a future where human creativity and
artificial intelligence converge to enhance our understanding of the world. As you
turn these pages, I invite you to join me at the forefront of this exciting frontier,
equipped with the insights and understandings that will empower you to contribute
to the next wave of discoveries and innovations in skeletal muscle physiology.

Welcome to a journey of exploration, discovery, and inspiration. Welcome to the
cutting edge of skeletal muscle physiology!
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Basic Structure of Skeletal Muscle

Christopher Myers

1.1 Introduction by the Editor

Building on the foundational understanding established in the first chapter, Chap. 2
explores the burgeoning world of contemporary research in basic skeletal muscle
physiology. While skeletal muscle physiology is a well-established field, it remains
an active area of investigation, with novel findings consistently reshaping our under-
standing of skeletal muscle’s complex biology.

The continuous evolution of technologies, including advanced imaging tech-
niques and high-throughput genomics, has allowed researchers to gain unparalleled
insight into the inner workings of skeletal muscle. The granular details unveiled by
these novel tools are revising our perceptions of muscle function at the cellular and
molecular levels.

This chapter’s primary area of focus is research updates to skeletal muscle physi-
ology. The content in this chapter explores the role of the thermoregulatory activity
of ATPase, myosin light chain activity and myosin binding to actin, and force pro-
duction and enhancement between the myofilaments.

We also delve into recent discoveries in the realm of the protein titin. This protein
is shown to become more and more critical to muscular contraction. Unofficially,
titin is called the “third myofilament” due to the research showing its importance in
force production. The chapter discusses some of this research that has come to
change our fundamental understanding of the structure and function of titin.

In summary, this chapter provides a deep dive into innovative research in basic
skeletal muscle physiology. By embracing the newest findings and integrating them
with existing knowledge, this chapter illuminates our relentless progress in deci-
phering the complex physiology of skeletal muscle.

C. Myers (<)
3 Sports Science, 3 Sports Science LLC, Akron, OH, United States of America
e-mail: chris @3sportsscience.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 1
C. Myers (ed.), Skeletal Muscle Physiology,
https://doi.org/10.1007/978-3-031-47065-3_1
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The study of skeletal muscle physiology has long stood as a cornerstone of bio-
logical and medical sciences, bridging our understanding from fundamental bio-
logical processes to complex systems-level functions. Skeletal muscles are pivotal
in locomotion, posture, metabolic health, disease states, and aging. The field of
skeletal muscle physiology is experiencing a renaissance powered by technological
advancements and an expanding interest in the nuanced mechanisms that govern
muscle function. This chapter explores the forefront of skeletal muscle research,
shedding light on the complex interplay of molecular components that orchestrate
muscle contraction, force production, and energy efficiency.

One of the most captivating areas of current research lies in investigating the
myosin super relaxed state (SRX) and its contribution to muscle thermogenesis. The
SRX state, characterized by a tightly packed and inactive configuration of myosin
heads, represents a crucial mechanism for adenosine triphosphate preservation in
resting muscle fibers. This state’s regulatory impact on ATPase activity underscores
the efficiency of muscle energy use and its role in generating heat, a vital aspect of
thermoregulation. This chapter dives into the intricacies of myosin dynamics and
uncovers the layers of complexity in muscle function that extend beyond the con-
ventional understanding of contraction and relaxation via the excitation-coupling
mechanism and sliding filament theory.

Furthermore, recent discoveries highlight the significance of the actin-titin inter-
action in force enhancement within muscle fibers. Traditionally overshadowed by
the actin-myosin interaction, the role of titin—often heralded as the “third myofila-
ment”—in muscle elasticity and force production has come to the fore. New research
offers groundbreaking insights into how muscles maintain tension and elasticity,
especially under stretching. The binding of titin to actin illuminates a novel mecha-
nism of force enhancement and redefines our understanding of muscle flexibility
and strength.

The field of muscle research has undergone significant transformation, leading
scientists to question the long-standing nonlinear perspective on the active force-
length relationship. Recent investigations have introduced a linear model that
appears to better reflect muscle behavior under specific scenarios, including sub-
maximal contractions and stretches. This shift towards a linear model marks a sig-
nificant paradigm change, altering how we conceptualize muscle stretching and
contraction. The new linear approach offers a more apparent and predictable frame-
work for studying muscle dynamics. This evolution in understanding has profound
implications, potentially reshaping theoretical research and practical methodolo-
gies. In the realms of sports science and rehabilitation, the implications are particu-
larly noteworthy. Practitioners and researchers can now employ this model to
achieve more accurate predictions and effective interventions. Ultimately, this
reevaluation facilitates a more profound comprehension of muscle function, open-
ing new avenues for advancement in our understanding and application of muscle
physiology.

In addition to these mechanistic insights, this chapter will explore the contribu-
tions of titin filaments and myosin’s regulatory and essential light chains to muscle
function. The passive forces attributed to titin filaments highlight the protein’s role
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as a molecular spring, critical for muscle elasticity. Meanwhile, the light chains of
myosin emerge as crucial modulators of muscle contraction, adding another layer of
complexity to the regulation of muscle activity. Together, these components play a
defining role in the nuanced and finely tuned-process of muscle movement and
force generation.

Leveraging advanced simulations and model extensions, we can now visualize
and quantify force enhancement across various muscle levels, seamlessly integrat-
ing the roles of myofilaments within a unified framework. These advancements
enhance our understanding of muscle function under a broad spectrum of condi-
tions, including submaximal contractions and the intricate forces exerted by titin.
As we embrace these innovative methodologies, we venture into a new era of physi-
ology, aiming to demystify the complex mechanisms of skeletal muscle physiology.
This chapter embarks on a journey to blend cutting-edge discoveries with estab-
lished knowledge, guided by the latest developments and insights in muscle
research. Our goal is to shed light on the continuous progress in the field, paving the
way for breakthroughs in health, disease management, and human performance,
thereby opening new frontiers in our quest for a comprehensive comprehension of
muscle physiology.

1.2 Machine Generated Summaries

Disclaimer: The summaries in this chapter were generated from Springer Nature
publications using extractive Al auto-summarization: An extraction-based summa-
rizer aims to identify the most important sentences of a text using an algorithm and
uses those original sentences to create the auto-summary (unlike generative Al). As
the constituted sentences are machine selected, they may not fully reflect the body
of the work, so we strongly advise that the original content is read and cited. The
auto generated summaries were curated by the editor to meet Springer Nature pub-
lication standards. To cite this content, please refer to the original papers.

Machine generated keywords: titin, filament, myosin, actin, enhancement, rab-
bit, contain, interaction, thin, light chain, actin filament, interaction actin, length,
tension, inhibit.

The Role of the Myosin ATPase Activity in Adaptive
Thermogenesis by Skeletal Muscle [1]

This is a machine-generated summary of:

Cooke, Roger: The role of the myosin ATPase activity in adaptive thermogenesis
by skeletal muscle [1]

Published in: Biophysical Reviews (2011)

Link to original: https://doi.org/10.1007/s12551-011-0044-9

Copyright of the summarized publication:

The Author(s) 2011
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License: OpenAccess CC BY-NC 2.0.

This is an open access article distributed under the terms of the Creative
Commons Attribution Noncommercial License (https://creativecommons.org/
licenses/by-nc/2.0), which permits any noncommercial use, distribution, and repro-
duction in any medium, provided the original author(s) and source are credited.

If you want to cite the papers, please refer to the original.

For technical reasons we could not place the page where the original quote
is coming from.

Abstract-Summary ‘“Resting skeletal muscle is a major contributor to adaptive
thermogenesis, i.e., the thermogenesis that changes in response to exposure to cold
or to overfeeding.”

“A new state of myosin, the super relaxed state (SRX), with a very slow ATP
turnover rate has recently been observed in skeletal muscle [2].”

“To be compatible with the basal metabolic rate observed in vivo for resting
muscle, most myosin heads would have to be in the SRX.”

“Modulation of the population of this state, relative to the normal relaxed state,
was proposed to be a major contributor to adaptive thermogenesis in resting muscle.”

“Transfer of only 20% of myosin heads from the SRX into the normal relaxed
state would cause muscle thermogenesis to double.”

“Phosphorylation of the myosin regulatory light chain was shown to transfer
myosin heads from the SRX into the relaxed state, which would increase
thermogenesis.”

Introduction
“The SRX has been proposed to play a role in adaptive thermogenesis by resting
muscle.”

“Thermogenesis by resting muscle and its role in whole body metabolism is
considered.”

“I then describe how the new state of myosin could provide a mechanism for
thermogenesis and integrate this proposed mechanism into our current knowledge
of muscle thermogenesis.”

“Two fields of research into muscle function, one concerned with the contractile
proteins as force generators and one concerned with the role of muscle in adaptive
thermogenesis, should now find common ground.”

The ATPase Activity of Purified Myosin Is Not Compatible
with the Metabolic Rate of Resting Muscle
“The presence of an inhibited state of skeletal myosin in resting muscle was first
suggested more than 30 years ago when the ATPase activity of purified myosin was
compared for the first time with the resting metabolic rate of the muscle from which
it came [3].”

“The degree of inhibition must be considerably greater than the factor of five, as
the resting metabolism of skeletal muscle is low and, in addition to the metabolism
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of myosin, ATPase must also carry out other obligatory cell functions, such as pro-
tein synthesis, ion pumping, etc A similar argument was made for rabbit myosin in
comparison to living resting rabbit muscle [4, 5].”

“If the population of this state is regulated, with some myosins in the inhibited
state while others are in a state with an ATPase activity similar to that of purified
myosin, redistribution of myosin between the two states would have a large effect
on resting muscle metabolism.”

Measuring Single Nucleotide Turnovers in Permeable Muscle Fibers
“The rapid phase, which has a time constant of approximately 20 s, comprises mul-
tiple factors, including the release of non-specifically bound nucleotides, the release
of nucleotides by a fraction of the normally relaxed myosin heads, and the diffusion
of released nucleotides out of the fibers, requiring approximately 10 s [6].”

“The time constant for the second phase is much slower, 230 s, and as discussed
below, it arises from the release of nucleotides by a second fraction of myosin heads
with a very slow ATP turnover.”

“The slow release was only observed if the fiber was relaxed, and myosin is the
only nucleotide binding protein that responds to the activation level of the fiber.”

“The SRX explains the discrepancy described above between the more rapid
ATPase activity of purified myosin and the much slower ATPase activity required to
be compatible with the metabolic rate of living fibers [3].”

Structural and Biochemical Data Show Myosin ATP Turnover Is
Inhibited by the Binding of Myosin Heads to the Core

of the Thick Filament

“A helical array of heads bound to the thick filament was also observed at lower
resolution in relaxed filaments from scallop muscle, a muscle controlled by binding
of calcium to myosin [7, 8].”

“A similar ordered helical array of myosin heads in the J motif was resolved in
myosin filaments from vertebrate cardiac muscle [9].”

“The observation of the folded J structural motif in a variety of myosins, includ-
ing those from both thick- and thin-filament-regulated muscles, led Craig and
coworkers to propose that the structural motif is conserved across different species
and muscle types [10-12].”

“Filaments in relaxed insect flight muscle show myosin heads in a different
structural motif [13].”

“These correlations led to the conclusion that myosin heads in the SRX are
bound to the core of the thick filament and have the J motif.”

Active Fibers

“If myosin heads in the SRX are bound to the core of the thick filament, where they

are unable to interact with actin, and their lifetime is long, how is skeletal muscle

able to achieve maximal force in a few tens of milliseconds in a tetanic activation?”’
“This observation suggests that the interaction of some myosin heads with actin

destabilizes the binding of adjacent myosin heads to the core of the thick filament.”
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“There must always be some fraction of the myosin heads in the normal relaxed
state, which would sense the activation of the thin filament and initiate the coopera-
tive process leading to full activation.”

“During activation, all of the myosin heads leave their relaxed positions on the
thick filament and become disordered.”

The Dynamic Nature of the Resting Metabolic Rate of Skeletal Muscle
“Early investigations of muscle metabolism revealed that the resting metabolic rate
of amphibian muscles could vary widely.”

“Stretching a muscle to longer lengths could increase metabolism up to four-
fold [14]”

“The resting metabolic rate of frog muscle was also increased by higher external
concentrations of potassium or by the addition of hyper-osmotic agents in the
medium bathing the muscle [15, 16].”

“Hypoxia caused a decrease in the basal metabolic rate of resting frog muscle to
20% of the control rate and also greatly inhibited the increased thermogenesis seen
after stretch and in the presence of higher potassium and hyper-osmotic agents [17].”

“The resting metabolic rates of both amphibian and mammalian skeletal muscles
are highly variable, undergoing large increases or decreases depending on the con-
ditions employed, all of which occur in the absence of active force generation.”

Adaptive Thermogenesis and the Role of Muscle
“Resting muscle thermogenesis increases following a meal and during exposure to
cold (for review, see [18-20].”

“This adaptive thermogenesis is produced by norepinephrine released from sym-
pathetic nerves and by adrenal secretion of epinephrine, and a large portion of this
metabolic process, approximately 40%, occurs in resting muscle [21, 22].”

“Leptin has also been shown to directly increase resting skeletal muscle thermo-
genesis [23].”

“The response to cold exposure is complex and involves both non-shivering and
shivering thermogenesis in skeletal muscle.”

“Epinephrine has been shown to activate thermogenesis, showing that skeletal
muscle is involved in cold-induced thermogenesis.”

“Resting muscle thermogenesis responds to cold and to food consumption, and
epinephrine and leptin have been identified as being involved in some of the path-
ways controlling this process.”

What Is the “Furnace” Responsible for Increased Thermogenesis
in Resting Skeletal Muscle?
“The discovery of an UCP that is highly and selectively expressed in skeletal mus-
cle, UCP3, led to the suggestion that this protein may play a dominant role in mus-
cle thermogenesis (for review, see [24]).”

“The over-expression or knockout of UCP3 in mouse muscle had little effect on
thermogenesis by resting excised muscles, showing UCP3 did not play a major role
in this process [25].”
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“Knockout of UCP1, known to play a role in thermogenesis by brown fat, also
does not lead to obesity, although the knockout mouse muscle is cold-intolerant [26].”

“The mechanisms discussed above undoubtedly play some role in skeletal mus-
cle thermogenesis.”

“The important observation, however, is that they have not been shown to account
quantitatively for all observed muscle thermogenesis, leaving room for additional
mechanisms to play a role.”

The Role of the SRX in Thermogenesis by Resting Muscle
“Changes in the relative populations of the relaxed state and the SRX can lead to
dramatic changes in thermogenesis in resting muscle.”

“Most myosin heads must be in the SRX in living resting muscle under basal
conditions.”

“Shifting only 20% of myosin heads from the SRX into the relaxed state would
increase muscle thermogenesis by approximately a factor of two, increasing whole
body metabolic rate by about 16%.”

“There is some evidence implicating myosin in the increased thermogenesis seen
during the stretch and osmotic stress discussed above.”

“Stretch of resting frog muscle has been shown to diminish the intensity of the
myosin layer lines, indicating that the myosin heads become disordered [27].”

“Both heat output and the change in myosin layer lines did not occur for modest
stretch, but did occur at larger stretches [27, 28].”

Does Phosphorylation Regulate the SRX In Vivo?
“Phosphorylation of the RLC disorders the array of myosin heads bound to the
skeletal thick filament and decreases the population of the SRX [2, 29].”

“There is another kinase that produces low levels of RLC phosphorylation,
approximately 10%, in the knockout mouse [30], and it is possible that this kinase
is a mediator of thermogenesis.”

“A second pathway that may influence the population of the SRX is the phos-
phorylation of myosin binding protein-C (MBP-C).”

“One report has shown that protein kinase A can phosphorylate MBP-C from
slow and fast skeletal muscles [31].”

“If this phosphorylation plays a similar role as in the mouse cardiac muscle,
namely, producing disordering of the thick filament array, it would also affect the
population of the SRX, thereby providing a direct connection to the thermogenic
effects of epinephrine, which is known to activate protein kinase A.”

Response to Long-Term Overfeeding
“The largest expenditure of excess calories, and the one that has been proposed to
explain much of the wide variation in weight gain, has been non-exercise activity
thermogenesis, known as NEAT [18, 32-37].”

“Despite the high efficiency of muscle, a number of low-level activities have
been shown to expend a reasonable amount of calories [36, 38—40].”
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“This mechanism for thermogenesis would be expected to play a greater role
during low levels of activity, where muscle spends an appreciable time in the
mechanically relaxed states.”

“Below, there is also a stronger genetic component to muscle efficiency at low
activity levels than at high ones, which again could be easily explained by the pro-
posed model.”

“In fast twitch muscle, factors that increase resting thermogenesis, such as myo-
sin phosphorylation, epinephrine and cold exposure, also lead to potentiation of
twitch tensions, showing that the muscle is more easily activated [30, 41, 42].”

The SRX as a Target for Possible Therapeutic Applications
“Activation of the metabolic rate of skeletal muscle would also lead to lower blood
glucose levels.”

“A major problem in type II diabetes is insulin resistance, in which insulin-medi-
ated glucose uptake by tissues, including skeletal muscle, is impaired.”

“Activation of the resting metabolic rate via increased myosin ATPase activity
could possibly produce effects similar to exercise.”

“Resting muscle consumes fatty acids as a major fuel source, and up-regulation
of resting metabolism would consume free fatty acids and reduce the deposition of
lipid in muscle, both of which are thought to be involved in insulin resistance [43].”

“Ectopic expression of UCP1 in skeletal muscle increases resting energy use and
also increases the metabolism of glucose [44].”

“The two characteristics of metabolic syndrome are obesity and type II diabetes
and, as suggested above, both could be alleviated by up-regulation of the myosin
ATPase activity in resting skeletal muscle.”

Summary
“A new state of myosin in relaxed muscle with a highly inhibited ATPase activity,
the SRX, has been identified in skinned skeletal muscle fibers [2].”

“An obvious role of this state is to help achieve the low metabolic rate seen in
resting in vivo skeletal muscle.”

“Alterations in the population of this state have a very large capacity to alter
muscle metabolism, and one physiological regulator, RLC phosphorylation, has
been identified.”

Myosin Regulatory Light Chain Phosphorylation Inhibits
Shortening Velocities of Skeletal Muscle Fibers in the Presence
of the Myosin Inhibitor Blebbistatin [45]

This is a machine-generated summary of:

Stewart, Melanie; Franks-Skiba, Kathy; Cooke, Roger: Myosin regulatory light
chain phosphorylation inhibits shortening velocities of skeletal muscle fibers in the
presence of the myosin inhibitor blebbistatin [45]

Published in: Journal of Muscle Research and Cell Motility (2009)
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Link to original: https://doi.org/10.1007/s10974-008-9162-9

Copyright of the summarized publication:

The Author(s) 2009

License: OpenAccess CC BY-NC 2.0

This is an open access article distributed under the terms of the Creative
Commons Attribution Noncommercial License (https://creativecommons.org/
licenses/by-nc/2.0), which permits any noncommercial use, distribution, and repro-
duction in any medium, provided the original author(s) and source are credited.

If you want to cite the papers, please refer to the original.

For technical reasons we could not place the page where the original quote
is coming from.

Abstract-Summary ‘“Phosphorylation of skeletal myosin regulatory light chain
(RLC) occurs in fatigue and may play a role in the inhibition of shortening veloci-
ties observed in vivo.”

“Forces and shortening velocities were measured in permeabilized rabbit psoas
fibers with either phosphorylated or dephosphorylated RLCs and in the presence or
absence of the myosin inhibitor blebbistatin.”

“In blebbistatin maximal shortening velocities (V) at 30 °C, were decreased
by 45% (3.2 + 0.34 vs. 5.8 = 0.18 lengths/s) in phosphorylated fibers but were not
inhibited in dephosphorylated fibers (6.0 £+ 0.30 vs. 5.4 + 0.30).”

“RLC phosphorylation inhibited velocity in blebbistatin at both 30 and 10 °C,
unlike previous reports where RLC phosphorylation only affected shortening veloc-
ities at higher temperatures.”

Introduction
“The effect of myosin RLC phosphorylation on shortening velocity has been stud-
ied extensively, is an active site of investigation and still the subject of debate.”

“Crow and Kushmerick initially suggested that shortening velocities were inhib-
ited by myosin RLC phosphorylation, from a correlation observed in mouse skeletal
muscle during a sustained tetanus [46, 47].”

“Recent work from our laboratory, has found that under conditions where fiber
tensions are partially inhibited, RLC phosphorylation inhibits the inhibition of
shortening velocities [48, 49].”

“In the presence of vanadate, for example, RLC phosphorylation inhibits short-
ening velocity compared with fibers with dephosphorylated RLC; although isomet-
ric tensions were not affected [48].”

“At the lower temperature most agents that inhibited tension, e.g. phosphate ana-
logs or lower pH, also inhibited shortening velocity and phosphorylation of the
fibers had little or no effect.”
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Materials and Methods
“Bundles of fibers were tied to supports, placed in glycerol solution (120 mM
K-acetate, 5 mM MgCl,, 5 mM EGTA, 50 mM MOPS set at pH 7.0 and 50% glyc-
erol (v/v)) and gently mixed overnight at 4 °C.”

“Bundles were then placed in fresh solution (120 mM K-acetate, 5 mM MgCl,,
5 mM EGTA, 50 mM MOPS set at pH 7.0 and 50% glycerol (v/v)) pH 7.0 incubated
at 4 °C for 4 h before transferring to —20 °C for storage.”

“Following a 2 min equilibration period fibers were periodically and rapidly
transferred to and from a third solution containing activating buffer set at a tempera-
ture of 30 or 10 °C according to the experiment and load clamps recorded.”

Results
“Fiber shortening velocities were measured in the presence and absence of 20 pM
blebbistatin.”

“Our previous work had found that the inhibition of fiber shortening velocity by
phosphorylation occurred only at higher temperatures and not at 10 °C, a tempera-
ture where many studies are carried out due to greater fiber stability.”

“Addition of 20 uM blebbistatin inhibited tension equally in phosphorylated and
dephosphorylated fibers and to the same extent as it did at 30 °C.”

“In the absence of blebbistatin, phosphorylation had no effect on either V ,,, or o/
Po, as observed previously under other conditions [48-50].”

“In the presence of blebbistatin the fibers have a greater apparent affinity for
ATP, shown by the lower value of K, in phosphorylated fibers, K,, = 50 £ 20 pM,
than in dephosphorylated fibers, K, = 330 + 84 pM. This effect is similar to that
seen in vanadate [48].”

Discussion
“Our previous work has found that, in conditions where sizable populations of myo-
sin heads in states not generating force, myosin phosphorylation inhibits velocity.”

“The mechanism by which phosphorylation induces inhibition of shortening
velocity can be explained by its effect on the array of myosin heads bound to the
thick filament.”

“The observations that dephosphorylated fibers inhibited at 10 °C by blebbi-
statin, are fast, but that phosphorylated fibers are slow, strongly support the stability
of the ordered thick filament array as playing a role in the inhibition of velocity.”

“The hypothesis discussed above suggests that velocity is inhibited when there
are large populations of myosin heads in non force states that are capable of inter-
acting with the thin filament.”

“Why would the presence of these non-force generating myosin heads interact-
ing with the thin filament inhibit velocity?”’

“In conditions where this non-force generating state is populated, myosin phos-
phorylation significantly inhibits shortening velocities.”
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Abstract-Summary “Each sonic muscle fiber contains a tubular contractile appa-
ratus with radially arranged myofibrillar plates encased in a desmin-rich cytoskele-
ton that is anchored to broad Z bands (~1.2 pm wide).”

“Leptomeres consist of dense arrays of filaments (~4 nm) with a structure that
resembles myofibrillar Z band structure.”

“We propose that flares and leptomeres are distinct filamentous arrays represent-
ing site-specific processing of myofibrillar components during the assembly and
disassembly of the sarcomere.”

“Recent reports that myosin assembles into filamentous aggregates before incor-
porating into the A band in the skeletal muscles of vertebrates and Caenorhabditis
elegans suggest that sonic fibers utilize a similar pathway.”

“Sonic muscle fibers, with their tubular design and abundant sarcoplasmic space,
may provide an attractive muscle model to identify myofibrillar intermediates by
structural and molecular techniques.”

Introduction

“Type I males of this species use their sonic muscle to produce a hum of ~100 Hz
for up to 2 h to attract females during the mating season in early summer [52] and
exhibit a unique sonic muscle fiber morphology that differs from those found in the
type II (sneaker) male and the female of this species [53-55].”

“The sonic muscle consists of a pure population of specialized muscle fibers
under direct somatic control by central nervous system stimuli [56, 57].”

“The most unique feature of type 1 male sonic muscle fibers is the extremely
broad Z band of the myofibrils, measuring ~1.2 pm in width [53, 58], a thickness
that is ~20 times the width of comparable Z bands in type II males or in females of
the same species and of typical vertebrate skeletal muscle [53].”
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“Its growth, especially in type 1 males, appears to be hormonally regulated, and
hypertrophy of muscle fibers can be induced by seasonal variations and androgen
implants [54, 55].”

“We propose that these novel clusters of contractile protein aggregates represent
assembly or remodeling intermediates in sonic muscle fibers.”

Materials and Methods
“Strips of sonic muscle were then removed from the swimbladder, cut into small
pieces (~1 mm?), immersion-fixed for an additional 2 h on ice, washed, and then
postfixed for 1 h with 1% osmium tetroxide in 0.1 M sodium cacodylate, pH 7.2.”
“To obtain single fibers from fresh or stored tissue, the strips were further dis-
sected in relaxing solution under a stereo dissecting microscope to produce fiber
bundles of approximately 0.3—0.5 mm in diameter and 5-10 mm in length.”
“Sections were first fixed on the slide with 2% v/v paraformaldehyde in PBS for
30 min at RT, washed three times with PBS, and then blocked with 1% bovine
serum albumin (BSA; Sigma) in PBS (PBS BSA) for 1 h at RT.”

Results
“Myosin flares were composed of branching thread-like filaments and appeared to
emanate from the contractile tube toward the sarcolemma in three-dimensional
arrays.”

“Muscle fibers containing the myosin flares ranged in area from 813 pm? to 1458
pm? (n = 52) with an average area of 1123 pm? (SD:+198 pm?).”

“In these fibers, the area occupied by myosin flares ranged between 9% (84 pm?)
and 42% (463 pm?) with an average area of 268 pm? (SD:+144 pm?), or 23% of the
total muscle fiber cross-sectional area.”

“Muscle fibers not containing flares exhibited a diffuse punctate or spotted dis-
tribution of myosin staining around the tube in the peripheral sarcoplasm, whereas
muscle fibers containing distinct flares exhibited less diffuse staining in the
sarcoplasm.”

“Thick filaments in sarcomeres of the contractile tube were typical of vertebrate
muscle and measured ~1.5 pm in length and contained a prominent M line and
bare zone.”

Discussion

“Their studies have shown that, when myosin tagged with green fluorescent protein
is expressed in cultured C2C12 muscle cells, it accumulates in aggregates contain-
ing short filamentous structures that are later replaced by mature myofibrils.”

“We propose that myosin flares in midshipman sonic muscle are analogous inter-
mediate structures in thick filament and A band assembly to those found in verte-
brate striated muscle cells.”

“Several potential functions for leptomeres have been proposed. (1) They are
protective structures for Z bands during contraction; however, this is unlikely to be
a general feature because of their low frequency in striated muscle. (2) They are an
early intermediate of myofibril assembly; nevertheless, they are not observed in de
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novo formation muscle fibers and subsequent myofibrillogenesis in typical skeletal
muscle. (3) They have a tendon-like function between successive Z bands, since
they have been observed spanning between Z bands in intrafusal fibers and at
branching points of Purkinje fibers where shear stresses are most abundant [59, 60].
(4) They are contractile structures. (5) They are products of an alteration in myofi-
brillogenesis, especially in specialized or transformed striated muscle such as
Purkinje fibers in which the major function of the fiber is not to contract, but rather
to conduct membrane potential [61].”

Earning Stripes: Myosin Binding Protein-C Interactions
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Abstract-Summary “Soon after its discovery, MyBP-C was also shown to
bind actin.”

“This was in part because interactions of MyBP-C with the thick filament could
adequately explain most (but not all) effects of MyBP-C on actomyosin interactions
and in part because the specificity of actin binding was uncertain.”

“We review current evidence supporting MyBP-C interactions with actin and
discuss these findings in terms of their ability to account for the functional effects of
MyBP-C. We conclude that the influence of MyBP-C on muscle contraction can be
explained equally well by interactions with actin as by interactions with myosin.”

“Because data showing that MyBP-C binds to either myosin or actin has come
almost exclusively from in vitro biochemical studies, the challenge for future stud-
ies is to define which binding partner(s) MyBP-C interacts with in vivo.”

Introduction

“The importance of MyBP-C to muscle contraction is further underscored by the
discovery that mutations in genes encoding MyBP-C cause myopathies in both skel-
etal [63, 64] and cardiac [65, 66] muscles and that MyBP-C is involved in cardiac
stress pathways during both normal physiologic signaling and in pathological states
such as heart failure [67].”
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“What is far less certain and what remains a critical unresolved question is the
precise mechanism(s) by which MyBP-C affects muscle contraction.”

“Because of its ability to bind to myosin through two discrete binding sites, early
hypotheses focused on the idea that interactions of MyBP-C with the thick filament
alone were sufficient to account for the regulatory effects of MyBP-C [68].”

“The distinction is important not only for better understanding effects of MyBP-C
on contraction but also for better insight into how sarcomeres function.”

Structure and Position of MyBP-C in Sarcomeres

“MyBP-C is expressed in vertebrate striated muscles where it occurs as distinct
isoforms originating from three separate genes: two skeletal genes that correspond
to expression predominantly in slow and fast skeletal muscles [69] and a third car-
diac gene expressed in the heart [70].”

“Within a sarcomere, MyBP-C is localized to a characteristic set of seven to nine
discrete stripes (with the exact number of stripes depending on the type of muscle
[71]) that are evenly spaced in the C-zone of the A-band.”

“MyBP-C is present at a limited stoichiometry but in discrete positions relative
to myosin.”

Myosin, the First Binding Partner of MyBP-C
“Given its co-purification with and strong binding to myosin, it is not surprising that
early studies investigating the influence of MyBP-C on actomyosin interactions ini-
tially focused on its connections to myosin.”

“MyBP-C was shown to bind to both the light meromyosin (LMM) and the S2
subfragment of myosin [68, 72].”

“Ababou and others [73, 74] demonstrated that C1 and C2 also bound to the S2A
segment of myosin, albeit through much weaker interactions.”

Actin, the Second Binding Partner of MyBP-C

“The finding that MyBP-C could bind thin filaments was striking in that it marked
the discovery of the only myofilament protein (aside from myosin) that could simul-
taneously link thick and thin filaments together within the region of active cross-
bridge cycling.”

“Functional roles for a protein that could span the two filament systems were
immediately suggested, such as stabilization of the sarcomere lattice through weak
coupling of filaments in relaxed muscle or that MyBP-C could make transient con-
tacts with actin such that myosin cross-bridge kinetics could be affected in contract-
ing muscle [75].”

“Renewed interest in the physiological significance of the ability of MyBP-C to
bind actin came with the discovery that the same recombinant truncated MyBP-C
proteins that were found to bind myosin S2 could also bind to actin and thin fila-
ments [76].”

“The possibility that multiple interaction sites dispersed throughout multiple
N-terminal domains contribute to the actin binding properties of MyBP-C is sup-
ported by the ability of C1C2 to cross-link F-actin filaments [76, 77] and by 3-D
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reconstructions of actin decorated with N-terminal MyBP-C domains showing that
the recombinant proteins can span multiple actin monomers [77, 78].”

Can Interactions with Myosin or Actin Adequately Explain Effects

of MyBP-C on Contraction?

“According to these authors, interactions of MyBP-C with myosin S2 could restrict
the outward movement of cross-bridges toward the thin filament.”

“Because phosphorylation of cardiac MyBP-C abolishes interactions with myo-
sin S2 [79] and increases the proximity of myosin heads to actin [80], their model
provides a straightforward mechanism to account for the ability of MyBP-C to limit
cross-bridge interactions with actin.”

“By binding to the critical S1/S2 junction, MyBP-C is in an ideal location to
influence interactions with other thick filament proteins such as RLC [81, 82] or to
otherwise affect myosin S1 head position or head-head interactions.”

“The ability of MyBP-C to compete with myosin S1 heads and inhibit actomyo-
sin interactions [75, 83] could provide an explanation for the long-standing puzzle
that MyBP-C is present at a limited stoichiometry with respect to myosin: by being
present at a low concentration relative to myosin heads, the activating effects of
MyBP-C on the thin filament may be optimized while inhibitory competitive effects
with myosin cross-bridges are minimized.”

MyBP-C Binding Interactions In Vivo

“While there is considerable evidence to conclude that MyBP-C can bind to both
myosin S2 and the thin filament, at present there is no direct evidence that MyBP-C
interacts with either myosin S2 or actin filaments in sarcomeres.”

“Resolution of the central question of whether MyBP-C binds to actin or myosin
S2 to affect contraction will thus ultimately require innovations in structural meth-
ods that allow more precise visualization of the position(s) of MyBP-C in the
sarcomere.”

“It is possible that MyBP-C binds to both myosin S2 and the actin filament to
affect contraction.”

“Time-resolved methods such as FRET and X-ray diffraction that can differenti-
ate dynamic changes in binding to the thick and thin filaments will thus be essential
in further defining the mechanism(s) by which MyBP-C affects contraction.”

Insights into Myosin Regulatory and Essential Light Chains:
A Focus on Their Roles in Cardiac and Skeletal Muscle Function,
Development and Disease [84]
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Abstract-Summary “We focus on the involvement of myosin regulatory (RLC)
and essential (ELC) light chains in striated muscle development, isoform appear-
ance and their function in normal and diseased muscle.”

“We review the consequences of isoform switching and knockout of specific
MLC isoforms on cardiac and skeletal muscle function in various animal models.”

“We discuss how dysregulation of specific RLC/ELC isoforms can lead to car-
diac and skeletal muscle diseases and summarize the effects of most studied muta-
tions leading to cardiac or skeletal myopathies.”

Introduction

“The striated muscle sarcomere contains a system of interdigitating myosin
II-containing thick filaments and actin/tropomyosin (Tm)/troponin(Tn)-containing
thin filaments [85].”

“Binding of Ca’" to TnC triggers a series of conformational changes in actin—
Tm-Tn thin filaments, allowing for ATP-dependent cyclic interactions of myosin
cross-bridges with actin and muscle contraction [86, 87].”

“Important domains of the myosin head (cross-bridge) include the motor domain
containing the ATP and actin binding sites, and the lever arm, which undergoes
large rotational motions that drive the power stroke [88, 89].”

“To fully understand the function of myosin and how it powers cardiac or skel-
etal muscle, it is essential to have insight into the role of myosin light chain (MLC)
components.”

“This review focuses on the involvement of myosin RLC and ELC in striated
muscle development and their function in cardiac and skeletal muscle in health and
disease.”

Diverse Appearance and Functions of MLCs
“Three-dimensional maps of vertebrate muscle thin filaments obtained by cryo-
electron microscopy revealed that the N-terminal portion of the myosin ELC is in a
position to make molecular contacts with the C-terminus of the actin monomer [90].”
“Despite these multilevel investigations, the questions as to whether these pro-
tein—protein contacts between the N-ELC and actin promote or inhibit the affinity
of myosin for actin, force production and muscle contraction are still to be
determined.”
“Studies from the Szczesna-Cordary group revealed that the lack of the
N-terminal ELC extension in Tg-A43 mice, expressing a 43 aa truncated ELC, led
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to changes in myosin head orientation, positioning it closer to the actin fila-
ments [91].”

“The important function of the N-terminal extension of the ELC protein was also
demonstrated in another study using Tg-A43 animals that showed that the length-
dependent activation in Tg-A43 muscle strips was blunted [92].”

Myogenesis of Striated Muscle Components

“Skeletal myogenesis begins with the expression of Myf-5 at embryonic day 8 (ES)
(high levels at E9.25) in the dermomyotome of somites before formation of
myotome.”

“MyoD is the last transcription factor regulating myogenesis in skeletal muscle
and is not detectable in the myotome until E10.5 where its expression rapidly
increases until E17.5 and continues to be expressed at high levels in embryonic and
fetal development [93, 94].”

“MYL4 (atrial ELC) is the most predominant gene expressed at E9.5, but its
expression in skeletal muscle decreases at E15.5.”

“According to Lyons and others, the expression of MYL3 (ventricular ELC) in
the slow-twitch skeletal muscle starts at E15 and continues throughout adult-
hood [95].”

Effects of Genetic MLC Ablation/Isoform Switch in RLC and ELC

Animal Models

“Lack of the ventricular RLC isoform in knock-out mice resulted in embryonic
lethality at E12.5 even though the level of atrial RLC was increased reaching levels
comparable to the ventricular RLC.”

“The specific functions of the ventricular versus atrial isoforms of the myosin
ELC were tested in transgenic mice by the Robbins laboratory [96].”

“Exchanging atrial RLC with ventricular isoform led to enhancement of mechan-
ical properties of transgenic atrial myocytes to the level seen in ventricular myo-
cytes of control animals.”

“Using the same animal model, Buck and others showed an increase in shorten-
ing velocity in transgenic atrial myocytes expressing ventricular RLC compared to
wild-type mice.”

“The authors found that wild-type mice did not express the ventricular/slow skel-
etal RLC isoform until after birth, while it was expressed normally in the embry-
onic heart.”

Involvement of Striated MLC Isoforms in Disease
“Ever since the very first discovery of A13T, E22K and P95A during RLC screening
in HCM patients with pronounced mid cavity obstruction, a plethora of mutations in
ventricular MYL2 have since been associated with one or more types of familial
cardiomyopathies.”

“Analyses of skeletal tissues in individuals with mutations in MYL3 have been
performed, and a study by Poetter and others [97] found that biopsy obtained from
soleus and deltoid muscles of patients with the M149V-ELC mutation showed
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myopathic changes associated with increased accumulation of mitochondria and
ragged red fiber (RRF) pattern with no abnormality of cytochrome oxidase.”

“Mutations in the ventricular ELC isoform (MYL3 gene) have been identified by
population studies to cause HCM phenotypes.”

“By Orr and others, the authors identified a novel E11K mutation in atrial ELC
in a family with a previously unreported syndrome characterized by early-onset
atrial fibrillation AF (age <35 years), conduction disease and signs of a primary
atrial myopathy [98].”

Summary, Conclusions and Future Directions

“The goal of this review was to summarize the role of myosin regulatory and essen-
tial light chains in cardiac and skeletal muscle development and function in normal
and disease states.”

“MLCs are expressed in several isoforms depending on whether they are
expressed in atria, ventricles or skeletal muscles where they contribute to tissue-
specific function.”

“Cardiac and skeletal myogenesis refer to the process of converting progenitor
cells to myocytes via expression of specific transcription factors necessary for deter-
mination of unique RLC and ELC isoforms.”

“Understanding this process is crucial in dissecting specific functions of MLCs
in regulating cardiac or skeletal muscle contraction.”

“We reviewed the consequences of isoform switching and knockout of specific
MLC isoforms in the heart and skeletal muscles on cardiac and skeletal muscle
function in various animal models.”

A Multi-scale Continuum Model of Skeletal Muscle Mechanics
Predicting Force Enhancement Based on Actin-Titin
Interaction [99]
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Abstract-Summary “Although recent research emphasises the possible role of
titin in skeletal muscle force enhancement, this property is commonly ignored in
current computational models.”

“This work presents the first biophysically based continuum-mechanical model
of skeletal muscle that considers, in addition to actin—myosin interactions, force
enhancement based on actin—titin interactions.”

“The mechanical behaviour of titin is included on the microscopic half-sarco-
mere level of a multi-scale chemo-electro-mechanical muscle model, which is based
on the classic sliding-filament and cross-bridge theories.”

“To titin stress contributions in the muscle fibre direction, the continuum-
mechanical constitutive relation accounts for geometrically motivated, titin-induced
stresses acting in the muscle’s cross-fibre directions.”

“Predicted titin-induced stresses in the muscle’s cross-fibre directions are rather
insignificant.”

Introduction
“Rode et al. [100] proposed a biophysical, molecular model of titin’s semi-active
behaviour.”

“Rode et al. [100] implemented their biophysical model of force enhancement
and force depression within a simple Hill-type muscle model.”

“To the best knowledge of the authors, the model of Lemos et al. [101] is the only
continuum-mechanical muscle model that aims to model force enhancement.”

“In Lemos et al. [101], the nonlinear active force—length relationship of the mus-
cle is replaced by a linear model when stretch of an activated muscle starts.”

“The stress contributions induced by titin filaments are derived from the bio-
physical ‘sticky-spring” model of Rode et al. [100].”

“Further, to be able to simulate submaximal contractions, in addition to passive
and fully activated half-sarcomeres, the model of Rode et al. [100] needs to be
extended.”

“Although these terms result from purely geometrical considerations (trigonom-
etry), none of the previous models of force enhancement [100—102] have consid-
ered this.”

Material and Methods
“Rode et al. [100] consider in their model one half-sarcomere and attribute all pas-
sive forces in the half-sarcomere to the titin filaments.”

“Having introduced the titin forces in the passive and active states, the model of
Rode et al. [100] is now extended to account for submaximal activation levels.”

“The 1D muscle fibre meshes are only used to solve the monodomain equation
(including the biophysical half-sarcomere model of Shorten et al. [103] and the titin
model at each discretisation point).”

“The data required for the titin model, i. e., the force—elongation relations of the
distinct titin regions and the PEVK stiffness depending on the initial half-sarcomere
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length preceding stretch are taken from Figures 2 and B1A of Rode et al. [100],
respectively.”

Results

“The aim of this section is to present simulation results of force enhancement, first,
on the microscopic half-sarcomere level, then on the muscle fibre level (mesoscale),
and, finally, on the macroscopic whole muscle level.”

“To demonstrate the effect of force enhancement on the muscle fibre level, an
8-cm-long fibre model consisting of 301 discrete half-sarcomere models, i. e., mod-
els of the excitation—contraction coupling [103], is considered.”

“Stretching the muscle while maintaining the level of activation resulted in
enhanced muscle forces due to actin—titin binding compared to the isometric force—
stretch relation.”

“The muscle specimen is passively stretched in both the muscle fibre direction
and the constrained XF direction.”

“After stimulating the muscle under fixed-length conditions with 50 Hz for 500
ms, the muscle is actively stretched in fibre direction.”

Discussion
“The titin model by Nishikawa et al. [102] predicts decreased stiffness of titin with
decreasing active force.”

“Continuum-mechanical muscle models can potentially predict the 3D geometri-
cal deformation of the muscle and the muscle’s influence on other muscle forces
[104-106].”

“When stretching the activated muscle on the descending limb of the active
force—length relationship, the models by Schappacher-Tilp et al. [107] and by
Nishikawa et al. [102] transmit the accumulating titin tension via one actin—titin
binding site.”

“Force predictions of our generic multi-scale model depend, for example, on the
chosen force—length relationship and the model and data describing the titin proper-
ties, which change from muscle to muscle (even in the same species, Prado et al.
[108]).”

“To one-dimensional models [100, 102, 107] and the only existing continuum-
mechanical model of force enhancement [101], the presented chemo-electro-
mechanical muscle model also predicts titin-induced stresses in the muscle’s XF
directions.”

Interaction of Formin FH2 with Skeletal Muscle Actin. EPR
and DSC Studies [109]
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Abstract-Summary ‘“The formin homology 2 (FH2) domain is responsible for
actin binding and acts as an important nucleating factor in eukaryotic cells.”

“EPR and DSC were used to investigate the properties of the mDial-FH2 formin
fragment and its interaction with actin.”

“In DSC and temperature-dependent EPR experiments we observed that mDial-
FH2 has a flexible structure and observed a major temperature-induced conforma-
tional change at 41 °C.”

“The results also confirmed the previous observation obtained by fluorescence
methods that formin binding can destabilize the structure of actin filaments.”

“In the EPR experiments the intermolecular connection between the monomers
of formin dimers proved to be flexible.”

Introduction

“Experiments using fluorescence spectroscopic and paramagnetic resonance tech-
niques have shown that formin binds to the barbed end of actin filaments and induces
a change of their flexibility [110-112].”

“The binding of formins to the sides of the actin filaments is less tight and stabi-
lizes the structure of the filaments, probably by connecting neighboring pro-
tomers [110].”

“The DSC transients also revealed the destabilization of actin filaments by for-
min [110].”

“It is expected that the interaction between actin and formin is mutual in a sense
that their binding affects the conformation of both proteins.”

“Little is known about the conformational changes in formin accompanying the
actin binding.”

“This domain is responsible for the interaction between actin and formin.”

“We used electron paramagnetic resonance (EPR) to reveal properties of the
spin-labeled formin and the consequences of its binding to actin.”

Materials and Methods

“F-actin was prepared by the addition of 2 mM MgCl, and 100 mM KCl to buffer
A. The mDial-FH2 sample was dialyzed in DTT-free buffer (buffer T: 50 mM
NaCl, 50 mM Tris—HCI, pH 7.6).”
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“Unreacted labels were removed by dialysis in DTT-free buffer T. The amount of
bound labels was determined comparing the double integrals of the EPR spectra of
the labeled samples and an MSL solution of known concentration.”

“The concentration of pyrene-labeled actin was determined photometrically at
344 nm by use of the absorption coefficient 2.2 x 10* M~! cm~! [113].”

“Unlabeled or labeled formin concentrations were 1 pM. Before the polymeriza-
tion measurements the bound calcium of actin was replaced with magnesium by
adding 200 pM EGTA and 50 pM MgCl, and incubating the samples for 5 min.”

“The corresponding buffer solutions of formin or F-actin were used as reference
samples.”

Results
“MSL-labeled formin did not significantly accelerate actin polymerization.”

“When dialysis of NEM-labeled formin was performed against DTT-containing
buffer the effect of formin on actin polymerization was preserved.”

“MSL labeled formin was mixed with monomeric actin in a low-salt magne-
sium-free buffer and incubated for 6 h at 4 °C.”

“These results also proved that the labeled formin could initiate actin
polymerization.”

“This conclusion is in agreement with observations from our sedimentation
experiments and also with previous results showing that formins could bind to the
sides of the actin filaments [110, 111].”

“These results are in agreement with previous reports that addition of formin to
actin (at a formin-to-actin molar ratio of 1:20) had a destabilizing effect on actin
filament structure and resulted in a shift of approximately 1.5 °C in the transition
temperature [110].”

Discussion
“For formin dimers rotating as spherical single entities one would expect values at
least two times greater than for the monomers.”

“On the basis of these considerations the 25.0 ns rotational correlation time was
not attributed to the formin dimers, but to the individual monomers in dimers.”

“The EPR signal reflects both the rotation of the entire monomer and that of the
smaller part together, and the two components are characteristic of the same formin
conformation.”

“The rotational correlation time (t,) characteristic of the slower rotating compo-
nent was calculated from the temperature-dependent EPR spectra obtained in the
presence of actin.”

“The longer rotational correlation time (25 ns) was attributed to the rotation of
one formin monomer, indicating that the two formin monomers could wobble
almost independently from each other in the dimers.”

Conclusions
“We showed that formins can be labeled on a single cysteine residue with spin
probes.”
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“Spin-labeled formin can furnish information about important aspects of the
intra-molecular transitions occurring in formins and in formin—actin complexes.”

“The data from EPR experiments indicated that formin monomers are connected
by flexible links in the dimers, which seems to be important for fulfilling their bio-
logical functions.”

The Complexity of Titin Splicing Pattern in Human Adult Skeletal
Muscles [114]
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Abstract-Summary “TTN includes 363 coding exons, a repeated region with a
high degree of complexity, isoform-specific elements, and metatranscript-only
exons thought to be expressed only during fetal development.”

“Although three main classes of isoforms have been described so far, alternative
splicing events (ASEs) in different tissues or in different developmental and physi-
ological states have been reported.”

“We confirmed that the skeletal muscle N2A isoforms are highly prevalent, but
we found an elevated number of alternative splicing events, some at a very
high level.”

“This study provides an extensive picture of the complex TTN splicing pattern in
human adult skeletal muscle, which is crucial for a proper clinical interpretation of
TTN variants.”
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Background
“Titin isoforms have traditionally been classified in three main categories based on
the presence of the N2A and N2B elements within the I-band region [115-117].”

“N2A isoforms (mainly expressed in the skeletal muscles) contain the N2A ele-
ment, but not the cardiac-specific N2B element.”

“N2B isoforms only include the cardiac-specific N2B element.”

“N2BA isoforms, expressed in the heart, include both the N2B and N2A
elements.”

“N2A and N2BA isoforms also include additional exons, resulting in a higher
number of Ig and PEVK domains in the I-band region.”

“Two further isoforms, named Novex-1 and Novex-2, are very similar to N2B
but each of them includes an isoform-specific exon (exon 45 and exon 46,
respectively).”

“Although early work focused on gene-expression analyses, RNA-Seq is a pow-
erful tool for the identification and the study of alternative exon and splice site usage
and of novel isoforms.”

Methods
“Total RNA was extracted from the selected samples by the TRIzol reagent method,
according to the manufacturer’s instructions (Invitrogen, Life Technologies,
Canada).”

“RNA quality was checked with BioAnalyzer equipment using the RNA 6000
Nano Assay kit (Agilent Technologies, CA, USA).”

“Indexed sequencing libraries were generated from 1 pg of total RNA, using the
TruSeq Stranded Total RNA kit according to the manufacturer’s instructions
(IMlumina, CA, USA).”

“Single-end sequencing (86 bp reads) of multiplex libraries was performed on
NextSeq500 instrument.”

“For experimental validation of RNA-Seq results, cDNA synthesis was per-
formed using SuperScript III First-Strand Synthesis System (Thermo
Scientific, USA).”

“Amplified products were separated on 2% agarose gels and specific electropho-
resis bands, corresponding to differently spliced products, were extracted using
NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Germany) and analyzed by
Sanger sequencing.”

Results

“Before focusing on alternative splice events, we analyzed the canonical junctions,
which are present in the previously reported isoforms, to evaluate their relative
expression in human adult skeletal muscles.”

“We proceeded with a multistep analysis, based on two different categories of
splicing events: (1) ASEs involving canonical splice sites (out of the repeated region
and within this area) and (2) ASEs involving alternative splicing sites.”

“Most of the canonical N2A exons, reported to be expressed in adult skeletal
muscle, have a high inclusion value.”
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“Exon 148 has a similar expression in fetal and adult muscles, and it is mostly
skipped in fetal and adult hearts.”

“Meta-only exons 213-217 are almost constitutively expressed in fetal muscles
and their expression is halved in adult muscles.”

Discussion
“Exon 11, included in the canonical adult skeletal muscle isoform N2A, is mostly
skipped in adult skeletal muscles.”

“Most of the so-called metatranscript-only exons are expressed in adult skeletal
muscle at a variable level.”

“Most of the ASEs occur in the I-band region of titin, where a large number of
exons are alternatively spliced [115, 116].”

“Our experimental data as well as publicly available data suggests a significant
expression of the meta-only exons 213, 214, 215, 216, and 217 in adult skeletal
muscle, although their inclusion is higher in fetal muscles.”

“In line with previous data, exon 363 is skipped in about 10% of TTN transcripts
in human adult skeletal muscle.”

“Our data clearly shows a variable expression for most of the meta-only exons
(148, 150, 159, 167-171, 213-217), confirming, however, that some of them
(160-166) are not expressed at all in human adult skeletal muscles.”

Conclusions
“We have identified and partly characterized a large number of alternative splicing
events in titin, providing the first RNA-Seq-based, accurate and comprehensive pic-
ture of TTN splicing pattern in adult human skeletal muscle.”

“This same approach will probably unveil similar complex splicing patterns for
other muscle transcripts.”
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Abstract-Summary ‘“The mdm mouse exhibits a small deletion in the titin gene
resulting in dystrophic mutants and phenotypically normal heterozygotes.”

“We examined the effects of this mutation on locomotion to assess how, and if,
changes to muscle phenotype explain observed locomotor differences.”

“Mutant mice are much smaller in size than their siblings and gait abnormalities
may be driven by differences in limb proportions and/or by changes to muscle phe-
notype caused by the titin mutation.”

“We quantified differences in walking gait among mdm genotypes and also
determined whether genotypes vary in limb morphometrics.”

“Morphological differences among genotypes in hindlimb proportions were
small and do not explain the locomotor differences.”

“We suggest that differences in locomotion among mdm genotypes are due to
changes in muscle phenotype caused by the titin mutation.”

Introduction
“In cardiac muscle, having different titin isoforms affects cardiac function and bio-
mechanics [119] and the same relationship is likely true in skeletal muscle.”

“Numerous studies have demonstrated that the size of the titin molecule affects
the passive tension of single muscle fibers, muscle bundles, and whole muscle (i.e.,
[108, 120-124].”

“The rabbit soleus, with its longer titin protein, has lower passive tension than
muscles with shorter titin proteins [108].”

“It varies among muscles whether titin or collagen is the primary determiner of
passive tension within the physiological range of muscle length [108].”

“It is possible that their gait abnormalities are driven by morphological differ-
ences (such as limb proportions) rather than by changes to the muscle phenotype
induced by the titin mutation.”

“We examined how titin-induced muscle phenotypic differences among geno-
types contribute to locomotor biomechanics in the mdm mouse.”

Methods
“To mass and total length (measured from nose to anus and abbreviated TL), the
hindlimbs of each mouse were measured in lateral view as a series of four segments:
toes (from toe tip to the joint between the toes and metatarsals); metatarsals (from
the metatarsal joint to the center of the ankle); shank (from the center of the ankle
to the center of the knee); thigh (from the center of the knee to the center of the hip).”
“Walking data were collected from 9 wildtype mice, 10 heterozygous mice, and
8 mutant mice that were 28—44 days old.”
“We selected a walking gait for analysis because at faster speeds the mutant
mouse gait becomes idiosyncratic and difficult to compare to the other genotypes.”
“We controlled for speed by filming many locomotor trials per mouse, calculated
the speed of each trial, and then analyzed only those trials that were speed matched.”
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Results
“Wildtype and heterozygous mice increased in mass with age; whereas, mutant
mice showed little change in mass with age.”

“The genotype*sex interaction was also significant for body mass such that mice
formed three statistically different groups from largest to smallest: wildtype and
heterozygous males, wildtype and heterozygous females, and mutants (there was no
difference between mutant males and females).”

“Wildtype and heterozygous mice (but not mutant) showed a difference between
sexes in proximal limb segment lengths.”

“Average speed (%TL) had a significant effect on stance duration, total stride
duration, duty factor, and stride frequency.”

“Corresponding to the increase in stance duration, the duty factors for wildtype
and heterozygous mice (~0.70) were significantly larger than for mutants (~0.61).”

“For all genotypes, during the stance phase the ankle was first flexed and then
extended, reaching maximum extension at the end of stance.”

Discussion

“A complete kinematic study of walking among the mdm genotypes would deter-
mine the full impact of the titin mutation on walking and how mutants may compen-
sate for changes to muscle phenotype.”

“Unlike the mutant mice, who exhibit different locomotor patterns at the ankle
joint in addition to overall stride timing differences, heterozygote differences are
more subtle and their ankle kinematics are the same as the wildtype mice.”

“At both the transcriptome and protein levels there have been differences found
in potential titin-related signaling proteins between mutant and wildtype mice
[125-128] that likely affect aspects of whole muscle phenotype either directly or
indirectly.”

“Heterozygote mice may prove particularly interesting for examining muscle
compensatory mechanisms as in most instances they have been found to not differ
from wildtype mice; yet, they express mutant titin and subtle locomotor differences
have been observed both by Huebsch and others [129] and in this study.”

Conclusions
“Changes in titin expression may be one way that muscle is modified.”

“Eccentrically trained rats demonstrated an increase in passive stiffness (likely
attributable to titin) in their triceps brachii muscle [130].”

“Mice have shown increased expression of titin in their gastrocnemius muscle in
response to endurance training [131].”

“This study shows that the mdm mutation in titin changes walking kinematics in
both mutant and heterozygote mice, possibly by affecting both the signaling and
mechanical properties of titin resulting in a changed muscle phenotype.”
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Christopher Myers

2.1 Introduction by the Editor

This chapter pivots to the microscopic world of skeletal muscle-binding proteins—
these molecular powerhouses that perform many tasks essential to the structure and
function of skeletal muscles. Recent research has brought these proteins into sharp
focus, and this chapter explores the cutting-edge discoveries and their implications
for our understanding of skeletal muscle physiology.

In skeletal muscles, binding proteins are central to the contractile mechanism,
allowing the complex interplay of actin and myosin that fuels muscle contraction.
While the role of these proteins has been acknowledged for years, recent studies
continue to shed light on their precise functions and modes of action.

One of the areas explored is how age and disease affect myosin-binding protein
C. This protein is an essential structural protein that assists in anchoring actin and
myosin filaments. Deterioration or alterations to this structural protein has deleteri-
ous effects on how the muscle contracts and produces force. This chapter will
explore these effects.

Another area we explore is the role of insulin and insulin resistance to the bind-
ing protein C. Immerging evidence suggests that the inactivation of the C protein
may have a role in insulin resistance. The information gathered from rat models
may be emerging evidence on how to further combat insulin resistance in humans.

In conclusion, this chapter explores the pioneering research on skeletal muscle-
binding proteins, reinforcing these proteins’ pivotal role in muscle function. By
harnessing the power of advanced technologies and innovative methodologies,
researchers are gaining a deeper understanding of these complex biological sys-
tems, leading to transformative impacts on muscle physiology.
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Skeletal muscle, a tissue characterized by its ability to contract and produce
force, is a marvel of biological engineering. As described in the previous chapter, an
intricate network of proteins, each playing a pivotal role in the biomechanics of
muscle fibers, plays a crucial role in skeletal muscle function. Among these critical
proteins, Myosin Binding Protein-C (MyBP-C) stands out for its significant contri-
butions to muscle performance and regulation. This chapter delves into the complex
world of skeletal muscle-binding proteins, focusing on the various paralogs of
MyBP-C found in Type 2x muscle fibers and their regulation through phosphoryla-
tion and carbonylation processes.

Recent research reveals that MyBP-C proteins in Type 2x muscle fibers are
highly phosphorylated. This finding suggests a regulatory mechanism that enhances
muscle contraction speed and efficiency. This phosphorylation state is crucial for
the optimal performance of fast-twitch muscles primarily engaged in rapid and
high-intensity movements. Intriguingly, the modifications of MyBP-C through car-
bonylation and phosphorylation appear unaffected by the aging process, indicating
the robustness of muscle function regulation across the lifespan. However, the com-
plexity of MyBP-C regulation and its implications for muscle physiology are far
from fully understood. More research is needed to understand the underlying mech-
anisms driving age-related modifications in MyBP-C.

The functional significance of MyBP-C extends beyond its phosphorylation
state. Models suggest that MyBP-C contributes to the internal load influencing mus-
cle contraction’s maximum velocity (Vmax) at low activation levels, following a
certain degree of active shortening. This internal loading, possibly mediated by
MyBP-C’s interaction with actin and myosin or its influence on the mechanical
properties of myosin cross-bridges, highlights the multifaceted role of MyBP-C in
muscle function. Increasingly, evidence suggests that MyBP-C may play a critical
role in modulating the internal mechanical environment of muscle fibers, thereby
affecting overall muscle performance.

Further underscoring the complexity of MyBP-C’s role in skeletal muscle,
research indicates that the N terminus of each skeletal MyBP-C isoform is function-
ally distinct, with modulatory capacities that vary depending on the muscle type in
which they are expressed. This discovery opens up fascinating avenues for the
molecular tuning of skeletal muscle performance, where differential expression of
MyBP-C isoforms could be leveraged to optimize muscle function for specific
needs or conditions. However, our understanding of this functionality is still in its
infancy. The scientific community needs more research to understand better the
underlying mechanisms that guide this functionality.

Embarking on this exploration of skeletal muscle binding proteins reveals that
understanding muscle physiology is still in its infancy. The nuanced interactions
between MyBP-C and other muscle components, its phosphorylation and carbonyl-
ation implications, and the potential for age-related modifications present a com-
plex puzzle. This chapter unravels these intricacies, illuminating the sophisticated
mechanisms governing skeletal muscle performance. Integrating current research
findings with foundational knowledge aims to pave the way for future breakthroughs



2 Binding Proteins 37

in muscle biology, with the ultimate goal of enhancing human health and athletic
performance through a deeper understanding of skeletal muscle binding proteins.

Skeletal muscle, an integral component of the human body, is characterized by
its remarkable ability to contract and produce force, making it a focal point of inter-
est in studying biological engineering and physiology. This tissue’s unique capabili-
ties allow it to perform various functions, from facilitating movement to playing a
pivotal role in metabolic regulation. As discussed in the preceding chapter, skeletal
muscle functionality is made possible through an intricate network of proteins, each
of which plays a critical role in the biomechanics of muscle fibers. Among the pleth-
ora of proteins involved in muscle function, Myosin Binding Protein-C (MyBP-C)
is particularly significant due to its substantial contributions to muscle performance
and regulatory mechanisms.

This chapter aims to delve deeper into the complex universe of skeletal muscle-
binding proteins, focusing on the role and regulation of MyBP-C within Type 2x
muscle fibers. Type 2x fibers, known for their fast-twitch properties, are crucial for
performing rapid and high-intensity movements, such as sprinting or lifting heavy
objects. The regulation of MyBP-C in these fibers, primarily through phosphoryla-
tion and carbonylation processes, is paramount for understanding muscle physiol-
ogy and optimizing muscle function.

Recent advancements in research have highlighted that MyBP-C proteins in
Type 2x muscle fibers exhibit a high degree of phosphorylation. This discovery
points towards a sophisticated regulatory mechanism that significantly enhances the
speed and efficiency of muscle contractions. The phosphorylated state of MyBP-C
is vital for the peak performance of fast-twitch muscles, underscoring the impor-
tance of this post-translational modification in regulating muscle dynamics.
Moreover, the fact that modifications of MyBP-C through both carbonylation and
phosphorylation processes appear unaffected by aging suggests remarkable robust-
ness in regulating muscle function across an individual’s lifespan. However, the
intricacies of MyBP-C’s regulation and its broader implications for muscle health
and disease remain primarily elusive, signaling a pressing need for further research
to decipher the mechanisms underlying age-related changes in MyBP-C
functionality.

Beyond its phosphorylation state, the functional significance of MyBP-C extends
to its contribution to the internal load that influences muscle contraction’s maxi-
mum velocity (Vmax) under conditions of low activation. This internal loading
mechanism, potentially mediated by MyBP-C’s interaction with actin and myosin
or its influence on the mechanical properties of myosin cross-bridges, highlights the
complex and multifaceted role that MyBP-C plays in muscle function. Increasing
evidence suggests that MyBP-C is instrumental in modulating the internal mechani-
cal environment of muscle fibers, thereby profoundly impacting overall muscle per-
formance. This modulation is crucial for fine-tuning muscle responses to a wide
range of physical activities and demands.

Furthermore, MyBP-C isoforms play a pivotal role in regulating thin filament
activity in skeletal muscle fibers, exerting their influence in a calcium (Ca2+)-
dependent manner. By binding to both myosin and actin, these isoforms can
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modulate cross-bridge cycling and thus fine-tune muscle contraction in response to
varying Ca2+ levels. Through this interaction, MyBP-C isoforms influence the sen-
sitivity of the muscle to Ca2+, altering the force production in a manner that is
directly linked to intracellular Ca2+ concentration. This regulatory mechanism is
crucial for the efficient functioning of skeletal muscles, enabling precise control
over muscle contraction and relaxation processes. The Ca2 + -dependent modula-
tion by MyBP-C isoforms highlights the sophisticated biochemical and mechanical
interplay necessary for the nuanced control of muscle dynamics. Such regulation is
vital for maintaining muscle performance and adaptability, especially under condi-
tions that demand rapid adjustments in contraction strength. This chapter explores
these mechanisms and provides insights into muscle physiology and potential tar-
gets for addressing muscle-related diseases.

Another aspect of MyBP-C characteristics is the occurrence of myopathies and
age. As individuals age, changes in the expression, phosphorylation, and overall
function of MyBP-C can significantly impact muscle performance, potentially con-
tributing to age-related declines in muscle strength and cardiac function. The same
changes are seen within myopathies such as Duchenne Dystrophy and Arthrogryposis
Myopathy Arthrogryposis Myopathy. Research has shown that alterations in
MyBP-C, whether through genetic mutations or age-related modifications, can lead
to cardiomyopathies and diminished muscle function, underscoring its importance
in maintaining muscle health over the lifespan. The aging process may affect the
post-translational modifications of MyBP-C, such as phosphorylation, thereby
influencing its regulatory functions and potentially leading to reduced muscle effi-
ciency and increased susceptibility to damage. Furthermore, age-related oxidative
stress and inflammation can exacerbate alterations in MyBP-C, further impairing
muscle function and contributing to sarcopenia, the progressive loss of muscle mass
and strength seen in older adults. Efforts to enhance MyBP-C function or mitigate
its age-related changes could offer promising strategies for preserving muscle health
and combating age-related muscle deterioration. As discussed in this chapter, under-
standing the complex interactions between MyBP-C, aging, and muscle function
highlights the potential for targeted interventions that address the molecular under-
pinnings of muscle aging, offering hope for improved quality of life in the aging
population.

As we embark on this detailed exploration of skeletal muscle-binding proteins, it
becomes evident that our understanding of muscle physiology is still developing.
The nuanced interactions between MyBP-C and other muscle components, its phos-
phorylation and carbonylation implications, and the potential for adaptive or mal-
adaptive changes with age present a rich tapestry of scientific inquiry. This chapter
unravels these complexities, shedding light on the sophisticated mechanisms gov-
erning skeletal muscle performance. By integrating the latest research findings with
foundational knowledge, this discussion aims to pave the way for future break-
throughs in the field of muscle biology. The ultimate goal is to enhance human
health and athletic performance by understanding the roles and regulation of skele-
tal muscle-binding proteins, offering new insights into preventing and treating mus-
cle-related diseases and optimizing athletic prowess.
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Abstract-Summary “The role of fast (fMyBP-C) and slow (sMyBP-C) skeletal
muscle MyBP-C remains to be elucidated.”

“We aimed to characterize MyBP-C and its paralogs in the fast tibialis anterior
(TA) muscle from adult and old mice.”
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“We further found that the expression level of cardiac myosin binding protein-C
(cMyBP-C), an important modulator of cardiac output, was lowered by age.”

“Standard SDS-PAGE along with Pro-Q Diamond phosphoprotein staining did
not identify age-related changes in phosphorylated MyBP-C proteins from TA and
cardiac muscles; however, it revealed that MyBP-C paralogs in fast skeletal and
cardiac muscle were highly phosphorylated.”

“MyBP-C protein-bound carbonyls were determined using anti-DNP immunos-
taining and found the carbonyl level of fMyBP-C, sMyBP-C, and cMyBP-C to be
similar between old and adult animals.”

“Our data showed some differences regarding the MyBP-C paralog expression
and identified an age-related reduction of cMyBP-C expression.”

Introduction

“It is unknown whether the expression of the skeletal muscle MyBP-C paralogs
(slow and fast skeletal MyBP-C) changes in the fast tibialis anterior (TA) muscle
with aging.”

“Although the MyBP-C paralogs have yet to be fully described in aging skeletal
muscles, there is differential phosphorylation of specific residues in the sMyBP-C
paralog within the slow soleus and the fast flexor digitorum brevis muscles early in
the lifespan (between the ages of 2 and 14 months) from WT mice and from mice
with dystrophy (mdx mouse model) providing sufficient rationale for further inves-
tigation of this sarcomeric protein and its paralogs as potential factors contributing
to the complex nature of sarcopenia [2, 3].”

“Understanding the post-translational oxidative state of skeletal muscle MyBP-C
paralogs with age may offer a mechanism contributing to sarcopenia.”

“According to age-related changes in protein isoform compositions within skel-
etal muscles, we hypothesized that the expression levels of the fMyBP-C paralog
would decrease with age.”

Materials and Methods

“Before immunoblotting, muscle homogenates were separated by SDS-PAGE using
a 4-15% Mini-PROTEAN® TGX Stain-Free™ Protein Gel (12 well, 20 pl) at RT,
100 V for ~ 1 h. Gels were transferred to nitrocellulose membranes (0.2 pm, Bio-
Rad) on a Mini Trans-Blot cell at 30 V overnight in a buffer containing 192-mM
glycine, 25-mM Tris, 0.025% SDS, and 20% methanol.”

“To determine total proteins within the TA muscle, the blots were stained with
REVERT™ Total Protein Stain and Wash Solution Kit (LI-COR Biosciences) and
imaged at 700 nm (red) with Odyssey imaging system (LI-COR Biosciences).”

“To determine total proteins within the heart muscle, the blots were stained with
Ponceau S (red stain), rinsed, and imaged (700 nm, red).”

“Phosphorylation of TA and heart muscle myofibrillar proteins was estimated by
Pro-Q® Diamond phosphoprotein staining method according to the manufacturer’s
instructions.”
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Results

“To gain insight into the overall expression profile of the specific MyBP-C paralogs
present in the fast TA muscles from adult and old mice, we analyzed the relative
content of both the sMyBP-C (slow paralog) and fMyBP-C (fast paralog).”

“We found both paralogs, sMyBP-C and fMyBP-C, constitutively expressed in
the fast TA muscles from adult and old mice.”

“Because sarcomeric protein stoichiometry is tightly maintained, MyBP-C is
reported to impact contractility [4—6], and we found both skeletal MyBP-C paralogs
(fMyBP-C and sMyBP-C) expressed in the fast TA muscles, we further analyzed
the relative content of each specific MyBP-C paralog to that of the fast myosin
heavy chain isoforms (MHC) and to a-actin expressed in the TA muscles.”

“To determine MyBP-C protein-bound carbonyls in fast TA and cardiac muscles
from adult and old mice, we used immunostaining (anti-DNP, anti-fMyBP-C, anti-
sMyBP-C, and anti-cMyBP-C).”

Discussion

“Age-associated changes in the overall phosphorylation and carbonylation levels in
MyBP-C from the TA and cardiac muscles are not observed, whereas an age-related
reduction in the expression of the cMyBP-C paralog in cardiac muscle is observed.”

“Our results, investigating age-associated alterations in phosphorylation levels in
the sMyBP-C paralog and in the fMyBP-C, reveal no change in phosphorylation
levels in the fast TA muscles from adult and old mice.”

“Because of the emerging studies that provide insight into the multiple roles of
MyBP-C paralogs in sarcomere structure/function and the evidence of oxidative
stress in the skeletal muscle with aging, we sought to determine the carbonylation
status of MyBP-C. Our investigation finds that under basal conditions, the MyBP-C
paralogs exhibit protein carbonylation, which do not show an increase with age in
the fast TA and cardiac muscles.”

Conclusion
“Not much is known about the skeletal MyBP-C paralogs in the fast TA muscles and
whether their expression levels and post-translational modifications are affected
by aging.”

“Besides being highly phosphorylated, MyBP-C is carbonylated and these two
post-translational modifications are not influenced by aging.”

“We cannot rule out other age-driven modifications nor the role of site-specific
post-translational modifications in the MyBP-C paralogs; thus, future studies are
needed.”

Myosin Binding Protein-C Slow Phosphorylation Is Altered
in Duchenne Dystrophy and Arthrogryposis Myopathy in Fast-
Twitch Skeletal Muscles [7]
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Abstract-Summary ‘“Myosin Binding Protein-C slow (sMyBP-C), encoded by
MYBPCI, comprises a family of regulatory proteins of skeletal muscles that are
phosphorylated by PKA and PKC.”

“Our results indicate both constitutive and differential phosphorylation of
sMyBP-C in aged and diseased muscles.”

“We report a 7-35% reduction in the phosphorylation levels of select sites in old
wild type and young or old mdx FDB mouse muscles, compared to young wild type
tissue.”

“We observe a 30-70% decrease in the phosphorylation levels of all PKA and
PKC phospho-sites in the DA-1 AH, but not gastrocnemius, muscle.”

Introduction
“The human transcriptome contains fourteen sMyBP-C transcripts, which encode
fourteen distinct variants, differing by small segments of amino acids within the
Pro/Ala rich motif, the M-motif, the Ig domain C7 and the extreme COOH-
terminus [8].”

“The effects of either of the DA-1 mutations on the phosphorylation profile of
sMyBP-C are still unknown.”

“Using a panel of phospho-specific antibodies in conjunction with standard and
phosphate affinity SDS-PAGE, we examined the phosphorylation profile of sMyBP-
C in different mouse and human skeletal muscles.”

“We compared the phosphorylation profile of sMyBP-C in young (~2 months
old) and old (~14 months old) fast-twitch Flexor Digitorum Brevis (FDB) muscles
obtained from wild type and mdx mice and human Abductor Hallucis (AH) and
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gastrocnemius fast-twitch muscles carrying the Y856H and W236R mutations,
respectively.”

“The phosphorylation profile of sMyBP-C is significantly altered in human AH
muscle, which is severely affected in DA-1, but not in gastrocnemius muscle, which
shows no phenotypic manifestation of the disease.”

Results

“Using standard SDS-PAGE along with our panel of phospho-specific antibodies
(Ackermann and others 2014; Companion paper), we examined the phosphoryla-
tion levels of each known phospho-site within the NH,-terminus of sMyBP-C in
young and aged wild type and mdx FDB muscles.”

“To study the effects of each of these mutations on the phosphorylation profile of
sMyBP-C, we used human biopsies of the abductor hallucis (AH) and gastrocne-
mius muscles carrying the Y856H and W236R mutations, respectively; AH and gas-
trocnemius muscles that did not contain the DA-1 mutations served as controls.”

“Similar examination of the phosphorylation profile of sMyBP-C in control gas-
trocnemius muscle showed eight different species, three of low (red, yellow and
blue dots), four of intermediate (light yellow, olive green, light green and dark blue
dots) and one of high (light purple dot) mobility.”

“Using standard SDS-PAGE along with our panel of phospho-specific antibod-
ies, we examined the phosphorylation levels of each phospho-site within the NH,-
terminus of sSMyBP-C in AH and gastrocnemius muscles carrying the Y856H and
W236R mutations, respectively.”

Discussion

“Of the seven unique sMyBP-C forms expressed in young wild type FDB muscle, a
low mobility species (yellow dot) is the most abundant one (~35%) and is phos-
phorylated at all four known residues.”

“SMyBP-C species exhibiting similar electrophoretic mobility among different
FDB muscles may contain different numbers of phosphorylation events (e.g. bands
denoted with purple and pink dots).”

“These findings suggest that these species either correspond to sMyBP-C vari-
ants of different molecular weights and phosphorylation profiles that exhibit similar
electrophoretic mobility, or to the same variant that is differentially phosphorylated
between muscles, at known and/or unknown residues.”

“Similar analysis of control and DA-1 gastrocnemius muscle carrying the
W236R mutation revealed no significant differences in the relative abundance or
phosphorylation profile of individual sMyBP-C species.”

“Our findings show that the distal AH muscle carrying the Y856H mutation
exhibits altered expression and phosphorylation of sMyBP-C, while the proximal
gastrocnemius muscle carrying the W236R mutation does not.”
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Methods

“Using standard SDS-PAGE blots and Image] software (NIH, Bethesda, MD), we
quantified the relative content of total sSMyBP-C and the relative expression of each
phosphorylated residue within a sample.”

“Percent (%) expression was normalized to the loading control, Hsp90 and sub-
sequently to the levels of sMyBP-C present in the mouse young wild type FDB or
the appropriate human control clubfoot muscle.”

“The quantified relative content of total sSMyBP-C for each sample calculated
above, served as a representation of total sMyBP-C protein within that sample.”

“The relative abundance of each immuno-reactive band identified in the phos-
phate affinity SDS-PAGE blots by the pan-sMyBP-C antibody was calculated as a
percentage of the total protein within that sample.”

“We used the phosphate affinity SDS-PAGE western blots probed with each of
the phospho-specific antibodies to ascertain the phosphorylation events within a
specific immuno-reactive band detected with the pan-sMyBP-C antibody.”

Axial Distribution of Myosin Binding Protein-C Is Unaffected by
Mutations in Human Cardiac and Skeletal Muscle [9]
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Abstract-Summary “We report the first detailed electron microscopy studies on
human cardiac and skeletal tissues carrying MyBP-C gene mutations, using sam-
ples obtained from HCM and DA-1 patients.”

“We have used established image averaging methods to identify and study the
axial distribution of MyBP-C on the thick filament by averaging profile plots of the
A-band of the sarcomere from electron micrographs of human cardiac and skeletal
myopathy specimens.”
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“Due to the difficulty of obtaining normal human tissue, we compared the distri-
bution to the A-band structure in normal frog skeletal, rat cardiac muscle and in
cardiac muscle of MyBP-C-deficient mice.”

“Very similar overall profile averages were obtained from the C-zones in cardiac
HCM samples and skeletal DA-1 samples with MyBP-C gene mutations, suggest-
ing that mutations in MyBP-C do not alter its mean axial distribution along the thick
filament.”

Introduction

“Myosin binding protein-C (MyBP-C) is a 140 kDa sarcomeric protein that binds to
the thick filament in vertebrate striated muscle and can be visualised as 7-9 stripes
of separation 43 nm in the C-zone of the sarcomere.”

“The interaction between MyBP-C, myosin, and titin is believed to be responsi-
ble for maintaining the ordered arrangement of the sarcomere (Freiburg and
Gautel 15).”

“The importance of MyBP-C for the normal functioning of the sarcomere is
further emphasised by the occurrence of cardiac and skeletal myopathies due to
missing or aberrant MyBP-C proteins.”

“Mutations in MYBPC3 encoding cardiac MyBP-C (cMyBP-C) are a major
cause of hypertrophic cardiomyopathy (HCM), a disease that is estimated to affect
1 in 500.”

“Mutations in MYBPC1 encoding slow-skeletal MyBP-C (ssMyBP-C) have
recently been implicated in a disease of skeletal muscle—distal arthrogryposis type
1 (DA-1)—characterised by congenital contracture of distal limbs.”

Experimental Procedures
“Myectomy samples were obtained either as freshly excised tissue or snap frozen in
liquid nitrogen.”

“Freshly excised cardiac tissue obtained directly after the myectomy procedure
were incubated straightaway for 30 min in oxygenated Krebs solution (94.5 mM
sodium chloride, 5 mM potassium chloride, 25 mM sodium hydrogen carbonate, 1
mM disodium hydrogen phosphate, 1 mM magnesium sulphate-7H,O, 10 mM
sodium acetate, 10 mM glucose and 1 mM calcium chloride, pH 7.4) with 30 mM
2,3-butanedione monoxime (BDM) and then fixed in 3 % gultaraldehyde in Krebs
solution for 1 h, followed by secondary fixation in 1 % osmium tetroxide for
30 min.”

“These samples were thawed and homogenised in cold relaxing solution (100
mM potassium chloride, 20 mM imidazole, 2 mM magnesium chloride, 2 mM
K,EGTA and 4 mM ATP) with 30 mM BDM (10 ml) using a Polytron homogeniser
and the resultant suspension spun at 1200 rpm for 1 min.”

Results

“Axial distribution of MyBP-C in these samples was analysed by averaging profile
plots of the A-band over several electron micrographs of half-sarcomere regions by
cross-correlation to produce an average axial density profile.”
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“Like the rat cardiac sample, this sample was prepared by cryosectioning as
described in Luther and others [16]; this technique gives particularly high resolution
structural detail e.g. it shows the presence of the two layers of myosin crowns
between each pair of 43 nm stripe (the 43 nm stripes are a summation of MyBP-C
and one layer of myosin crowns).”

“This is in contrast to the distinct, regular peaks observed in the C-zone of the
cardiac mutant samples that coincide with the densities corresponding to MyBP-C
stripe positions in the rat cardiac and human myectomy control sample.”

“This suggests that although mutant cMyBP-C is not detected in human cardiac
samples, the heterozygous allele contributes sufficient cMyBP-C protein to the
C-zone banding pattern for this type of structural analysis.”

Discussion

“The following observations emerge for both the cardiac and skeletal muscle spe-
cific mutation: 1) The ultrastructure of the sarcomere in longitudinal sections
appears to be well preserved despite the phenotype of muscle disorder. 2) Image
analysis confirms MyBP-C incorporation into the A-band and sharpness of peaks
further indicates that it is confined to a narrow disc axially. 3) Comparison with the
cardiac MyBP-C ko model provides no indication of altered axial distribution in the
HCM samples.”

“The state of N-terminus cannot be commented upon from these results and elec-
tron tomography of transverse sections of the muscle is required to investigate the
disposition of N-terminal half of MyBP-C. The 1-D Fourier transforms of the car-
diac profile plots and comparison with cardiac MyBP-C ko model further confirms
the notion that cMyBP-C is incorporated and axially distributed correctly.”

“We describe here the first EM based analysis of human cardiac and skeletal
muscle samples with MyBP-C gene mutations.”

Skeletal Myosin Binding Protein-C Isoforms Regulate Thin
Filament Activity in a Ca?*-Dependent Manner [10]
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Abstract-Summary ‘“The interactions between myosin and actin are finely tuned
by three isoforms of myosin binding protein-C (MyBP-C): slow-skeletal, fast-
skeletal, and cardiac (ssMyBP-C, fsMyBP-C and cMyBP-C, respectively), each
with distinct N-terminal regulatory regions.”

“The skeletal MyBP-C isoforms are conditionally coexpressed in cardiac mus-
cle, but little is known about their function.”

“Addition of the fragments to in vitro motility assays demonstrated that ssMyBP-
C and cMyBP-C activate thin filament sliding at low Ca*".”

“At higher Ca?*, addition of fsMyBP-C and cMyBP-C fragments reduced sliding
velocities in the in vitro motility assays and increased force production in cardiac
muscle fibers.”

“Skeletal MyBP-C isoforms may be tuned to meet the needs of specific skeletal
muscles.”

Introduction

“Myosin binding protein-C (MyBP-C) is a striated muscle protein that regulates
contraction and consists of three isoforms known as slow-skeletal, fast-skeletal, and
cardiac (ssMyBP-C, fsMyBP-C, and cMyBP-C), encoded by MYBPC1, MYBPC2
and MYBPC3, respectively [11-13].”

“As their names would suggest, ssMyBP-C and fsMyBP-C are predominantly
expressed in adult skeletal muscle tissue, while cMyBP-C is the predominant iso-
form in the heart [14].”

“cMyBP-C is the best-characterized isoform, and its N-terminal region regulates
contractility through its interaction with both myosin subfragment 2 (S2) and actin
[15-17].

“The cMyBP-C N-terminal regulatory region activates the thin filament by shift-
ing the position of tropomyosin (Tm) from a “blocked” position to a “closed” posi-
tion [16], exposing myosin-binding sites on F-actin.”

“Our studies demonstrate that ssMyBP-C and cMyBP-C share similar regulatory
function at low Ca*.”
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“Steady-state functional experiments demonstrate that all MyBP-C isoforms
sensitize the thin filaments to Ca?* and that the extent of sensitization is
isoform-specific.”

Results

“To investigate how skeletal MyBP-C isoforms modulate contraction at low Ca**
levels compared to maximal Ca®* levels, we applied our N-terminal fragments to
in vitro motility assays.”

“The greater ability of COC2 and ssC1C2 to displace Tm suggests that they
would be more potent activators of thin filaments at low Ca** levels than fsC1C2,
underscoring the Ca**-dependent manner in which MyBP-C isoforms differentially
regulate contraction.”

“The different effects of each isoform on Tm shift strongly suggest that thin fila-
ment activation is one mechanism by which MyBP-C isoforms regulate contraction
at low Ca*.”

“The differential thin filament activation capacity of each MyBP-C isoform regu-
lates contraction, but may also impact relaxation.”

“To determine whether the greater capacity of cMyBP-C to activate the thin fila-
ment also explains its regulation of relaxation kinetics during contraction, we uti-
lized an online muscle simulator (OMS) that simulates unloaded shortening of a
single cardiomyocyte [18].”

Discussion
“The capacity of each MyBP-C isoform to regulate within a particular range of
[Ca*] is dependent on the ability of each to bind to, and activate the thin filament.”

“The present studies focus on MyBP-C N-terminal interactions with the thin fila-
ment and do not preclude regulation by MyBP-C through its interactions with
myosin.”

“Both the binding affinity of MyBP-C to actin and its effects on the thin filament
underlie the ability of MyBP-C to regulate contraction at various ranges of Ca’*,
suggesting, in turn, that MyBP-C may both inhibit and facilitate myosin binding.”

“Various slow-twitch and fast-twitch skeletal muscles may be fine-tuned for spe-
cific functions by expressing different amounts of slow- and fast-skeletal MyBP-C. In
contrast, the function of cMyBP-C is highly tunable via post-translational modifica-
tion which modulates its interactions with actin and myosin [19].”

Experimental Methods

“V8 Stereo, PlanAPO S 0.63 x FWD 81 mm) and permeabilized overnight in 1%
Triton X-100 (Sigma) in mounting relaxing solution (6.3 mM ATP, 6.48 mM Mg
Cl,, 10 mM EGTA, 10 mM Na,CrP, 49.76 mM Kprop, 100 mM BES, pH 7) at 4 °C,
removing cell membrane and membrane-bound proteins.”

“The permeabilized fibers were incubated with 10 pM of the ssC1C2, fsC1C2,
and COC2 recombinant proteins or unincubated for 3 minutes in relaxing solution,
followed by 3 min in preactivating solution, before measuring force in activating
solution.”
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“Cardiac myosin from mice (100 pg/mL) were incubated in a nitrocellulose-
coated flow cell (2 minutes), followed by blocking with two aliquots of BSA (1 mg/
mL) in actin buffer (AB: 25 mM KCI1, 1 mM EGTA, 10 mM DTT, 25 mM imidaz-
ole, 4 mM MgCl,, pH 7.4).”

Control of mRNA Stability Contributes to Low Levels of Nuclear
Poly(A) Binding Protein 1 (PABPN1) in Skeletal Muscle [20]
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Abstract-Summary “Given the general function of PABPNI in RNA
metabolism,intrinsic characteristics of skeletal muscle may make this tissue suscep-
tible tothe effects of mutant PABPN1.”

“To begin to understand the muscle specificity of OPMD, we investigated
thesteady-state levels of PABPNI in different tissues of humans and mice.”

“We analyzed the levels of PABPNI1 during muscle regeneration afterinjury
in mice.”

“We show that the steady-state levels of both PABPN1 mRNA and protein are-
drastically lower in mouse and human skeletal muscle, particularly those impacte-
din OPMD, compared to other tissues.”

“PABPNI levels are increasedduring muscle regeneration, suggesting a greater
requirement for PABPNI1 functionduring tissue repair.”

“Our results demonstrate that PABPN1 steady-state levels and likely control
ofexpression differ significantly in skeletal muscle as compared to other tissues,which
could have important implications for understanding the muscle-specificnature
of OPMD.”
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Background
“PABPNI has critical roles at multiple steps in post-transcriptionalregulation of
gene expression.”

“To playing a key role in RNA metabolism, PABPN1 is of significant clinicalin-
terest as mutations in the PABPN1 gene lead to oculopharyngeal musculardystro-
phy (OPMD) [21].”

“Given the ubiquitous expression and general function of PABPN1 in RNA
metabolism, how mutations of this post-transcriptional regulatory factor cause
amuscle-specific disease is unclear [22].”

“To begin to understand the muscle specificity of OPMD, we investigated the
steady-statelevels of the PABPN1 protein in different tissues.”

“We find that the steady-state levelsof PABPN1 are drastically lower in skeletal
muscle compared to other tissues.”

“Studies of mRNA stability indicate that regulation of PABPN1 expression is
likely due todistinct post-transcriptional mechanisms in different tissues.”

“Ourresults demonstrate that PABPN1 steady-state levels and likely control of
expressiondiffer significantly in skeletal muscle as compared to other tissues, which
could haveimportant implications for understanding the muscle-specific nature
of OPMD.”

Methods

“Total RNA from tissues, primary cell cultures and fluorescence-activated cell
sorting(FACS)-sorted cells was isolated using TRIzol (Invitrogen, Carlsbad, CA)
according tothe manufacturer’s protocol.”

“DNA probes were generated by polymerase chain reaction (PCR) using cus-
tomprimers (PABPN1-F5-CCCAGGCAATGCTGGCCCAGTGATCATGTCTC-3’
and PABPN1-R5-CTAGCCCGGCCCCTGTAGATTCGACCCCGGGGC-3’,
c-Myc-F5-GAACTTCACCAACAGGAACTATGACCTCG-3" and c-Myc-R5'-
GGTGTCTCCTCATGCAGCACTAGG-3"), primers from SA Biosciences,
Valencia,CA (peroxisome proliferator-activated receptor gamma coactivator
1a(PGCla); PPMO3360E, glyceraldehyde 3-phosphate dehydrogenase (GAPDH);
PPMO02946E)or by Ambion, Austin, TX (QuantumRNA Classic I 18S).”

“PCR products were labeled with[a-*?P][dCTP using a random primer DNA
labeling system (Invitrogen,Carlsbad, CA).”

“Mononucleated cells were enzymatically isolated from gastrocnemius muscles
3 daysafter BaCl, injury and fluorescently labeled with antibodies to CD31 andCD45
(PE), Sca-1 (PE-Cy7), and alpha-7-integrin (AlexaFluor 649).”

“cDNA synthesis from 100 ng RNA was performed using M-MLV reverse
transcriptase(Invitrogen, Carlsbad, CA).”

“Total RNA was extracted fromtissues or cells and analyzed by northern blot and
half-lives were determined bydensitometry.”

“In order to determine the 5" and 3'UTRs of PABPNI1 transcripts, we usedthe 5’
and 3’ rapid amplification of cDNA ends (RACE) system (Invitrogen,Carlsbad,
CA), respectively.”
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Results

“Our results from immunoblotting and northern blottingreveal low steady-state lev-
els of PABPN1 mRNA and protein in skeletal muscle, whichis indicative of either a
decrease in PABPNI1 transcription or altered mRNA stabilityin this tissue.”

“As we were unable to perform immunoblots forPABPN1 on the small amount
of cells isolated by flow cytometry, we used quantitativeRT-PCR to examine
PABPNI transcript levels in sorted cells compared to muscle tissue.”

“Theseresults demonstrate a strong correlation between the high steady-state
levels of PABPN1 protein and the stable transcript in kidney, whereas in skeletal
muscle, thelow steady-state levels of PABPNI1 correlate with the unstable PABPN1
transcript.”

“As observed in skeletal muscle tissue,the 2.1 kb PABPNI1 transcript was the
predominant transcript in myoblasts (data notshown).”

“These resultsindicate that the high levels of PABPN1 in cultured myoblasts, and
likely inmyoblasts present during muscle regeneration, is due at least in part to the
increasein PABPN1 mRNA stability in those cells compared to muscle tissue.”

Discussion

“Wereport that steady-state levels of PABPN1 mRNA and protein are low in skele-
tal muscleand that expression of PABPN1 in this tissue is controlled, at least in part,
bypost-transcriptional regulation of RNA levels.”

“The low complexity of the skeletal muscle transcriptomeassociated with low
turnover of a significant fraction of its transcripts may explainwhy skeletal muscle
has low requirements for a protein involved in mRNA metabolism suchas PABPN1.”

“As the increased levels of PABPNI in regenerating muscle correlate with an
increased transcript stability inmyoblasts and subsequent increase in the steady-
state levels of PABPN1 transcript, wesuggest that skeletal muscle employs a post-
transcriptional mechanism to control PABPNllevels according to the tissue
requirements.”

“The specific PABPN1 expression pattern observed in skeletal muscle may be an
importantfeature that makes this tissue more susceptible than others to the muta-
tions in PABPN 1that cause the muscle-specific disease OPMD.”

Conclusions
“Our results demonstrate that PABPN1 steady-state levels and likely control of
expressiondiffer significantly in skeletal muscle as compared to other tissues, which
could haveimportant implications for understanding the muscle-specific nature
of OPMD.”

“We suggestthe low levels of PABPN1 observed in skeletal muscle may be an
important aspect of thistissue that underlies OPMD pathology.”

“Further studies are necessary to better comprehendthe mechanisms and impli-
cations of the regulation of PABPN1 expression in skeletalmuscle, which could
open avenues for potential therapeutic approaches for OPMD.”
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Co-activator Binding Protein PIMT Mediates TNF-a Induced
Insulin Resistance in Skeletal Muscle via the Transcriptional
Down-Regulation of MEF2A and GLUT4 [23]
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Abstract-Summary “We report that the expression of PIMT, a transcriptional co-
activator binding protein, was up-regulated in the soleus muscle of high sucrose diet
(HSD) induced insulin resistant rats and TNF-a exposed cultured myoblasts.”

“Whereas, PIMT knock down relieved TNF-a inhibited insulin signaling.”

“Mechanistic analysis revealed that PIMT differentially regulated the expression
of GLUT4, MEF2A, PGC-1a and HDACS in cultured cells and skeletal muscle of
Wistar rats.”

“We conclude that PIMT mediates TNF-a induced insulin resistance at the skel-
etal muscle via the transcriptional modulation of GLUT4, MEF2A, PGC-1a and
HDACS genes.”

Introduction
“It is well documented that the expression of pro-inflammatory cytokines like
TNF-a is locally enhanced in skeletal muscle and adipose tissues of humans and
animals with insulin resistance and/or diabetes [24-31].”

“We observed that the expression of PIMT was up-regulated in the soleus muscle
of high sucrose diet (HSD) induced insulin resistant rats and TNF-a treated cultured
skeletal muscle cells.”
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“Knockdown of PIMT in L6 myoblasts enhanced insulin sensitivity and relieved
TNF-a induced inhibition of glucose uptake.”

“Data obtained from cultured skeletal muscle cells and adenoviral infected rat
skeletal muscle tissue demonstrate that PIMT inhibited insulin stimulated glucose
uptake via the transcriptional modulation of several genes associated with skeletal
muscle glucose uptake, particularly GLUT4, MEF2A, PGC-1a and HDACS.”

“We show that PIMT/phospho PIMT facilitates TNF-a induced insulin resis-
tance in skeletal muscle.”

Results

“We used high sucrose diet (HSD) induced insulin resistant rats and TNF-a induced
L6 cells (skeletal muscle cell line) as the model systems to study the involvement of
PIMT in skeletal muscle insulin resistance.”

“The above findings demonstrate that PIMT mediates TNF-a-induced insulin
resistance in skeletal muscle cells.”

“To do this, we overexpressed wild type (WT) PIMT or phospho-deficient
(Ser298Ala) or phospho-mimic (Ser298 Asp) mutants of PIMT in L6 myoblasts and
examined their effect on insulin-stimulated glucose uptake.”

“Data indicate that TNF-o induced phosphorylation of PIMT at Ser®*® is required
for inhibition of insulin stimulated glucose uptake.”

“PIMT overexpression caused a robust inhibition of insulin-stimulated glucose
uptake by L6 cells suggesting that a key player such as GLUT4 may be the likely
downstream target of PIMT.”

“Our data establish that the transcriptional co-activator binding protein, PIMT,
mediates TNF-a induced insulin resistance in the skeletal muscle via the transcrip-
tional modulation of several genes associated with glucose uptake.”

Discussion
“We identified that the transcriptional co-activator binding protein, PIMT, is an
important mediator of TNF-a induced skeletal muscle insulin resistance.”

“We observed that 1) the expression of PIMT was enhanced in TNF-a exposed
cultured skeletal muscle cells and soleus muscle of HSD fed rats 2) PIMT expres-
sion regulates insulin receptor signaling cascade 3) TNF-a stimulated phosphoryla-
tion of PIMT at Ser®*® 4) PIMT suppressed insulin stimulated glucose uptake via the
modulation of the expression of GLUT4, MEF2A and HDACS in cultured cells and
skeletal muscle of rats in phosphorylation dependent manner.”

“Our findings that PIMT disrupts insulin signaling potentially through the induc-
tion of TNF-a mediated phosphorylation of JNK and p38 suggests that PIMT may
have a broader role in glucose control by skeletal muscle.”

“Treatment of L6 cells with the MEK/ERK inhibitor, U0126, blunted the inhibi-
tory effect of PIMT on the glucose uptake suggesting a negative regulatory role for
ERK-mediated phosphorylation of PIMT in skeletal muscle insulin sensitivity.”
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Methods
“The plasma triglyceride was measured using a diagnostic kit from Accucare India
Ltd. Levels of TNF-« in sera collected from various animal groups were estimated
using Multiplex CBA Rat Inflammation kit (BD Biosciences, CA, USA).”
“Immunoblotting was performed as described earlier [32] using anti-PIMT
(1:1000; Santa Cruz Biotechnology, CA, USA) anti-GLUT4 (1:1000; Novus
Biologicals, MO, USA), anti-MEF2A (1:1000; Cell Signaling Technology, MA,
USA), anti-PGC-1 (1:1000; Santa Cruz Biotechnology, CA, USA),anti-pSer307-
IRST (1:1000; Cell Signaling Technology, MA, USA),anti-pTyr608/612-IRS
(1:1000; Abcam, MA, USA), anti-IRS1 (1:1000; Cell Signaling Technology, MA,
USA), anti-pJNK1/2 (1:1000; Cell Signaling Technology, MA, USA), anti-pAkt
(Serd73) (1:1000; Cell Signaling Technology, MA, USA), anti-Akt (1:1000; Cell
Signaling Technology, MA, USA),anti-ERK1/2 (1:1000; Cell Signaling Technology,
MA, USA) and anti-pERK1/2 (1:1000; Cell Signaling Technology, MA, USA)
using specific antibodies and appropriate HRP-conjugated secondary antibody.”
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in Mediating Skeletal Muscle Insulin Resistance via Repression
of Rat Insulin Receptor Substrate-1 Transcription [33]
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Abstract-Summary “We investigated the role of SREBP-1c in the regulation of
IRS-1 in skeletal muscle cells.”

“Adenovirus vectors expressing Srebp-lc (also known as Srebfl) and small
interfering RNA (siRNA) against Srebp-1c were transfected into the L6 cells.”

“We found that both gene and protein expression of SREBP-1c was increased in
contrast to IRS-1 expression in PA-treated L6 cells.”

“SREBP-1c overproduction decreased Irs-1 mRNA and IRS-1 protein expres-
sion in a dose-dependent manner, and suppressed the resultant insulin signalling,
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whereas SERBP-1c knockdown by Serbp-1c siRNA blocked the downregulation of
IRS-1 induced by PA.”

“Protein—-DNA interaction studies demonstrated that SREBP-1c was able to bind
to the rat Irs-1 promoter region, thereby repressing its gene transcription.”

“Of particular importance, we found that metformin treatment downregulated
Srebp-1c promoter activity, decreased the specific binding of SREBP-1c to Irs-1
promoter and upregulated Irs-1 promoter activity in PA-cultured L6 cells.”

“Our data indicate for the first time that SREBP-1c activation participates in
skeletal muscle insulin resistance through a direct effect of suppressing Irs-1
transcription.”

Introduction

“To the regulation of lipid synthesis, studies reveal expanding roles for SREBP-1c
in controlling pathways for insulin resistance, in which the pathological process
involves a series of cascades, including defective activation of insulin receptor sub-
strates (IRS), phosphatidlyinositol-3-kinase (PI3K) and Akt [34, 35].”

“In the liver, nuclear active SREBP-1c can directly bind to the promoter region
of Irs-2, suppressing Irs-2 expression and the subsequent insulin signalling path-
way, thereby leading to hepatic insulin resistance [36, 37].”

“The link between SREBP-1c activation and IRS-1-associated insulin signalling
in skeletal muscle is unclear.”

“This finding led us to speculate that Irs-1 expression might be negatively regu-
lated by SREBP-1c in skeletal muscle, but this remains to be determined.”

“The aim of the present study, therefore, was to assess the role of SREBP-1c in
the regulation of IRS-1-associated insulin signalling in skeletal muscle.”

Methods

“To study the effect of PA or liver X receptor (LXR) agonist (TO901317 from
Sigma-Aldrich, Saint Louis, MO, USA), cells were incubated for 8 h in serum-free
medium and treated with 0.5 mmol/l PA, 0.5 mmol/l oleate or 5 mmol/l TO901317
for 24 h. After PA incubation, cells were incubated for a further 12 h with 100
nmol/l of insulin or 10 mmol/l of metformin if indicated.”

“To determine the time course effects of PA, L6 myobutes were incubated with
0.5 mmol/l of PA for 0.5, 1, 3, 6, 12, 24 or 48 h. For transient transfection assays,
L6 myotubes were added with adenovirus vectors expressing SREBP-1c or green
fluorescent protein (GFP) and then transfected for 24 h. The media were renewed
and cells were treated with or without 100 nmol/l insulin for 12 h. The cells were
then harvested for protein and mRNA immediately.”

“L6 cells were transfected with Srebp-1c adenovirus vectors for 48 h or treated
with PA for 24 h and cross-linked 1% formaldehyde (vol /vol.) for 10 min at room
temperature.”
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Results

“To investigate whether LXR-induced SREBP-1c activation correlates with IRS-1-
associated insulin signalling, SREBP-1c and IRS-1 expression was compared in L6
myotubes following LXR agonist intervention.”

“Protein expression of IRS-1, insulin-stimulated p-IRS-1(Tyr608/612) and p-Akt
(Serd73)/Akt was decreased by LXR agonist treatment, compared with controls,
further indicating a close relationship between SREBP-1c and IRS-1.”

“The data suggest that SREBP-1c has a direct effect on the expression of Irs-1.”

“Metformin has been widely used in the management of insulin resistance and
type 2 diabetes, but it is unknown whether SREBP-1c inhibition is required for the
beneficial effect of metformin on IRS-1-associated insulin signalling in muscle.”

“We performed luciferase reporter assays and ChIP assays to further investigate
whether increased IRS-1 expression following metformin intervention is associated
with the inhibition of SREBP-1c activity.”

“These results suggest that inhibition of SREBP-1c expression contributes to the
beneficial effects of metformin on IRS-1-associated insulin signalling in muscle.”

Discussion

“The accumulation of SREBP-1c, a pivotal transcription factor regulating de novo
lipogenesis, can result in muscular insulin resistance by a direct effect of suppress-
ing Irs-1 promoter transcription and gene expression.”

“Our results are consistent with the hypothesis that SREBP-1c is as important for
fatty acid-induced insulin resistance in skeletal muscle as it is in hepatocytes.”

“Our data suggest, for the first time to our knowledge, that inhibition of SREBP-1c¢
contributes to the beneficial effect of metformin on IRS-1-associated insulin signal-
ling in insulin resistant muscle cells induced by fatty acid.”

“The current study indicates that a high level of SREBP-1c results in impaired
insulin signalling in skeletal muscle cells via a direct effect of suppressing Irs-1
promoter transcription and gene expression.”

“The data reveal a key role for SREBP-1c¢ in the development of skeletal muscle
insulin resistance correlated to abnormal fatty acid metabolism.”
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The Neuromotor Junction 3

Christopher Myers

3.1 Introduction by the Editor

The neuromuscular junction (NMJ) is a pivotal point of interest in skeletal muscle
physiology. This chapter dives into the innovative research in the field, particularly
emphasizing the formation and function of this crucial connection between the
motor neuron and muscle fiber. The NMJ is the site of electrical impulse transmis-
sion from the motor neuron to the muscle, leading to contraction, making its study
crucial to understanding motor function.

At the heart of NMJ function is acetylcholine, a neurotransmitter the nerve
releases into the junction. Acetylcholine binds to receptors on the postsynaptic mus-
cle membrane, eliciting an electrical response that initiates muscle contraction.
Recent research has broadened our understanding of the detailed mechanics of this
process, including the role of various proteins in the clustering and stabilization of
acetylcholine receptors, a focus that this chapter examines in depth.

One fascinating area that this chapter delves into is the role of the Wnt signaling
pathway in the formation and maintenance of the NMJ. Wnt proteins are critical
players in the embryonic development of the neuromuscular junction, influencing
the clustering of acetylcholine receptors and the overall organization of the postsyn-
aptic apparatus. We’ll explore the recent discoveries that underscore the importance
of the Wnt pathway and its implications for the functionality and adaptability of the
neuromuscular junction.

Motor neurons play a fundamental role in neuromuscular transmission. New
research illuminates the intimate interplay between motor neurons and muscle
fibers, and how the health and stability of motor neurons can significantly impact
NMIJ functionality. This chapter dissects the latest findings on the intricate

C. Myers (<)
3 Sports Science, 3 Sports Science LLC, Akron, OH, United States of America
e-mail: chris @3sportsscience.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 61
C. Myers (ed.), Skeletal Muscle Physiology,
https://doi.org/10.1007/978-3-031-47065-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-47065-3_3&domain=pdf
https://doi.org/10.1007/978-3-031-47065-3_3
mailto:chris@3sportsscience.com

62 C. Myers

relationship between motor neurons and their target muscle fibers, further highlight-
ing the complexity of NMJ formation and function.

In summary, this chapter bridges the knowledge gap in the study of the neuro-
muscular junction, focusing on novel research findings on NMJ formation, the role
of Wnt proteins, acetylcholine receptor clustering, and the intimate relationship
between motor neurons and muscle fibers. By deciphering these complexities, we
understand how nerve impulses translate into muscle action and how disruptions in
this process can lead to disease.

As we delve deeper into the molecular choreography that defines the neuromus-
cular junction (NMJ), the roles of PGC-1a, R-spondin 2 (Rspo2), and the dihydro-
pyridine receptor (DHPR) in describing the critical interface between nerve and
muscle fiber become increasingly significant. The NMJ is the epicenter of the exci-
tation-coupling mechanism of neuromuscular communication. The NMJ is where
neuronal communication is translated into muscular movement and strength. This
extended discussion aims to unravel the complexities of these molecular players
further, elucidating their synergistic actions in maintaining the integrity and dyna-
mism of the NMJ.

The peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a) extends its influence beyond the realms of mitochondrial function and
metabolic control to play a pivotal role in the adaptive responses of skeletal muscle
to various stimuli. The PGC-1a’s involvement in neuromuscular junction remodel-
ing highlights an aspect of muscle plasticity, where PGC-1a’s modulation of gene
expression significantly impacts NMJ formation and function. This chapter explores
the recent research investigating how PGC-la contributes to maintaining neuro-
muscular health and preventing age-associated decline, underscoring its potential as
a therapeutic target for enhancing muscle function and combating neuromuscular
diseases.

In parallel, the contributions of Rspo2 and DHPR to NMJ architecture and func-
tion merit further exploration. Rspo2 acts as a molecular bridge linking motor neu-
rons and muscle fibers in a bidirectional dialogue essential for the precise assembly
and maturation of the NMJ. This dialogue encompasses the clustering of acetylcho-
line receptors (AChRs) and the intricate arrangement of synaptic folds and active
zones, which are critical for effective synaptic transmission. This chapter looks at
recent research that delves into the signaling pathways activated by Rspo2, detailing
how its differential expression in motor neurons versus muscle fibers orchestrates a
coordinated response essential for the structural and functional refinement of
the NMJ.

New research into the involvement of the DHPR in NM1J pre-patterning signifies
a revolutionary understanding of synaptic development. The conclusions from the
latest research on the DHPR’s functionality within skeletal muscle to establish pre-
patterning during the NMJ’s formation make a strong case for the muscle’s active
involvement in determining synaptic structure. This new viewpoint challenges the
long-held neurocentric models by suggesting that muscle electrical activity, facili-
tated by DHPR, plays a pivotal role in defining NMJ architecture. Researchers delve
into the ramifications of DHPR malfunctioning on the stability of the NMJ,
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emphasizing the critical pathways through which DHPR contributes to synaptic
organization. This new research highlights how DHPR’s operational defects can
disrupt the normal formation and maintenance of the NMJ. The exploration reveals
that DHPR’s influence extends to the modulation of AChR clustering and the align-
ment of synaptic components. The impairment of DHPR function is shown to have
profound effects on neuromuscular health, potentially leading to a spectrum of neu-
romuscular disorders. Through this detailed examination of new research, the indis-
pensable role of DHPR in maintaining NMJ integrity and its broader implications
on neuromuscular functionality come to the forefront, suggesting avenues for tar-
geted therapeutic interventions.

In conclusion, this chapter weaves together new research demonstrating the com-
plex molecular tapestry governing the NMJ. The studies highlight a complex net-
work, fueled by intrinsic muscle cues and extrinsic neuronal signals, ensures the
adaptability and functionality of the NMJ across diverse physiological and patho-
logical scenarios. By delving into the interactions between vital molecular players
such as PGC-1a, Rspo2, and DHPR, researchers illuminate the fundamental pro-
cesses that underpin neuromuscular communication, thereby paving the way for
innovative therapeutic interventions aimed at preserving or enhancing neuromuscu-
lar function. This exploration not only showcases the critical roles of these mole-
cules in sustaining neuromuscular integrity but also positions them as promising
targets for developing strategies to improve muscle performance and tackle neuro-
muscular disorders. Through a detailed examination of the NMJ’s molecular under-
pinnings, the chapter sheds light on a research landscape rich in biological innovation
and therapeutic potential. The research calls for further investigation into the NMJ,
a crucial nerve and muscle interaction nexus. It reveals the depth of complexity and
opportunity for advancing our understanding and treatment of neuromuscular health
issues. In doing so, the research underscores the importance of exploring this vital
junction and unraveling its complexities to harness the full potential of molecular
insights for clinical application.
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Abstract-Summary “In the mature muscle, the relative levels of physical activity
are the major determinants of NMJ function.”

“Motor neuron-mediated activation patterns of skeletal muscle have been thought
of as the major drivers of NMJ plasticity and the ensuing fibre-type determination
in muscle.”

“We find that muscle-specific expression of PGC-1a promotes a remodelling of
the NMJ, even in the absence of increased physical activity.”

“Our data indicate that skeletal muscle significantly contributes to the adaptation
of the NMJ subsequent to physical activity.”

Introduction

“Skeletal muscle-specific receptor tyrosine-protein kinase (MuSK) and low-density
lipoprotein receptor-related protein 4, two key components involved in post-synaptic
agrin action, mediate retrograde signaling from the muscle to the motor neuron that
is crucial for presynaptic differentiation of the NMJ during embryonic and postnatal
development [2].”

“Skeletal muscle-specific gain- and loss-of-function mouse models for PGC-1a
exhibit altered expression of postsynaptic NMJ genes in muscle in vivo [3].”

“Besides controlling postsynaptic NMJ gene expression, PGC-1a is a key regu-
latory nexus of endurance exercise adaptation in the skeletal muscle.”

“To assess the contribution of skeletal muscle to the plasticity of adult NMJ mor-
phology and function, we now studied the muscle-specific PGC-1a transgenic mice
as a genetic model for endurance exercise.”

“This allows a dissociation of the effects from skeletal muscle and motor neurons
on the NMJ in a mouse model of endurance exercise.”
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Results
“In the transgenic animals, the expression of PGC-1a is driven by the muscle cre-
atine kinase (MCK) promoter.”

“To ensure muscle specificity of expression, we measured PGC-1a expression in
the MCK mice using the WT samples as reference.”

“Important for the present study, neuronal tissue, including spinal cord and brain,
exhibited indistinguishable levels of PGC-1a transcript in WT and MCK animals,
thus confirming the muscle specificity of the transgenic PGC-1a expression in this
mouse line.”

“The functional data obtained by the single motor neuron—muscle fibre-based
electrophysiology strongly implies that the nerve endplates in the MCK animals
with muscle-specific overexpression of PGC-1a not only undergo a post-synaptic
but also a pre-synaptic remodelling.”

“These findings indicate a change in the pre-to-post-synaptic coupling in the
PGC-1a muscle-specific transgenics.”

“It was previously shown that the overexpression of PGC-la in the muscle
increased the frequency of motor neuron expressing the synaptic vesicle protein
SV2A [4]”

Discussion

“In mice with skeletal muscle-specific overexpression of PGC-la, the NMJ is
altered morphologically, structurally and functionally despite unchanged locomo-
tion and hence motor neuron-mediated activation of muscle fibres.”

“Our finding that muscle PGC-1a not only remodels the post-synapse, but also
triggers a significant pre-synaptic adaptation of the NMJ obviously suggest the pro-
duction of a PGC-1la-dependent neurotrophic factor that mediates a local, retro-
grade signal from muscle to the motor neuron.”

“It is conceivable that PGC-1a, a regulatory nexus in metabolic and myofibrillar
endurance exercise adaptation in muscle, also controls activity-dependent remodel-
ing of the NMJ and contributes to the attenuation of the age-related deterioration of
neuromuscular morphology and function by exercise.”

“While the exact mechanism by which skeletal muscle-specific overexpression
of PGC-1a improves muscle fibre integrity and function in mdx animals, the mouse
model for Duchenne muscular dystrophy, PGC-1a-mediated stabilization of the
NMIJ could certainly be a part of this therapeutic effect.”

Methods
“To be able to measure the expression of pre-synaptic markers from the muscle
samples, the synaptic part was stained with Alexa Fluor 488-coupled a-bungarotoxin
and micro-dissected under a binocular microscope.”

“The whole muscles were then incubated overnight at 4 °C with a mixture of
primary antibody and Alexa Fluor 488-coupled a-bungarotoxin (Molecular Probe,
Ref B13422) diluted 1/10,000 in blocking solution.”
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“Synaptic fold lengths and synaptic fold number per NMJ (N=9-16 per mouse)
were averaged per mouse and subsequently between mice at the same genotype
(WT=4, MCK=4 in SCM muscle).”

“NMJ data for cristae and volume density were averaged per mouse and subse-
quently between mice at the same genotype (WT=4, MCK=3 in SCM muscle).”

“EPP and mEPPs were recorded from different NMJs within the muscle as
described previously.”

Myosin VI in Skeletal Muscle: Its Localization in the Sarcoplasmic
Reticulum, Neuromuscular Junction and Muscle Nuclei [5]
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Abstract-Summary “An important role for MVI in striated muscle functioning
was suggested in a report showing that a point mutation (H236R) within the MVI
gene was associated with cardiomyopathy [6].”

“We have addressed MVI function in striated muscle by examining its expres-
sion and distribution in rat hindlimb skeletal muscle.”

“We found that MVI was present predominantly at the muscle fiber periphery,
and it was also localized within muscle nuclei.”

“MVI was detected in the sarcoplasmic reticulum fractions isolated from skeletal
and cardiac muscle.”

“In denervated muscle, the defined MVI distribution pattern was abolished and
accompanied by significant increase in its amount in the muscle fibers.”

“We have identified several novel potential MVI-binding partners, which seem to
aid our observations that in striated muscle MVI could be involved in postsynaptic
trafficking as well as in maintenance of and/or transport within the sarcoplasmic
reticulum and non-sarcomeric cytoskeleton.”
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Introduction

“The first observation on the possible involvement of myosin VI (MVI) in muscle
function was made by Mohiddin and others who showed that in humans a point
mutation within the MVI gene was associated not only with deafness, but also with
mild symptoms of cardiac hypertrophy [6].”

“It has been widely accepted that M VI fulfills its functions through interactions
with actin and a set of its interaction partners bound to the MVI C-terminal globular
tail domain (also termed the cargo domain) in tissue- and cell type-specific manners.”

“A positively charged region of the MVI C-terminal globular tail was found to
bind to PIP,-containing liposomes, which could aid in the partner binding [7].”

“This and other observations described above (including the association of the
MVI gene mutation with hypertrophic cardiomyopathy) further indicate that MVI
could be engaged in striated muscle functioning.”

Materials and Methods

“To obtain the skeletal SR fraction, the white back muscle and the leg muscle (fast
twitch muscle) were isolated from Wistar rats weighing approximately 250 g. To
prepare the cardiac SR fraction, the ventricular tissue was excised from hearts also
isolated from Wistar rats weighing between 250 and 350 g. The fractions after sepa-
ration on 12 % SDS polyacrylamide gel (about 20 pg of protein of each sample was
loaded) were subjected to western blot analysis with anti-M VI and anti-calreticulin
antibodies.”

“Homogenates of control and denervated soleus and EDL muscles (10-20 pg of
protein) or sarcoplasmic reticulum fractions of skeletal and cardiac muscles were
separated using 10 or 12% polyacrylamide SDS gels and then transferred to a nitro-
cellulose membrane.”

Results

“Western blot and RT-PCR techniques were used to detect myosin VI (MVI) in rat
hindlimb muscles (soleus, EDL, and GM) and to assess its expression levels as well
as its isoform pattern.”

“The pattern of distribution of MVI in both EDL and GM muscles was almost
identical to that observed in the soleus muscle.”

“The changes in MVI expression level and its distribution in the denervated and
control hindlimb muscles suggest the presence of innervation-dependent factor(s)
that could determine its synthesis and localization within the muscle fiber.”

“The observation that MVI distribution within the fiber is associated with the
state of muscle innervation prompted us to check whether MVI was present at the
neuromuscular junction.”

“This observation seems to suggest that MVI is rather not involved in neuromus-
cular junction integrity but could be engaged in transport of particles and vesicles at
the muscle side of the junction.”
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Discussion

“MVI was detected in fibers of rat hindlimb muscles, where it localized predomi-
nantly to the sarcoplasmic reticulum (also in cardiac muscle), muscle nuclei and the
postsynaptic region of the neuromuscular junction.”

“Our study indicates that in adult muscles MVI could be involved in neuromus-
cular transmission (probably by transporting particles and vesicles at the fiber side
of the muscle synapse) and not in junction integrity since its postsynaptic presence
was significantly reduced in the ALS rat muscle junction, where its architecture was
still preserved even though neuronal transmission was most probably impaired [8].”

“We have not detected MVI in the nuclei of the Schwann cells adjacent to the
neuromuscular junction thus indicating that its nuclear presence may be specific for
muscle cells.”

Conclusions

“We have addressed, for the first time, the role of MVI in striated muscles by char-
acterization of its expression and splice variant formation in rat hindlimb muscle, its
distribution in both normal and denervated skeletal muscles as well as in ventricular
cardiac muscle, and by identification of proteins binding to the MVI cargo domain
(potential M VI partners) in muscle homogenates.”

“Our observations indicate that in striated muscles MVI could be involved in
intra-fiber trafficking, in the SR and sarcomere maintenance, and possibly in neuro-
muscular signal transmission and in transcription.”

“We believe that this study aids in understanding the role of MVI in striated
muscle, and in explanation of the clinical phenotype associated with a point muta-
tion (H246R) within MVI motor domain manifested not only with deafness (as is
observed for all vertebrate MVI mutations), but also with cardiac hypertrophy [6].”

Low-Intensity Electrical Stimulation Ameliorates Disruption
of Transverse Tubules and Neuromuscular Junctional Architecture
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Abstract-Summary “We determine the effects of direct electrical stimulation
(ES) on the histological profiles in atrophied skeletal muscle fibers after denervation
caused by nerve freezing.”

“Direct ES was performed on the tibialis anterior (TA) muscle after denervation
in 7-week-old rats divided into groups as follows: control (CON), denervation
(DN), or denervation with direct ES (subdivided into a 4 mA (ES4), an 8 mA (ES8),
or a 16 mA stimulus (ES16).”

“These membrane disruptions seemed to be ameliorated by relatively low inten-
sity ES (4 mA and 8 mA), and the area of longitudinally oriented t-tubules and the
number of pentads and heptads decreased significantly (P < 0.01) in ES4 and ES8
compared to the DN.”

“There were no significant differences in the ,,,DHPR and RyR1 mRNA expres-
sion among CON, DN, and all ES groups.”

“After 3 weeks of denervation all nerve terminals had disappeared from the neu-
romuscular junctions (NMJs) in the CON and ES16 groups.”

“The relatively low-intensity ES ameliorates disruption of membrane system
architecture in denervated skeletal muscle fibers, but that it is necessary to select the
optimal stimulus intensities to preserve the structural integrity of denervated muscle
fibers.”

Introduction

“Direct electrical stimulation (ES) using transcutaneous electrodes (i.e., neuromus-
cular ES and functional ES) is a procedure generally used in human physical reha-
bilitation in the denervated muscle to maintain and/or recover mass and force in the
denervated muscle.”

“It has been demonstrated that restoration of normal muscle contractile activity
following direct ES inhibits axonal sprouting in partially denervated rat muscles
(Lgmo and Slater 8; Brown and Holland 9).”

“These results suggest that direct ES does not cause a uniform improvement
effect for each structural and/or functional profile in denervated muscle fibers, and
direct ES may become harmful in some situations.”

“In order to accomplish this purpose, we performed direct ES using three differ-
ent current intensities on denervated rat tibialis anterior (TA) muscles, and we
observed the effects of ES on the recovery process in ultrastructural profiles of
membrane systems involved in e-c coupling and neuromuscular junction (NMJ)
architectures in degenerated skeletal muscle fibers following denervation.”

Materials and Methods
“To quantitatively estimate the mRNA expressions of several target genes, real time
PCR amplification was performed on a Light-Cycler instrument system (Roche,
Tokyo, Japan).”

“In order to visualize the neuromuscular junctions (NMlJs), the fixed TA muscle
was incubated in a cholinesterase staining solution which consisted of 30 ml of
Tris—HCI buffer (100 mM, pH 7.2) containing 0.3 ml of 5’-bromoindoxyl acetate



70 C. Myers

dissolved in absolute ethanol, 50 mg of K;Fe(CN)g, and 63 mg of K ;Fe(CN)4 at
37°C for 10-15 min [10].”

“After careful trimming, small muscle bundles containing cholinesterase-positive
NMIJs were washed several times in the 100 mM sodium cacodylate buffer (pH
7.25), postfixed in 2% OsO, (in 100 mM sodium cacodylate buffer) for 2 h, and
stained en bloc with saturated aqueous uranyl acetate at 60°C for 4 h. Tissues were
dehydrated in graded ethanol and acetone, infiltrated with an Epon-acetone mixture
(1:1) overnight and embedded in Epon.”

Results
“Relative TA muscle weight decreased significantly (P < 0.01) following denerva-
tion, and there were significant (P < 0.05) differences between the CON and DN
groups.”

“Another visible change in the t-tubules in denervated muscle fibers is the appear-
ance of double and triple parallel t-tubule profiles accompanied by junctional SR
cisternae, resulting in the formation of pentads and heptads [11].”

“Although the disposition of t-tubules and triads is dramatically altered follow-
ing denervation and/or direct ES, there were no significant differences in the
«sDHPR and RyR1 mRNA expression among the CON, DN, and ES groups.”

“Synaptic vesicles in the terminal clustered in an active zone lying opposite the
mouth of a junctional fold in the muscle fiber surface, while the mitochondrial clus-
ters were located at the center of the nerve terminal.”

“The basal lamina ensheathed the muscle fiber and Schwann cell, passed through
the synaptic cleft, and extended into secondary junctional folds.”

Discussion

“The expression of IGF-1 mRNA in denervated muscle was increased significantly
following ES at 16 mA. On the other hand, it is well known that IGF-1 has a role in
tissue regeneration after mechanical damage [12].”

“Although IGF-1 mRNA expression is increased depending on stimulation inten-
sity, there is no difference in muscle mass between ES at 8 and 16 mA. Therefore,
the stimulation of denervated muscle at 8 mA was enough to retard progressive
atrophy of muscle, and expression of IGF-1 mRNA after stimulation at 16 mA
increased more than required.”

“High-intensity (16 mA) ES was effective in retarding denervated muscle atro-
phy; however, it may have adverse effects on regeneration of nerve terminals and/or
the membrane systems involved in e-c coupling.”

“Low-intensity (4—8 mA) ES was effective in regenerating membrane systems
involved in e-c coupling and nerve terminals, but ineffective in retarding denervated
muscle atrophy.”
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Abstract-Summary “We hypothesize that CIH-related morphological alterations
in neuromuscular junctions (NMJ) and mitochondrial integrity might be the cause
of functional disorders in skeletal muscles.”

“In WT soleus muscle, CIH vs. NOX reduced NMIJ size (— 37.0%, p < 0.001)
and length (— 25.0%, p < 0.05) together with fiber CSA of type Ila fibers (— 14%, p
< 0.05) and increased centronucleated fiber fraction (p < 0.001).”

“CIH vs. NOX increased the fraction of damaged mitochondria (1.8-fold, p <
0.001).”

“Compared to WT, iNOS~~ similarly decreased NMJ area and length with NOX
(= 55%, p<0.001 and — 33%, p < 0.05, respectively) or with CIH (— 37%, p < 0.05
and — 29%, p < 0.05), however, prompted no fiber atrophy.”
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“Increased fractions of damaged (2.1-fold, p < 0.001) or swollen (> 6-fold, p <
0.001) mitochondria were observed with iNOS~~ vs. WT under NOX and similarly
under CIH.”

“Both, CIH- and iNOS~~ massively upregulated suppressor-of-cytokine-
signaling-3 (SOCS3) > 10-fold without changes in IL6 mRNA expression.”

“None of these morphological alterations with CIH- or iNOS~~ were detected in
the gastrocnemius muscle.”

“INOS expression was undetectable in WT muscle, unlike the liver, where it was
massively decreased with CIH.”

“CIH leads to NMJ and mitochondrial damage associated with fiber atrophy/
centronucleation selectively in slow-twitch muscle of WT.”

“In the absence of muscular iNOS expression in WT, this damage may arise from
extramuscular, e.g., motoneuronal iNOS deficiency (through CIH or knockout)
awaiting functional evaluation.”

Introduction

“Studies in OSA patients as well as in CIH animal models detected an overexpres-
sion of inducible nitric oxide synthase (iNOS) via inflammatory triggers involving
NF-kB activation, especially in neuronal or cardiovascular tissues, e.g., activated
macrophages [14-16].”

“The present study used CIH as compared to normoxic control (NOX) as a model
of OSA in wildtype (WT) mice to investigate the long-term effect of OSA on skel-
etal muscle histomorphological measures of NMJ integrity and fiber size and com-
position as well as on transition electron microscopy (TEM) parameters of
ultrastructural mitochondria integrity.”

“This is the first report on CIH-induced muscle-specific damage to NMJ, fiber
histomorphology, or mitochondrial ultrastructure in WT mice locomotor muscle,
which unexpectedly is not inhibited by iNOS deficiency, but strikingly mimicked
already at NOX.”

Materials and Methods

“Type-specific fiber cross-sectional area (CSA) was determined by manually encir-
cling each cross-section of at least 100 fibers using standard imaging software
ImageJ (Scion Image, National Institutes of Health, Bethesda, USA).”

“Single staining was performed by incubation of polyclonal anti- IL18 (1:100:
Abcam; Cambridge, UK) or monoclonal anti-CD68 primary antibody (1:50; AbD
Serotec, Kidlington, UK) with goat polyclonal HRP-conjugated anti-rabbit (1:200;
LINARIS GmbH, Dossenheim, Germany) or anti-rat (1:100; AbD Serotec,
Kidlington, UK) antibody; endogenous peroxidase activity was suppressed with 3
% H,0, in PBS; afterwards, the sections were incubated with DAB solution (Roche
Diagnostics).”

“In the soleus muscle, we additionally included a fourth staining with anti-CD68
antibody (1:50; AbD Serotec, Kidlington, UK), detected by Alexa Fluor® 647
labeled donkey-anti rat IgG (1:200, MoBiTec GmbH, Géttingen, Germany), to visu-
alize macrophages next to the NMJ.”
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Results

“A significant inverse correlation was found between the fraction of centronucleated
fibers and the CSA of the fiber population in WT undergoing CIH or NOX (r = —
0.417; p=0.043)”

“In both conditions, NOX and CIH, iNOS~'~ compared to WT was without any
significant effect on fiber CSA of the total fiber population or that of fiber type 1,
2a, or 2x.”

“Unlike the soleus muscle, the gastrocnemius muscle in iNOS™~ mice revealed
no significant alterations in postsynaptic NMJ area, and this was also true for both
abovementioned normalization of NMJ area or length for fiber CSA or perimeter,
respectively.”

“In WT mice gastrocnemius muscle, CIH compared to NOX led to a 50%
decrease of IL6 mRNA expression while in iNOS~~ no relevant difference between
CIH and NOX was found.”

“In WT mice, CIH compared to NOX led to an almost 50% decrease in mtSOD
mRNA expression in soleus muscle.”

Discussion

“The similarity between CIH (compared to NOX in WT) and iNOS™~ (compared to
WT in NOX) was limited to NMJ and mitochondrial damage, while decreases in
fiber CSA (including its correlation to NMJ) and centronucleation observed with
CIH vs. NOX in WT were absent in iNOS~~ mice, i.e., they revealed no atrophy
despite signs of denervation.”

“The moderate decrease in mtSOD expression presently observed in soleus mus-
cle with CIH and, to a lesser extent, with iNOS (NOX or CIH) might also play a role
in fiber atrophy and mitochondrial deterioration: Sod1~~ mice, used as a murine
model of neuromuscular impairment in age-related muscle atrophy (sarcopenia),
exhibit reduction in myofiber CSA of type Ila fibers [17, 18].”

“Importantly, INOS™~ at NOX largely mimicked the CIH effects, i.e., NMJ and
mitochondrial damage together with SOCS3 upregulation and mtSOD downregula-
tion and was despite the fact that iNOS mRNA expression in soleus or gastrocne-
mius muscles in WT was neither detectable with NOX nor with CIH exposure.”

Conclusion

“This is the first study to demonstrate that CIH as a model of moderate to severe
OSA triggers NMJ and mitochondrial damage accompanied by fiber atrophy in the
slow-twitch muscle of WT mice, all of which may contribute to reduced exercise
(aerobic) capacity in patients suffering from OSA.”

“We furthermore demonstrate that iNOS deficiency, rather than yielding protec-
tion of skeletal muscle against CIH stress, leads to similar structural impairments of
NMIJ and mitochondria under normoxia and might contribute to the CIH effects in
WT, putatively through compromised innervation.”
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Neuromuscular Electrical Stimulation for Preventing Skeletal-
Muscle Weakness and Wasting in Critically Il Patients:
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Abstract-Summary ‘““The objective of this systematic review was to evaluate the
effectiveness of NMES for preventing skeletal-muscle weakness and wasting in
critically ill patients, in comparison with usual care.”

“We searched PubMed, CENTRAL, CINAHL, Web of Science, and PEDro to
identify randomized controlled trials exploring the effect of NMES in critically ill
patients, which had a well-defined NMES protocol, provided outcomes related to
skeletal-muscle strength and/or mass, and for which full text was available.”

“Two independent reviewers extracted data on muscle-related outcomes (strength
and mass), and participant and intervention characteristics, and assessed the meth-
odological quality of the studies.”

“When means and SDs were provided, the effect sizes of individual outcomes
were calculated, and otherwise, a qualitative analysis was performed.”

“Five studies reported an increase in strength or better preservation of strength
with NMES, with one study having a large effect size.”

“Two studies found better preservation of muscle mass with NMES, with small
to moderate effect sizes, while no significant benefits were found in two other
studies.”

“NMES added to usual care proved to be more effective than usual care alone for
preventing skeletal-muscle weakness in critically ill patients.”
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Background

“A large majority of patients admitted to the intensive care unit (ICU) after the very
acute phase of a critical illness exhibit major defects in skeletal-muscle strength
(weakness) and mass (wasting) [20, 21].”

“ICU-based NMES has recently been introduced for the treatment of ICUAW, as
it does not require active patient cooperation, has an acute beneficial systemic effect
on muscle microcirculation [22], and seems to provide some structural and func-
tional benefits to critically ill patients [23].”

“Owing to the heterogeneity of the critically ill patient group and also of the
NMES procedures implemented in ICUs, the effectiveness of this rehabilitation
procedure for ICUAW prevention remains to be clearly proven [24-26].”

“Given the potential use of NMES among patients with a limited capacity to
engage in voluntary muscle work, assessment of the evidence for the use of NMES
in critically ill patients is urgently needed.”

“We therefore undertook a formal systematic review of the literature to deter-
mine the rehabilitative effect of NMES on skeletal-muscle strength and mass in
critically ill patients, in comparison with standard care.”

Methods

“Both reviewers then read the full text and applied the following inclusion criteria:
RCTs 1) exploring the effect of NMES in critically ill patients; 2) with a well-
defined NMES protocol (that is, the main stimulation parameters were provided) for
at least one intervention group; 3) with NMES applied to skeletal muscles with an
intensity equal to or greater than motor threshold (that is, evoking a visible muscle
contraction); 4) including outcomes related to muscle strength and/or mass; (5) and
whose full text was available.”

“Two of the authors (EK, MR) independently extracted the data from the studies
included in the review.”

“Because data were not normally distributed, the majority of the studies included
in the review reported continuous outcomes using medians with interquartile range
instead of means with standard deviation (SD).”

“When means and SDs at baseline and after the intervention were not provided,
individual effect sizes were not calculated and, instead, a qualitative analysis of the
data was performed.”

Results
“Two studies that investigated the effects of NMES on patients with COPD reported
spirometry and blood gas values as measures of disease severity [27, 28].”

“One study found a significantly larger MRC score increase in the NMES group
compared with the control group, with a large effect size (d = 1.44) [28].”

“Two studies reported greater MRC scores in the NMES group than in the con-
trol group, although baseline measurements were not provided [29, 30].”

“One study, in which quadriceps muscle strength was assessed by dynamometry,
reported a significantly larger strength increase in the NMES group compared with
the control group [27].”
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“In one study, muscle thickness decreased less in the NMES group than in the
control group, and effect sizes (d) ranged from 0.11 to 0.39, depending on the mus-
cle group assessed [23].”

Discussion

“These findings suggest that NMES may have the potential to prevent skeletal-
muscle weakness in critically ill patients, which could confer many important phys-
ical, psychosocial, and economic benefits for these patients after discharge
from ICU.”

“Considering the limited or absent cooperation of patients at admission into the
ICU, and the considerable influence of central factors (including motivation) on
maximal voluntary efforts, it would be preferable if evaluation of muscle function
in these patients relied on artificially-evoked muscle responses [31].”

“Compared with other rehabilitation strategies, the unique aspects of NMES are
that it is relatively cost-effective (one multiple-user NMES unit costs less than
€400), does not require patient cooperation (it can be applied to sedated patients) or
stable cardiac or respiratory function, can be implemented during the first few days
after ICU admission, and provokes considerable central effects, both acute and
chronic, which could also contribute to preventing the occurrence of muscle weak-
ness in critically ill patients [32].”

Conclusions
“This systematic review provides evidence that adding NMES therapy to usual care
is more effective than usual care alone or sham NMES in preventing ICUAW.”
“There is inconclusive evidence about the effectiveness of NMES for the preser-
vation of muscle mass in ICU patients.”
“The effects of NMES we found were probably underestimated because of the
non-stratification of patients according to main diagnosis and disease severity.”
“More studies are needed to explore the long-term effects of NMES therapy dur-
ing ICU stay on physical function and quality of life in ICU survivors, in order to
identify the optimal NMES dosage for ICUAW prevention (both in terms of fre-
quency, intensity and volume), and to describe the feasibility, safety, and cost-
effectiveness of NMES in different subpopulations of critically ill patients.”
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Abstract-Summary “Although various microdevices for the co-culture of skeletal
muscle myotubes and motor neurons have been developed to investigate neuromus-
cular diseases in vitro, it remains difficult to isolate single myotubes and motor
neurons from the device for single-cell analyses, such as gene expression analysis.”

“Given the small chamber width (0.2 mm), the device significantly prevented the
overlap among myotubes within the chamber.”

“The device with the 0.2-mm chamber promoted myotube maturation, as indi-
cated by the longer widths and lengths of the myotubes relative to those in the con-
trol chamber.”

“Single C2C12 myotubes and human induced pluripotent stem cell (hiPSC)-
derived motor neurons were successfully collected from the device with the 0.2-mm
chamber using a micromanipulator equipped with a glass capillary.”

“Myotubes and hiPSC-derived motor neurons were co-cultured in the device
with the 0.2- mm chamber, and the formation of NMJs were observed.”

Introduction
“Conventional methods for inducing the formation of NMJs in vitro include the co-
culture of motor neurons and myotubes in the same dish or plate [34, 35].”

“Recent studies have reported the use of microdevices that can control the posi-
tions of motor neurons and myotubes [36, 37].”

“When the motor neurons are cultured in the chamber, axons but not the cell bod-
ies of the motor neurons, pass through the microgrooves or microtunnels and even-
tually extend to the myotubes in the other chamber to form NM1Js.”

“Collecting single myotubes and motor neurons from the device for single-cell
analyses, such as gene expression analysis, remains difficult because of the follow-
ing: 1) the cell culture chamber of the microdevices are closed with ceilings; or/and
2) the myotubes are aligned randomly and overlap with each other within the
chamber.”

“In the present study, we developed the open-chamber co-culture microdevices
that allows the isolation of individual myotubes and motor neurons for subsequent
single-cell analysis.”

Materials and Methods

“To measure the height of the microtunnels, we vertically cut the PDMS device,
observed the device with microscope, and measured using ImagelJ. The C2C12 cell
line, a skeletal muscle myoblast cell line, were cultured as previously described [38].”
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“After blocking with PBS containing 10% goat serum and 0.01% Triton X-100,
the cells were incubated with the primary antibodies [monoclonal anti-o-actinin
antibodies (Sigma-Aldrich, USA)] at 4 °C overnight.”

“The cells were then washed twice with PBS and incubated with secondary anti-
bodies [CFT™A488A goat anti-mouse IgG (H+L)] for 1 h at room temperature.”

“The cells were incubated with the primary antibodies [monoclonal anti--
tubulin III (TuJ1) antibodies (Sigma-Aldrich)] at 4 °C overnight.”

“The cells were then washed twice with PBS and incubated with secondary anti-
bodies [CF543™ goat antirabbit IgG (H+L) (BIOTIUM)] for 1 h at room
temperature.”

Results and Discussion
“The cell bodies of myotubes and motor neurons were cultured separately in each
chamber.”

“The device was designed to have a chamber with a narrow width, which espe-
cially allows the targeted collection of individual myotubes from the chamber.”

“We examined whether a micromanipulator equipped with a glass capillary can
be used for the collection of individual myotubes and motor neurons cultured in the
open chambers.”

“We failed to collect individual myotubes using the device with the 7-mm-width
chamber because of the high degree of overlap among the myotubes.”

“We developed an open-chamber device for co-culturing skeletal muscle myo-
tubes and motor neurons and successfully induced the formation of NMJs on the
device.”

“Using the device with narrow chambers and chambers without ceilings, we suc-
cessfully cultured mature myotubes and collected individual myotubes and motor
neurons.”

Skeletal Muscle Contractile Function and Neuromuscular
Performance in Zmpste24-'- Mice, a Murine Model of Human
Progeria [39]
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Abstract-Summary ‘“‘Skeletal muscle is detrimentally changed by normal aging
but whether it is an affected tissue in progeria has not been resolved.”

“We hypothesized that mice which mimic Hutchinson—Gilford progeria syn-
drome would exhibit age-related alterations of skeletal muscle.”

“Contractile capacity of the posterior leg muscles were not affected in
Zmpste24~'~ mice, but muscles of the anterior leg were 30-90% weaker than those
of Zmpste24+* mice (p < 0.01).”

“Leg muscles were 32-47% smaller in the Zmpste24~~ mice and contained
~60% greater collagen relative to littermates (p < 0.01).”

“The combined factors of muscle atrophy, collagen accumulation, and perturbed
joint mechanics likely contributed to poor neuromuscular performance and selec-
tive muscle weakness displayed by Zmpste24~/"-mice.”

“These characteristics are similar to those of aged mice indicating accelerated
aging of skeletal muscle in progeria.”

Introduction
“The age-related disease of skeletal muscle is sarcopenia and it has not been catego-
rized as being present or absent in HGPS.”

“Determining whether or not skeletal muscle is an affected tissue in HGPS is
critical based not only on clinical importance but also on the idea that stem cells and
nuclear abnormalities are fundamentally involved in the segmentation of affected
tissues in HGPS.”

“Reasons to support the idea that skeletal muscle might not be affected in HGPS
include the following.”

“These factors are suggestive of skeletal muscle not being an affected tissue
in HGPS.”

“There are also reasons to believe that skeletal muscle could be affected
in HGPS.”

“If satellite cells are affected in HGPS, the proposal of stem cell exhaustion is
relevant to skeletal muscle in this disease as well.”

“These points indicate that skeletal muscle and its major function, contraction
and production of force, could be detrimentally affected in HGPS.”

Materials and Methods
“At 15 or 20 weeks of age, soleus and extensor digitorum longus (EDL) muscles
were dissected and analyzed ex vivo for contractile functions.”

“At 20 weeks of age, immediately following testing of joint mechanics and while
still anesthetized, mice underwent in vivo contractile testing of the left leg [40, 41].”

“A subset of mice at 15 and 20 weeks of age underwent testing of isolated soleus
and EDL muscles [42, 43].”

“Zmpste24** mice at 15 and 20 weeks of age were not significantly different as
determined by Student’s t tests (p > 0.088) on any measured parameter and there-
fore these data were collapsed to represent a single control group.”
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“Data were analyzed by Student’s t test to determine differences between geno-
types for in vivo joint mechanics, and ex vivo contractility measurements, creatine
kinase activity, muscle masses, collagen content, and histological analyses.”

Results

“When torque was normalized to the small posterior muscle masses of the
Zmpste24~'~ mice, strength was not lower than that of Zmpste24** mice (122.7
4.5 vs. 104.3 3.3 kN - mm~' kg~! muscle, respectively; p = 0.091).”

“This difference could not be explained by smaller muscles because torque nor-
malized to the mass of the anterior muscles was still extremely low in the Zmpste24 '~
mice (5.0 £ 1.5 vs. 50.5 = 2.3 kN - mm~' kg~! muscle for Zmpste24** mice; p <
0.001).”

“There was no difference in the ratio of prelamin A to histone H3 between soleus
and EDL muscles of Zmpste24~"~ mice (0.85 = 0.2 vs. 0.91 + 0.1, respectively; p =
0.804).”

“The mean cross-sectional area of all soleus muscle fibers was not different
between Zmpste24~~ and Zmpste24** mice (1,431 = 74 vs. 1,418 = 156 pm?
respectively; p = 0.946).”

Discussion

“Using a variety of tests for assessing the function of skeletal muscle, we show that
Zmpste24~'~ mice have impaired neuromuscular performance and selective muscle
weakness relative to their Zmpste24+* littermates.”

“All skeletal muscles that were assessed for prelamin A showed that the protein
was present in those from Zmpste24~~ mice and not from Zmpste24** mice, but
accumulation of prelamin A was similar between EDL and soleus muscles and,
thus, could not explain why anterior but not posterior leg muscles were weak.”

“Bergo and others described a severe effacement of the anterior tibial tuberosity,
the origin of the tibialis anterior muscle, in Zmpste24~~ mice and suggested that
lower extremity weakness contributed to the bone abnormality (Bergo and oth-
ers 41).”

“The soleus and EDL muscles in which excessive nuclei were found were from
the same Zmpste24~~ mice assessed for contractile function, but because nuclei per
se are not involved in the generation of force it is difficult to speculate how exces-
sive nuclei could directly cause muscle weakness.”

Wnt Signaling in Skeletal Muscle Dynamics: Myogenesis,
Neuromuscular Synapse and Fibrosis [44]
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Abstract-Summary ‘“We summarize compelling evidence on the role of Wnt sig-
naling on several features of skeletal muscle physiology.”

“We briefly review the role of Wnt pathways on the formation of muscle fibers
during prenatal and postnatal myogenesis, highlighting its role on the activation of
stem cells of the adult muscles.”

“Based on previous evidence showing that Wnt pathways are linked to several
diseases, such as Alzheimer’s and cancer, we address recent studies indicating that
Wht signaling plays a key role in skeletal muscle fibrosis, a disease characterized by
an increase in the extracellular matrix components leading to failure in muscle
regeneration, tissue disorganization and loss of muscle activity.”

“As it has emerged in other pathological conditions, we suggests that muscle
fibrosis may be a consequence of alterations of Wnt signaling activity.”

Introduction

“Muscle formation, or myogenesis, is mediated by different signaling pathways
triggered by extracellular cues, which activate the expression of different myogenic
regulator factors (MRFs), such as Myf5, MyoD, and myogenin [45, 46].”

“Signals, studies in prenatal and postnatal muscle development have described
that signaling pathways activated by Wnt ligands modulate the expression of several
MREFs, thus regulating the formation of functional multinucleated myotubes
[47, 48]

“Recent studies suggest that the activation of Wnt signaling promotes muscle
fibrosis [49, 50].”

“The molecular effects of Wnt signaling pathway on the activity of TGF-p and
CTGE, as well as the effect of these interactions on the onset of muscle fibrosis are
not well understood.”

“The aim of this review is to describe the role of the Wnt pathway on skeletal
muscle dynamics including myogenesis, NMJ formation, and muscle fibrosis.”

Wnt Signaling Pathways
“The canonical Wnt pathway begins with the binding of the Wnt ligand to the
widely expressed seven-transmembrane Frizzled (Fzd) receptors, of which ten
members have been described in vertebrates [51].”

“Intracellulary, the canonical Wnt pathway requires the intracellular protein
[B-catenin.”
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“In the absence of Wnt ligands, f-catenin levels remain relatively low by the
action of a so-called “destruction complex” formed by the scaffold protein Axin,
adenomatous polyposis coli (APC) and the enzyme glycogen synthase kinase 3f
(GSK-3 pB), that phosphorylates B-catenin stimulating its destruction by the proteo-
somal pathway [52].”

“In the planar cell polarity pathway (Wnt/PCP), the Wnt—Fzd dependent recruit-
ment of Dvl leads to activation of small GTPases proteins, such as Rho and Rac,
which subsequently activate the c-Jun N-terminal kinase.”

Wnt Signaling in Myogenesis

“In chicken embryos, the somite myogenesis in presegmented paraxial mesoderm
can be stimulated by activators of Shh pathway together with some Wnt ligands,
including Wntl, Wnt3, and Wnt4.”

“At early stages of differentiation, the expression of MyoD is dependent on the
simultaneous activation of the Wnt and Shh pathways; in later stages of develop-
ment, however, Wnt activity alone is able to stimulate the expression of MyoD,
suggesting that Wnt signaling is a key factor for late prenatal differentiation [53].”

“The distribution pattern of Fzd and Wnts ligands in different regions of chick
embryo support a crucial role for Wnt signaling in early myogenesis, by showing a
direct correlation between the expression of some receptors and ligands; however,
there is a clear overlapping expression pattern in an embryonic region that could
activate both canonical and noncanonical Wnts pathways to regulate myogenesis.”

Wnt Signaling in the Function of the Neuromuscular Junction
“The mouse-derived ligands Wnt9a and Wntl1 induce AChR clustering in cultured
myotubes through a mechanism dependent on MuSK and Lrp4 [54].”

“These findings reveal a novel key MuSK-dependent mechanism by which Wnt
ligands induce the aneural clustering of AChRs on newly formed muscle cells.”

“These findings reveal a potential neural-dependent cross-talk of Wnt- and agrin-
mediated pathways to induce postsynaptic differentiation at the vertebrate NMJ.”

“Even though these findings reveal an inhibitory effect for f-catenin on AChR
clustering, the in vivo role of this crucial effector of the Wnt canonical pathway at
the NMJ is rather complex.”

“Even though our current knowledge regarding the potential role of Wnt signal-
ing on presynaptic differentiation of vertebrate motor neurons is virtually null, the
function of diverse Wnt pathways on several steps of presynaptic behavior in central
synapses, from the establishment of neuronal cell polarity to synaptogenesis, has
been well documented.”

Wnt Signaling in Muscle Fibrosis
“Despite the complex mixture of signaling implicated in the onset of skeletal mus-
cle fibrosis until now two key molecules have been described as critical in the devel-
opment of the disease: the TGF-p and the CTGF [55-59].”

“The injection of TGF- in vivo in skeletal muscle stimulates the production of
ECM in the injected area and the overexpression of TGF-f in myoblasts promotes
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the formation of myofibroblast cells, suggesting a critical role of the TGF-f in the
onset of the fibrotic condition in the skeletal muscle [57, 60].”

“Studies in a fibroblast cell line show that the treatment with the Wnt3a ligand,
which signals through the Wnt/B-catenin pathway, increases the expression of
CTGF and TGF- mRNAs, reinforcing the view that these signaling pathways may
cross-talk in the context of fibrosis [61].”

“The Wnt/f-catenin signaling pathway could have a key role in triggering the
activation of TGF-p and CTGF in activated fibroblasts and maybe in other cells of
the fibrotic environment.”

General Conclusions
“The Wnt signaling pathway plays a critical role in several processes including the
development of muscle tissue and the formation of the motoneuron-muscle synapse.”
“In the maturation of the NMJ, the Wnt signaling modulates the localization of
several proteins critical for the patterning of the synapse and for the precise control
of the muscle contraction.”
“In muscle fibrosis, apparently the Wnt signaling plays a critical role, as it is able
to functionally interact with other profibrotic molecules, such as CTGF and TGF-f.”

Differential Effects of Spinal Motor Neuron-Derived and Skeletal
Muscle-Derived Rspo2 on Acetylcholine Receptor Clustering
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Abstract-Summary “SMN-specific Rspo2 mitigated or over-corrected abnormal
features of the NMJs and AChR clusters observed in Rspo2~'~ mice including (i)
abnormal broadening of enlarged AChR clusters, (ii) three of six abnormal ultra-
structural features, and (iii) abnormal expression of nine genes in SMNs and the
diaphragm.”

“Muscle-specific Rspo2 normalized all six abnormal ultrastructural features, but
it had no effect on AChR clustering and NMJ formation at the light microscopy
level or on abnormal gene expression in SMNs and the diaphragm.”

“These results suggest that SMN-derived Rspo2 plays a major role in AChR
clustering and NMJ formation in the postsynaptic region, and muscle-derived Rspo2
also plays a substantial role in juxtaposition of the active zones and synaptic folds.”

Introduction

“Genetic depletion of the embryonic AChR y-subunit in muscle fibers markedly
decreases staining for AChR clusters with progressive accumulation of synaptic
vesicles in the presynaptic terminal, suggesting that embryonic AChR clustering is
required for further pre- and postsynaptic development [63].”

“AChR clustering and formation of the neuromuscular junction (NMJ) are medi-
ated by SMN-derived and muscle-derived molecules.”

“Other SMN-derived molecules driving AChR clustering and NMJ formation
include neuregulin 1 and ACh [64-70].”

“In cultured C2C12 myotubes, Rspo2 induces MuSK phosphorylation and AChR
clustering, which requires Wnt ligands but not agrin.”

“We assumed that SMN-derived Rspo2 was anchored at the NMJ and promoted
ACHR clustering as well as NMJ formation, but Rspo2 is also expressed marginally
in the diaphragm at E18.5 and in adults [71].”

“To dissect the differential roles of SMN-derived Rspo2 and muscle-derived
Rspo2 on AChR clustering and NMJ formation in mouse embryos, we generated
transgenic mice expressing Rspo2 specifically in SMNss or in skeletal muscle on the

—/—

background of Rspo2~'~.

Results
“Transgenic mice carrying MCK-RSPO2 and VAChT-RSPO2 were morphologi-
cally normal, viable, active, and fertile without shortened life spans.”

“Rspo2 was specifically expressed in the skeletal muscle of MCK-RSPO2 mice
and in SMNs of VAChT-RSPO2 mice.”

“We next examined AChR clustering at the NMJs of the left hemi-diaphragms at
low-magnification in wild-type, Rspo2~-, MCK-RSPO2/Rspo2~'-, and VAChT-
RSPO2/Rspo2~~ mice at E18.5.”

“A comparison of Rspo2~~ mice against MCK-RSPO2/Rspo2~~ and VAChT-
RSPO2/Rspo2~~ mice revealed that SMN-derived Rspo2 contributes to branching
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and outgrowth of SMN axons, whereas muscle-derived Rspo2 has no substantial
effect on SMN axons.”

“We next investigated AChR clustering at the NMJs of the right hemi-diaphragms
at high-magnification in wild-type, Rspo2~'~, MCK-RSPO2/Rspo2~'-, and VAChT-
RSPO2/Rspo2~~ mice at E18.5.”

“To differentiate the effects of muscle-derived Rspo2 and SMN-derived Rspo2
on the NMJ, we examined gene expression levels in the diaphragm and spinal cords
of wild-type, Rspo2~~, MCK-RSPO2/Rspo2~-, and VAChT-RSPO2/Rspo2~'~ mice
at E18.5.

Discussion
“In three of the four categories (i, ii, and iv), SMN-derived Rspo2 mitigated aberrant
NM]J features in Rspo2~~ mice more than muscle-derived Rspo2.”

“SMN-derived Rspo2 improved the NMIJ phenotypes more than muscle-
derived Rspo2.”

“Only SMN-derived Rspo2 over-corrected the bandwidth of AChR clusters,
which was determined by branching of motor axons.”

“The reason why only muscle-derived Rspo2, but not SMN-derived Rspo2, nor-
malized three ultrastructural features remains unknown, but muscle-derived and
SMN-derived Rspo2 may have different roles during normal development of
the NMJ.”

“Individual NMJ features that were mitigated by either muscle-derived or SMN-
derived Rspo2 are further addressed in detail.”

“Muscle-derived Rspo2 had no effect on this broadening, but SMN-derived
Rspo2 made the bandwidth of AChR clusters even narrower than that in wild-
type mice.”

“We demonstrate that SMN-derived Rspo2 is required for AChR clustering at the
motor endplate and for the NMJ formation, and muscle-derived Rspo2 also plays a
substantial role in ultrastructural formation of the NMJ.”

Materials and Methods

“For Rspo2 staining, sections were incubated with rabbit polyclonal anti-FLAG
antibody (1:100, PM020, MBL) at 4 °C overnight and were then incubated with
FITC-conjugated goat anti-rabbit IgG secondary antibody (1:100, FI1000, Vector
Laboratories) at 4 °C for 2 h in a humidified chamber.”

“For microscopic examination of the whole-mount diaphragms, embryos were
sacrificed on E18.5, and the diaphragms were dissected and fixed in 2% paraformal-
dehyde (PFA) in 0.1 M phosphate buffer (pH 7.4) at room temperature (26 °C) for
2 h. After the removal of connective tissue, the whole-mount diaphragm was per-
meabilized with 0.5% Triton X-100 in 0.1 M phosphate buffer (pH 7.4) for 10 min
and then incubated in a blocking buffer containing 3% bovine serum albumin (BSA)
and 5% normal goat serum (NGS) at 4 °C overnight.”
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Statistical Analyses
“Data of multiple groups were analyzed by one-way ANOVA and post-hoc Tukey
adjustments using Prism 5.0 (GraphPad) software.”

“P values of 0.05 or less were considered statistically significant.”

Neuromuscular Synaptic Patterning Requires the Function
of Skeletal Muscle Dihydropyridine Receptors [72]

This is a machine-generated summary of:

Chen, Fujun; Liu, Yun; Sugiura, Yoshie; Allen, Paul D; Gregg, Ronald G; Lin,
Weichun: Neuromuscular synaptic patterning requires the function of skeletal mus-
cle dihydropyridine receptors [72]

Published in: Nature Neuroscience (2011)

Link to original: https://doi.org/10.1038/nn.2792

Copyright of the summarized publication:

Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights
Reserved. 2011.

All rights reserved.

If you want to cite the papers, please refer to the original.

For technical reasons we could not place the page where the original quote
is coming from.

Abstract-Summary “Chen and colleagues show that a functional skeletal muscle
dihydropyridine receptor (DHPR) is required for muscle pre-patterning during neu-
romuscular junction development.”

Main

“Imaging in zebrafish embryos demonstrates that AChR clusters not only are pre-
patterned in developing muscles, but also are actively incorporated into newly
formed NMlIs [73, 74].”

“These findings challenge the long-held neurocentric dogma and support the
opposing view that postsynaptic muscle intrinsically defines its central region for
the ingrowing nerves, which subsequently fine-tune the pre-patterned AChRs so
that neuromuscular synapses are generated along a narrow endplate band of the
muscle [75-77].”

“This raises the possibility that muscle electrical activity, contractile activity or
both are involved in pre-patterning the muscle during NMJ development.”

“These defects specifically resulted from the loss of DHPR function in the skel-
etal muscle, as reintroducing Cacnbl into Cacnbl~~ muscles genetically rescued
the muscle pre-patterning defects and restored the normal patterning and formation
of the NMJ.”

“Our findings suggest that a functioning skeletal muscle DHPR is specifically
required for establishing muscle pre-patterning during NMJ formation.”


https://doi.org/10.1038/nn.2792
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Results

“These results indicate that muscle-specific expression of Cacnbl is sufficient to
rescue the patterning defects of the NMJ in Cacnbl~~ mice and that the muscle
DHPR, but not the neuronal DHPR, is required for the establishment of the normal
pattern of the NMJ.”

“Using quantitative real-time RT-PCR, we found that Chrnal expression was
significantly increased in E14.5 Cacnb1~~ muscles compared with wild-type mus-
cles (relative expression levels of Chrnal: wild type, 1.00 = 0.20, n = 8 mice;
Cacnbl~-, 2.82 + 0.25, n = 8 mice; P = 0.007).”

“We therefore measured Musk expression levels in Cacnb1~'~ muscles and found
that Musk expression was significantly increased in E14.5 Cacnb1~~ muscles com-
pared with E14.5 wild-type muscles (relative expression levels of Musk: wild type,
1.00 £ 0.23, n = 8 mice; Cacnbl~~, 2.12 + 0.21, n = 8 mice; P = 0.006).”

Discussion

“In the absence of muscle DHPR function, AChR gene and Musk expression is
upregulated and AChR and MuSK protein is broadly distributed, resulting in pre-
patterning defects.”

“In the absence of Cacnbl, L-type Ca?* currents are absent and this negative
regulation is lost, allowing increased AChR gene and Musk expression and a disrup-
tion of muscle pre-patterning [78, 79].”

“Our data indicate that the underlying mechanism that leads to an increase in
AChR gene and Musk expression in Cacnb1~~ muscles is attributed to the loss of
L-type Ca?* channel activity, as application of L-type Ca?* channel agonist and
antagonists in wild-type muscles led to a substantial decrease and increase of AChR
gene and Musk expression, respectively.”

“These results suggest that the mechanism by which electrical activity sup-
presses AChR gene and Musk expression is that it must activate the muscle DHPRs,
the L-type Ca* channel in skeletal muscles.”

Methods
“Whole mounts of diaphragm and intercostal muscles were fixed in 2% paraformal-
dehyde (wt/vol, PFA) in 0.1 M phosphate buffer (pH 7.3) overnight at 4 °C.”

“For electron microscopy, E18.5 diaphragm and intercostal muscles were immer-
sion-fixed in freshly prepared 1% glutaraldehyde (wt/vol) and 4% PFA in 0.1 M
phosphate buffer (pH 7.4).”

“Ribcages including diaphragm and intercostal muscles were fixed in freshly
prepared 4% PFA in 0.1 M phosphate buffer at 4 °C overnight and then dehydrated
through a series of methanol solutions (25, 50, 75 and 100%).”

“After hybridization, the samples were washed with TBS containing 1%
Tween-20, blocked with 5% goat serum in dilution buffer, and incubated with alka-
line phosphatase—conjugated antibody to digoxigenin (1:1,000, Boehringer
Mannheim) overnight at 4 °C, and hybridization signals were detected in a staining
solution containing 100 mM Tris (pH 9.5), 0.4 mg ml~! nitro blue tetrazolium
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chloride (NBT), 0.19 mg ml~! 5-bromo-4-chloro-3-indolyl phosphate (BCIP), 100
mM NaCl and 50 mM MgCl,.”
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Skeletal Muscle Receptors 4

Christopher Myers

4.1 Introduction by the Editor

This amazing chapter takes a deep dive into the realm of skeletal muscle receptors,
particularly emphasizing the Vitamin D receptor (VDR) and the Ryanodine receptor
(RyR). The crucial roles these receptors play in skeletal muscle physiology have
recently been the subject of numerous studies, and this chapter strives to consolidate
these new insights.

One significant area of focus in this chapter is the role of the VDR, the primary
mediator of the biological effects of Vitamin D in human physiology. The VDR is
highly expressed in skeletal muscles, where it modulates muscle growth and func-
tion. Recent research has explored the intriguing link between VDR, muscle mass,
and fracture risk in patients. Studies have demonstrated that serum vitamin D levels
correlate with muscle mass and strength, and deficiencies in vitamin D or mutations
in the VDR gene can lead to muscle weakness and an increased risk of fractures,
especially in the distal forearm.

An integral part of this discussion is the role of VDR agonists in promoting
muscle health and potentially reducing the risk of fractures. We’ll explore the latest
studies on how these VDR activators might enhance muscle mass and function,
especially in patients with Vitamin D deficiency.

The chapter also highlights the RyR, a calcium release channel on the sarcoplas-
mic reticulum of skeletal muscle. Changes in RyR function have been linked to
muscle fatigue, and recent findings suggest that RyR dysfunction may contribute to
muscle disorders. This chapter looks at new research on the SPRY domains and
their responsibility to RYR development. This discussion provides a new dimension
to understanding intracellular calcium dynamics and muscle contraction. In
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conjunction with exploring individual receptors, the chapter investigates the com-
plex interplay between these receptors, particularly the VDR and RyR, in muscle
physiology. Emerging research suggests a nuanced crosstalk between these recep-
tors, potentially affecting muscle health and disease.

In summary, this chapter explores the novel research shedding light on the roles
of the VDR and RyR in skeletal muscle and other crucial skeletal muscle receptors.
Through this exploration, the chapter highlights the significance of these receptors
in muscle function, the potential impact of their dysregulation on patient health, and
the prospective therapeutic possibilities presented by receptor agonists. The excit-
ing discoveries in this field are redefining our understanding of skeletal muscle and
opening new avenues for maintaining muscle health and treating muscle disorders.

In the dynamic realm of skeletal muscle physiology, the neuromuscular junction
(NMJ) emerges as a focal point of interaction between neural impulses and muscu-
lar responses, orchestrating the delicate ballet of muscle contraction and relaxation.
Anchoring this intricate dance are the molecular maestros: p-arrestin 1, the CB1
cannabinoid receptor, p43—a truncated thyroid hormone receptor a, and the Vitamin
D Receptor (VDR), each playing a pivotal role in modulating skeletal muscle hyper-
trophy, contractility, lipid composition, metabolism, and autophagy.

B-arrestin 1, a multifunctional adaptor protein, is essential in regulating
[2-adrenergic receptor-mediated skeletal muscle growth and contractility. Activating
the p2-adrenergic receptor through clenbuterol administration highlights p-arrestin
1’s pivotal role as a critical mediator in this process, introducing a new dimension to
anabolic skeletal muscle growth. New research highlighted in this chapter demon-
strates this signaling pathway bolsters the contractile force within the extensor digi-
torum longus muscle and fine-tunes calcium signaling within isolated flexor
digitorum brevis fibers. Such modulation could emphasize the critical function of
B-arrestin 1 in steering these physiological outcomes. Researchers have identified
that clenbuterol’s interaction with the 2-adrenergic receptor sets off a series of
biochemical events leading to enhanced muscle performance. -arrestin 1 emerges
as a crucial intermediary in this signaling cascade, orchestrating the response to
clenbuterol stimulation. This interaction between clenbuterol and the 2-adrenergic
receptor, facilitated by p-arrestin 1, signifies a groundbreaking advancement in our
understanding of muscle physiology. The increased contractility observed in the
extensor digitorum longus muscle post-clenbuterol administration underscores the
adaptability and responsiveness of skeletal muscle to p-arrestin one mediated
signaling.

Furthermore, the research highlighted in this chapter suggests the adjustments in
calcium signaling within the flexor digitorum brevis fibers illustrate the intricate
regulatory mechanisms at play. This discovery of B-arrestin 1’s involvement offers
new insights into muscle growth and functionality. Consequently, B-arrestin 1’s role
in these processes illuminates potential therapeutic targets for enhancing muscle
strength and addressing muscular disorders. The understanding of f-arrestin 1’s
roles is rudimentary at best. More research is needed to understand the underlying
mechanisms at play.
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The CB1 cannabinoid receptor, traditionally recognized for its roles in neural
tissues, extends its influence on the regulation of autophagy in skeletal muscle. The
manipulation of this receptor in the tibialis anterior skeletal muscle of mice delin-
eates a complex interplay between cannabinoid signaling and insulin pathways,
mainly through the AKT-GSK axis. The conclusions from this research suggest this
crosstalk highlights the receptor’s role in maintaining muscle homeostasis and pres-
ents a novel target for modulating muscle metabolism in conditions such as obesity
and diabetes mellitus.

P43, a truncated variant of the thyroid hormone receptor «, intricately weaves its
effects on the lipid composition and metabolism within skeletal muscle fibers. The
expression of p43 in muscle tissue significantly impacts the muscle’s lipid profile,
affecting triglyceride levels, monounsaturated fatty acids synthesis, and the unsatu-
ration index of fatty acids. The animal model research highlighted in this chapter
highlights this modulation of lipid metabolism by p43, emphasizing its potential in
regulating muscle energy utilization and oxidative capacity, which could be pivotal
for muscle endurance and performance in humans.

The expression of the VDR in skeletal muscle establishes itself as a pivotal factor
in determining muscle mass and its functional capabilities. This aspect is especially
evident in conditions such as sarcopenia and muscle repair after an injury. The com-
plex interplay between vitamin D signaling and the expression of VDR within mus-
cle cells profoundly influences the size of muscle fibers. Additionally, VDR affects
the transcriptional regulation of vital myogenic and metabolic genes essential for
muscle growth and maintenance. Researchers have noted a distinct variation in
VDR expression when comparing sarcopenic individuals to their non-sarcopenic
counterparts, as noted in this chapter. This variation directly correlates with differ-
ences in muscle cross-sectional area and the expression of metabolic genes, high-
lighting the significant role of vitamin D and its receptor in both muscle health and
disease. The differential expression of VDR underscores the hormone’s critical
involvement in muscle physiology, offering insights into potential therapeutic tar-
gets for sarcopenia and muscle recovery strategies.

Furthermore, the relationship between VDR expression and muscle fiber size
suggests a link between vitamin D pathways and muscle structural integrity. In sar-
copenic patients, research demonstrated the reduced expression of VDR points to a
possible disruption in vitamin D-mediated muscle maintenance mechanisms.
Conversely, higher levels of VDR expression indicate an optimal functioning of
vitamin D signaling pathways essential for muscle preservation in individuals with-
out sarcopenia. This discovery opens new avenues for exploring vitamin D’s thera-
peutic potential in mitigating muscle loss and promoting muscle repair. Therefore,
VDR’s role in skeletal muscle represents a critical nexus in understanding and
addressing muscle-related conditions, emphasizing the importance of maintaining a
balanced vitamin D signaling system for muscle health.

These molecular players—f-arrestin 1, the CB1 receptor, p43, and VDR—form
a complex network that governs the multifaceted aspects of skeletal muscle func-
tion. From hypertrophy and contractility to lipid metabolism, autophagy, and the
hormonal regulation of muscle mass, elucidating these pathways offers profound
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insights into muscle biology. Moreover, the therapeutic potential of targeting these
molecules opens new avenues for treating muscle-related diseases, offering hope for
interventions that could enhance muscle performance, combat sarcopenia, and facil-
itate recovery from musculoskeletal injuries. Exploring these molecular dimensions
enriches our understanding of muscle physiology and underscores the potential for
innovative strategies to optimize muscle health and function.
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Abstract-Summary “An important action of $,AR stimulation on skeletal muscle
is anabolic growth, which has led to the use of agonists such as clenbuterol by ath-
letes to enhance muscle performance.”

“While previous work has demonstrated that §,ARs can engage distinct signal-
ing and functional cascades mediated by either G proteins or the multifunctional
adaptor protein, -arrestin, the precise role of f-arrestin in skeletal muscle physiol-
ogy is not known.”

“We tested the hypothesis that agonist activation of the B,AR by clenbuterol
would engage p-arrestin as a key transducer of anabolic skeletal muscle growth.”

“The contractile force of isolated extensor digitorum longus muscle (EDL) and
calcium signaling in isolated flexor digitorum brevis (FDB) fibers were examined
from the wild-type (WT) and f-arrestin 1 knockout mice (Barr1KO) followed by
chronic administration of clenbuterol (1 mg/kg/d).”

“We performed a targeted phosphoproteomic analysis on clenbuterol stimulated
primary cultured myoblasts from WT and Parr]1 KO mice.”

“Chronic administration of clenbuterol to WT mice enhanced the contractile
force of EDL muscle and calcium signaling in isolated FDB fibers.”

“While clenbuterol-induced hypertrophic responses were observed in WT mice,
this response was abrogated in mice lacking p-arrestin 1.”

“We have identified a previously unappreciated role for f-arrestin 1 in mediating
B,AR-stimulated skeletal muscle growth and strength.”

Backgrounds
“B-adrenergic receptors (BARs) play important roles in cardiovascular, pulmonary,
and skeletal muscle physiology [2, 3].”

“The hypertrophic effect of f,AR-mediated signaling in skeletal muscle is asso-
ciated with enhanced gene transcription and protein translation that lead to increased
expression of skeletal muscle contractile proteins and decreased myofibrillar prote-
olysis [4].”

“Based on the regulatory roles of f-arrestins in GPCR signaling, we hypothe-
sized that the enhancement of skeletal muscle function by ,AR stimulation might
be mediated by p-arrestin 1, which is the dominant p-arrestin isoform in skeletal
muscle.”

“We investigated the contractile properties of skeletal muscle fibers after chronic
administration of the selective f,AR agonist clenbuterol in wild-type (WT) and
fB-arrestin 1 knockout (Barrl KO) mice.”

“By assessing skeletal muscle fiber size, muscle composition, and contractile
properties, we identified a fundamental role for p-arrestin 1 in ,AR-mediated
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skeletal muscle hypertrophy and further elucidated the molecular mechanism for
the action of clenbuterol in isolated myoblasts.”

Methods
“ES cell targeting and generation of chimeric mice with arrb1 loxP allele were per-
formed by the Duke Transgenic Mouse Facility.”

“Positive ES clones were injected into mouse blastocysts to produce chimeric
mice, which were then crossed with C57B1/6] mice (The Jackson Laboratory, Bar
Harbor, ME, USA) to allow germline transmission and produce heterozygote mice
harboring arrb1 loxP/FRT-Neo-FRT allele.”

“Excision of the FRT-Neo-FRT cassette done by crossing the heterozygote mice
with a transgenic mouse expressing FLPe recombinase (B6SJLTg (ACTFLPe)
9205Dym/J; The Jackson Laboratory, Bar Harbor, ME, USA) led to the establish-
ment of heterozygote mice harboring arrb1-loxP allele (arrblwt/flox).”

“The stimulus-response curve was generated by applying such stimuli at a range
of stimulus durations (100 ms to 5 s), with a single test stimulus applied every 50 s.
Curves were compared using a two-way repeated measures ANOVA with Sidak’s
multiple comparison test.”

Results

“These data indicate that f-arrestin 1 is essential in mediating the 3,AR-stimulated
enhancement in contractile properties of skeletal muscle as assessed by twitch, teta-
nus, force-frequency, and fatigue parameters.”

“Due to these distinct characteristics, we examined the role of B-arrestin 1 in the
B,AR-mediated hypertrophic response of these three muscles after chronic adminis-
tration of clenbuterol (1 mg/kg/day) or vehicle for 4 weeks.”

“We observed similar clenbuterol-induced percentage increases in IIb fibers in
all tissue types in the farr1 KO mice as well suggesting B-arrestin 1 does not play a
significant role in clenbuterol-mediated increases in IIb muscle fibers.”

“These data show that p-arrestin 1 differentially modulates muscle cell growth in
response to f,AR stimulation with little effect on fiber type remodeling as assessed
by fiber composition.”

“To address the potential cellular mechanisms for p-arrestin 1-mediated signal-
ing in skeletal muscle, we performed a targeted phosphoproteomic analysis on clen-
buterol stimulated primary cultured myoblasts from WT and Parr1 KO mice.”

Discussion

“The increase in skeletal muscle fiber size with chronic clenbuterol-induced ,AR
stimulation was f-arrestin 1-dependent indicating that p-arrestin 1 is a critical sig-
naling molecule regulating skeletal muscle growth and function downstream of
the B,AR.”

“Our findings support the concept that enhancing B-arrestin 1-dependent, $,AR-
mediated signaling pathways may be useful in stimulating muscle growth in condi-
tions of muscle wasting including the elderly and patients suffering from chronic
illness such as cancer or heart failure.”
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“Our data show that clenbuterol stimulated Ca?* transients from parr1 KO fibers
were markedly blunted indicating a dependence on f-arrestin 1 signaling for excita-
tion-contraction (EC) coupling in skeletal muscle.”

“Since the roles of B-arrestin 1 in regulating B,AR signaling differ among patho-
logical conditions, a better understanding of the mechanisms by which ,AR activa-
tion leads to enhanced muscle performance may provide a platform to discover
drugs that selectively activate B-arrestin 1 signaling as therapeutic candidates for
pathological conditions associated with skeletal muscle wasting.”

Conclusions
“We have identified a previously unappreciated role for p-arrestin 1 in mediating
B,AR-stimulated skeletal muscle growth and strength.”

“We propose these findings could have important implications in the design of
future pharmacologic agents aimed at reversing pathological conditions associated
with skeletal muscle wasting.”
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Abstract-Summary ‘“We recently identified the second of three SPRY domains in
the skeletal muscle ryanodine receptor type 1 (RyR1) as a potential binding partner
in the RyR1 ion channel for the recombinant II-IIT loop of the skeletal muscle dihy-
dropyridine receptor, for a scorpion toxin, Imperatoxin A and for an interdomain
interaction within RyR1.”

“We review the general characteristics of a range of SPRY domains and discuss
evidence that the SPRY2 domain in RyR1 supports interactions with binding part-
ners that contain a structural surface of aligned basic residues.”
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Introduction

“The membrane spanning alg subunit of the DHPR is a voltage sensor, and it is
thought to communicate the action potential to the RyR via a conformational cou-
pling process between the intracellular II-III loop of the DHPR and RyR1.”

“Despite extensive searches the specific binding residues on the RyR for the
essential C region of the II-IIT loop have not been located.”

“The SPRY domains that are highly conserved across RyR isoforms had not
been assigned any specific function until we found that the second of the three
SPRY domains (SPRY?2) is an in vitro binding partner for the II-III loop from alg
subunit of the skeletal muscle dihydropryidine receptor (DHPR).”

“We found that the recombinant SPRY?2 domain binds to the DHPR II-III loop
through its N-terminal A region.”

“We review the structure and function of SPRY domains in general and consider
their function in RyR channels.”

SPRY and B30.2 Domains
“The B30.2 domain contains a SPRY subdomain structure.”

“The B30.2 domain consists of PRY and SPRY subdomains.”

“B30.2 domains are ~170 residues long while SPRY2 domains contain ~100
residues.”

“To the preferred C-terminal location of the B30.2 domain, SPRY domains have
no positional preference and are found at both the N- and C-termini of the proteins
as well as in central locations [6-9].”

“The similarities in the primary sequence of SPRY and B30.2 domains led to the
proposal that they share a common evolutionary relationship.”

“SPRY domains are highly conserved across all taxa whereas the B30.2 domains
have so far only been discovered in vertebrate species with an adaptive immune
system.”

“SPRY domains are more ancient than B30.2 domains which evolved recently
and incorporated the PRY domain into the N-terminal end of the SPRY domain.”

Disease-Causing Point Mutations in the SPRY Domain
“The functional importance of SPRY domains is indicated by diseases caused by
point mutations in their sequences.”

“Most of the mutations are located in the SPRY domain and are thought to alter
pyrin protein function.”

“The Opitz syndrome (OS) is the result of mutations in the MID1 gene, which
encodes a 72-kDa MID1 protein with several conserved functional domains.”

“Mutations causing OS are located in the C-terminal SPRY domain of the MID1
protein [10-12].”

“It is proposed that the OS mutations dissociate the MIDI protein from the
microtubule complex and remove its regulatory role on ventral midline develop-
ment [13-16].”
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The Structure of the B30.2/SPRY Domain
“The differences between the unstructured regions endow unique properties on
SPRY domains in different SPRY proteins which allow interactions with specific
protein binding partners.”

“The structures of the B30.2/SPRY domain from two members of the SSB pro-
tein family and TRIM21 are described below.”

“The SSB-2 SPRY domain has been suggested to interact directly with c-MET,
which has diverse biological roles.”

“Four members of the SOCS box (SSB) protein family (SSB-1 to -4) contain a
central conserved SPRY domain and a C-terminal SOCS box motif.”

“The SSB-2 SPRY domain is thought to interact directly with c-MET, which has
diverse biological roles.”

“GUSTAVUS also belongs to the family of SPRY domain-containing SOCS box
proteins [17-19], and is the only SSB protein found in D. melanogaster [20].”

“Several studies suggest that SPRY domains function as protein-interaction
modules.”

“The B30.2/SPRY domain of all SSB proteins interacts with c-Met, a hepatocyte
growth factor receptor [9].”

The SPRY Domain of the Skeletal RyR1

“Both RyR1 fragments contain the second repeat of the RyR1 SPRY domain
(SPRY?2) in residues Ser'%-Val'2%; thus it is possible that the II-III loop interacts
with RyR1 via this domain.”

“Our preliminary data suggests that the ASI region and the A region of the II-III
loop bind to the same acidic residues in the SPRY?2 domain (Tae and others, unpub-
lished observations).”

“Other preliminary data show that mutation of the residues in SPRY?2 that bind
to peptide A and the ASI region does not alter EC coupling in RyR1-null myotubes
expressing the RyR1 with mutations in key acidic residues the SPRY2 domain (Wei
and others, unpublished observations).”

“The lack of an effect of mutation of these residues on EC coupling suggests that
if II-1II loop and the ASI region do bind to the SPRY2 domain in vivo, this binding
is not involved in the role of the two domains in EC coupling.”

Conclusion
“The critical interaction interface of the SPRY domain is usually located on an
unstructured peripheral loop.”

“Our homology model of the SPRY2 domain in RyR1 predicts a high p-sheet
content and the presence of a distinct acidic loop that is likely to be involved in its
interaction with basic residues in other protein domains.”

“This indicates that interactions involving the RyR1 SPRY2 domain are depen-
dent on the charge and the alignment of positive residues in its binding partners.”

“These findings provide evidence that SPRY2 domain functions as a protein-
interaction module in the RyR and suggest a general role for SPRY domains in
maintaining RyR dependent Ca** signalling.”
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The CB1 Cannabinoid Receptor Regulates Autophagy
in the Tibialis Anterior Skeletal Muscle in Mice [21]

This is a machine-generated summary of:

Sepulveda, Carlos; Rodriguez, Juan Manuel; Monsalves-Alvarez, Matias;
Donoso-Barraza, Camila; Pino-de la Fuente, Francisco; Matias, Isabelle; Leste-
Lasserre, Thierry; Zizzari, Philippe; Morselli, Eugenia; Cota, Daniela; Llanos,
Miguel; Troncoso, Rodrigo: The CB1 cannabinoid receptor regulates autophagy in
the tibialis anterior skeletal muscle in mice [21]

Published in: Biological Research (2023)

Link to original: https://doi.org/10.1186/s40659-023-00426-5

Copyright of the summarized publication:

The Author(s) 2023

License: OpenAccess CC BY + CCO0 4.0.

This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s)
and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/ . The Creative Commons Public Domain Dedication waiver (http://
creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in
this article, unless otherwise stated in a credit line to the data.

If you want to cite the papers, please refer to the original.

For technical reasons we could not place the page where the original quote
is coming from.

Abstract-Summary ‘“That the CB1 regulates signaling pathways that control
autophagy, however, it is currently unknown whether the ECS could regulate
autophagy in the skeletal muscle of obese mice.”

“This study aimed to investigate the role of the CB1 in regulating autophagy in
skeletal muscle.”

“We found concomitant deregulation in the ECS and autophagy markers in high-
fat diet-induced obesity.”

“In obese CB1-KO mice, the autophagy-associated protein LC3 II does not accu-
mulate when mTOR and AMPK phosphorylation levels do not change.”

“Our results suggest that the CB1 regulates autophagy in the tibialis anterior
skeletal muscle in both lean and obese mice.”
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Background

“Treatment with a CB1 agonist increases de novo fatty acid synthesis in the liver or
isolated hepatocytes, thus contributing to diet-induced obesity and strongly suggest-
ing a role in the progress of obesity and its comorbidities [22].”

“Although it is known that the CB1 participates in autophagy regulation in neu-
rons, it is unclear if the CB1 can modulate autophagy by canonical pathways in vivo
in the tibialis anterior muscle [23, 24].”

“Many studies have investigated the role of the ECS in regulating energy balance
and metabolism in the nervous system and peripheral organs, however, very few
have examined the physiological role in skeletal muscle and, specially, the control
of relevant biological processes, such as autophagy [25-27].”

“This study aims to investigate the role of the CB1 in regulating autophagy in the
tibialis anterior muscle.”

“We show evidence that the CB1 regulates basal autophagy in the tibialis ante-
rior muscle in normal and diet-induced obese mice.”

Results
“To evaluate the effect of diet-induced obesity on autophagy markers, we then mea-
sured the protein levels of LC3 and p62/Sqstm1 (markers) in TA muscle.”

“These results suggest that diet-induced obesity increases ECS activity and LC3
II protein levels.”

“Since we observed concomitant deregulation in the ECS and basal autophagy
markers, we wanted to determine if the deletion of the CB1 prevented LC3 II accu-
mulation induced by a HFD in the TA.”

“To investigate whether CB1 knockout prevented LC3 II accumulation induced
by a high-fat diet, we determined autophagy-related proteins levels.”

“Regarding LC3 proteins, JD-5037 produced an effect (p = 0.0002), suggesting
that pharmacological blockade of CB1 prevents chloroquine-induced changes in
autophagic flux.”

“These results suggest that while genetic deletion of CB1 does not regulate
autophagic flux, acute pharmacological inhibition of the CB1 with JD-5037
decreases LC3 II protein accumulation and autophagic flux.”

Discussion

“We observed that the deletion of the CB1 in mice fed with a HFD prevented LC3
IT accumulation, supporting the role of CB1 in favoring the increase of LC3 II
observed in HFD.”

“While genetic deletion of CB1 regulated autophagy, acute pharmacological
inhibition of the CB1 with JD-5037 decreased LC3 II protein accumulation and
autophagic flux.”

“In agreement, Li and others showed that a HFD inhibits the production of
autophagic lysosomal expression of autophagy-related genes (LC3 II, Becnl, and
ATGS) and increases the accumulation of p62/Sqstm1 in the gastrocnemius mus-
cle [28].”

“Mice treated only with a CB1 antagonist, JD-5037, reduced LC3 Il basal levels.”
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“Our data suggest that CB1-KO prevents LC3 II accumulation, indicating resto-
ration of the autophagy in mice fed a HFD.”

“They performed an autophagic flux assay in human embryonic kidney cells,
showing LC3 II accumulation, suggesting a possible role of the CB1 in autophagy
regulation.”

Conclusions
“Our results also indicate a regulatory role of the CB1 on fast muscle, such as the
tibialis anterior in mice, reducing LC3 II accumulation induced by a HFD.”

“Acute pharmacological inhibition of the CB1 reduces LC3 II accumulation
induced by chloroquine, suggesting a reduction of autophagic flux.”

“CB1 regulates autophagy in the tibialis anterior muscle in mice.”

Methods

“Mice were fed with a control diet (CD, n = 6) containing 70% carbohydrates, 10%
fat, and 20% protein in terms of kcals (Research Diet Inc. D12450J, New Brunswick,
NJ, USA) and a high-fat diet (HFD, n = 6) containing 60% fat (90% lard, 10% soy-
bean oil), 20% carbohydrates and 20% protein in terms of kcal (D12492, Research
Diets, New Brunswick, NJ, USA).”

“For the second experiment, male C57BL/6 CB1** (WT) and CB17~ (CB1-KO)
littermate mice were maintained under standard conditions (food and tap water ad
libitum; 12 h—12 h light-dark cycle).”

“Glycemia was measured in mice fasting for 6 h. Finally, the mice were sacri-
ficed the next day after measuring the glycemia, and the TA was collected and fro-
zen (—80 °C).”

“Mice were kept in fasting condition for 24 h. 4 h before sacrifice, mice were
injected with 100 mg kg body weight of chloroquine or PBS.”

A longitudinal Histologic Evaluation of Vitamin D Receptor
Expression in the Skeletal Muscles of Patients with a Distal Radius
Fracture [29]
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Abstract-Summary ‘“We investigated the effect of vitamin D supplementation on
the expression of muscle vitamin D receptor (VDR) and cross-sectional area (CSA)
in patients with a distal radius fracture (DRF).”

“Significant increases in VDR expression and CSA were observed, especially in
vitamin D-deficient patients.”

“Vitamin D supplementation is known to enhance muscle mass and function, but
whether the VDR is essential in this process remains unknown.”

“We evaluated the change in VDR expression and CSA in the forearm muscles
following vitamin D supplementation in patients with a DRF.”

“The median VDR expression increased from 0.72 to 0.78 (P = 0.002), and the
median CSA increased from 1290.0 to 1685.8 pm? (P = 0.022).”

“Significant increases in VDR expression and CSA were observed in vitamin
D-deficient patients [25(OH)D] < 20 ng/mL, but not in vitamin D-non-deficient
patients.”

“Vitamin D supplementation may increase muscle VDR expression and CSA in
patients with a DRF, especially in vitamin D-deficient patients.”

“The increase in CSA without an increase in VDR expression in some patients
indicates that the effect of vitamin D supplementation on muscle mass could be
mediated by indirect effect of serum vitamin D restoration and by VDR.”

Introduction
“VDR regulates the genomic and non-genomic pathways of vitamin D, influencing
the muscle either directly or indirectly [30, 31].”

“Ceglia and others revealed that vitamin D supplementation increased both the
intramyonuclear VDR concentration and muscle fiber size in elderly subjects with
limited mobility and vitamin D deficiency [32].”

“These studies were limited to the vitamin D-deficient status, and the role of
VDR in the increase in muscle mass remained uncertain.”

“The purpose of this study was to evaluate the change in VDR expression and
cross-sectional area (CSA) of the forearm flexor muscles after vitamin D supple-
mentation in patients with a DRF.”

Materials and Methods
“The patients who wanted hardware removal were enrolled in this study because the
study needed follow-up muscle biopsy.”

“Serum 25(OH)D levels were measured in all patients before the first and second
surgeries via Diels—Alder derivatization using ultrahigh-performance liquid chro-
matography—tandem mass spectrometry (Waters Corp, Milford, MA, USA), which
can be the most accurate and precise method.”

“In a little more detail, the day before surgery, serum 25(OH)D laboratory test
was performed together with the preoperative examination for an anesthesia.”



106 C. Myers

“Vitamin D levels were measured again at the time of the second surgery.”

“We compared the pre- and postoperative parameters that included serum vita-
min D levels, VDR expression, muscle CSA, and grip strength using the Wilcoxon
signed-rank tests.”

“The participants were classified according to the serum 250HD level (cutoff
value of 20 ng/mL) , and we compared the vitamin D-deficient and non-deficient
group using the Mann—Whitney U test and Wilcoxon signed-rank tests [33].”

Results
“The median serum vitamin D levels increased from 14.3 ng/mL (IQR, 11.7-25.2)
to 32.1 ng/mL (IQR, 29.1-37.0 ng/mL) (P = 0.001).”

“VDR expression increased from 0.72 (IQR, 0.52-0.81) to 0.78 (IQR, 0.63-0.81);
P=0.002"

“The non-deficient group had a higher baseline VDR expression than the defi-
cient group (P =0.032).”

“In the deficient group, significant increases in VDR expression and muscle CSA
were observed (P = 0.005 and P = 0.023, respectively).”

“VDR expression and CSA moved in the same direction in 13 patients, in which
both increased in 11 patients and decreased in 2.”

“The changes in VDR expression and CSA moved in opposite directions in the
remaining five patients.”

Discussion
“We evaluated the changes in VDR expression and CSA of the forearm flexor mus-
cles after vitamin D supplementation in patients with a DRE.”

“We found that vitamin D supplementation has a significant positive effect on the
forearm muscle VDR expression and CSA, especially in vitamin D-deficient
patients.”

“Both the VDR expression and CSA significantly increased with vitamin D sup-
plementation in patients with a DRE.”

“The increases in VDR expression and muscle CSA were significant in vitamin
D-deficient patients, whereas these changes were not significant in vitamin D-non-
deficient patients.”

“Our study suggests that vitamin D supplementation is not effective for increas-
ing the muscle size or VDR expression in vitamin D-non-deficient patients.”

“Vitamin D may have affected the muscles both directly via VDR and indirectly
via other pathways.”

Conclusion

“The vitamin D supplementation may increase the forearm muscle VDR expression

and CSA in patients with a DREF, especially in vitamin D-deficient patients.”
“Although the changes in VDR expression and CSA were in the same direction

in most patients, the directionality was opposite in some patients, suggesting that

the effect of vitamin D supplementation on muscle mass is mediated not only by

VDR but also by an indirect effect of serum vitamin D restoration.”
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Abstract-Summary “Using mouse models overexpressing p43 in skeletal muscle
(p43-Tg) or lacking p43 (p43—/—), we have investigated the lipid composition in
quadriceps muscle and in mitochondria.”

“We reported in the quadriceps muscle of p43—/— mice, a fall in triglycerides, an
inhibition of monounsaturated fatty acids (MUFA) synthesis, an increase in elon-
gase index and an decrease in desaturase index.”

“In the quadriceps muscle of p43-Tg mice, MUFA content was decreased
whereas the unsaturation index was increased.”

“In quadriceps mitochondria of p43-Tg mice, we found an increase of linoleic
acid level and unsaturation index.”

“We showed that cardiolipin content, a key phospholipid for mitochondrial func-
tion, remained unchanged both in quadriceps muscle and in its mitochondria what-
ever the mice genotype.”

“This study shows that muscle lipid content and fatty acid profile are strongly
affected in skeletal muscle by p43 levels.”

Introduction
“Thyroid hormone (TH) is a major regulator of metabolism and mitochondrial func-
tion [35, 36].”

“Hypothyroid state in rat induced a decrease in myocardial CL content associ-
ated with a reduction in cytochrome c oxidase activity [37].”

“Hyperthyroid state in rats increases CL content and cytochrome c oxidase activ-
ity [38].”

“We demonstrated that the specific overexpression of p43 in skeletal muscle
(p43-Tg) increases mitochondrial respiration and induces a shift in the metabolic
and contractile features of muscle fibers toward a slower and more oxidative pheno-
type [39].”
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“P43 depletion in mice (p43—/—) reduces mitochondrial respiratory chain activi-
ties and induces a shift toward a faster and more glycolytic muscle fiber pheno-
type [40].”

“This set of data indicates that p43 regulates the metabolic and contractile fea-
tures of myofibers through the modulation of mitochondrial activity.”

Materials and Methods

“The lipids Folch extracts of whole quadriceps muscle and of quadriceps muscle
mitochondria were applicated on silica gel 60 HPTLC plates (250 pm, 20*10 cm,
Merck, Germany) pretreated with 1.5% w/v boric acid in ethanol (100%), was auto-
matically performed on a 4 mm band width using a CAMAG ATS4 apparatus
(Muttenz, Switzerland) [41].”

“The lipids Folch extracts providing from whole quadriceps muscle and from
quadriceps muscle mitochondria were applicated on silica gel 60 HPTLC plates
(250 pm, 20*10 cm, Merck, Germany) pretreated with 2.3% w/v boric acid in etha-
nol (100%), was automatically performed on a 4 mm band width using a CAMAG
ATS4 apparatus (Muttenz, Switzerland) [42].”

Results
“Of these modifications, the unsaturation index was significantly increased in
p43—/— animals by comparison to WT mice (+10%).”

“The unsaturation index was significantly increased in p43-Tg mice by compari-
son to WT animals (+8%).”

“In mitochondria from p43—/— mice, fatty acid profile was barely modified by
comparison to WT animals.”

“A9-desaturase [16:1n-7/16:0] and elongase indices [18:1n-7/16:1n-7] were
modified (—23% and +24%, respectively) by comparison to WT mice.”

Discussion

“This fall of TG (—62%) observed in the skeletal muscle of p43—/— mice is consis-
tent with our previous results reporting that p43 depletion in mice induces a reduc-
tion in mitochondrial respiratory chain activities and a shift toward a faster and
more glycolytic muscle fiber phenotype [40].”

“In mice lacking p43, the fall in TG, the inhibition of MUFA synthesis, the
increase in elongase index and the decrease in desaturase index observed in the
quadriceps muscle, are fully consistent with our previous works.”

“In mice overexpressing p43 specifically in skeletal muscle, the increase of lin-
oleic acid and unsaturation index found at the mitochondrial level are consistent
with our previous studies demonstrating that p43 overexpressing in mice increase
respiratory chain activities.”
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Abstract-Summary “We evaluated the vitamin D receptor (VDR) expression in
the forearm flexor muscle of women with distal radius fracture.”

“High VDR expression was associated with low appendicular lean mass index.”

“We aimed to evaluate the relationship between the VDR expression in the mus-
cle cell and the muscle mass in women with a distal radius fracture (DRF).”

“The clinical parameters including grip strength, gait speed, body mass index
(BMI), bone mineral density (BMD), and serum vitamin D levels were compared
between patients grouped by appendicular lean mass index and were correlated with
the VDR expression.”

“Patients with a low appendicular lean mass index had significantly lower mus-
cle CSA (p = 0.037), but a higher VDR expression (p = 0.045) than those with
higher indices.”

“VDR expression was negatively correlated with BMI (r = — 0.417, p = 0.004)
and appendicular lean mass index (r = — 0.316, p = 0.044).”

“DRF patients with low appendicular lean mass index presented high VDR
expression and low CSA in forearm muscle cells.”

Introduction
“Muscle mass and strength reductions with decreased physical performance, as well
as the consequent frailty in mature adults, are known by the term “sarcopenia.”.
“Some studies suggest a positive association between serum vitamin D levels
and muscle strength as well as physical performance in older adults [44, 45].”
“That individuals with a low vitamin D status improve in both muscle strength
and performance through vitamin D supplements [46].”
“The relationship between VDR expressions and muscle mass has not been well
studied.”
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“The purpose of this study was to evaluate the relationship between the VDR
expression in the muscle cell and the muscle mass in women with a DRE”

Patients and Methods

“The participants were classified as sarcopenic if they had a low lean mass in addi-
tion to weakness (assessed by the grip strength) or slowness (classified by the gait
speed).”

“Serum 25(OH)D (25-hydroxyvitamin D) levels were assessed in all patients
preoperatively using Diels-Alder derivatization and ultrahigh-performance liquid
chromatography-tandem mass spectrometry (Waters Corp, Milford, MA, USA),
which constitute the gold standard for this measurement.”

“The subjects were divided into two groups by the lean mass index with the cut-
off value of 5.4 kg/m?, following the AWGS definition.”

“Patients with and without low muscle mass were compared regarding age, the
body mass index (BMI), grip strength, gait speed, the SPPB score, serum vitamin D
levels, the VDR expression, muscle CSA, and the femur neck bone mineral density
(BMD), using independent sample t tests.”

“Based on that study, we designed to determine differences of 1 standard devia-
tion in VDR expression between patients with and without low muscle mass index.”

Results
“Twelve patients (26%) of the total sample had an appendicular lean mass index
lower than 5.4 kg/m?”

“Only two out of the 12 patients with low muscle mass had weak grip strength
and were defined as sarcopenic.”

“The gait speed was greater than 0.8 m/s in all studied patients.”

Discussion
“Further studies with older patients are necessary to ascertain clinical relevance of
age on VDR expression with respect to progression of muscle mass decrement.”

“Patients with a low appendicular muscle mass index had a higher VDR expres-
sion than those with a higher index, which was an unexpected finding.”

“Mouse studies reported correlations between both vitamin D signaling and the
VDR expression with grip strength, fiber quality, and myostatin expression which is
an antagonist of myogenesis or muscle fiber development and growth [47-50].”

“One possible explanation could be that patients with a low lean mass may
increase the VDR expression and maximize the use of vitamin D to compensate for
reduced muscle mass.”

“This study of patients with DRF found that those with low appendicular lean
mass had high VDR expression and low CSA in the forearm’s muscle cells.”
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Abstract-Summary ‘“Diabetes mellitus (DM) is a group of metabolic diseases
characterised by hyperglycaemia resulting from defects in insulin secretion, insulin
action, or both.”

“This study aims to find out if there is an association between AR2B and insulin
signalling, especially the metabolic pathways (AKT-GSK).”

“Differentiated L6 cell rat muscle cells were treated with insulin, adenosine ago-
nist NECA, selective AR2B antagonist PSB 603 and combinations between these
reagents, the expression of AKT2, GSK3a, and GSK3p were measured by gPCR
hydrolysis probe technique.”

“Insulin increases AKT2, GSK3a and GSK3p mRNA expression, while AR2B
antagonist inhibits AKT2 GSK3a and GSK3f mRNA expression and combining
AR2B antagonist with insulin diminish insulin action and decrease AKT2 GSK3a
and GSK3p mRNA expression, which means a strong relationship between AR2B
and insulin action.”

Introduction

“Accumulative evidence shows that the adenosine and its receptors play a crucial
role in glucose homoeostasis, insulin resistance and pathophysiology of type 2 dia-
betes mellitus [52, 53].”

“Adenosine modulates a wide array of biological processes on many different
tissues and organ systems, which suggests a potential effect in skeletal muscle
regarding the glucose metabolism.”

“Adenosine A2B receptor signalling pathway is a critical regulatory pathway in
skeletal muscle that may be responsible for the modulation of muscle metabolism in
response to adenosine [54, 55], as adenosine A2B receptor activation accumulated
cAMP level in skeletal muscle cells [56].”

“Adenosine A2B receptors might modulate glucose metabolism in skeletal mus-
cle tissue.”
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“Taken the metabolic functions of skeletal muscle tissue concerning of glucose
metabolism [57], it is essential to evaluate the association between AR2B and insu-
lin signalling particularly the metabolic pathways Protein kinase B (AKT)-
Glycogen synthase kinase 3 (GSK3).”

Materials and Methods
“NECA and PSB 603 were obtained from Tocris Bioscience, UK; Trizol was
brought from Invitrogen, USA.”

“Quanti script reverse transcription kit was brought from Qiagen, USA.”

“Dulbecco’s Modified Eagle’s medium (DMEM) high glucose was from
Healthcare, USA.”

“DMEM low glucose was sourced from Biowest, USA.”

“Rat L6 skeletal muscle cell line was obtained from the American Type Culture
Collection (ATCC CRL-1458, USA).”

“L6 cells were cultured in DMEM with high glucose supplemented with
I-glutamine containing 10% heat-inactivated foetal bovine serum (FBS) and a cock-
tail of 100 pg/ml penicillin—streptomycin.”

“Statistical analyses were performed using an unpaired, two-tailed Student’s t
test with F test to compare variances between two groups, by using the GraphPad
Prism version 7.0 (GraphPad Software, San Diego, CA).”

Results
“To assess whether stimulation of adenosine A2 receptors could modulate AKT2,
GSK3a, and GSK3p mRNA gene expression in rat L6 skeletal muscle cells, the
effects of NECA (a non-selective adenosine receptor agonist) were relatively quan-
tified using qRT-PCR.”
“Starved L6 rat skeletal muscle cells were incubated with NECA (100 nM) for 2
h, and mRNA gene expression of above genes was subsequently quantified.”
“Incubation of one week starved L6 skeletal muscle cells with PSB 603 (10 pM)
inhibits AKT2, GSK3a and GSK3p mRNA gene expression (— 0.28-fold, v0.46-
fold and — 0.57-fold, respectively, F (2,2) = 1.957 P=0.67, F (2,2) =4.884, P =
0.34, F (2, 2) =7.57, P = 0.233, respectively), but these differences did not reach
statistical significance.”

Discussion

“Adenosine analogue modulates metabolic gene expression levels in cultures of rat
skeletal muscle throughout 2 h. This effect is seemingly mediated by A2 receptors
and involves the activation of genes encoding proteins, which have a crucial role in
the regulation of insulin metabolism.”

“It has been reported that the adenosine system modulation, in particular adenos-
ine A2B receptors, regulates the mRNA expression of genes that modulate skeletal
muscle glycolysis, insulin resistance/sensitivity, and glucose oxidation (Haddad 49).”

“Of greater interest, our findings that preexposure of skeletal muscle cells to the
A2B receptor antagonist PSB 603 blocks the insulin-induced GSK3 pathway
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further confirm the role for these receptors in the role in the regulation of glycolysis,
insulin resistance and metabolism.”

Conclusion for Future Biology
“The results of this study indicate a strong relationship between A2B and insulin
action through the metabolic pathways Protein kinase B (AKT)-Glycogen synthase
kinase 3 (GSK).”

“The results may elect the AR2B agonist as a good candidate for development as
an anti-diabetic drug to enhance insulin action.”

“Such new anti-diabetic drug may be used in order to reduce insulin resistance in
diabetic patients.”

“To reach such point, the finding of this study has to be assured first in a diabetic
animal model.”

Altered Gene and Protein Expressions of Vitamin D Receptor
in Skeletal Muscle in Sarcopenic Patients Who Sustained Distal
Radius Fractures [58]

This is a machine-generated summary of:

Roh, Young Hak; Hong, Seok Woo; Chung, Seok Won; Lee, Yong-Soo: Altered
gene and protein expressions of vitamin D receptor in skeletal muscle in sarcopenic
patients who sustained distal radius fractures [58]

Published in: Journal of Bone and Mineral Metabolism (2019)

Link to original: https://doi.org/10.1007/s00774-019-00995-0

Copyright of the summarized publication:

Springer Japan KK, part of Springer Nature 2019

All rights reserved.

If you want to cite the papers, please refer to the original.

For technical reasons we could not place the page where the original quote
is coming from.

Abstract-Summary ‘“The purpose of this study was to compare VDR gene and
protein expression in the forearm muscle between sarcopenic and non-sarcopenic
individuals who have sustained distal radius fractures.”

“Sarcopenic patients showed a significantly lower level of gene expression for
VDR and myogenin, but a greater level of gene expression for myostatin than the
controls according to qRT-PCR analysis.”

“The density of VDR protein expressions was 2.1 times greater, while that of
myostatin was 2.6 times lower, in the control group than in the sarcopenic group
according to Western blot analysis.”

“On immunohistochemical analysis, the density of the cells expressing VDR was
significantly decreased in the sarcopenic patients.”
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“Sarcopenic patients who sustained distal radius fractures presented lower vita-
min D receptor gene and protein expression in skeletal muscles compared to non-
sarcopenic individuals.”

Introduction
“Aging is associated with a progressive decline of muscle mass, muscle quality, and
muscle strength, which is a condition known as sarcopenia [59].”

“Some observational studies have demonstrated an association between vitamin
D level and muscle strength/physical performance in older adults [44, 45].”

“Recent studies show the presence of vitamin D receptor (VDR) in skeletal mus-
cle cells, showing contradictory effects of serum vitamin D on the expression of
intramuscular VDR [60-64].”

“Despite the possible association between VDR expression and muscle mass
change, the change of VDR gene or protein expressions in sarcopenic patients has
not been well studied.”

“The purpose of this study was to compare VDR gene and protein expression in
the muscle between sarcopenic and non-sarcopenic individuals who sustained distal
radius fractures.”

Materials and Methods

“The mRNA expression levels of VDR and some myokine of interest that may be
associated with muscle mass change (myogenin and myostatin) were evaluated
using real-time quantitative reverse transcription PCR (qQRT-PCR) analyses.”

“The tissue samples from the isolated pronator quadratus muscles were immedi-
ately frozen at —80 °C until RNA extraction.”

“The real-time Cycler 480 Multiwell Plate 96 contained 0.5 mM of each primer,
0.25 mM of the probe, 10-mL FastStart Essential DNA Probes Master (Roche
Diagnostics), and 2 mL of DNA template, in a final reaction volume of 20 mL. The
thermal cycling conditions on the Light-Cycler 480 System were as follows: enzyme
activation, 95 °C for 10 min; 45 cycles of amplification, 95 °C for 10 s; and 60 °C
for 30 s. Each quantitative real-time PCR analysis was performed in triplicate for
both target genes and internal control, and the gene expression levels were reported
as the relative ratio to the internal control of the B-actin gene.”

Results
“The mRNA expression levels of VDR were more significantly decreased in the
sarcopenic group than in the control group (2.3-fold, p =.012).”

“The mRNA expression of myogenin was significantly decreased (2.1-fold, p =
.017), but that of myostatin was increased (2.4-fold, p = .010) in the sarcopenic
group compared to the control group.”

“The mean optical density VDR was 2.1 times greater in the control group than
in the sarcopenic group (p = .018).”
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Discussion

“Despite the presence of the vitamin D receptor (VDR) in skeletal muscle cells, the
relationship between VDR expressions and muscle mass or function has not been
well studied.”

“Several previous studies investigating the effect of VDR expression on muscle
mass suggested an incremental effect of VDR on muscle fibers [48, 63].”

“The previous study showing negative association between VDR expression and
muscle mass did not evaluate gene expression for VDR, and it was supposed that
patients with a low lean mass increased the VDR expression and maximized the use
of vitamin D to compensate for reduced muscle mass and strength [65].”

“It can be speculated that a decreased VDR expression in skeletal muscle leads
lower muscle mass and function in this study.”

“Sarcopenic patients had decreased VDR gene and protein expression in their
skeletal muscles.”
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5.1 Introduction by the Editor

The intricate architecture of skeletal muscle, characterized by myriad fibers with
distinct functional and metabolic properties, plays a pivotal role in orchestrating
force generation and endurance capabilities in response to diverse demands. Among
the different fibers, type 1 and type 2 fibers emerge as the protagonists, each
endowed with unique attributes for varying requirements of muscle performance.
Type 1 fibers, often heralded as the marathoners of muscle fibers, exhibit a remark-
able proficiency in sustained aerobic activities, courtesy of their abundant mito-
chondrial content and propensity for oxidative metabolism. Conversely, type 2
fibers, the sprinters of the muscular realm, are tailored for rapid, high-intensity
bursts of activity, relying predominantly on glycolytic pathways for their energetic
needs. This dichotomy in functional specialization is underpinned by a molecular
framework that tailors each fiber type to its specific role. This framework includes
the nuanced expression and regulation of mechanosensors and signaling molecules
pivotal for muscle adaptation and homeostasis.

An essential and well-studied neurosignaling pathway is the nitric oxide (NO)
pathway. NO is primarily produced by neuronal NO synthases (nNOSp) and is piv-
otal for mitochondrial bioenergetics, muscle development, and overall function.
Despite the acknowledged importance, the impact of NO/nNOSp interaction with
mitochondria on muscle function remained uncharted until recent investigations uti-
lizing a mouse model deficient in nNOSp unveiled critical insights. These studies
highlighted in this chapter revealed that nNOSp absence leads to significant altera-
tions in mitochondrial bioenergetics, network remodeling, and a surge in mitochon-
drial unfolded protein response (UPRmt) and autophagy, coupled with compromised
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muscle development during early perinatal growth. Additionally, nNOSp deficiency
manifested in reduced muscle force, diminished resistance to fatigue, and height-
ened muscle damage post-exercise. The findings collectively underscore the neces-
sity of nNOSp/NO in regulating essential homeostatic mechanisms within skeletal
muscle, pointing to mitochondrial bioenergetics and network remodeling, UPRmt,
and autophagy as crucial elements. This line of research suggests that nNOSp-
dependent impairments in muscle fiber growth culminate in a notable deficit in
muscle performance, offering new perspectives on the molecular underpinnings of
muscle function and disease.

Costameres, subcellular structures, are the structural linchpins of this molecular
framework. They are critical mediators of force transduction and mechanical signal-
ing within skeletal muscle fibers. Costameres are nestled beneath the sarcolemma,
forging a mechanical and signaling nexus between the extracellular matrix and the
contractile apparatus of the muscle fiber. Through their interaction with integrins
and other anchoring proteins, new research highlighted in this chapter suggests cos-
tameres bolster the structural integrity of muscle fibers during the rigors of contrac-
tion and initiate a cascade of signaling events that modulate muscle adaptation to
mechanical stresses. The composition and organization of costameres are finely
tuned to the distinctive demands placed on different muscle fiber types, suggesting
a fiber type-specific orchestration of mechanical signaling pathways that govern
muscle adaptation and resilience.

In the face of mechanical loading or unloading, skeletal muscle fibers exhibit
remarkable plasticity, adjusting their structural and metabolic attributes to accom-
modate the altered mechanical environment. The research highlighted in this chap-
ter demonstrates that changes in the expression and activity of essential elements of
the costameric complex partially mediate the adaptive response. These elements
translate mechanical cues into molecular signals that stimulate muscle remodeling.
However, the precise nature, which is still not fully understood, of these adaptive
changes appears to be differentially modulated in type 1 and type 2 fibers, reflecting
their distinct roles and mechanical properties. Mechanical loading, for instance,
enhances the expression of specific costameric proteins and signaling molecules in
type 1 fibers, reinforcing their oxidative capacity and endurance potential. In con-
trast, type 2 fibers may respond to similar stimuli with adaptations that favor rapid
force production and glycolytic metabolism, aligning with their role in high-
intensity, anaerobic activities.

The complex architecture of skeletal muscle, consisting of diverse fibers with
unique functional and metabolic characteristics, is crucial for generating force and
endurance in response to varied demands. Type 1 and type 2 fibers, each with dis-
tinct attributes, play central roles in muscle performance. Type 1 fibers, known for
their endurance capabilities, are rich in mitochondria and favor oxidative metabo-
lism. In contrast, type 2 fibers excel in rapid, high-intensity activities through gly-
colytic pathways. This functional specialization is supported by a molecular
framework that adapts each fiber type to its specific function. It includes the expres-
sion and regulation of mechanosensors and signaling molecules crucial for muscle
adaptation. The neuro signaling NO pathway, produced mainly by nNOS, is vital
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for mitochondrial function, muscle development, and function. Recent studies using
nNOSp-deficient mouse models have shown that the absence of nNOSp affects
mitochondrial bioenergetics and network remodeling, increasing UPRmt and
autophagy, leading to compromised muscle development and function. These find-
ings emphasize the essential role of nNOSu/NO in regulating fundamental mecha-
nisms in skeletal muscle, highlighting the impact on muscle performance.
Costameres, pivotal in this molecular framework, mediate force transduction and
mechanical signaling, adjusting muscle structure and metabolism to mechanical
changes. This adaptive response, evidenced by changes in costameric complex
expressions, underlines the differential modulation in type 1 and type 2 fibers,
showcasing the fiber type-specific orchestration of mechanical signaling pathways
that guide muscle adaptation and resilience.

The intricate architecture of skeletal muscle, characterized by myriad fibers with
distinct functional and metabolic properties, plays a pivotal role in orchestrating
force generation and endurance capabilities in response to diverse demands. Among
the different fibers, type 1 and type 2 fibers emerge as the protagonists, each
endowed with unique attributes for varying requirements of muscle performance.
Type 1 fibers, often heralded as the marathoners of muscle fibers, exhibit a remark-
able proficiency in sustained aerobic activities, courtesy of their abundant mito-
chondrial content and propensity for oxidative metabolism. Conversely, type 2
fibers, the sprinters of the muscular realm, are tailored for rapid, high-intensity
bursts of activity, relying predominantly on glycolytic pathways for their energetic
needs. This dichotomy in functional specialization is underpinned by a molecular
framework that tailors each fiber type to its specific role. This framework includes
the nuanced expression and regulation of mechanosensors and signaling molecules
pivotal for muscle adaptation and homeostasis. One of the first mechanisms explored
in this chapter is the eccentric:concentric strength ratio.

The eccentric: concentric strength ratio of human skeletal muscle, which com-
pares the force produced during muscle lengthening (eccentric) to that during mus-
cle shortening (concentric), is crucial in understanding muscle function and
adaptation across various conditions. This chapter explores a comprehensive meta-
analysis of existing research that reveals that several factors, including sex, age,
joint action, and movement velocity, influence this ratio. Generally, muscles exhibit
greater strength during eccentric contractions compared to concentric ones.
However, this analysis shows that the magnitude of this difference can vary, with
factors such as older age and slower velocities tending to enhance the eccentric:
concentric ratio. Interestingly, sex differences are also evident, with women some-
times showing a smaller disparity between eccentric and concentric strength than
men. However, this can vary based on the specific muscle group and type of joint
action involved. The joint being examined also plays a significant role, with certain
joints demonstrating more pronounced differences in this strength ratio.
Understanding these nuanced influences on the eccentric: concentric strength ratio
is essential for designing more effective training and rehabilitation programs that
cater to the specific needs of individuals based on these variables.
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An essential and well-studied neurosignaling pathway is the nitric oxide (NO)
pathway. NO is primarily produced by neuronal NO synthases (nNOSp) and is piv-
otal for mitochondrial bioenergetics, muscle development, and overall function.
Despite the acknowledged importance, the impact of NO/nNOSyp interaction with
mitochondria on muscle function remained uncharted until recent investigations uti-
lizing a mouse model deficient in nNOSp unveiled critical insights. These studies
highlighted in this chapter revealed that nNOSp absence leads to significant altera-
tions in mitochondrial bioenergetics, network remodeling, and a surge in mitochon-
drial unfolded protein response (UPRmt) and autophagy, coupled with compromised
muscle development during early perinatal growth. Additionally, nNOSp deficiency
manifested in reduced muscle force, diminished resistance to fatigue, and height-
ened muscle damage post-exercise. The findings collectively underscore the neces-
sity of nNOSp/NO in regulating essential homeostatic mechanisms within skeletal
muscle, pointing to mitochondrial bioenergetics and network remodeling, UPRmt,
and autophagy as crucial elements. This line of research suggests that nNOSp-
dependent impairments in muscle fiber growth culminate in a notable deficit in
muscle performance, offering new perspectives on the molecular underpinnings of
muscle function and disease.

Costameres, subcellular structures, are the structural linchpins of this molecular
framework. They are critical mediators of force transduction and mechanical signal-
ing within skeletal muscle fibers. Costameres are nestled beneath the sarcolemma,
forging a mechanical and signaling nexus between the extracellular matrix and the
contractile apparatus of the muscle fiber. Through their interaction with integrins
and other anchoring proteins, new research highlighted in this chapter suggests cos-
tameres bolster the structural integrity of muscle fibers during the rigors of contrac-
tion and initiate a cascade of signaling events that modulate muscle adaptation to
mechanical stresses. The composition and organization of costameres are finely
tuned to the distinctive demands placed on different muscle fiber types, suggesting
a fiber type-specific orchestration of mechanical signaling pathways that govern
muscle adaptation and resilience.

In the face of mechanical loading or unloading, skeletal muscle fibers exhibit
remarkable plasticity, adjusting their structural and metabolic attributes to accom-
modate the altered mechanical environment. The research highlighted in this chap-
ter demonstrates that changes in the expression and activity of essential elements of
the costameric complex partially mediate the adaptive response. These elements
translate mechanical cues into molecular signals that stimulate muscle remodeling.
However, the precise nature, which is still not fully understood, of these adaptive
changes appears to be differentially modulated in type 1 and type 2 fibers, reflecting
their distinct roles and mechanical properties. Mechanical loading, for instance,
enhances the expression of specific costameric proteins and signaling molecules in
type 1 fibers, reinforcing their oxidative capacity and endurance potential. In con-
trast, type 2 fibers may respond to similar stimuli with adaptations that favor rapid
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force production and glycolytic metabolism, aligning with their role in high-
intensity, anaerobic activities.

The complex architecture of skeletal muscle, consisting of diverse fibers with
unique functional and metabolic characteristics, is crucial for generating force and
endurance in response to varied demands. Type 1 and type 2 fibers, each with dis-
tinct attributes, play central roles in muscle performance. Type 1 fibers, known for
their endurance capabilities, are rich in mitochondria and favor oxidative metabo-
lism. In contrast, type 2 fibers excel in rapid, high-intensity activities through gly-
colytic pathways. This functional specialization is supported by a molecular
framework that adapts each fiber type to its specific function. It includes the expres-
sion and regulation of mechanosensors and signaling molecules crucial for muscle
adaptation. The neuro signaling NO pathway, produced mainly by nNOS, is vital
for mitochondrial function, muscle development, and function. Recent studies using
nNOSp-deficient mouse models have shown that the absence of nNOSp affects
mitochondrial bioenergetics and network remodeling, increasing UPRmt and
autophagy, leading to compromised muscle development and function. These find-
ings emphasize the essential role of nNOS/NO in regulating fundamental mecha-
nisms in skeletal muscle, highlighting the impact on muscle performance.
Costameres, pivotal in this molecular framework, mediate force transduction and
mechanical signaling, adjusting muscle structure and metabolism to mechanical
changes. This adaptive response, evidenced by changes in costameric complex
expressions, underlines the differential modulation in type 1 and type 2 fibers,
showcasing the fiber type-specific orchestration of mechanical signaling pathways
that guide muscle adaptation and resilience.
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Abstract-Summary “Nitric oxide (NO), generated in skeletal muscle mostly by
the neuronal NO synthases (nNOSp), has profound effects on both mitochondrial
bioenergetics and muscle development and function.”

“How the effects of NO/nNOSp on mitochondria impact on muscle function,
however, has not been investigated yet.”

“We have examined the relationship between the NO system, mitochondrial
structure/activity and skeletal muscle phenotype/growth/functions using a mouse
model in which nNOSy is absent.”

“We show that nNOSp deficiency in mouse skeletal muscle leads to altered mito-
chondrial bioenergetics and network remodelling, and increased mitochondrial
unfolded protein response (UPR™) and autophagy.”

“The absence of nNOSp is also accompanied by an altered mitochondrial homeo-
stasis in myogenic precursor cells with a decrease in the number of myonuclei per
fibre and impaired muscle development at early stages of perinatal growth.”

“nNOSp deficiency was also accompanied by functional changes in muscle with
reduced muscle force, decreased resistance to fatigue and increased degeneration/
damage post-exercise.”
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“Our results indicate that nNOSp/NO is required to regulate key homeostatic
mechanisms in skeletal muscle, namely mitochondrial bioenergetics and network
remodelling, UPR™ and autophagy.”

“These events are likely associated with nNOSp-dependent impairments of mus-
cle fibre growth resulting in a deficit of muscle performance.”

Background

“NO has an important role in regulating skeletal muscle physiological activity,
including excitation-contraction coupling, muscle force generation, auto-regulation
of blood flow, calcium homeostasis, metabolism and bioenergetics [2—4].”

“The role of NO in regulating oxidative phosphorylation and mitochondrial bio-
genesis in skeletal muscle physiology has been established [5, 6].”

“We have examined the relationship between the NO system, mitochondrial
structure/activity and skeletal muscle phenotype/growth/functions using a mouse
model in which nNOSyp is absent (NOS1-/-).”

“Our results indicate that the deficit in NO signalling leads in skeletal muscle to
alterations in mitochondrial morphology, bioenergetics and network remodelling,
accompanied by defective autophagy and the induction of a UPR™ response.”

“These events, while not severely altering the overall resting skeletal muscle
structure, are associated with modifications in the Akt-mammalian target of rapamy-
cin (mTOR) pathway and Akt-FoxO3-mitochondrial E3 ubiquitin protein ligase 1
(Mul-1) axis and are sufficient to dysregulate skeletal muscle growth and exercise
performance.”

Methods
“Tibialis anterior and diaphragm muscles were dissected, trimmed clean of visible
fat and connective tissue, minced with scissors and digested in ATP medium, con-
taining 50 mM Tris-HCI (pH 7.4), 100 mM KCI, 5 mM MgCl,, 1.8 mM ATP, | mM
ethylenediaminetetraacetic acid (EDTA), and 0.1% collagenase type V for 10 min-
utes at 37°C under strong agitation.”

“Satellite cells and muscle tissue samples were homogenised, and RNA was
extracted using the TRIzol protocol (Invitrogen-Life Technologies, Monza, Italy).”

“Tibialis anterior muscles were dissected and fixed for one hour in a solution
containing 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M cacodylate buf-
fer, pH 7.4, immobilised on a Nunc Sylgard coated Petri dish (ThermoFisher
Scientific, Waltham, MA, USA) to prevent muscular contraction as previously
described [7].”

Results
“Mitochondrial function in skeletal muscles of adult NOS1-/- mice, that is, at P120,
was dissected and compared with that of the respective age-matched wild-type lit-
termattes (control).”

“We investigated whether the latent mitochondrial dysfunction observed in mus-
cles of NOS1-/- mice affected the muscle bioenergetic parameters.”
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“The ClI-linked respiratory capacity in tibialis anterior of NOS1-/- mice was
lower than that in control muscle fibres, while no difference was observed in the
diaphragm.”

“To identify the changes in mitochondrial network morphology, tibialis anterior
muscles of P120 NOS1-/- and wild-type control mice were imaged using pDsRed2-
Mito, a mitochondrially targeted red fluorescent protein, by in situ two-photon con-
focal microscopy [8-10].”

“The enhanced autophagy in the absence of nNOSy in skeletal muscle was con-
firmed by Western blot analysis.”

“Enhanced activity of FoxO transcription factors has also been associated with
disruption of mitochondrial function and organisation leading to impaired skeletal
muscle function and development [8].”

Discussion

“The fact that NOS1-/- mice in our in vivo experiments exhibited a deficit in for-
ward pulling tension and resistance to fatigue during a forced exercise indicates that
nNOSyp is important to maintain skeletal muscle strength and the animal’s ability to
perform in repetitive exercise training.”

“We raise the possibility that mitochondrial dysfunction, UPR™ and autophagy
are functionally related to each other and promoted by a single event, that is, the
deficit in NO signalling, thus suggesting that the association of altered mitochon-
drial homeostasis and muscle phenotype/performance in NOSI1-/- mice is not
coincidental.”

“The experiments we carried-out in myogenic precursor cells and NOS1-/- mice
during critical stages of muscle development are consistent with an association of
altered mitochondrial homeostasis and muscle phenotype/performance and provide
an indication of the mechanism responsible for the impaired fibre growth resulting
in a deficit of muscle performance.”

Conclusions

“Muscle exercise performance is a complex physiological process that can occur by
many different mechanisms and NO has long been described to be relevant among
them [2].”

“Our study now suggests that the relevance of NO also resides in the fact that it
regulates key homeostatic mechanisms in skeletal muscle, namely mitochondrial
bioenergetics and network remodelling, UPR™ and autophagy.”

“Although NOS1-/- mice do not display the overt features of myopathies, such as
muscle degeneration, reactive regeneration and replacement of muscle with fibro-
adipous tissue [11, 12], we clearly show that alterations of the NO system signifi-
cantly impair muscle fibre growth, thus resulting in a deficit of muscle force and the
ability to sustain prolonged exercise.”

“This aspect may explain why NO deficiency contributes to muscle impairment
in degenerative disease of the muscle, such as muscular dystrophies.”
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Abstract-Summary “Knowledge of the ECC:CON strength ratio is incomplete
and might inform resistance exercise prescriptions.”

“Our purposes were to determine the magnitude of the ECC:CON ratio of human
skeletal muscle in vivo and explore if sex, age, joint actions/exercises, and move-
ment velocity impact it.”

“It was possible to analyse 1516 ECC:CON ratios, aggregated from 12,546 indi-
viduals who made up 564 groups in 335 of the identified studies.”

“The overall main model estimate for the ECC:CON ratio was 1.41 (95% credi-
ble interval [CI] 1.38-1.44).”
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“The ECC:CON ratio was slightly less in men (1.38 [CI 1.34—1.41]) than women
(1.47 [CI 1.43-1.51]), and greater in older adults (1.62 [CI 1.57-1.68]) than younger
adults (1.39 [CI 1.36-1.42]).”

“The ratio was similar between grouped upper-body (1.42 [CI 1.38-1.46]) and
lower-body joint actions/exercises (1.40 [CI 1.37-1.44]).”

“Heterogeneity in the ratio existed across joint actions/exercises, with point esti-
mates ranging from 1.32 to 2.61.”

“The ECC:CON ratio was most greatly impacted by movement velocity, with a
0.20% increase in the ratio for every 1°/s increase in velocity.”

“The ECC:CON ratio is greatly affected by movement velocity and to lesser
extents age and sex.”

Introduction
“Across the six exercises that they assessed, the ECC:CON strength ratio ranged
from 1.57 to 2.87 in women and 1.30 to 1.51 in men [14].”

“Practitioners [15] and researchers [16-25] prescribe a wide range of relative
loads for accentuated ECC and ECC-only resistance exercise (usually between 105
and 150% of the CON 1RM), and there is no consensus on the magnitude of ECC
overload that should be prescribed and whether factors such as muscle group, sex,
and age should be considered.”

“Meta-analysis of the magnitude of the ECC:CON strength ratio, and the factors
that impact it, could help to inform and optimize delivery of ECC overload for spe-
cific exercises and populations, particularly as exercise technology continues to
evolve to make accentuated ECC exercise safer and more feasible.”

“We examined the extent to which sex, age, joint actions/exercises, and move-
ment velocity impact the ECC:CON strength ratio of human skeletal muscle
in vivo.”

Methods

“The data extracted from papers included sample size, number of study groups,
study type (non-training or training study), sex, age group, joint actions/exercises,
movement velocity, and means and standard deviations (SDs) of the ECC:CON
strength ratios or the ECC and CON strength values.”

“As the included studies often had multiple groups/conditions, and reported mul-
tiple strength measures within these, the data had a nested structure.”

“A main model included all ratios reported for all groups in each study.”

“This exploratory model included velocity and age (grand mean centred) as a
fixed effect to adjust for the fact that some joints only had low numbers of effects at
specific velocities or were from studies in one age group, and we anticipated that
both velocity and age would impact the ECC:CON ratio.”

Results
“Not all identified studies were included in the meta-analyses because effect sizes
could not be calculated when only mean ratios without variances were reported.”
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“The studies identified included 12,582 (12,546 included in analyses) partici-
pants from 575 (564 included in analyses) separate study groups, with a median
sample size of 15 (range 2-734).”

“Some studies reported that participants were either competitive or recreational
athletes, with 25% and 5% of the extracted ratios coming from either population,
respectively.”

“Due to the sex and age differences in ECC:CON strength ratios, we also exam-
ined the standardized mean differences and log ratio of means for ECC and CON
separately between these groups for studies that included either both men and
women or both younger and older adults.”

“The difference between younger and older adults was larger for CON than ECC
strength, favouring younger adults, and thus leading to the lower ECC:CON strength
ratios among younger than older adults.”

Discussion

“The purpose of this meta-analysis was to determine the magnitude of the ECC:CON
strength ratio of human skeletal muscle in vivo and explore if sex, age, joint actions/
exercises, and movement velocity impact it.”

“No difference in the ECC:CON strength ratio was observed between upper-
body and lower-body joint actions/exercises generally speaking, but exploratory
analysis suggested heterogeneity in the ECC:CON strength ratio across specific
joint actions/exercises.”

“In the current analysis, muscle strength measurements acquired from joint
actions/exercises about the wrist, elbow, and shoulder were combined into one
upper-body ECC:CON strength ratio.”

“Such machines might then be used to establish ECC:CON muscle strength
ratios for various joint actions/exercises.”

“A notable limitation of the current meta-analysis is that the vast majority of
studies reported ECC and CON strength from isokinetic dynamometers, whereas
most strength and conditioning coaches use isoinertial equipment when prescribing
ECC resistance exercise to athletes [15, 26, 27].”

Conclusion
“We report a main model estimate for the ECC:CON strength ratio of 1.41.”

“The ratio does not differ between upper- and lower-body muscles generally
speaking, but an exploratory analysis indicated that there is likely heterogeneity in
ratios across different joint actions/exercises.”

“Further systematic study will be necessary to identify more precise estimates of
exercise-specific ECC:CON strength ratios.”

“Exercise practitioners can use the ECC:CON ratios from the current analysis to
guide prescriptions of ECC overload to healthy individuals.”
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Abstract-Summary ‘“The dystrophin-glycoprotein complex (DGC) is a critical
adhesion complex of the muscle cell membrane, providing a mechanical link
between the extracellular matrix (ECM) and the cortical cytoskeleton that stabilizes
the sarcolemma during repeated muscle contractions.”

“Overexpression of SSPN in the skeletal muscle of mdx mice (murine model of
DMD) restores muscle fiber attachment to the ECM in part through an associated
increase in utrophin and integrin adhesion complexes at the cell membrane, protect-
ing the muscle from contraction-induced injury.”

“We utilized transcriptomic and ECM protein-optimized proteomics data sets
from wild-type, mdx, and mdx transgenic (mdx™) skeletal muscle tissues to
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identify pathways and proteins driving the compensatory action of SSPN
overexpression.”

“The tibialis anterior and quadriceps muscles were isolated from wild-type, mdx,
and mdx"® mice and subjected to bulk RNA-Seq and global proteomics analysis
using methods to enhance capture of ECM proteins.”

“We identified signaling pathways that may contribute to the rescue phenotype,
most notably cytoskeleton and ECM organization pathways.”

“Using ingenuity pathway analysis, we identified upstream regulators that are
computationally predicted to drive compensatory changes, revealing a possible
mechanism of SSPN rescue through a rewiring of cell-ECM bidirectional
communication.”

“Our findings indicate that SSPN overexpression rescues dystrophin deficiency
partially through mechanotransduction signaling cascades mediated through com-
ponents of the ECM and the cortical cytoskeleton.”

Background

“The dystrophin-deficient mdx mouse is the most widely used mouse model for
DMD as it exhibits much of the pathology observed in patient skeletal muscle,
albeit much milder, including elevated creatine kinase levels, increased levels of
degeneration and regeneration, fibrosis, and reduced grip strength and whole-body
tension [29, 30].”

“While many therapeutic genes that improve sarcolemma instability, decrease
fibrosis, and increase force in mdx muscle have been identified [31-38], there are
gaps in understanding whether their protective mechanisms affect overlapping
molecular processes and signaling pathways.”

“SSPN increases SG protein levels and restores integrity of the SG-SSPN sub-
complex at the sarcolemma in mdx skeletal and cardiac muscles [39-44].”

“We found that SSPN overexpression in mdx muscle does not restore all tran-
scripts and proteins to wild-type levels but ameliorates muscle pathology through
compensatory changes in ECM and cytoskeletal composition, including key signal-
ing molecules associated with regulation of cytoskeleton organization and
mechanotransduction.”

Methods
“Data acquisition was performed using the instrument supplied Xcalibur (Thermo
Fisher Scientific, San Jose, CA, USA) software in positive ion mode.”

“Quantification of immunofluorescence analysis was performed on 20x images
using Image] software (NIH, version 1.50i) for collagen II, collagen V, and
[B-spectrin by line scan analysis and Sox9 by measuring the integrated intensity in
4-12 images per genotype.”

“Lines were drawn along or perpendicular to positive-stained areas, and peak
intensity values were plotted denoted as “max” measurement on ImageJ. Gene
ontology (GO) enrichment analysis for RNA sequencing and proteomic data sets
was performed using the PANTHER classification system online user interface [45]
and the statistical overrepresentation test.”
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“Differentially expressed transcripts and proteins between mdx and mdx™® were
pooled as input for integrated gene set enrichment analysis using Database for
Annotation, Visualization and Integrated Discovery (DAVID, version 2021).”

Results

“Our goal was to interrogate the effects of SSPN overexpression on gene and pro-
tein expression in mdx muscle relative to wild-type and mdx (non-transgenic)
controls.”

“Gene expression analysis was performed using traditional poly-A-enriched
RNA sequencing of tibialis anterior muscles isolated from 12-week-old wild-type,
mdx, and mdx™® mice.”

“From our proteomics analysis of wild-type, mdx, and mdx™ quadriceps mus-
cle, we identified a total of 1679 proteins in all three genotypes.”

“Spectrin is a key linker protein in the response to mechanical stimuli, coupling
changes in cellular tension to downstream signaling networks [46, 47].”

“To identify candidate networks and upstream regulators that drive compensa-
tory changes in mdx™® muscle, we analyzed the transcriptomic and proteomic data
sets using the ingenuity pathway analysis (IPA) application.”

“There are compensatory and restorative changes in several factors that regulate
Rho GTPase activity including the GTPase activating proteins (Arhgap 6, 22, and
44), all of which are increased in mdx™ muscle.”

Discussion
“Collagen is the most abundant protein in the ECM, and its high tensile strength
allows transmission of forces generated by skeletal muscle fibers.”

“Nghiem and colleagues [48] identified spectrin as a candidate protein in a study
of the cranial sartorius muscle that is spared from dystrophic pathology through
compensatory hypertrophy via myostatin signaling.”

“The upregulation of collagens and scaffolding cytoskeletal components such as
spectrin suggests that SSPN overexpression and the increase of adhesion complexes
at the membrane may induce a rewiring of signaling between the ECM and the
cytoskeleton to stabilize the sarcolemma during contraction and enhance mechano-
transduction in order to improve force transmission.”

“Our findings of compensatory changes in muscle of other cartilage-related pro-
teins including collagen II and collagen XI are novel and suggest a possible new
mechanism of improved force transmission in dystrophic muscle.”

Intermolecular and Dynamic Investigation of the Mechanism
of Action of Reldesemtiv on Fast Skeletal Muscle Troponin
Complex Toward the Treatment of Impaired Muscle Function [49]
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Abstract-Summary ‘This has spurred the search for small molecules which could
activate fast skeletal muscle troponin complex as a means to increase muscle
strength.”

“Discovered small molecules have however been punctuated by off-target and
side effects leading to the development of the second-generation small molecule,
Reldesemtiv.”

“We investigated the impact of Reldesemtiv binding to the fast skeletal troponin
complex and the molecular determinants that condition the therapeutic prowess of
Redesemtiv through computational techniques.”

“It was revealed that Reldesemtiv binding possibly potentiates troponin C com-
pacting characterized by reduced exposure to solvent molecules which could favor
the slow release of calcium ions and the resultant sensitization of the subunit to
calcium.”

“These findings present useful insights which could lay the foundation for the
development of fast skeletal muscle small molecule activators with high specificity
and potency.”

Introduction

“Direct activation of skeletal muscle has therefore become a therapeutic target to
improve the physical performance in patients with compromised muscle func-
tion [50].”


https://doi.org/10.1007/s10930-023-10091-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

134 C. Myers

“Fast skeletal muscle fibers vary from cardiac and slow muscles in the unique-
ness of its troponin and myosin components [51].”

“Sequence homology between fast and slow muscle troponins C, T, and I is
about 50% offering an opportunity to target fast skeletal muscle therapeuti-
cally [52].”

“Tirasemtiv selectively interacts with fast skeletal muscle troponin complex
inducing an increase affinity for calcium and amplifies the muscle cell response to
neural input hence increasing force production at submaximal muscle stimulation
frequencies [50, 53, 54].”

“It is our hope that insights unraveled herein will aid in the design of selective
small molecule activators with improved therapeutic prowess and less side effects
on fast skeletal muscle.”

Methodology
“The troponin complex was prepared using UCSF Chimera 1.13.1 by deleting all
non-standard residues and the protein saved in pdb format [55].”

“Calcium ions which were co-crystalised with the structure and are reported to
play a critical role in Troponin C function was removed because they did not con-
form to standard AMBER parameterization.”

“Two systems were created: the unbound troponin complex system with the
labile calcium ions (apo) and the Reldesemtiv bound troponin (Ca**) complex
system.”

“Additional hydrogens were then added and the systems neutralized by adding
Na* and CI~ counter ions and the systems solvated using the LEap module incorpo-
rated in AMBER18 [56].”

“The systems were suspended in bulk solvent of Transferable Intermolecular
Potential with 3 Points (TIP3P) water box size of 10 A. Before MD simulation pro-
duction, the systems were minimized and relaxed, heated and then equilibrated.”

Results and Discussion

“The second-generation small molecule Reldesemtiv binds to the N-terminal of the
troponin C components thus slowing the rate of calcium release and therefore sen-
sitizing the muscle to calcium.”

“We began the analysis by estimating the RMSD of the C-a atoms of the 159
residues of the troponin C component of the troponin complex to determine the
stability of the protein upon Reldesemtiv binding during the simulation period.”

“As observed, the Reldesemtiv-troponin C complex showed average RMSD
value of 2.73 + 0.37 A compared to the unbound troponin C which presented 2.82 +
0.33 A. These values also express confidence in the simulation process suggesting
the systems converged during the 150 ns simulation since they fell below 3.0 A. The
RMSF estimation which is informative on the flexibility of the residues, revealed
Reldesemtiv induced an increase in troponin C residual fluctuation compared to the
unbound form.”
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Conclusion

“In our attempt to unravel the atomistic and molecular sights into the therapeutic
activity of Reldesemtiv on the fast skeletal troponin complex, we docked the small
molecule into the binding pocket of the troponin C subunit of the complex and then
subjected the complex system to 150 ns MD simulation.”

“C-a atoms analyses of the troponin C subunit of the complex revealed the bind-
ing of Reldesemtiv could have induced stability of the troponin C complex in a
dense and compact state with reduced solvent accessibility surface area.”

“Further analyses suggest Reldesemtiv induced more conformational changes on
the distant C-terminal than the N-terminal where it binds taking into account the
residues scale difference.”

“These findings therefore provide insights into the binding and impacts of
Reldesemtiv on the troponin complex and would therefore be useful in the design of
small molecule activators with high specificity and potency.”
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Abstract-Summary ‘“Little is known about the acute responses within skeletal
muscle following BFR aerobic exercise (AE).”

“Although preliminary evidence suggests chronic BFR AE may augment certain
training adaptations in skeletal muscle mitochondria more than non-BFR AE, the
underlying mechanisms are poorly understood.”

“We summarise the acute BFR AE literature examining mitochondrial biogenic
signalling pathways and provide insight into mechanisms linked to skeletal muscle
remodelling following BFR AE.”
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“We focus on signalling pathways potentially contributing to augmented peroxi-
some proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) mRNA
following work-rate-matched BFR AE compared with non-BFR AE.”

Introduction

“Most BFR exercise studies to date demonstrate increased muscular strength and/or
hypertrophy following resistance training (RT) at workloads as low as 20% of
1-repetition maximum [58].”

“Although BFR may limit prolonged exercise at moderate-to-high intensities
[59, 60] and can be painful [61-63], the lower intensity used in BFR RT makes it an
appealing and increasingly popular exercise modality for older adults [64], untrained
individuals [65], rehabilitation patients [66], and athletes [67, 68] to augment or
achieve similar adaptations to non-BFR RT.”

“Our current understanding of the molecular mechanisms underlying mitochon-
drial adaptations following BFR AE are incomplete.”

“The purpose of this review is to (1) review the BFR AE literature to provide
deeper mechanistic insight into the molecular pathway(s) underlying mitochondrial
adaptations following BFR AE and (2) evaluate the quality of the acute BFR AE
literature using the Cochrane Collaboration’s risk of bias assessment tool [69].”

BFR AE Background
“Cuff-based BFR may increase hypoxia-mediated metabolite production and cause
venous pooling-mediated decreases in metabolite clearance.”

“Both metabolite accumulation and venous pooling may contribute to augmented
skeletal muscle adaptations following cuff-based BFR AE [70].”

“Similar to cuff-induced BFR, lower body positive pressure (LBPP) induces
hypoxia within exercising muscle by decreasing blood flow [71].”

“Unlike cuff-based BFR, LBPP increases venous return thereby eliminating the
metabolite accumulation and venous pooling associated with cuff-based BFR [72].”

“LBPP and placing exercising limbs above the heart (i.e. a gravity-based model),
therefore, represent models to study the impact of BFR-induced hypoxia on signal-
ling and muscular adaptations in isolation (i.e. in the absence of venous pooling and
cellular swelling).”

“Comparing cuff-based with non-cuff-based BFR may also allow researchers to
separate oxygen-dependent mechanisms (via local hypoxia) from cellular swelling-
induced signalling (via venous pooling).”

Acute Blood Flow-Restricted Aerobic Exercise and PGC-1a
“BFR AE can provide insight into in vivo PGC-1a regulation because BFR AE may
modulate energetic stress (i.e. [AMP]:[ATP] ratio) in insolation (see below for
details), as evidenced by BFR AE activating AMPK and increasing PGC-1oo mRNA
more than non-BFR AE in human skeletal muscle [73-75].”

“AMPK activation and PGC-1a mRNA increases in an intensity-dependent man-
ner following non-BFR AE [76].”
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“These findings [73-75] present enhanced AMPK activation as the most likely
mechanism underlying augmented PGC-1a mRNA following work rate-matched
BFR AE.”

“P38 MAPK activation and PGC-1loo mRNA both increase in human skeletal
muscle following non-BFR AE [77, 78].”

“Augmented p38 MAPK activation and PGC-1a mRNA, however, have not been
observed following BFR AE.”

“Skeletal muscle PGC-la mRNA often [73-75, 79], but not always [79],
increases more following BFR applied during AE compared with non-BFR AE.”

Chronic BFR Aerobic Exercise and Mitochondrial Biogenesis

“If BFR induces consistently greater activation of the AMPK-PGC-1a pathway
during BFR AE, then repeated bouts of BFR AE (i.e. aerobic training) may also
augment changes in mitochondrial content [80].”

“Citrate synthase (CS) activity, a validated biomarker of skeletal muscle mito-
chondrial content in humans [81], is the only marker of mitochondrial content
examined within the BFR AE literature to date.”

“Only two chronic BFR AE studies from the early 1990s have examined changes
in skeletal muscle mitochondrial content, and both reported significantly higher CS
activities in the BFR leg compared with the non-BFR leg following 4 weeks of one-
legged training with LBPP [82, 83].”

“The impact of chronic BFR AE on mitochondrial content in skeletal muscle
requires further investigation.”

“Because training-induced changes in mitochondrial function can dissociate
from changes in mitochondrial content [84], measuring mitochondrial respiration
may provide additional information into mitochondrial adaptations following
chronic BFR AE.”

Methodological Considerations for Future Work

“To evaluate the quality of existing acute BFR AE studies, two reviewers (NP and
HI) independently assessed relevant BFR AE studies based on what was reported in
published manuscripts using the Cochrane Collaboration’s risk of bias assessment
tool [69].

“Studies that reported an adequate methodology (e.g. blinding outcome asses-
sors to protect against detection bias) for protecting against a given source of bias
were judged as having a “low” risk of bias.”

“Studies were judged as having a “high” risk of reporting bias if they did not
report publicly registering their trial or reporting their methods in a public database/
registry.”

“We generally observed an unclear risk of bias across acute BFR AE studies.”

“The unclear risk of bias in BFR AE studies paired with the generally poor
chronic BFR AE study quality reported in Bennett and Slattery [85] demonstrates a
need to use adequately powered, rigorously designed studies to examine BFR AE.”
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Conclusion
“The AMPK-PGC-1a axis is emerging as an important mechanistic pathway under-
lying acute mitochondrial biogenic responses to BFR applied during acute AE.”
“Augmented increases in PGC-1a mRNA following work rate-matched BFR AE
concur only with augmented AMPK signalling using cuff-, gravity-, and pressure
chamber-based BFR models.”
“Although BFR aerobic training appears to increase mitochondrial content more
than work-rate matched non-BFR aerobic training, this observation requires
replication.”
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Abstract-Summary ‘“Various in vitro models were used to evaluate the effects of
the secretome on cellular processes that promote tissue regeneration.”
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“A cardiotoxin-induced skeletal muscle injury model was used to test the regen-
erative effects of the whole secretome or isolated extracellular vesicle fraction
in vivo.”

“We have demonstrated that the secretome from adipose-derived mesenchymal
stem cells shows robust effects on cellular processes that promote tissue
regeneration.”

“We assessed the efficacy of the total secretome compared with the extracellular
vesicle fraction on a number of assays that inform on tissue regeneration and dem-
onstrate that both fractions affect different aspects of the process in vitro and
in vivo.”

“Our in vitro, in vivo, and bioinformatic results show that factors that promote
regeneration are distributed both within extracellular vesicles and the soluble frac-
tion of the secretome.”

“Our study implies that extracellular vesicles and soluble molecules within
ADSC secretome act in a synergistic manner to promote muscle generation.”

Background

“We reported that the secretome from human amniotic fluid stem cells (AFSCs) has
anti-inflammatory properties, promotes stem cell proliferation, protects against cel-
lular senescence and facilitates tissue regeneration in a cardiotoxin (CTX)-induced
model of muscle degeneration [87].”

“We wanted to investigate if the application of the same isolation method would
produce an ADSC secretome that has similar regenerative potential and if the EV
fraction was solely responsible for these effects.”

“We detected significant differences between the impact of the whole secretome
and the EV fraction on the muscle stem cells during regeneration.”

“Our comparison of ADSC and AFSC secretomes revealed 108 mutually exclu-
sive protein hits in the EV fractions of both secretomes and 50 proteins present in
both soluble fractions.”

“Our data implicates that the beneficial effects of the paracrine factors are a
result of a synergistic action of the miRNA and protein cargo of the EV fraction and
the soluble proteins within the total secretome.”

Materials and Methods
“ADSC EV were labelled with fluorescent dye PKH67 (Sigma Aldrich MIDI67) by
adding 40 pL of EV fraction (EV from 1 x 10° cells) to PKH67 dye solution fol-
lowed by incubation for 5 min at room temperature before being ultracentrifuged at
200,000g for 18 hat 4 °C.”

“C2C12 cells were seeded into 6-well cell culture plates (Sarstedt) at 3000 cells/
cm? and allowed to adhere for 24 h. Two percent whole secretome (v/v) in growth
media was added to the cells followed by incubation for 48 h and manual cell count-
ing using a haemocytometer.”

“Non-immunosuppressed mice were warmed for 10 min in a hot box at 40 °C
prior to the intra-venous (IV) injection of 100 pL sterile 0.1 M PBS, 100 pL whole
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secretome or 100 pL EV (from 1 x 10° cells) through the lateral tail vein (5 mice per
condition).”

Results
“We investigated the impact of the total ADSC secretome on these three hallmarks
of regeneration.”

“An acute CTX-induced muscle injury model was used to assess the impact of a
systemic administration of either the whole ADSC secretome or the EV fraction on
tissue regeneration.”

“In order to comparatively quantify the effects of the total ADSC secretome and
the EV fraction on muscle regeneration, we quantified the cross-sectional area
(CSA) of newly formed muscle fibres identified by the expression of embryonic
myosin heavy-chain (eMHC).”

“EVs were isolated from total secretome of three independent ADSC culture and
the miRNA content of ADSC EV was analysed using a GeneChip® miRNA 4.0
array with the Affymetrix Expression Console™ software.”

“We have taken a bioinformatic approach to compare molecular components of
the ADSC secretome with the secretome of AFSCs that also promotes muscle
regeneration [87].”

Discussion

“Although a number of groups have shown that the EV fraction of MSC secretomes
support muscle regeneration [88, 89], the identity of the putative effective agents
differs greatly.”

“Due to the strong pro-angiogenic effects of the total ADSC secretome but not
the EV fraction, we expected that the soluble protein fraction would contain all or
at least some of these.”

“Analysis of the miRNAs within the EV fraction of the ADSC secretome revealed
a presence of many well-characterised anti-inflammatory miRNAs, including the
miR-let7 family (let7a, b, c and e).”

“Two of the top 50 miRNAs within the ADSC EVs, miR-23a and miR-23b, are
known to be strongly pro-angiogenic [90].”

“This comparative analysis of the protein and miRNA components of both stem
cell types reveals distinct profiles despite similar biological effects in muscle
regeneration.”

Conclusions
“Our data suggest that soluble and EV-associated factors promote muscle regenera-
tion both in vitro and in vivo in a highly synergistic manner.”

“This is supported by our findings showing that both fractions affect different
aspects of tissue regeneration after muscle injury.”

“Our comparative analysis of ADSC and AFSC secretomes indicates that differ-
ent molecular factors might mediate similar beneficial biological outcomes.”
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Profiling of Ob/Ob Mice Skeletal Muscle Exosome-Like Vesicles
Demonstrates Combined Action of miRNAs, Proteins and Lipids
to Modulate Lipid Homeostasis in Recipient Cells [91]
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Abstract-Summary ‘“We have determined the lipid, protein and miRNA composi-
tion of skeletal muscle (SkM)-released extracellular vesicles (ELVs) from Ob/ob
(OB) vs wild-type (WT) mice.”

“The results showed that atrophic insulin-resistant OB-SkM released less ELVs
than WT-SkM, highlighted by a RAB35 decrease and an increase in intramuscular
cholesterol content.”

“Proteomic analyses of OB-ELVs revealed a group of 37 proteins functionally
connected, involved in lipid oxidation and with catalytic activities.”

“The most significant function targeted by the 7 miRNAs altered in OB-ELVs
was lipid metabolism.”

“In agreement, OB-ELVs induced lipid storage in recipient adipocytes and
increased lipid up-take and fatty acid oxidation in recipient muscle cells.”
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“OB-ELVs altered insulin-sensitivity and induced atrophy in muscle cells, repro-
ducing the phenotype of the releasing OB muscles.”

Introduction

“Previous studies have demonstrated that skeletal muscle releases ELVs (SkM-
ELVs), in addition to myokines, and have suggested that SkM-ELVs would act as
deleterious signals during the development of insulin-resistance (IR) associated to
obesity-induced diabetes [92].”

“It was demonstrated that SkM insulin-resistance induced by a diet enriched in
palm oil triggered the release of a new population of SkM-ELVs enriched in palmi-
tate, able to spread the deleterious effect of this lipid between muscle cells [93].”

“The same population of SKkM-ELVs could also transfer specific miRNAs into
recipient pancreatic beta cells to induce their proliferation, suggesting that muscle-
released ELVs might contribute to adaptations in beta cell mass occurring during IR
development associated with obesity in mice [94].”

“For other cell types like the adipocytes, it was demonstrated that obesity affected
adipocyte-released ELV content which exported a high proportion of obesity and
IR-related proteins/lipids/RNAs from adipocytes able to modify the metabolic
responses of other insulin-sensitive target cells [95].”

Material and Methods
“We used 100 pg of protein-containing SkM-ELVs for total RNA extraction.”

“For SkM-ELV miRNA profiling, 33 ng of total RNA were used for multiplex
reverse transcription (RT).”

“SkM-ELV proteins were resuspended in Laemmli buffer, stacked in the top of a
SDS-PAGE gel (NuPAGE 4-12%, ThermoFisher Scientific) and stained with
Coomassie blue (R250, Bio-Rad) before being in-gel digested using modified tryp-
sin (Promega, sequencing grade) as previously described [96].”

“For quantitative comparison of WT-ELV and OB-ELV proteomes, we used a
beta-binomial test specifically developed to test the significance of differential pro-
tein abundances expressed in SC.”

“Heatmap showing the significantly enriched miRNAs in SkM-ELVs and muscle
from OB vs mice were created by using ClustVis (https://biit.cs.ut.ee/clustvis/).”

“PANTHER (http://pantherdb.org) was used to analyze the set of proteins con-
tained in SkM-ELVs (G.O functions, cellular pathways, and reactome), and cluster-
ing was performed with MORPHEUS (https://software.broadinstitute.org/
morpheus/).”

Results

“These data demonstrated for the first time a strong selection for lipid export in
SkM-ELVs, which is altered in obese SkM. As specific lipids and proteins were dif-
ferentially enriched between OB-ELVs and WT-ELVs, we wondered whether obe-
sity also affected the concentrations of miRNAs.”
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“This data demonstrated that obesity affected SkM-ELV miRNAs content but
that this altered miRNA signature does not reflect intramuscular miRNA alterations,
in OB mice.”

“As the functions of the SkM-ELV miRNAs released from muscle explants had
never been studied before, we predicted their target genes and performed functional
enrichment analyses to determine which pathways they affected in the recipi-
ent cells.”

“As this function was targeted by miRNAs depleted (miR-340-5p) or less abun-
dant in OB-ELVs vs WT-ELVs (i.e.; miR-1a-3p, miR-101a-3p, miR-101b-3p), this
data suggested that fatty acid metabolism would be less repressed in recipient cells
for SkM-ELVs in obese animals than in healthy animals.”

Discussion

“Considering that in OB mice the first relevant target cells of SkM-ELVs would be
the muscle itself and adipocytes, we have treated these 2 cell types with OB-ELVs
and WT-ELVs released from SkM explants of OB and lean mice.”

“We determined the consequence of obesity on the lipid composition of SkM-
ELVs and report, for the first time, significant differences between OB and
lean mice.”

“Considering that SkM-ELVs are from endosomal origin and are formed inside
MBVs, the OB-ELV lipidomic data also indicate that obesity affects MVB lipid
composition.”

“As depleted OB-ELV miRNAs targeted genes involved in lipid metabolism, this
function would be less repressed by SKM-ELVs in obese mice.”

“Through the modulation of its miRNA population released in SkKM-ELVs, SkM
can both increase lipid metabolism and concomittantly alter mice muscle mass
though the release of ‘atrophic miRNAs’ in OB-ELVs.”

Conclusions

“These data demonstrated that SKM-ELVs have a very specific composition which
matches only partially with the compositions of the ELV-releasing muscle in terms
of lipids and miRNAs.”

“We highlight an unexpected function of OB-ELVs in the control of lipids accu-
mulation in adipocytes which might be very important for the control of the muscle
mass/adipose tissue ratio in the body.”

“Recently a possible cross-talk between adipocytes and muscle cells has been
described, through adipocyte-derived ELVs; i.e., miR-27a released from adipocytes
of DIO obese mice was associated with TAG accumulation and IR in recipient mus-
cle cells [97].”

“We demonstrate that SKM is also able to modulate the adipose tissue function
through the release of SkM-ELVs.”

“Like myokines and adipokines, the exchange of ELVs between adipose tissues
and SkM represents a new way of communication that has to be taken into account
to develop new therapeutic strategies.”
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CYB5R3 Overexpression Preserves Skeletal Muscle Mitochondria
and Autophagic Signaling in Aged Transgenic Mice [98]
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Abstract-Summary ‘““The aim of our study was to understand how CYB5R3 over-
expression targets key pathways that modulate the rate of aging in skeletal muscle,
a postmitotic tissue with a greater contribution to resting energy expenditure.”

“Mitochondrial function, autophagy and mitophagy markers were evaluated in
mouse hind limb skeletal muscles from young-adult (7 months old) and old (24
months old) males of wild-type and CYB5R3-overexpressing genotypes.”

“CYB5R3, which was efficiently overexpressed and targeted to skeletal muscle
mitochondria regardless of age, increased the abundance of complexes I, II, and IV
in old mice and prevented the age-related decrease of complexes I, I1I, IV, and V and
the mitofusin MFN-2.”

“ATP was significantly decreased by aging, which was prevented by CYB5R3
overexpression.”

“Both aging and CYBS5R3 overexpression upregulated SIRT3 and the mitochon-
drial fission markers FIS1 and DRP-1, although with different outcomes on mito-
chondrial ultrastructure: old wild-type mice exhibited mitochondrial fragmentation
whereas CYB5R3 overexpression increased mitochondrial size in old transgenic
mice concomitant with an improvement of autophagic recycling.”
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Introduction

“One of the principal effects of aging on skeletal muscle is sarcopenia, whose onset
is related with a decrease in mitochondrial content and functionality, highlighting
the importance of the studies focused on this organelle [99].”

“To gain further insights into the participation of CYB5R3 in the regulation of
those pathways that influence the rate of aging, we generated mice overexpressing
CYB5R3 (TG mice), which displayed enhanced protection against induced cancer,
increased insulin sensitivity, less oxidative damage, and extended longevity [100].”

“The aim of this work was to study how CYB5R3 overexpression affects mito-
chondrial morphology and function as well as autophagy in skeletal muscle from
young-adult and aged TG mice.”

“Our results demonstrate that, consistent with its prolongevity effects in mice,
CYBS5R3 overexpression protects mitochondria from aging-associated biochemical
and structural alterations and modulates autophagic signaling in skeletal muscle.”

Methods

“Hind limb skeletal muscle samples from six animals per group were homogenized
in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris—HCI pH 8; 150 mM
NaCl; 0.5% deoxycholate; 0.1% SDS; 1% Triton X-100; 1 mM DTT; 1 mM phenyl-
methylsulfonyl fluoride (PMSF); 10 pg/mL each of chymostatin, leupeptin, anti-
pain, and pepstatin A (CLAP); and phosphatase inhibitor cocktails 2 and 3
(Sigma-Aldrich) diluted at 1/100) for 30 s using a high-performance dispersing
instrument (Ultra-Turrax T25, IKA, Staufen, Germany).”

“Hind limb skeletal muscles clean of fat and connective tissue were homoge-
nized during 30 s at 4 °C in ice-cold buffer containing 20 mM Tris—HCI pH 7.6, 40
mM KCl, 0.2 M sucrose, | mM PMSF, 10 mM EDTA, 1 mM DTT, 20 pg/pL. CLAP,
and phosphatase inhibitor cocktails 2 and 3 (Sigma-Aldrich) diluted at 1/100, using
an electric tissue disrupter (Ultra-Turrax T25, IKA, Staufen, Germany).”

Results
“We measured the amounts of CYB5SR3 polypeptide not only in whole extracts, but
also in enriched mitochondrial fractions that had been isolated from hind limb skel-
etal muscle of both WT and TG mice at two age points: 7 months (young-adult;
Y-WT and Y-TG groups, respectively) and 24 months (old; O-WT and O-TG groups,
respectively).”

“We next studied the effect of aging and/or CYB5R3 overexpression on protein
markers of mitochondrial dynamics.”

“The changes in protein markers of mitochondrial dynamics are consistent with
a prevalence of fission in O-WT and in Y-TG, without a further increase of this pro-
cess in O-TG mice.”

“In WF cross-sections, we found that CYBS5R3 overexpression led to a remark-
able decrease of mean mitochondrial size in Y-TG compared with Y-WT mice.”

“This analysis uncovered a more subtle effect of CYB5R3 overexpression
increasing the number of smaller mitochondrial profiles in Y-TG compared with
Y-WT, as we had also encountered in WF (see above).”
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Discussion
“Representative protein markers of mitochondrial complexes I, III, IV, and V
decreased with aging in skeletal muscle from WT mice.”

“While the aging-related decline of mitochondrial biogenesis markers and coen-
zyme Q was not prevented in TG mice, CYB5R3 overexpression did avoid the
decrease in mitochondrial complexes observed in aged WT mice (see above), which
could contribute to maintain the functionality of this organelle with advanced age.”

“In our model, the abundance of the cleaved (mitochondrial) isoform of SIRT-3
was significantly increased in hind-limb skeletal muscle from aged WT mice, and a
trend towards an increase due to CYB5R3 overexpression was also observed in
young-adult mice, followed by the stabilization of SIRT-3 abundance in old
TG mice.”

“A lack of MFN-2 decrease with aging in TG mice reinforces the importance of
CYBS5R3 expression to prevent aging-associated mitochondrial dysfunction in skel-
etal muscle.”

Elucidating the Contribution of Skeletal Muscle lon Channels
to Amyotrophic Lateral Sclerosis in Search of New Therapeutic
Options [101]
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Abstract-Summary ‘“We investigated the role of the most important ion channels
in skeletal muscle of an ALS animal model (MLC/SOD1%%4) carrying a mutated
SOD1 exclusively in this tissue, avoiding motor-neuron involvement.”

“Ion channels are fundamental proteins for muscle function, and also to sustain
neuromuscular junction and nerve integrity.”

“The expression of CIC-1 chloride channel, present only in skeletal muscle, was
reduced.”

“The functional characterization confirmed the reduction of CIC-1 activity, lead-
ing to hyperexcitability and impaired relaxation.”

“The increased expression of ion channel coupled AMPA-receptor may contrib-
ute to sustained depolarization and functional impairment.”

“These findings show that ion channel function impairment in skeletal muscle
may lead to motor-neuron increased vulnerability, and opens the possibility to
investigate on new compounds as promising therapy.”

Introduction

“The very earliest manifestation of disease in both the SOD19%*# mouse model (car-
rying G93A mutation in SOD1 protein) and ALS patients occurs at the NMJ, where
significant levels of denervation can be observed before the onset of motor neuron
degeneration [102].”

“The CIC-1 chloride channel is typically expressed in skeletal muscle and con-
trols resting membrane potential and excitability [103, 104].”

“Hereditary loss-of-function mutations in the CIC-1 channel are responsible for
Myotonia Congenita, a disease characterized by impairment of muscle excitability
and relaxation [105].”

“There are no reports on CIC-1 channel involvement in ALS, a channel exclu-
sively expressed in skeletal muscle.”

“In the light of these considerations, we focused our study on ion channel expres-
sion and function in skeletal muscles of transgenic SOD1%%** mice and in muscle
specific MLC/SOD1%%* mice (carrying the SOD1%** mutant gene under the tran-
scriptional control of Myosin Light Chain, MLC, a muscle-specific promoter) to
elucidate the mechanisms and to find potential therapeutic targets in ALS.”

Results

“The quantitative Real-Time PCR analysis have been used to detect skeletal muscle
alterations due to SOD1 mutation in both SOD19%*4 and MLC/SOD1%%** mice with
respect to age-matched and strain-matched wild-type (WT).”

“Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA)
The gene expression dataset was composed of 27 columns representing the expres-
sion level of genes normalized to -Actin (housekeeping gene) and 30 rows repre-
senting the analyzed TA muscles.”



148 C. Myers

“In this case, the clusters segregated muscles belonging to ubiquitously SOD 15934
into (MLC/SOD1%%34) and WT, highlighting that the major part of the variance is
due to variation in gene expression level occurring in SOD16%34 mice.”

“Since the mRNA level of CIC-1 gene was not significantly changed in the mus-
cle of MLC/SOD1%?A mice, it seems that post-transcriptional events are involved,
i.e. an alteration of translation or a rapid degradation of the protein.”

“The restCa level was not significantly modified in skeletal muscle of MLC/
SOD19%3A mice.”

Discussion

“Mstn expression was decreased also in MLC/SOD1%34 mice, the animal model
expressing the SOD1 mutant gene selectively in skeletal muscle [106], again sug-
gesting the early involvement of skeletal muscle in the pathogenesis of ALS.”

“The CIC-1 protein expression and resting gCI were significantly reduced also in
muscles of MLC/SOD1%%*4 mice, likely through a mechanism involving Reactive
Oxygen Species (ROS) production.”

“MLC/SOD1%3* muscles were characterized by a minor number of transcrip-
tional modifications, and the identified most discriminant genes involved in the
onset of damage were PKC-theta, that control muscle CIC-1 activity, AMPAR?2, the
ionotropic glutamate receptor involved in synaptic plasticity, and irisin, a recently-
discovered hormone secreted by skeletal muscle and able to communicate in a para-
crine and endocrine manner with nervous system [107].”

“The results indicate that muscle hyperexcitability is due to CIC-1 expression
reduction and increased activity of PKC-theta with consequent gClI reduction in
MLC/SOD1%3A mice.”

Material and Methods

“The ATP-sensitive potassium (KATP) channel currents were recorded immediately
after excision during voltage steps from 0 to —60 mV with 150 mM KCI on both
sides of the membrane patches in the absence (control) or the presence of ATP in the
muscle bath [108].”

“Multivariate analysis of gene expression dataset has been performed following
the PCA-LDA analysis [109, 110].”

“For each animal 27 genes have been analyzed as normalized values ratio with
house-keeping gene f-Actin (HK: Actb; target genes: CIC1, PKC Theta, PKC
Alpha, Ryrl, Sercal, Serca2, CN, Bk, Kir6.2, Surl, Surb2a, Sur2b, Navl.4,
Nmdarl, Ampar2, Murfl, Irisin, Notchl, TauT, Ampk, Ngf, Mstn, Achrl, Mhc2b,
Mhc2x, Mhc2a, Mhcl).”

“3 vectors of LDA coefficients and a matrix containing the PCA loading weights
of each genes have been obtained.”

“The three discriminant lists of genes that separate the classes have been obtained
multiplying the PCA loadings matrix with each transposed vector of LDA
coefficients.”
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Unacylated Ghrelin Restores Insulin and Autophagic Signaling
in Skeletal Muscle of Diabetic Mice [111]
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Abstract-Summary ‘“Impairment of insulin signaling in skeletal muscle detrimen-
tally affects insulin-stimulated disposal of glucose.”

“Restoration of insulin signaling in skeletal muscle is important as muscle is one
of the major sites for disposal of blood glucose.”

“We examined the effects of UnAG on restoring the impaired insulin signaling in
skeletal muscle of db/db diabetic mice.”

“Our results demonstrated that UnAG effectively restored the impaired insulin
signaling in diabetic muscle.”

“Our data indicated that UnAG normalized the suppressed autophagic signaling
in diabetic muscle.”

“Our findings illustrated that UnAG restored the impaired insulin and autophagic
signaling in skeletal muscle of diabetic mice, which are valuable to understand the
underlying mechanisms of the anti-diabetic action of UnAG at peripheral skeletal
muscle level.”

Introduction

“Defects at different levels of insulin signaling pathway in skeletal muscle lead to
insulin resistance, in which muscle cells do not respond adequately to normal insu-
lin concentration and is a key feature of type 2 diabetes [112].”

“A highly regulated cellular process known as autophagy has been linked to insu-
lin resistance in skeletal muscle.”

“Inactivated or insufficient autophagy in skeletal muscle, liver, and adipose tis-
sue has been shown to result in (or associate with) defective insulin signaling
[113-115]”

“Another loss-of-function study has reported that autophagy-related protein 7
(Atg7) knockdown leads to enhanced endoplasmic reticulum stress and defective
insulin signaling in liver tissue of mice.”
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“Skeletal muscle-specific autophagy deficiency has been demonstrated to protect
mice from diet-induced obesity and insulin resistance [116].”

“The effects of UnAG on skeletal muscle insulin signaling pathway and autopha-
gic signaling pathway remain largely unknown.”

Methods
“Non-diabetic db/+ mice (heterozygous allelic deficient for the leptin receptor gene)
were used as the non-diabetic control because db/db mice and db/+ mice have simi-
lar genetic background except that db/db mice exhibit abnormal blood glucose level
and show the type 2 diabetic phenotype.”

“Mice assigned to UnAG treatment were exposed to intraperitoneal injection of
unacylated ghrelin (Tocris Bioscience, USA) twice daily for ten consecutive days.”

“Sections were then incubated with rabbit IgG anti-Glut 4 (#1404, Millipore,
1:400) and mouse IgG anti-dystrophin (D505, Vector Laboratories 1:50) in 1 %
BSA in PBST in a humidified chamber overnight at 4 °C.”

“A commercially available plasma membrane protein extraction kit (#k268-50,
BioVision, Mountain View, CA, USA) was used to extract plasma membrane pro-
tein from skeletal muscle.”

Results
“To further assess the beneficial effects of UnAG on intracellular insulin signaling
in muscle of db/db mice, we measured the enzymatic activity of PDH in muscle.”

“Besides the alterations in insulin signaling and enzymatic activity, UnAG also
tended to ameliorate the fasting blood glucose concentration of db/db mice.”

“UnAG was found to upregulate the protein abundances of Beclin-1 and Atg5 by
215 and 140 %, respectively, in muscle of UnAG-treated db/db mice when com-
pared to db/db control mice.”

“Skeletal muscle autophagy was impaired in db/db control mice as indicated by
the 79 % decrease in LC3 ratio and 164 % increase in p62 accumulation in db/db
diabetic muscle relative to db/+ non-diabetic muscle.”

“UnAG restored the suppressed autophagy in muscle of UnAG-treated db/db
mice by increasing LC3 ratio and reducing p62 accumulation by 638 and 67 %,
respectively, when compared to db/db control mice.”

Discussion
“We demonstrated that unacylated ghrelin restored the impaired insulin signaling
and re-activated the suppressed autophagic signaling in skeletal muscle of db/db
diabetic mice.”

“UnAG reduced the protein tyrosine nitration and restored insulin signaling in
diabetic skeletal muscle making it a potential drug to treat diabetes.”

“We have demonstrated that UnAG can restore the impaired insulin signaling in
skeletal muscle of db/db diabetic mice.”

“We demonstrated that insulin signaling, PDH activity, and fasting blood glucose
were impaired in skeletal muscle of db/db diabetic mice.”
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“UnAG could reduce phosphorylation of IRS-1 at Ser307 and enhance activation
of several downstream kinases such as PDK1 and Akt in skeletal muscle of db/
db mice.”

“Our data illustrated that UnAG partially restored the dysregulated insulin sig-
naling in diabetic skeletal muscle by modulating and resetting the phosphorylation
status of IRS-1, PDK1, PKCC, Akt, and PRAS40.”

Conclusion
“UnAG is effective in normalizing autophagy and partially restoring the impaired
insulin signaling in skeletal muscle of diabetic mice.”

“Coincidentally, the re-activation of autophagy restored the impaired IRS/Akt/
mTOR signaling in diabetic muscle.”

“Although UnAG is only an unacylated product of ghrelin, it clearly possesses
beneficial cellular effects on muscle insulin signaling in diabetic muscle.”

Insulin Signaling and Skeletal Muscle Atrophy and Autophagy
in Transition Dairy Cows Either Overfed Energy or Fed
a Controlled Energy Diet Prepartum [117]
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Abstract-Summary “This is important in transition dairy cows experiencing neg-
ative energy and protein balance postpartum.”

“Overconsumption of energy during late pregnancy affects resting glucose and
insulin concentrations peripartum and increases the risk for hyperketonemia post-
partum, but the effects on muscle tissue are not fully understood.”

“Our objective was to study peripartal skeletal muscle insulin signaling as well
as muscle accretion and atrophy in cows with excess energy consumption
prepartum.”

“Skeletal muscle biopsies were obtained 28 and 10 days prepartum, as well as 4
and 21 days postpartum from 24 Holstein cows.”
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“Excess energy consumption in late pregnancy did not lead to changes in insulin-
dependent molecular regulation of muscle accretion or atrophy compared with the
controlled energy group.”

“This study showed that in addition to the proteasome pathway of muscle atro-
phy, macroautophagy is upregulated in postpartum negative energy and protein bal-
ance regardless of dietary energy strategy prepartum and was higher in cows overfed
energy throughout the study period.”

Introduction

“Insulin has a central role in regulating skeletal muscle hypertrophy and atrophy in
all mammals via the AKT and mammalian target of rapamycin (mTORCI1) signal-
ing pathway, and through E3 ubiquitin ligases, such as atrogin-1 and muscle RING-
finger protein-1 (muRF1) [118, 119].”

“Hyperketonemic animals have a more pronounced drop in insulin concentra-
tions in the first weeks after calving [120] and could therefore experience a change
in the rate and regulation of muscle atrophy and muscle specific insulin signaling
compared with cows that maintain nutrient balance more adequately.”

“The regulation of the mTORCI1 pathway during the precarious energy and pro-
tein balance in postpartum dairy cows is of particular interest.”

“The objective of our study was to describe changes in insulin signaling and
regulation of muscle hypertrophy and atrophy in vivo during the peripartal period in
dairy cattle either overfed energy or fed a controlled energy diet prepartum.”

Materials and Methods

“Approximately 50 mg of frozen muscle tissue from each sample were transferred
to 500 pL of Trizol reagent (Life Technologies, Thermo Fisher Scientific, Waltham,
MA), placed in the pre-chilled adapter of a tissue disruptor (TissueLyser LT, Qiagen,
Hilden, Germany) and homogenized at maximum oscillation for 3 min with sterile
5 mm stainless steel beads.”

“Repeated ultrasonographic measurements of the diameter of M. longisssimus
dorsi, dry matter intake pre- and postpartum, energy balance and MP balance esti-
mates, proteasome activity and baseline gene and protein expression before glucose
infusion, as well as the change after infusion were analyzed using separate models
of repeated measures ANOVA (Proc MIXED, SAS, v. 9.3, Cary, NC) with the fixed
effects group, time and including a group x time interaction, and including the dry-
off measurement as a covariate.”

Results
“During the first 3 weeks postpartum, predicted energy balance was negative for
both groups due to the low energy intake and did not differ between the two groups
(group H: 64.8 (59.9-69.8), group C: 70.5 (65.4-75.7),p=0.11)."

“Muscle diameter was different for both groups with a more rapid increase in
diameter prepartum as well as a more rapid decrease postpartum in group H com-
pared with group C. In fact, the estimated daily loss of muscle diameter was greater
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on average in group H (0.35 [0.27-0.44] mm) compared with the average in group
C (0.19 [0.11-0.27] mm, p = 0.008).”

“Differences in baseline concentrations over time were noted for the phosphory-
lation of AKT which was significantly reduced on d 4 postpartum compared to
prepartum time-points in both groups (Time p = 0.0002).”

Discussion

“We found that the glucose-induced increase in circulating insulin concentration
in vivo led to the activation of the AKT pathway in muscle tissue, and that the dif-
ference in resting insulin concentrations between groups did not translate into a
difference in the baseline phosphorylation status of AKT.”

“Decreased AKT-phosphorylation postpartum as a result of the decreased stimu-
lation of the insulin pathway increased the gene expression of atrogin-1 in bovine
muscle tissue samples from cows with and without high concentrations of BHB
postpartum.”

“This might be due to the fact that autophagy supports cell remodeling and pro-
liferation [121, 122] and the higher rate of both accretion and mobilization of mus-
cle tissue in this group as reflected by ultrasound measurements with the observed
changes resulting in potentially larger losses of lean mass over time in group H. We
did not detect any difference in the ratio of phosphorylated ERK kinase either over
time, between groups or after glucose challenge.”

Conclusions

“This study showed skeletal muscle changes due to parturition and lactation, par-
ticularly in the phosphorylation status of AKT at baseline and in response to an
endogenous insulin surge.”

“These changes were not driven by prepartum plane of nutrition or differences in
lipid metabolism postpartum.”

“We identified the potential role of macroautophagy in skeletal muscle proteoly-
sis during negative energy balance in postpartum dairy cows in addition to the well
characterized proteasome pathway of degradation.”

“The changes in myostatin expression relative to the onset of lactation were pro-
nounced, yet counterintuitive to myostatin’s traditional regulatory role.”
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Abstract-Summary ‘“Sustained nutrient (fuel) excess, as occurs during obesity
and diabetes, has been linked to increased inflammation, impaired mitochondrial
homeostasis, lipotoxicity, and insulin resistance in skeletal muscle.”

“We examine the contribution that an increase in proinflammatory NFkB signal-
ling makes towards regulation of mitochondrial bioenergetics, morphology, and
dynamics and its impact upon insulin action in skeletal muscle cells subject to
chronic fuel (glucose and palmitate) overloading.”

“Pharmacological or genetic repression of NFkB activity ameliorated distur-
bances in mitochondrial respiratory function/morphology, attenuated loss of SDHA,
ANT-1, UCP3, and MFN2 and mitigated the increase in ROS and the associated
reduction in myotube insulin sensitivity.”

“Our findings indicate that sustained oversupply of metabolic fuel to skeletal
muscle cells induces heightened NFkB signalling and that this serves as a critical
driver for disturbances in mitochondrial function and morphology, redox status, and
insulin signalling.”

Introduction

“There is mounting evidence that chronic activation of proinflammatory signalling
in tissues such as skeletal muscle and adipose is a significant contributing factor in
the development and progression of metabolic disorders such as insulin resistance,
obesity and Type II diabetes [124, 125].”

“In support of this latter idea, signalling initiated by toll-like receptor-4 (TLR-4)
and the tumor necrosis factor-a (TNF-a) receptor results in activation of the NFkB
pathway, which has been linked to reduced mitochondrial respiration and sup-
pressed activation of transcriptional regulators that promote mitochondrial biogen-
esis and the shift towards a muscle oxidative phenotype [126, 127].”

“We, and others, have also previously demonstrated that obesity in rodents and
chronic oversupply of metabolic fuel to skeletal muscle cells in vitro is associated
with an increase in proinflammatory NFkB signalling and insulin resistance
[128-130].”

“We hypothesise that sustained oversupply of metabolic fuel will promote acti-
vation of proinflammatory NFkB signalling in muscle cells and that this contributes
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significantly to disturbances in mitochondrial biology that impact negatively upon
myocellular insulin sensitivity.”

Materials and Methods

“L6 muscle cells were cultured to myotubes as described previously in a-minimal
essential media (aMEM) containing 2% (v/v) foetal bovine serum (FBS) and 1%
(v/v) antibiotic/antimycotic solution (100 units/ml penicillin, 100 pg/ml streptomy-
cin, and 250 ng/ml amphotericin B) at 37 °C with 5% CO, [131].”

“A mitochondrial-enriched membrane fraction was isolated from L6 myotubes
using a mitochondria isolation kit (#89874, Thermo Fisher Scientific) as per manu-
facturer’s instructions.”

“Cell lysates, cytosolic, nuclear, or mitochondrial-enriched fractions (20 pg pro-
tein) from L6 myotubes and human LHCN-M2 myotubes were subjected to SDS/
PAGE on 10% resolving gels and transferred onto nitrocellulose membranes
(Millipore, Harts, UK), as described previously [131].”

“For determination of hydrogen peroxide (H,O,) under live cell conditions, L6
myotubes were incubated with 5 pM MitoPYI (a mitochondrial targeted H,O,
probe) and 1 uM deep red cell tracker at 37 °C in a 5% CO, incubator for 45 min.”

Results

“To explore whether the increase in NFkB signalling seen in myotubes subjected to
nutrient overload is a contributing factor to mitochondrial ROS production and
respiratory dysfunction, we applied two distinct but complimentary strategies.”

“Since inhibition of NFkB signalling suppresses the increase in cellular ROS
associated with nutrient overload, we subsequently tested whether this might be
linked to improved mitochondrial function.”

“To assess whether the improved respiratory capacity that was seen upon inhibit-
ing NFkB signalling in nutrient-overloaded myotubes was associated with changes
in mitochondrial morphology or mitochondrial mass we subsequently performed
live cell imaging of mitochondria stained with Mitotracker Green and also assessed
cellular mitochondrial DNA content.”

“To assess whether preserving the respiratory capacity and integrity of the mito-
chondrial network in nutrient overloaded myotubes by inhibition of NFkB signal-
ling improves insulin action, we assessed insulin-stimulated Akt phosphorylation
and glucose uptake as readouts.”

Discussion
“Our results indicate that the sustained oversupply of both GLC and PA imposes a
major substrate burden on mitochondria in L6 myotubes and that this promotes (1)
a reduction in mitochondrial respiratory capacity, (2) reduced expression of key
mitochondrial proteins, (3) increased generation of ROS and (4) increased mito-
chondrial fragmentation and mitophagy.”

“It is noteworthy that the notion that mitochondrial expression/activity of ANT-1
may influence insulin sensitivity of muscle cells is supported by studies in cultured
C2C12 myotubes, in which partial silencing of ANT-1 results in reduced cellular
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sensitivity to fatty acid-induced uncoupling and a significant reduction in insulin-
stimulated glucose uptake [132].”

“Our findings indicate that muscle cells subjected to sustained oversupply of
metabolic fuel exhibit an increase in proinflammatory NFkB signalling that is
mechanistically linked to diminished mitochondrial function as evidenced by our
ability to antagonise the marked decline in respiratory capacity, expression of key
mitochondrial maker proteins and the increased fission and mitophagy by pharma-
cological or genetic repression of the IKK-NFkB axis.”

Evidence for Skeletal Muscle Fiber Type-Specific Expressions
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Abstract-Summary “Costameres physically link the muscle extracellular matrix
to contractile and signaling ‘hubs’ inside muscle fibers mainly via integrins and are
localized beneath sarcolemmas of muscle fibers.”

“The fiber type-specific costamere architecture in muscles is unexplored.”

“We hypothesized that fiber types differ in the expression of genes coding for
costamere components.”

“Overexpression of slow type-inducing NFATc1 in muscle precursor cells did
not change Ilk or other costamere gene expressions.”

“We demonstrate fiber type-specific costamere gene regulation upon mechanical
loading and unloading conditions.”

“Our data imply that costamere genes, such as Ilk, are involved in the control of
muscle fiber characteristics.”

“Further, they identify costameres as muscle fiber type-specific loading manage-
ment ‘hubs’ and may explain adaptation differences of muscle fiber types to
mechanical (un)loading.”
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Introduction

“Defined subcellular structures, known as costameres (Cstms), convert mechanical
forces into biological signaling pathways triggering physiological adaptions of indi-
vidual SkM fibers to mechanical loading [134].”

“Cstms function as ‘hubs’ to convert mechanical impacts reaching individual
SkM fibers into biological signals to mediate SkM fiber adaptations to these
impacts [134].

“We hypothesized (1) that type 1 and type 2 fibers differ in their Cstms expres-
sions under sedentary conditions, (2) that altered mechanical loading changes Cstms
gene expressions in type 1 and type 2 fibers differentially and (3) that Ik is involved
in the control of defined Myh gene expressions in muscle precursor cells.”

“Our data provide evidence that individual SkM fibers possess distinct molecular
tools to manage mechanical (un)loading conditions and explain that type 1 and type
2 fibers adapt differentially to mechanical (un)loading due to fiber type-specific
spatiotemporal assemblies of Cstms ‘decision hubs’ to govern downstream signals.”

Methods
“Laser manipulation of tissue was performed through a graphical user interface that
allowed selection for subsequent microdissection of fibers in a collection device.”

“For subsequent RNA analysis, individual type 1 or type 2 fibers (comprising
2A, 2X and 2B fibers) corresponding to a total surface area of 3 x 10° um* were
laser-microdissected and collected in 20 pL. GITC buffer to preserve RNA integrity.”

“For subsequent protein analysis, fibers corresponding to a total surface area of
4 x 10° pm? were laser-microdissected and collected in 20 pL. RIPA buffer and pro-
tease inhibitor.”

“Complete volumes of cDNA reverse transcribed from laser-microdissected
fibers were subjected to 17-plex PreAmp PCR.”

“cDNA input was standardized given that complete cDNA prepared from a
defined laser-microdissected fiber area of 3 x 10° um? was used.”

“Detailed information on tissue collection, immunofluorescence, ATPase stain-
ing, immunohistochemistry, RNA extraction, real-time RT-qPCR, RNA gel electro-
phoresis, cDNA synthesis, DNA gel electrophoresis, DNA extraction and
sequencing, protein extraction, NUPAGE SDS-PAGE, western blot, Coomassie
staining and buffers can be found in the supplements.”

Results

“To further explore the protein levels observed by confocal localization studies, we
stained soleus muscles from sedentary control mice with a specific Cstms antibod-
ies and developed the respective signal by DAB, while we used immunofluores-
cence in parallel to stain type 1 SkM fibers (MyHC1) on the same section.”

“With significant differences between fiber type-specific Cstms gene expression
profiles under sedentary conditions, we next studied the influence of mechanical
loading (WBV) vs. mechanical unloading (IML) on fiber type-specific Cstms
expression, because mechanical cues trigger fiber type-specific adaptations
via Cstms.”
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“IML significantly reduced Ilk gene expressions in both fiber types compared to
WBY, but not compared to sedentary control.”

“In line with Cstms genes, also mTor and p70s6kb1 gene expressions were sig-
nificantly increased upon WBYV in both fiber types, with significantly higher levels
in type 1 compared to type 2 fibers.”

Discussion

“We developed a multiplex tandem PCR approach coupled to laser microdissection-
assisted enrichment of SkM fiber types to study Cstms protein and gene regulation
in detail under basal sedentary as well as under conditions of increased (WBYV) vs.
reduced (IML) mechanical impacts.”

“These data provide evidence that SkM Cstms assembly depends on externally
applied stimuli and that the composition of Cstms can change rapidly in a fiber type-
dependent manner upon defined stimuli to manage downstream adaptation
processes.”

“mTor gene expression was significantly increased upon WBYV in both fiber
types compared to control condition, whereas mTor showed higher expressions in
type 1 compared to type 2 fibers.”

“We found similar results for p70s6kb1 gene expressions, which were signifi-
cantly increased in both fiber types upon WBV compared to control condition.”

“We demonstrate that different mechanosensors and -amplifiers of the IRC/IPP
Cstms show specific type 1 or type 2 fiber expressions under sedentary control and
(un)loading conditions.”
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Skeletal Muscle Energy Metabolism & 6
Contraction

Christopher Myers

6.1 Introduction by the Editor

Skeletal muscle contraction and energy metabolism are closely intertwined pro-
cesses essential for maintaining physiological functions and supporting physical
activity. Muscle contraction’s biochemical basis involves converting chemical
energy stored in adenosine triphosphate (ATP) into mechanical energy. This process
is regulated by complex signaling pathways and is influenced by various factors,
including diet, physical activity, and genetic predispositions.

Chapter 4 discussed the expression of the VDR in skeletal muscle and its essen-
tial relationship with Vitamin D in determining muscle mass and its functional capa-
bilities. This chapter highlights recent studies demonstrating the significant role of
vitamin D in skeletal muscle function, particularly concerning oxidative stress,
energy metabolism, and maintaining an anabolic state. Furthermore, this line of
research shows Vitamin D deficiency is associated with impaired mitochondrial
function, increased oxidative stress, and a predisposition to muscle atrophy.
Mechanistically, vitamin D influences muscle function through its receptor, VDR,
and is implicated in various cellular processes, including mitochondrial oxidative
phosphorylation and muscle cell proliferation and differentiation.

Skeletal muscle undergoes significant metabolic remodeling when exposed to
environmental hypoxia, which has sparked considerable debate within the scientific
community. This chapter highlights the review written by Horscroft and Murray that
addresses the controversies surrounding hypoxia-induced changes in skeletal mus-
cle energy metabolism. Their research suggests that exposure to low oxygen condi-
tions leads to a selective decrease in the oxidation of fatty acids, while the uptake of
glucose is either maintained or increased to support increased glycolytic activity.
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This adaptation might optimize ATP synthesis pathways under reduced oxidative
metabolism, an essential survival mechanism in hypoxic environments. Despite
these findings, the literature remains divided on whether environmental hypoxia
prompts a switch from fatty acid oxidation to glucose oxidation within muscle mito-
chondria. The review also highlights that while oxidative processes in skeletal mus-
cle are downregulated in response to hypoxia, glycolytic markers remain unchanged.
Moreover, the review concludes that environmental hypoxia does not consistently
alter the total capacity for skeletal muscle glycolysis. This comprehensive analysis
underscores the complexity of skeletal muscle energy metabolism in response to
environmental hypoxia, paving the way for a better understanding of physiological
adaptations to low oxygen availability.

In human skeletal muscle, the buffering of ATP by phosphocreatine, through a
reaction catalyzed by creatine kinase, allows for extended periods of activity.
However, for activity to be sustained, phosphocreatine must be continuously regen-
erated. This chapter highlights the research by Barclay [1] that emphasizes that ATP
breakdown rates can vary significantly, from 70 to 140 mM per minute during iso-
metric contractions to 400 mM per minute during intense dynamic activities. The
study underscores that the maximum rate of oxidative energy supply in untrained
individuals is approximately 50 mM per minute, which is adequate to match an ATP
breakdown rate of 100 mM per minute during contraction if the duty cycle is 0.5.
Barclay also notes that during high-intensity exercises, the demand for ATP can
surpass the supply from phosphocreatine regeneration and glycolysis, leading to a
net decrease in phosphocreatine levels. The creatine kinase reaction is crucial for
buffering ATP and signaling energy demand from ATP breakdown sites to mito-
chondria. The findings suggest that the maximum sustainable level of muscular
activity is only a fraction of the potential rate of energy turnover in muscle, con-
strained by the peak rate of oxidative energy supply. Therefore, the capacity for
sustained high-energy demand and muscle power output is limited, with endurance
training and age-related or disease-related declines in oxidative and glycolytic
energy supplies affecting this balance.

In recent research exploring the impacts of l-arginine and 1-carnitine supplemen-
tation on metabolic health, researchers observed notable differences between pre-
diabetic South Asian and Europid men. They found that l-arginine supplementation
improved glucose metabolism and insulin sensitivity in Europid men but not South
Asian men, suggesting a potential genetic or physiological variation in response to
supplementation. Meanwhile, vegetarians, who generally have lower plasma carni-
tine levels due to dietary restrictions, showed an increase in both plasma and skel-
etal muscle carnitine content after I-carnitine supplementation. This increase,
however, did not translate to improved muscle function or energy metabolism, indi-
cating that while I-carnitine can replenish carnitine stores, it may not affect meta-
bolic pathways in a manner that enhances physical performance or energy efficiency.
These studies highlight the complex interaction between dietary supplements and
metabolic health, suggesting that the benefits of l-arginine and I-carnitine supple-
mentation can vary based on genetic background, existing health conditions, and
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diet. Further research is needed to understand these dynamics and tailor supplemen-
tation recommendations accordingly.

Furthermore, this chapter discusses research that identified that key molecules,
AMP-activated protein kinase (AMPK) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), as play crucial regulators in energy
metabolism and mitochondrial function within skeletal muscle. AMPK functions as
an energy sensor within cells, activating multiple pathways that ramp up ATP pro-
duction whenever there’s an energy shortfall. Researchers investigated the impact of
prolonged fasting on the muscle energy metabolism of the raccoon dog (Nyctereutes
procyonoides), a species known for its seasonal fat accumulation and extended win-
ter fasts and used as a human assay analog. They focused on the expression of key
metabolic regulators like AMP-activated protein kinase (AMPK), acetyl-CoA car-
boxylase (ACC), glucose transporter 4 (GLUT 4), and protein kinase B (Akt) in the
hind limb muscles after 10 weeks of fasting. Despite the fasting, there were no sig-
nificant changes in AMPK phosphorylation; however, total AMPK expression
decreased, leading to a higher phosphorylation ratio in specific muscles.

Additionally, while GLUT 4, insulin receptor, and Akt expressions remained
unchanged, Akt phosphorylation decreased in some muscles. These findings sug-
gest that raccoon dogs possess a robust molecular system to maintain skeletal mus-
cle function during long periods of fasting and inactivity. Furthermore, this animal
model research may underscore the importance of molecular pathways in adapting
to exercise and maintaining cellular energy homeostasis.

This chapter highlights the research demonstrating the intricate relationship
between Vitamin D and skeletal muscle function. It underscores its vital role in
regulating muscle health, with deficiencies linked to increased oxidative stress and
muscle atrophy. Studies into skeletal muscle’s metabolic remodeling under environ-
mental hypoxia reveal adaptations that optimize ATP synthesis, emphasizing the
body’s resilience to low oxygen levels, and human skeletal muscle energy dynamics
highlight the importance of the creatine kinase reaction in buffering ATP and signal-
ing energy demand, illustrating the limitations of sustained muscle activity by oxi-
dative energy supply. Investigations into the effects of l-arginine and l-carnitine
supplementation on metabolic health reveal variability in response based on genetic
and dietary factors, suggesting the need for personalized nutritional recommenda-
tions. Moreover, the study on the raccoon dog’s adaptation to prolonged fasting
sheds light on the molecular systems that maintain skeletal muscle function during
periods of inactivity, offering insights into human muscle adaptation and the signifi-
cance of maintaining cellular energy homeostasis.

6.2 Machine Generated Summaries

Disclaimer: The summaries in this chapter were generated from Springer Nature
publications using extractive Al auto-summarization: An extraction-based summa-
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the constituted sentences are machine selected, they may not fully reflect the body
of the work, so we strongly advise that the original content is read and cited. The
auto generated summaries were curated by the editor to meet Springer Nature pub-
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Abstract-Summary ‘“This review provides a current perspective on the mecha-
nism of vitamin D on skeletal muscle function with the emphasis on oxidative
stress, muscle anabolic state and muscle energy metabolism.”

“It focuses on several aspects related to cellular and molecular physiology such
as VDR as the trigger point of vitamin D action, oxidative stress as a consequence
of vitamin D deficiency.”

“The interaction between vitamin D deficiency and mitochondrial function as
well as skeletal muscle atrophy signalling pathways have been studied and clarified
in the last years.”

“Vitamin D deficiency is associated with oxidative stress in skeletal muscle that
influences the mitochondrial function and affects the development of skeletal mus-
cle atrophy.”

“Vitamin D deficiency may contribute to the development of muscle atrophy.”
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“Based on the current knowledge we propose that vitamin D deficiency results
from the loss of VDR function and it could be partly responsible for the develop-
ment of neurodegenerative diseases in human beings.”

Introduction
“The last decade brought a tremendous number of studies on vitamin D function in
human body.”

“Dr. Elmer McCollum and others officially termed this nutritional factor as vita-
min D [3].”

“The aim of this review is to present the latest reports on skeletal muscle function
and vitamin D status.”

“The current review provides the evidence that deficiency of vitamin D through
oxidative stress and disruption of mitochondrial function may affect the develop-
ment of skeletal muscle atrophy.”

Vitamin D deficiency
“The latest guidelines indicate the concentration lower than 20 ng/mL (50 nmol/L)
as vitamin D deficiency.”

“The true vitamin D deficiency should consider its bioavailability and, therefore,
its binding to vitamin D binding protein (VDBP).”

“VDBP is the primary vitamin D carrier, binding 85-90% of circulating 25(OH)
D and 1,25-dihydroxyvitamin D; and the remaining unbound 25(OH)D is consid-
ered bioavailable (either free or bound to albumin).”

“About 10—15% of total 25(OH)D is bound to albumin, in contrast to free 25(OH)
D, which accounts for 1% of total circulating vitamin D [4].”

“There might be tremendous personal differences in bioavailable vitamin D for
humans with a genetic mutation for VDBP or in VDBP-KD mouse models were
shown to have lower 25(OH)D blood level [5, 6].”

Vitamin D physiology

“That 1a,25(OH)2 D; concentration is regulated by two vitamin D; regulating
enzymes, CYP24A1 (cytochrome P450 family 24 subfamily A member 1), and
CYP27B1 (25-hydroxyvitamin D-1-a-hydroxylase).”

“The study of Abboud and coworkers [7], which examined the concentration and
time-dependent effects of calcitriol on the capacity of muscle cells to take up and
release 25(OH) D3, showed an evidence that skeletal muscle cells indeed contain a
mobile pool of 25(OH) D; which accumulates from and returns to the extracellular
environment.”

“The authors postulated that if the capacity to hold 25(OH) D; out of the circula-
tion in skeletal muscle is high when vitamin D status is falling in winter, 25(OH) D3
might be protected from inactivating activity of CYP24A1 in the liver.”

“It is important to emphasize that also in this hypothesis VDBP plays an impor-
tant role in regulating bioavailability of vitamin D yet this time in skeletal mus-
cle cells.”
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VDR in Musculoskeletal System

“Although, as mentioned before, VDR is predominantly expressed in fast twitch
muscles, a study on human paraspinal, slow twice muscle shows that vitamin D
deficiency induces its atrophy and decreases the concentration of intramyonucelar
VDR and VDR gene expression level [8].”

“Latest study of Ryan and coworkers [9] demonstrated increased oxygen con-
sumption rate (OCR) of skeletal muscle cells after treatment withla,25(0OH), D;,
indicating vitamin D action in the regulation of mitochondrial oxygen consumption
and dynamics.”

“Hitherto studies postulated that the possible signalling pathway involved in
muscle vitamin D function might require steroid receptor coactivator complex (Src),
non-receptor tyrosine kinase, which has been shown to activate mitogen-activated
protein kinases (MAPK) [10, 11] in various tissues.”

“Recent study showed that VDR signalling enhanced by vitamin D treatment
inhibited FOXOI1 expression, nuclear translocation, and activity in C2C12 mus-
cle cells.”

Summary
“It is shown that vitamin D deficiency may induce paraspinal muscle atrophy and
decreases the concentration of intramyonucelar VDR and gene expression of VDR.”

“Vitamin D deficiency decreases oxygen consumption rate and induces disrup-
tion of mitochondrial function.”

“It is very likely that vitamin D deficiency in the long run induces VDR ablation,
ROS generation and in consequence deleterious effects on the mitochondrial func-
tion, which in turn leads to elevated muscle atrophy.”

“We assume that vitamin D deficiency results from the loss of VDR function and
it could be partly responsible for the development of neurodegenerative diseases in
human beings.”

Future Directions
“Given the important action of vitamin D on skeletal muscle tissue, a better under-
standing of the mechanisms involved in muscle atrophy is needed.”

“There is a great need of a new insight into VDR expression and activation, bio-
genesis and the function of mitochondria as well as signalling pathways associated
with progressive muscle atrophy in vitamin D deficiency.”

“Even more, we suppose that supplementation with vitamin D to sufficient serum
vitamin D level will: reduce ROS overproduction, increase VDR gene expression
and protein content, improve mitochondrial function and inhibit the atrophy of
muscle.”

Impairments in Contractility and Cytoskeletal Organisation Cause
Nuclear Defects in Nemaline Myopathy [12]

This is a machine-generated summary of:
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Abstract-Summary “We report novel pathological defects in skeletal muscle
fibres of mouse models and patients with NM: irregular spacing and morphology of
nuclei; disrupted nuclear envelope; altered chromatin arrangement; and disorgan-
isation of the cortical cytoskeleton.”

“We also establish the role of microtubule organisation in determining nuclear
morphology, a phenomenon which is likely to contribute to nuclear alterations in
this disease.”

“Our results overlap with findings in diseases caused directly by mutations in
nuclear envelope or cytoskeletal proteins.”

“Given the important role of nuclear shape and envelope in regulating gene
expression, and the cytoskeleton in maintaining muscle fibre integrity, our findings
are likely to explain some of the hallmarks of NM, including contractile filament
disarray, altered mechanical properties and broad transcriptional alterations.”

Introduction

“The nuclei of skeletal muscle fibres are linked with various cytoskeletal compo-
nents including non-sarcomeric/cytoplasmic actins, microtubules and intermediate
filaments such as desmin.”

“All three of these cytoskeletal networks have been implicated in the spacing and
positioning of nuclei in models of skeletal muscle development: microtubules in the
initial translocation/spacing of nuclei along the fibre [13—16], and actin and desmin
in their movement to the fibre periphery [17].”
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“The force-generating properties of NM muscle fibres are severely limited, we
hypothesised that cytoskeletal components as well as nuclear function, positioning
and integrity might be affected in this disease, and possibly contribute to pathology.”

“Using single muscle fibres from mouse models and NM patients with mutations
in ACTA1 or NEB, we found that myonuclei display a range of defects, including
irregular spacing and morphology, abnormal nuclear envelope and altered chroma-
tin distribution.”

Materials and Methods

“Fibres were permeabilised in 0.1% triton-X/PBS for 10 min, washed 3x and
blocked in 10% normal goat serum/PBS for 1 h. Fibres were then treated with pri-
mary antibodies in blocking solution overnight (f-tubulin) or for 3 h (lamin A,
nesprin-1, pericentrin) at 4 °C.”

“Analysis of nuclear number and spacing: Coordinates of myonuclei were identi-
fied in 3D within Z-stacks of muscle fibres.”

“For statistical comparisons of nuclear organisation and nuclear shape in human
subjects (column graphs), control data points were pooled, since no significant age-
related differences were observed amongst healthy control subjects.”

“For studies with animals, no significant differences were observed between ani-
mals of the same genotype, and as such, individual data points for both control and
mutant/treated animals were pooled.”

Results
“Our results indicate that severe defects in nuclear envelope and morphology can
also occur in diseases caused by muscle contractile dysfunction.”

“These results suggest that in NM, force impairment results in nuclear spacing
and morphological alterations, and that enhancing force production restores these
parameters.”

“These results indicate that nuclear defects also occur in presumably non-genetic
phenocopies of NM, and also provide some correlative evidence that a reduction in
force-generating capacity of muscle might underlie these defects (although other
aspects of myofibre pathology might also contribute).”

“We observe defects in nuclear morphology and spacing in NM patients, we
sought to determine whether the microtubule network and/or its associated proteins
were perturbed.”

“These results indicate that at least in non-contracting isolated muscle fibres,
microtubule disruption for this length of time has no major impact on nuclear posi-
tioning or the nuclear envelope.”

Discussion
“We identify a range of nuclear and cytoskeletal defects in skeletal muscle fibres
that occur as part of ACTA1 or NEB-related NM pathology.”

“Given the severity of disease caused by mutations in genes encoding nuclear
envelope proteins, it is likely that the array of nuclear defects that we describe in
NM patients contributes to muscle dysfunction.”
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“Broad alterations in the transcriptional profile of skeletal muscle are observed
in patients with NM (including in genes related to metabolism and calcium homeo-
stasis), and this may partially result from these characteristic nuclear shape and
envelope alterations and/or reorganised chromatin [18].”

“They might explain some of the features observed in NM, such as broad tran-
scriptional changes and hindered muscle fibre growth (possibly related to altera-
tions in nuclear envelope and chromatin organisation, which is likely to affect
programmes of gene expression [19-21]), myofibrillar disarray (due to the roles of
desmin and the nuclear envelope in sarcomere organisation [22, 23]) and altered
fibre mechanical properties (due to disrupted cytoskeletal arrangements [24]).”

Excitation Contraction Uncoupling by High Intracellular [Ca?*]
in Frog Skeletal Muscle: A Voltage Clamp Study [25]
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Abstract-Summary ‘“Raising the intracellular [Ca®*] ([Ca*'];) was previously
found to produce uncoupling between the electrical depolarization of the transverse
tubules and contraction in skinned muscle fibers.”

“We study the effect of elevated [Ca®*]; in voltage clamped cut fibers of frog
skeletal muscle to establish how the charge movement, a measure of the activation
of the dihydropyridine receptors (DHPR)-voltage sensors, and Ca?* release, a con-
sequence of the opening of the ryanodine receptor (RyR)-release channels, were
affected. [Ca®*]; was raised by various procedures (pharmacological release from
the sarcoplasmic reticulum, application of high [Ca®']; intracellular solution, per-
meabilization of the plasma membrane by a Ca®* ionophore) all of which produced
impairment of excitation—contraction coupling.”

“In approximately 40 % of the uncoupled cells we observed that the [Ca*']; tran-
sient continued to rise after the voltage clamp pulse was turned off.”

“This loss of control by membrane voltage suggests that the uncoupled release
channels might have another mechanism of activation, likely by Ca*".”
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Introduction
“The rise in intracellular Calcium concentration ([Ca?*];) was found to produce EC
uncoupling in skinned skeletal muscle fibers of toads and rats [26].”

“After the exposure to high [Ca®*]; the cells ceased to contract in response to
ionic depolarization of the TT membrane voltage but still responded fully upon the
application of caffeine (2 mM) or low [Mg*]; (0.05 mM) to directly open RyR
channels and mobilize Ca*? from the SR.”

“The uncoupling effect of the augmented [Ca*']; depended on the amplitude as
well as on the duration of the treatment.”

“Ca*-dependent activation of calpain was found to be a step in the mechanism
of uncoupling [26-28]. [Ca**]; as low a 300 nM was able to activate the calpains
involved in the uncoupling process [27].”

“The experiments in this work were designed to directly study the effect of
increased [Ca*']; on charge movement and Ca** release flux in cut fibers of the frog
under voltage clamp in a double Vaseline gap voltage clamp.”

Methods

“Ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) was
added to the internal solution at 0.5, 1 or 2 mM adding the necessary amount of
CaCl, in order to yield a free [Ca®*] = 20 nM assuming an apparent Ky, = 0.47 pM
for EGTA, calculated with the program Maxchelator for pH = 7.0, temperature of
15 °C and 0.15 M ionic strength.”

“In a series of experiments the Ca>* ionophore A23187 was used from a 25 mM
stock in DMSO and added to the external solution at a final concentration of 50 pM,
with DMSO final dilution of 2/1000.”

“Since EGTA was added to the internal solution at a rather high concentration
(not less than 0.5 mM), its concentration or one of its rate constants were always
fitted.”

Results

“4-CmC applied alone (100 uM) increased [Ca®*]; to a rather steady level during the
application. [Ca®*]; increased to values between 0.2 and 0.4 pM and was maintained
for up to 20 min until the charge movement decayed significantly.”

“We performed control experiments to study the effect of 100 uM of 4-CmC on
charge movement preventing the increase in [Ca?]; by using a 50 mM EGTA intra-
cellular solution to heavily buffer Ca**.”

“In five fibers studied this way the charge per unit capacitance was reduced from
20+ 1.8t06.9 £ 1.4 nC pF-! (34 + 6 % of reference), release from 14.6 + 1.7 to 1.38
+ 0.3 mM s7! (9.7 = 2 % of reference) and the change in [Ca’]; due to drug treat-
ment from 0.55 + 0.08 to 0.3 + 0.03 pM, (59 £ 11 % of the reference value).”

Discussion
“The experiments in which we increased [Ca”*]; without mobilizing it from the SR
also showed a more drastic reduction in release flux than in the charge per unit
capacitance.”
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“If anything SR [Ca*"] might have increased as a consequence of the increased
[Ca?*];, thus our measurements might underestimate the uncoupling between volt-
age sensors and release channels.”

“In more than one half of the fibers that we studied the exposure to high [Ca*];
lead to a drastic increase in holding current that rendered the voltage clamp unreli-
able and the experiment was terminated.”

“The loss of control occurred only in fibers that developed an important reduc-
tion in charge per unit capacitance and Ca?* release after the exposure to high intra-
cellular [Ca*]; by drug induced release or by means of an ionophore.”

“This study shows the existence of EC uncoupling due to high [Ca*]; in cut
fibers under voltage clamp.”

The Effect of Heat Stress on Skeletal Muscle Contractile
Properties [29]
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Abstract-Summary “An elevated heat-shock protein (HSP) content protects cells
and tissues, including skeletal muscles, from certain stressors.”

“We determined if heat stress and the elevated HSP content that results is corre-
lated with protection of contractile characteristics of isolated fast and slow skeletal
muscles when contracting at elevated temperatures.”

“To elevate muscle HSP content, one hindlimb of Sprague—Dawley rats (21-28
days old, 70-90 g) was subjected to a 15 min 42 °C heat-stress.”

“HSP content was elevated in muscles from the heat-stressed limbs when com-
pared with controls.”

“For tetanic tension, both muscles also showed an increase in tension between 5
and 30 min when stimulated at 20 °C regardless of treatment but when stimulated at
42 °C no change was observed.”

“No protective effect of an elevated HSP content was observed for either muscle.”

“Although heat stress caused an elevation in HSP content, no protective effects
were conferred to isolated contracting muscles.”
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Introduction
“An elevated HSP content might be beneficial to skeletal muscle during contrac-
tions at elevated temperatures.”

“Very few studies have provided any evidence for an HSP-mediated protection to
skeletal muscle during contraction.”

“Studies using transgenic overexpression of Hsp72 have also suggested HSPs to
be beneficial to contracting skeletal muscle [30].”

“In view of the fact that elevated muscle temperatures have detrimental effects
on skeletal muscle contractile properties, coupled with the knowledge that HSPs
provide a cross-tolerance effect to cardiac and skeletal muscle, it was of interest to
determine if elevated skeletal muscle HSP content would aid skeletal muscles con-
tracting at an elevated temperatures.”

“The purpose of this study was to determine whether a prior heat stress and the
resultant increase in HSP content altered the contractile characteristics of isolated
fast (extensor digitorum longus) and slow (soleus) muscles when stimulated to con-
tract at 42 °C.”

Methods

“One hindlimb from each animal in the one-limb heat-stress group was subjected to
a heat stress (42 °C for 15 min), while the contra-lateral (1LC; contra-lateral con-
trol) limb served as a control.”

“Following the heat stress, animals were allowed to recover at room temperature
for 24 h. Isolated muscles from the two groups were equally divided into a 20 °C
(C20, n = 10; 1LC20, n = 10; 1LHS20, n = 10) group and a 42 °C (C42, n = 10;
1LC42, n = 10; ILHS42, n = 10) group.”

“The soleus and extensor digitorum longus (EDL) muscles were removed in ran-
dom order from both [heat-stressed and non-heat-stressed (contra-lateral)] limbs of
the one-limb heat-stressed groups, and from one limb from animals from the con-
trol group.”

Results

“Following densitometric scanning and quantification of bands on the blots, a sig-
nificant (p < 0.05) increase in Hsp72 content was observed in both the heat-stressed
soleus and EDL when compared with contra-lateral control muscles.”

“As time increased, the EDL muscle groups stimulated at 20 °C gradually
increased P, such that, at 30 min, all 20 °C stimulated muscles were significantly (p
< 0.05) greater from all 42 °C stimulated EDL muscles.”

“A significant (p < 0.05) increase in EDL P, between 5 and 30 min was also
detected for the all groups stimulated at 20 °C.”

“Statistically significant (p < 0.05) differences in P, were observed between 5
and 30 min in all muscle groups stimulated at 20 °C, but not for any muscle group
stimulated at 42 °C.”
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Discussion
“It was hypothesized that an increased HSP content following the heat stress would
aid muscles during contraction at 42 °C.”

“In support of this, most studies demonstrating striated muscle HSP-mediated
protection have used models of cross-tolerance where exposure to “stressor A” is
used to protect against “stressor B” and not against the original “stressor A.” For
example, an elevated HSP content from heat stress/shock appears to protect cardiac
and skeletal muscle against an ischemic stress.”

“The length of recovery (24 h) following heat stress and the temperatures selected
for muscle stimulation may also have been important factors for the lack of protec-
tion observed.”

“The temperature of 42 °C likely presents a considerable stress to the muscles,
and therefore, the greater oxidative capacity of the soleus conferred a greater toler-
ance to the stressors than the EDL.”

“A prior heat stress does not appear to benefit the contractile properties of the
EDL and soleus muscles when contracting at temperatures of 20 °C or 42 °C.”

Skeletal Muscle Energy Metabolism in Environmental Hypoxia:
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Abstract-Summary ‘“Skeletal muscle undergoes metabolic remodelling in
response to environmental hypoxia, yet aspects of this process remain
controversial.”
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“Broadly, environmental hypoxia has been suggested to induce: (i) a loss of
mitochondrial density; (ii) a substrate switch away from fatty acids and towards
other substrates such as glucose, amino acids and ketone bodies; and (iii) a shift
from aerobic to anaerobic metabolism.”

“To attempt to resolve some of the controversies, we performed a comprehensive
review of the literature pertaining to hypoxia-induced changes in skeletal muscle
energy metabolism.”

“Environmental hypoxia does however induce a selective attenuation of fatty
acid oxidation, whilst glucose uptake is maintained or increased, perhaps to support
glycolysis in the face of a downregulation of oxidative metabolism, optimising the
pathways of ATP synthesis for the hypoxic environment.”

Review

“The aim of this review was to collate evidence pertaining to the remodelling of
metabolic processes in mammalian skeletal muscle in vivo in response to environ-
mental hypoxia, accounting for variations in degree and duration of hypoxic
exposure.”

“A single result for each of the four metabolic processes and mitochondrial den-
sity was inferred from each setting as follows: increase (where at least one bio-
marker of a process was significantly increased by hypoxia, and none decreased);
decrease (where at least one biomarker of a process was significantly decreased by
hypoxia, and none increased); unchanged (where at least one biomarker was mea-
sured and no biomarkers were significantly altered by hypoxia); and unclear (where
at least one biomarker of a process was significantly increased and another signifi-
cantly decreased).”

“We set out to understand the remodelling of metabolic processes in the mam-
malian skeletal muscle in vivo in response to environmental hypoxia, accounting for
variations in degree and duration of hypoxic exposure.”

“Whilst oxidative processes are selectively downregulated in the skeletal muscle
following exposure to environmental hypoxia, in contrast to studies in cultured
cells, glycolytic markers appear to remain largely unchanged.”

Conclusions
“The literature suggests that skeletal muscle oxidative metabolism is lowered by
exposure to environmental hypoxia, which may precede a loss in muscle mitochon-
drial density.”

“The total capacity for skeletal muscle glycolysis is not consistently altered by
environmental hypoxia.”

“The literature is not clear on whether a hypoxia-induced substrate switch from
fatty acid oxidation to glucose oxidation occurs within the mitochondria of skeletal
muscle as it does in the hypoxic rat heart, for instance.”

“Environmental hypoxia does however induce a selective attenuation of whole
muscle fatty acid oxidation, whilst glucose uptake is maintained or increased, per-
haps to support glycolytic flux in the face of a downregulation of oxidative metabo-
lism, optimising the pathways of ATP synthesis for the hypoxic environment.”
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Voltage Sensing Mechanism in Skeletal Muscle Excitation-
Contraction Coupling: Coming of Age or Midlife Crisis? [32]
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Abstract-Summary ‘“Major advances in electrical and optical measurements,
including muscle fiber voltage clamp to reveal membrane electrical properties, in
conjunction with the development of electron microscopy to unveil structural details
provided an elegant view of ECC in skeletal muscle during the last century.”

“This surge of knowledge on structural and biophysical aspects of the skeletal
muscle was followed by breakthroughs in biochemistry and molecular biology,
which allowed for the isolation, purification, and DNA sequencing of the muscle
fiber membrane calcium channel/transverse tubule (TT) membrane voltage sensor
(Cavl.l) for ECC and of the muscle ryanodine receptor/sarcoplasmic reticulum
Ca?* release channel (RyR1), two essential players of ECC in skeletal muscle.”

“In regard to the process of voltage sensing for controlling calcium release,
numerous studies support the concept that the TT Cav1.1 channel is the voltage sen-
sor for ECC, as well as also being a Ca?* channel in the TT membrane.”

Background

“In skeletal muscle, electrical impulses carried by the axons of motoneurons travel
to the nerve endings at the muscle endplate (the muscle synapse), where these elec-
trical signals are converted into chemical signals that produce depolarizing postsyn-
aptic potentials at the neuromuscular junction sarcolemma of the muscle fiber
[33,34]”
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“In all but a few “tonic” muscle fibers, these postsynaptic endplate potentials
elicit a further depolarization of the muscle fiber, carried out by skeletal muscle
voltage-gated sodium channels, initiating and propagating the muscle action poten-
tial [35-37].”

“The muscle action potential (AP) travels both longitudinally away from the
fiber endplate along the muscle fiber surface sarcolemma and radially into the fiber
via invaginations of the sarcolemma that form the transverse tubular (TT) system
[38,39]”

“The AP depolarization activates skeletal muscle voltage-gated calcium channels
(Cavl.1; also known as dihydropyridine receptors, DHPR) [40].”

Introduction to Excitation-Contraction Coupling
“By the 1950s and 1960s, the processes that initiated and accompanied skeletal
muscle contraction had been studied from several angles [41, 42].”

“These pioneers made important fundamental contributions to understanding
ECC, including the following. (1) Hodgkin and Horowicz [43, 44] proposed that the
event that normally induces muscle contraction is a change in membrane potential
rather than the longitudinal spread of current along the fiber; they also showed that
the development of tension was dependent on membrane potential and was described
by a steep sigmoidal curve of tension as a function of membrane potential. (2) The
experiments of Huxley and Taylor [39] showing activation at the Z disk in frog
muscle fibers and of Huxley and Straub showing local activation at the A-I band
junction in lizard muscle [45], together with the localization of the TT system at the
Z disk in frog muscle [46] and at the A and I band junction in lizard muscle [47],
indicated that the transverse tubules (TT) of the skeletal muscle fibers form the net-
work which conducts the surface depolarization radially into a muscle fiber to initi-
ate contraction. (3) Investigations started by Ringer [48] and continued by Heilbrunn
[49], Kamada and Kinoshita [50], and others introduced the role of Ca*" as key
regulator of striated muscle activation.”

“In keeping with the theme of “coming of age/midlife crisis” of the ECC voltage
sensor, here we will first review the discovery and early functional studies of the
ECC voltage sensor and its role and properties, largely carried out during the last
quarter of the twentieth century.”

“A detailed review of the cloning of the Cavl.1 and RyR, and identification of
their skeletal muscle isoforms as the ECC voltage sensor and skeletal muscle SR
Ca* release channel, respectively, is beyond the present scope and can be found
elsewhere [51-54].”

Intramembrane Charge Movement and ECC

“Further below, from the original report, the charge movement kinetics and voltage
dependence were generally in the range that would be appropriate for muscle con-
tractile activation, so it was not unreasonable to identify these charge movements
with the intramembrane movement of ECC voltage sensors in the TT mem-
brane [55].”



6 Skeletal Muscle Energy Metabolism & Contraction 183

“An immediate question that arose after the first detection of charge movement
currents was whether the voltage sensor currents detected in muscle fibers were in
fact the control system for depolarization-induced contractile activation.”

“Two early studies addressed this question, using different pulse protocols to
show that voltage sensor charge movement measurements can be used to closely
predict the initiation of muscle contraction.”

“These studies demonstrated a close correlation between the voltage sensor
charge movement and just-detectable contractile activation of muscle fibers.”

Molecular Components and Mechanisms in ECC

“Cavl.1 channels are principally expressed in the membrane of the TT system of
adult skeletal muscle fibers and are members of a diverse family of voltage-
dependent Ca®* channels.”

“The TT voltage sensor (CaV1.1) is believed to be the “ligand” that uniquely
enables RyR1 opening in functioning skeletal muscle fibers.”

“These types of experiments indicate that in functioning muscle fibers, the RyR1
SR Ca** release channels are essentially fully off when the voltage sensors are in the
resting condition, but turn on strongly and rapidly during the AP or voltage clamp
depolarization that activates the voltage sensors [56-58].”

“All the other ligands that modulate RyR1 channel activity in isolated membrane
or protein preps may or may not also similarly modulate the RyR1 in a functioning
fiber, but the TT voltage sensor serves as master regulator determining whether or
not the channel can open at all.”

Future Perspectives

“The Schneider and Chandler hypothesis that the excitatory signal passes from the
TT to the SR membrane by way of charges moving in the TT membrane connecting
with the junctional feet of the SR Ca?* release channel initiated the path to answer
this question.”

“It is still unknown how this movement of charge, originating in Cavl.1, trans-
fers a signal across to the RyR1 (feet) to trigger Ca** release.”

“This question is particularly fascinating because of the as yet unknown molecu-
lar structure-function relationship between these components in two different mem-
brane systems, the TT (Cavl.l voltage sensors) and the SR (RyR1 Ca** release
channels).”

Conclusions
“Some of the many remaining unanswered questions regarding ECC include the
following: Are all four VSDs (I-IV) needed to activate the RyR1 Ca?*channel, or is
only a subset of charges involved?”

“Which VSDs contribute the voltage sensor element(s) for electromechanical
coupling between the Cavl.1 and RyR1 Ca?* release?”

“Which residues are moved during Cav1.1 channel activation?”

“Which residues are moved for RyR1 Ca** release channel activation?”
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“What are the molecular determinants that mediate the electromechanical cou-
pling between the VSD and RyR1 Ca?* release?”

HSP72 Expression Is Specific to Skeletal Muscle Contraction
Type [59]
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Abstract-Summary “Exercise is capable of inducing the cellular stress response
and increasing skeletal muscle heat shock protein (HSP) content.”

“To determine the relationship between muscle contraction types, muscle dam-
age, and HSP content, one tibialis anterior (TA) muscle from male Sprague-Dawley
rats (n = 5/group) was electrically stimulated while actively lengthening (LC),
shortening (SC), or remaining to stagnate (IC) for 15 repetitions (3 sets of five).”

“Twenty-four hours after stimulation, TA muscles were removed, processed, and
assessed for damage and for HSP25 and HSP72 content.”

“HSP72 content increased after all LCs conditions but not following ICs or SCs.”

“HSP25 content remained unchanged following all contractions.”

“Muscle damage was observed only after LCs and not after other contrac-
tion types.”

“Muscle HSP72 content can be increased with as few as 5 maximal lengthening
contractions and appears to be related to muscle damage.”

Introduction

“These stressors are known to occur in skeletal muscle during exercise, it is perhaps
not surprising that a number of studies [60—63], though not all [64, 65], have shown
an increased muscle HSP content following exercise.”

“Since all of the exercise-related cellular stressors ultimately originate from
muscle contraction, it follows that different types of muscle contraction may dif-
ferentially influence the CSR and thus HSP content.”

“Using a rodent model, our previous work has demonstrated an increased muscle
damage coupled with an elevated HSP content following 100 LCs but not following
100 SCs [66].”
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“The purpose of this study was to examine a more physiologically relevant range
(5—-15 LCs) of muscle contractions, determining the minimum number of LCs
required to elevate muscle HSP content while minimizing the effect of muscle
damage.”

Methods and Materials

“Following a similar methodology outlined by Pollock-Tahiri and Locke [67],
transferred membranes were blocked in 5% BSA (5% BSA powder in Tris-buffered
saline ((TBS) 500 mM NaCl, 20 mM Tris, pH 7.5) for 1 h. Blocked membranes
underwent two 5-min wash cycles in Tween-Tris-buffer saline (TTBS; TBS plus
0.05% Tween 20) then incubated in a polyclonal antibody specific to HSP25 (ADI-
SPA-801, Enzo, USA) and/or HSP72 (ADI-SPA-812-F, Enzo, USA) diluted
1:1000 in TTBS with 2% Blotto.”

“Muscle pieces were placed in ethanol: Spurr’s resin mixture (3:1) for 30 min,
1:1 for 1 h, and 1:3 for the last hour before being left to rotate overnight in 100%
Spurr’s resin.”

“These data points from stimulated TA muscles were compared with contra-
lateral (CL) TA values through a one-way ANOVA with Tukey’s post hoc testing
and Bartlett’s variance testing.”

Results
“The force-generating ability of each TA muscle was assessed pre- and post-tetanus
for all contraction types as well as for the two additional LC groups.”

“The observed pattern of force shown by the TA muscles subjected to LCs shows
clear separations in force generation recovery/damage between contraction types as
well as with the number of LCs.”

“To determine the general morphology of TA muscles at 24 h after each contrac-
tion type, light microscopy was used to qualitatively assess muscle damage.”

“Similar to light microscopy, the damage observed in the muscle fibers following
LCs was infrequent.”

“TA muscles subjected to 15 LCs showed a marked significant increase (17.7 =
3.4 fold; p < 0.01) that differed from both SC and IC (p < 0.001) groups.”

Discussion

“24 h following muscle contractions, 15 LCs resulted in a marked increase in TA
muscle HSP72 content (but not HSP25 content), while 15 ICs or 15 SCs showed no
increase in either HSP content.”

“Since cells/tissues with an increased HSP content demonstrate cellular protec-
tion [68], it follows that exercises composed of specific contractions types may
allow for increased muscle HSP72 content that may confer protection.”

“While the exact reason for the lack of an increased HSP25 content remains
unclear, a number of reasons such as exercise intensity and/or duration, the number
of contractions, the extent of damage, fiber type composition, or even muscle spe-
cies differences may account for differences observed between our model and oth-
ers [69, 70].”
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“This study demonstrated that as few as 5 LCs were capable of significantly
increasing muscle HSP72 content with minimal observable muscle damage.”

HIF Prolyl Hydroxylase Inhibition Protects Skeletal Muscle
from Eccentric Contraction-Induced Injury [71]
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Abstract-Summary ‘“Therapies that protect skeletal muscle or enhance repair
would be valuable medical treatments.”

“We tested the importance of HIF activation following skeletal muscle injury, in
both a murine model and human volunteers, using prolyl hydroxylase inhibitors that
stabilize and activate HIF.”

“Using a mouse eccentric limb injury model, we characterized the protective
effects of prolyl hydroxylase inhibitor, GSK1120360A. We then extended these
studies to examine the impact of EPO modulation and infiltrating immune cell pop-
ulations on muscle protection.”

“We extended this study with an experimental medicine approach using eccen-
tric arm exercise in untrained volunteers to measure the muscle-protective effects of
a clinical prolyl hydroxylase inhibitor, daprodustat.”
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“Treatment of healthy human volunteers with high-dose daprodustat reduced
accumulation of circulating damage markers following eccentric arm exercise,
although we did not observe any diminution of functional deficits with compound
treatment.”

“The results of these experiments highlight a novel skeletal muscle protective
effect of prolyl hydroxylase inhibition via HIF-mediated expression of iNOS in
macrophages.”

Introduction
“Both HIF1a and the HIF-target gene, VEGF, are elevated by strenuous exercise
[72, 73], and VEGF stimulates muscle angiogenesis and myoblast prolifera-
tion [74].”

“Another HIF-target gene, erythropoietin (EPO), also stimulates myoblast prolif-
eration and muscle recovery after injury.”

“One of the primary mediators of HIFla activity in muscle is local oxygen con-
centration, which can drop significantly during exercise or injury [75, 76].”

“Under normoxic conditions, oxygen-regulated HIF proteins (primarily HIF1«,
HIF2a) are hydroxylated and targeted for proteasomal degradation by HIF-prolyl
4-hydroxylases (PHD1,2,3) which require molecular O, for activity.”

“Under low oxygen tension, PHD activity is reduced, stabilizing HIF and allow-
ing transcription of target genes [77].”

Results

“As EPO has been previously linked to improved muscle repair after injury, we
tested whether the elevation of EPO by GSK360 was responsible for its protective
effects [78].”

“We then treated mice daily with recombinant EPO, with or without an EPO
neutralizing antibody, beginning 2 days prior to eccentric injury to elucidate the
effects of GSK360-induced EPO production on muscle recovery.”

“That EPO was not required for muscle protection with GSK360 indicated
another mechanism through which PHD inhibition might affect muscle injury, pos-
sibly via HIF 1o upregulation in muscle itself.”

“Using myeloid HIF1a KO mice, we asked whether altering hypoxic signaling
in immune cells would affect recovery from muscle injury.”

“These data point to PHI mediating a protective effect in muscle via activation of
HIF1a in macrophages and the subsequent upregulation of iNOS.”

Discussion
“Higher doses (30 mg/kg) of GSK360 have been associated with HIF1a target gene
activation in muscle, but our studies identified a more sensitive myeloid population
that drives muscle protection in an iNOS-dependent manner without large scale
transcriptional responses [79].”

“We presume that the modest inflammatory response and NO generation associ-
ated with eccentric contraction-induced muscle injury leads to a greater protective
role for NO generated through iNOS.”
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“We demonstrate that the macrophage HIF1a compartment is essential for the
protective effect of PHD inhibition, which is consistent with their presumed role in
membrane repair after eccentric contraction-induced muscle injury [80].”

“The exact mechanism by which the hypoxic response generated by PHD inhibi-
tion in macrophages is driving the protection and recovery from the muscle injury
is as yet undetermined, but it is likely to either be remodeling the inflammatory
response or accelerating satellite cell activation [81].”

Conclusion
“We have uncovered a novel connection between HIF1o and iNOS that contributes
to muscle protection after exercise-driven injury in mice.”

“Evidence suggests that some elements of this protective effect may also be com-
petent in healthy volunteers after eccentric injury, although there are clear differ-
ences in the magnitude of response between mouse and man.”

“Our data implicates the HIF signaling axis as an important modulator of inflam-
matory activity during skeletal muscle repair and injury and further indicates that
this mechanism may be of therapeutic importance in the treatment of acute muscle
injury.”

Materials and Methods

“After a 2-min rest, subjects were asked to perform five sets of six maximal eccen-
tric contractions of the elbow flexors of the non-dominant arm to induce local mus-
cle inflammation, pain and transient functional deficits.”

“The primary objective of the study was to evaluate the protective effects of
daprodustat on eccentric exercise-induced muscle injury by measuring MVC of the
exercised arm up to 72 h after completion of eccentric exercise in subjects treated
with daprodustat in comparison to subjects treated with placebo.”

“Another secondary objective was to evaluate the protective effects of daprodus-
tat on deficits in arm range of motion after eccentric exercise by measuring change
in degree of motion and resting arm angle from post-exercise up to 72 h after com-
pletion of eccentric exercise in subjects treated with daprodustat in comparison to
subjects treated with placebo.”

Aging and Short-Term Calorie Restriction Differently Affect
the Cardiac and Skeletal Muscle Expression of Genes Regulating
Energy Substrate Utilization in Male Rats [82]
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Abstract-Summary ‘“The study aim was to assess the effects of short-term calorie
restriction (SCR) and refeeding on the expression of genes involved in the control
of cardiac and skeletal muscle energy metabolism in old vs. young male rats.”

“In SM, Cpt-I, Glut4, Pgc-1a, and Sirt3 mRNA levels were lower in old than
young rats.”

“In CM of only young rats SCR increased Cpt-I expression which remained
elevated after refeeding.”

“Upon SCR, the expression of Ppar-p/5, Glut4, Pgc-1a, and Sirt3 in CM increased
in young but not old rats, and refeeding re-established control levels.”

“In SM of young rats SCR increased Ppar-f/5 and Pgc-1a, and decreased Sirt3
expression, whereas refeeding generally decreased these mRNA levels.”

“In SM of old rats SCR decreased only Pgc-1a expression.”

“SCR appears to increase the efficiency of glucose and fatty acid utilization in
the cardiac muscle of young, but not old male rats.”

Introduction

“Peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a) is involved
in glucose and fatty acid metabolism, fibre type switching in skeletal muscle, car-
diac diseases, and other processes [83].”

“In both types of muscles, PGC-1a co-activates peroxisome proliferator-activated
receptor beta/delta (PPAR-B/5) to modulate the transcription of genes involved in
fatty acid oxidation and oxidative phosphorylation, as well as glucose uptake
[84-87].”

“PGC-1a and PPAR-B/S co-activate the transcription of many genes, including
the one encoding carnitine palmitoyltransferase- I (CPT-I), a crucial enzyme for
oxidation of fatty acids as the primary energy source in muscles [88].”

“We focused on SCR’s effects on cardiac and skeletal muscle expression levels
of key genes involved in mitochondrial fatty acid p-oxidation (the rate-limiting
enzyme Cpt-I and its transcriptional regulator Ppar-f/d) and glucose uptake (Glut4
and its transcriptional regulator Pgc-1a).”

Materials and Methods
“The experiment was performed on young (4-month-old at the onset of the experi-
ment) and old (24-month-old) male Wistar-Han rats maintained at Specific Pathogen
Free conditions in the Academic Laboratory Animal Centre in Gdansk, Poland, at
22 °C under a 12 h/12 h light/dark cycle.”

“Frozen tissues samples of the cardiac and skeletal muscles were homogenised
(MagNALyser homogenizer, Roche Diagnostics, Indianapolis, IN, USA) and total
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RNA was extracted from homogenates using the Total RNA kit (A&A Biotechnology,
Gdynia, Poland).”

“Semi-quantification of SIRT3 protein levels was performed in duplicate for
every young and old rats’ group.”

“CPT-I activity was measured in cardiac and skeletal muscles of control and
SCR rats (5 animals per group).”

“The concentrations of leptin and insulin in blood sera were measured by rat-
specific ELISA tests (Merck Millipore, St Charles, MO, USA).”

Results

“Refeeding of young rats increased the HDL-cholesterol to control levels, however,
in old rats the concentration remained below control throughout 4 days of refeeding
(p<0.01).”

“The TG/HDL ratio decreased after SCR by 27% (p < 0.05) and 38% (p < 0.001)
in young and old rats, respectively, and increased upon refeeding up to control
levels.”

“In old rats, SCR decreased Pgc-1a expression 2.5-fold, and refeeding for 4 days
restored the control level.”

“In cardiac muscle of young rats on SCR, the mRNA level of Pgc-la strongly
correlated with Glut4 expression (r = 0.82, p = 0.00002), however, not in the old
SCR animals.”

“SIRT3 protein expression in skeletal muscle of young rats was elevated after
SCR and refeeding for 2 and 4 days by 45%, 75%, and 50%, respectively, as com-
pared to control.”

Discussion

“Our study compared transcriptional-level changes in response to SCR followed by
ad libitum feeding for up to 4 days in cardiac and skeletal muscles of young and old
male rats.”

“In line with the elevated TG levels, we found that SCR increased gene expres-
sion and activity of CPT-I in the cardiac muscle of young but not old rats.”

“We noted that SCR increased the expression of Ppar-f/d (which activates the
transcription of Cpt-I in the muscle) in cardiac and skeletal muscles of young but
not old rats [89].”

“In the skeletal muscle of old rats in our study, SCR exacerbated the age-related
decline in Pgc-la expression, with parallel (though insignificant) reduction of
Glut4 mRNA.”

“Differently than in the cardiac muscle, the skeletal muscle expression of Sirt3
decreased after SCR of young rats, even though SIRT3 protein levels were elevated.”

Mitochondrial Co-Chaperone Protein Tid1 Is Required for Energy
Homeostasis during Skeletal Myogenesis [90]
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Abstract-Summary “Tidl is a mitochondrial co-chaperone protein and its tran-
script is abundantly expressed in skeletal muscle tissues.”

“In vitro induced differentiation assay of mouse myoblast C2C12 cells was
applied to examine the physiological role of Tid1 during skeletal myogenesis.”

“Transgenic mice with muscle specific (HSA-Cre) Tidl deletion were estab-
lished and examined to determine the physiological function of Tid1 during skeletal
muscle development in vivo.”

“Expression of Tidl protein was upregulated in the differentiated C2C12 cells,
and the HSA-Tid 1" mice displayed muscular dystrophic phenotype.”

“Consistent with the in vivo finding, we observed that downregulation of Tidl
not only reduced the ATP production but also abolished the differentiation ability of
C2C12 cells by impairing the mitochondrial activity.”

“Our results suggest that Tid1 deficiency reduces ATP production and abolishes
mitochondrial activity, resulting in energy imbalance and promoting apoptosis of
muscle cells during myogenesis.”

Background
“Accumulating studies suggest that mitochondria are associated with the regulation
of the skeletal muscle physiology [91, 92].”

“The PGC-1a is expressed in skeletal muscle and activates mitochondrial bio-
genesis and oxidative metabolism [93, 94].”

“It has been shown that Tid1 is required to maintain the steady-state distribution
of mitochondrial membrane potential and is associated with the mtDNA [95].”
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“The Tid1 transcripts are expressed in most of the adult tissues including heart,
muscle, bone marrow, spleen, lymph node, and thymus [96].”

“The regulatory role of Tid1l in skeletal muscle homeostasis remains unclear.”

“We demonstrated that Tid1 is required to maintain the physiological function in
muscular development in vitro and in vivo.”

“The significance of this study warrants further understanding of the function of
Tidl in muscular development.”

“The transgenic mice generated in this study will be a valuable tool to elucidate
the physiological function of Tidl during normal muscular homeostasis.”

Methods
“Protein extracts from C2C12 cells or mice tissues were prepared using RIPA
buffer.”

“The following procedures were performed according to the method described
by Lo and others to generate Tid1" mice [97].”

“Deletion of the Tidl gene in Tidl floxed mice was achieved by crossing Tid 1"
mice with transgenic Cre mice.”

“All genotyping of the Cre transgene and the Tid1-deficient mice was performed
by polymerase chain reaction (PCR) using genomic DNA isolated from the tail tip.”

“The mice were placed on a rotating rod running at different speeds and for dif-
ferent durations.”

“For data collection, mice were pre-trained for 3 days and trained four times per
day on three consecutive days.”

“7-pm thick frozen sections from mice tissues were sliced in a freezing cryostat
at 20 °C.”

“An ATP measurement kit for cells (K791-100; BIOVISION, USA) was used to
measure the ATP concentration according to the manufacturer’s protocol.”

Results
“We observed that the HSA-Tid 1" mice died between days P8 and P10.”

“Because the mice died between P8 and P10, examination of the muscular physi-
ology of adult mice with Tid1 deficiency was prevented.”

“We evaluated the muscular physiology of adult mice carrying Tid1 heterogene-
ity (HSA-Tid17+).”

“These results suggest that deletion of the Tid1 gene causes dysfunction of mus-
cle tissue of transgenic mice.”

Discussion
“In order to further understand the role of Tidl, a mitochondrial co-chaperone, on
mediating myogenesis, we determined the expression of Tidl during the induced
differentiation of myoblasts (C2C12 cells) in vitro.”

“These results suggest that Tidl deficiency impairs the mitochondrial activity,
resulting in insufficient ATP production and cell apoptosis.”

“The discrepancy between the expression of C-caspase 3 under the distinct
downregulation of Tid]l and Caspase 3 during the in vitro induced differentiation



6 Skeletal Muscle Energy Metabolism & Contraction 193

may be caused by the distinct physiological effect after the gene-specific
knockdown.”

“These results suggest that downregulation of Tidl would initially decrease ATP
production along with increased cell death, followed by reduced mitochondrial bio-
genesis (reduction of PGC-1a).”

“These in vitro results imply that energy insufficiency of muscle cells mediated
by Tidl gene deletion (HAS-Tid1™) is likely the reason for apoptotic cell death dur-
ing the myogenesis and muscular dystrophy phenotype.”

Conclusion
“Downregulation of Tid1 abolished the ability of C2C12 to differentiate via reduced
ATP production, impaired mitochondrial activity, and induced apoptotic cell death.”

“Tid1 deficiency reduces ATP production, impairs the mitochondrial activity of
muscle cells during the myogenesis, and, consequently, causes muscle cell
apoptosis.”

“How Tidl deficiency reduces ATP production and inhibits PGC-la activity
remains unclear.”

“We will further investigate the molecular mechanisms mediated by Tid1 to reg-
ulate ATP production and PGC-1a activity during myogenesis.”
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Abstract-Summary “Individuals of South Asian origin are at increased risk of
developing type 2 diabetes mellitus and associated comorbidities compared with
Europids.”

“We aimed to investigate the effects of 6 weeks of supplementation with
l-arginine, a precursor of NO, on energy metabolism by BAT and skeletal muscle,
as well as glucose metabolism in South Asian men compared with men of European
descent.”

“We included ten Dutch South Asian men (age 46.5 + 2.8 years, BMI 30.1 + 1.1
kg/m?) and ten Dutch men of European descent, that were similar with respect to
age and BMI, with prediabetes (fasting plasma glucose level 5.6-6.9 mmol/l or
plasma glucose levels 2 h after an OGTT 7.8—11.1 mmol/l).”

“The primary study endpoint was the effect of l-arginine on BAT volume and
activity.”

“I-Arginine did not affect BMR, ["®F]JFDG uptake by BAT or skeletal muscle
respiration in either ethnicity.”

“During OGTT, l-arginine lowered plasma glucose concentrations (AUCy 5, —
9%, p < 0.01), insulin excursion (AUC_,, — 26%, p < 0.05) and peak insulin con-
centrations (—26%, p < 0.05) in Europid but not South Asian men.”

“In skeletal muscle biopsies several respiration states were consistently lower in
South Asian men compared with Europid men.”

“I-Arginine supplementation does not affect BMR, ['F]FDG uptake by BAT, or
skeletal muscle mitochondrial respiration in Europid and South Asian overweight
and prediabetic men.”

“L-arginine improves glucose tolerance in Europids but not in South Asians.”

“South Asian men have lower skeletal muscle oxidative capacity than men of
European descent.”

Introduction
“Poor skeletal muscle oxidative capacity may play a crucial role in the development
of obesity-induced peripheral insulin resistance (and subsequently type 2 diabetes),
so enhancing skeletal muscle mitochondrial function may improve whole-body glu-
cose metabolism.”

“Skeletal muscle and possibly also brown adipose tissue (BAT) are known to be
involved in human energy metabolism.”

“Enhancing BAT volume and activity could be a potential therapeutic approach
to ameliorate type 2 diabetes risk, especially in South Asians.”

“Increasing NO bioavailability might be a promising approach to enhance skel-
etal muscle mitochondrial function as well as BAT activity, thereby exerting posi-
tive effects on whole-body energy and substrate metabolism.”
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“The primary aim of the current study was to investigate the effects of 6 weeks
of l-arginine supplementation on energy metabolism by BAT in overweight predia-
betic Dutch South Asian and Dutch Europid men.”

Methods

“Prediabetes was defined as either fasting plasma glucose levels between 5.6 and
6.9 mmol/l or plasma glucose levels 2 h after an OGTT between 7.8 and
11.1 mmol/1 [99].”

“Participants ingested either l-arginine (9 g/day Il-arginine divided over three
servings; Argimax; Hankintatukku, Karkkila, Finland) or visually identical placebo
tablets (Hankintatukku) for 6 weeks in a randomised double-blind crossover design,
with a 4 week washout period in between.”

“At least an hour after the muscle biopsy, an OGTT was performed and body
composition was determined by means of dual x-ray absorptiometry (Discovery A;
Hologic, Bedford, MA, USA).”

“Mixed model analysis with treatment, ethnicity and baseline glucose levels as
fixed effects and subject-specific intercepts as random effects was used to assess the
effect of l-arginine on glucose and insulin excursions after adjustment for baseline
glucose levels.”

Results
“South Asians were shorter than Europids (1.76 + 0.02 vs 1.81 £ 0.02 m), although
the difference did not reach statistical significance (p = 0.06).”

“When analysing both ethnic groups together, l-arginine did not change BAT
activity and volume (data not shown).”

“Radiodensity of this supraclavicular BAT depot (expressed in Hounsfield units)
was not significantly different between ethnicities or after l-arginine treatment (data
not shown).”

“Although differences were not statistically significant, Europids had higher
peak glucose levels (p = 0.10) and peak glucose time (p = 0.10) after receiving pla-
cebo, compared with South Asians, but had a lower Matsuda index (p = 0.004), the
latter pointing to enhanced insulin sensitivity.”

“Since skeletal muscle mitochondrial function is closely associated with periph-
eral insulin sensitivity [100], we next assessed the effect of l-arginine on skeletal
muscle respiratory capacity in the South Asian and Europid men.”

Discussion
“We show that I-arginine, the precursor of NO, does not affect energy expenditure,
cold-induced BAT activity or skeletal muscle mitochondrial respiration in Europid
and South Asian men with prediabetes.”

“Our finding that l-arginine treatment improves glucose metabolism in over-
weight and obese prediabetic Europid men is in line with previous studies.”

“An interesting result in the current study is the lack of effect of 1-arginine on
glucose metabolism in men of South Asian ethnicity.”
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“A recent study has shown that endothelial cells isolated from South Asian men
display lower expression levels of endothelial NOS, one of the enzymes that con-
verts l-arginine into NO [101], compared with cells isolated from a matched control
group of European origin [102].”

“We show that 6 weeks of l-arginine supplementation does not affect BMR,
[F]FDG uptake by BAT or skeletal muscle mitochondrial respiration in Europid
and South Asian overweight and obese prediabetic men.”

“L-arginine improves glucose tolerance in Europid men but not in South
Asian men.”

Effect of L-Carnitine Supplementation on the Body Carnitine
Pool, Skeletal Muscle Energy Metabolism and Physical
Performance in Male Vegetarians [103]
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Abstract-Summary ‘“Vegetarians ingest less carnitine and carnitine precursors
and have lower plasma carnitine concentrations than omnivores.”

“Principle aims of the current study were to assess the plasma and skeletal mus-
cle carnitine content and physical performance of male vegetarians and matched
omnivores under basal conditions and after 1-carnitine supplementation.”

“Before carnitine supplementation, vegetarians had a 10 % lower plasma carni-
tine concentration, but maintained skeletal muscle carnitine stores compared to
omnivores.”

“Sub-maximal exercise (75 % VO,max for 1 h) revealed no significant differ-
ences between vegetarians and omnivores (respiratory exchange ratio, blood lactate
and muscle metabolites).”

“Supplementation with I-carnitine significantly increased the total plasma carni-
tine concentration (24 % in omnivores, 31 % in vegetarians) and the muscle carni-
tine content in vegetarians (13 %).”
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“Vegetarians have lower plasma carnitine concentrations, but maintained muscle
carnitine stores compared to omnivores.”

“Oral l-carnitine supplementation normalizes the plasma carnitine stores and
slightly increases the skeletal muscle carnitine content in vegetarians, but without
affecting muscle function and energy metabolism.”

Introduction
“One nutrient that is almost totally devoid in a vegetarian diet is carnitine [104].”

“The consequences of limited carnitine ingestion upon the health of vegetarians
have received relatively little attention to date [105, 106].”

“Long-term vegetarians have lower plasma carnitine concentrations than omni-
vores and a markedly reduced urinary carnitine excretion [107].”

“These findings have been confirmed and also a slight reduction in the skeletal
muscle carnitine content of vegetarians has been reported [108].”

“Considering the existing literature about carnitine homeostasis in vegetarians
and the important role of carnitine in energy metabolism, we decided to study the
effect of long-term oral treatment with carnitine on the body carnitine pool, fuel
metabolism and physical performance of vegetarians and omnivores.”

“We hypothesized that treatment with carnitine would increase plasma and pos-
sibly also skeletal muscle carnitine concentrations in vegetarians and would thereby
improve skeletal muscle energy metabolism and physical performance.”

Materials and Methods

“One week later, the participants underwent a second session of sub-maximal exer-
cise testing at 75 % of VO,max which was followed by blood collection and muscle
biopsy as described above.”

“Primary outcome measure of the study was the effect of carnitine supplementa-
tion on the plasma and muscle total carnitine concentration, VO,max, and on the
muscle content of markers of energy metabolism (phosphocreatine, lactate and gly-
cogen) before and 1 h after exercise at 75 % VO,max in vegetarians.”

“Subjects were asked to report to the laboratory, following an overnight fast, and
performed 60 min of sub-maximal (two-legged) cycling exercise at a cadence of
70-85 rpm against a pre-determined resistance, which equated to 75 % of their
VO,max determined before.”

“Blood samples were obtained from the subject’s non-dominant arm before and
after the 24-hour urine collection and before and after the sub-maximal exercise by
venipuncture into heparinized.”

Results

“Carnitine supplementation had no significant effect on the muscle glycogen con-
tent in vegetarians [difference post- to pre-carnitine supplementation —6 (95 % CI
—42-30) and 0 (95 % CI —30-30) mmol x kg~' dry weight pre- and post-exercise,
respectively] or omnivores [difference post- to pre-carnitine supplementation —27
(95 % CI —121-67) and 27 (95 % CI —2-56) mmol x kg~! dry weight pre- and post-
exercise, respectively].”
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“Carnitine supplementation had no significant effect on the muscle lactate con-
tent in vegetarians [difference post- to pre-carnitine supplementation —0.4 [95 % CI
—1.2-0.4) and —0.2 (95 % CI —5.6-5.2) mmol x kg~!' dry weight pre- and post-
exercise, respectively] or omnivores [difference post- to pre-carnitine supplementa-
tion —0.7 (95 % CI —2.7-1.3) and —0.6 (95 % CI —9.3-8.1) mmol x kg~! dry weight
pre- and post-exercise, respectively].”

Discussion
“To the current study, Stephens and others [109] found an approximately 20%
decrease in the carnitine skeletal muscle content in vegetarians compared to
omnivores.”

“In the current study, vegetarians treated with carnitine showed not only the
expected increase in the carnitine plasma concentration, but also an approximately
13 % increase in the skeletal muscle carnitine content.”

“In the recent study of Stephens and others [108], it was not possible, however,
to acutely increase the skeletal muscle carnitine content in vegetarians with the
combination of high carnitine plasma concentrations and insulin.”

“Although we did not determine the PDC activity, the fact that carnitine admin-
istration had no significant effect on the skeletal muscle (and blood) lactate concen-
trations and the skeletal muscle glycogen content in vegetarians compared to
omnivores indicates the observed increase in the skeletal muscle carnitine content in
vegetarians was without effect on skeletal muscle carbohydrate metabolism.”

Whole-Body Insulin Resistance and Energy Expenditure Indices,
Serum Lipids, and Skeletal Muscle Metabolome in a State
of Lipoprotein Lipase Overexpression [110]
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Abstract-Summary ‘“The main purpose of the current study was to examine the
effects of the overexpression of LPL on the skeletal muscle metabolomic profiles to
test our hypothesis that the mitochondrial oxidative metabolism would be activated
in the skeletal muscle of LPL transgenic rabbits and that the higher mitochondrial
oxidative metabolism activity would confer better phenotypic metabolic outcomes.”

“Under a HFD, insulin resistance index was measured using the intravenous glu-
cose tolerance test, and total energy expenditure (TEE) was measured by doubly-
labeled water in control and LPL transgenic rabbits (n = 12, each group).”

“A metabolite set enrichment analysis (MSEA) with muscle metabolites and a
false discovery rate q < 0.2 was performed to identify significantly different meta-
bolic pathways between the 2 groups.”

“The triglycerides and free fatty acid levels and insulin resistance index were
lower, whereas the TEE was higher in the LPL transgenic rabbits than in the control
rabbits.”

“The MSEA revealed that the TCA cycle and proteinogenic amino acid metabo-
lism pathways were significantly different between the 2 groups (P < 0.05).”

“In the MSEA, all four selected metabolites for the TCA cycle (2-oxoglutaric
acid, citric acid, malic acid, fumaric acid), as well as eight selected metabolites for
proteinogenic amino acid metabolism (asparagine, proline, methionine, phenylala-
nine, histidine, arginine, leucine, isoleucine) were consistently increased in the
transgenic rabbits compared with control rabbits, suggesting that these two meta-
bolic pathways were activated in the transgenic rabbits.”

“The current results suggest that the overexpression of LPL may lead to increased
activities of TCA cycle and proteinogenic amino acid metabolism pathways in the
skeletal muscle, and these enhancements may play an important role in the biologi-
cal mechanisms underlying the anti-obesity/anti-diabetes features of LPL
overexpression.”

Introduction

“We therefore investigated LPL transgenic rabbits in the current study, because they
resemble physically active humans (who are assumed to be resistant to obesity and
insulin resistance) with regard to their healthy metabolism [111-113].”

“No studies have yet examined the effect of LPL overexpression on the skeletal
muscle metabolome in LPL transgenic rabbits that show anti-obesity and anti-
diabetes characteristics.”

“We hypothesized that the overexpression of LPL would lead to the activation of
mitochondrial oxidative metabolism in the skeletal muscle, and such activation
would be associated with better metabolic phenotype outcomes, such as better val-
ues for the percent fat, serum lipids, whole-body insulin resistance, and energy
expenditure.”

“To test this hypothesis, we performed a metabolomics analysis (CE-TOFMS) of
skeletal muscle, along with the intravenous glucose tolerance test to examine insulin
resistance index, and the doubly-labeled water (DLW) method to assess percent fat
and total energy expenditure in the LPL transgenic and control rabbits under a HFD.”
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Materials and Methods

“After adding 1500 pL of 50% (v/v) acetonitrile solution containing internal stan-
dards (20 pmol/L I-methionine sulfone and 5 pmol/L. D-camphor-10-sulfonic acid
for cation and anion analyses, respectively) to each frozen muscle sample, they
were homogenized (4500 rpm, 4 °C, 60 s, 10 times) using a Micro Smash MS-100R
(TOMY Seiko Co., Ltd., Tokyo, Japan).”

“To assess the whole-body insulin resistance, all rabbits (n = 12, each group)
were fasted for 16 h and an intravenous glucose tolerance test was performed as
previously described [114] in the 14th week of HFD administration (at 38
weeks old).”

“The TEE was measured by DLW method during the period of standard chow
diet (24 weeks old) and at the 15th week of HFD (39 weeks old) in the control and
LPL transgenic rabbits (n = 12, each group), as previously described [115].”

Results

“Serum triglycerides were markedly lower in the LPL transgenic rabbits than in the
control rabbits, while the levels of total cholesterol, LDL-cholesterol, and HDL-
cholesterol were not markedly different between the two groups.”

“The LPL transgenic rabbits had lower serum concentrations of T; than the con-
trol rabbits, while the T, levels were similar between the two groups.”

“These amino acids were also consistently increased in the transgenic rabbits,
suggesting that the proteogenomic amino acid metabolism was upregulated in the
muscle of LPL transgenic rabbits.”

“None of the eight proteogenomic amino acids were related to the percent fat,
serum free fatty acid, or TEE values.”

Discussion

“The correlation analyses revealed that higher levels of citric acid (selected for the
TCA cycle in the MSEA) and methionine (selected for proteogenomic amino acid
metabolism in the MSEA) in skeletal muscle were both related to a better whole-
body insulin resistance.”

“Activation of the TCA cycle (based on the increased levels of selected four
metabolites) observed in the muscle of LPL transgenic rabbits might be due to the
activation of PPAR-a, although we did not assess the PPAR-a level in the cur-
rent study.”

“We are unable to explain how LPL overexpression is linked to increased levels
of muscle metabolites involved in proteogenomic amino acid metabolism and can
only speculate that these amino acids are also involved in the TCA cycle in the
muscle of LPL transgenic rabbits.”

“The elevated levels of asparagine and phenylalanine (that were selected for pro-
teogenomic amino acid metabolism) observed in the LPL transgenic rabbits resem-
ble the adaptation of skeletal muscle to exercise training to enhance exercise
capacity in humans.”
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Abstract-Summary ‘““The raccoon dog (Nyctereutes procyonoides) is a canid spe-
cies with autumnal fattening and prolonged wintertime fasting.”

“During acute fasting, AMPK promotes fatty acid oxidation and enhances glu-
cose uptake.”

“We evaluated the effects of prolonged fasting on muscle energy metabolism in
farm-bred raccoon dogs.”

“Total and phosphorylated AMPK and acetyl-CoA carboxylase (ACC), glucose
transporter 4 (GLUT 4), insulin receptor and protein kinase B (Akt) protein expres-
sions of hind limb muscles were determined by Western blot after 10 weeks of
fasting.”

“Fasting had no effects on AMPK phosphorylation, but total AMPK expression
decreased in m. rectus femoris, m. tibialis anterior and m. extensor digitorum longus
resulting in a higher phosphorylation ratio.”

“Fasting did not influence GLUT 4, insulin receptor or Akt expression, but Akt
phosphorylation was lower in m. flexor digitorum superficialis and m. extensor digi-
torum longus.”

“The studied muscles were resistant to prolonged fasting indicating that raccoon
dogs have an effective molecular regulatory system for preserving skeletal muscle
function during wintertime immobility and fasting.”

Introduction
“Skeletal muscle is highly adaptive in the utilization of energy sources and able to
switch between glucose and fatty acids depending on the energy status of the body
[117,118]”

“AMPK acts as an initial sensor for fasting-induced adaptations in skeletal mus-
cle and enables an efficient shift between different energy substrates [119].”
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“The preferred energy-producing pathway in skeletal muscle is fatty acid oxida-
tion, whereas glucose uptake and usage are down-regulated.”

“AMPK is known to respond to acute energy deprivation by enhancing both glu-
cose uptake and free fatty acid (FFA) oxidation [120].”

“We also measured plasma hormones involved in the regulation of energy
homeostasis (insulin, leptin and ghrelin) and to evaluate potential structural changes
in skeletal muscle, we determined the fiber-type composition in selected muscles of
the raccoon dog.”

Materials and Methods
“All animals received water/ice ad libitum and the control group was fasted over-
night before sampling.”

“The left hind limb was removed whole and stored in dry ice for later muscle
sample preparation.”

“The plasma insulin and leptin concentrations were measured with the Human
Insulin Specific RIA kit and Multi-Species Leptin RIA kit (Millipore, St. Charles,
MO, USA).”

“Samples were obtained to measure the muscle glycogen concentrations and for
histological studies.”

“Samples containing equal amounts of protein (4.7 pg) were electrophoretically
separated using 4—12 % separating gel (Amersham ECL™ Gel, GE Healthcare Bio-
Science, Uppsala, Sweden) at 160 V for 75 min.”

“Samples from the same muscle were always run on the same gel.”

“The secondary antibody (blotting grade affinity purified, AP-conjugated, rabbit
anti-goat, Bio-Rad, Hercules, CA, USA) incubation time was 2 h at room
temperature.”

Results
“The body mass of the fasted raccoon dogs was 33 % lower after 9 weeks of food
deprivation; the control group lost 19 % of their body weight.”

“The average body mass of the fasted raccoon dogs was significantly lower (P <
0.05) compared to the control animals.”

“The corresponding fiber types are I, IIA and IIX, respectively.”

“MHC IIb (type IIB) was absent in all studied muscles.”

Discussion
“In the raccoon dogs, prolonged fasting did not have significant effects on the
AMPK phosphorylation in the skeletal muscle.”
“Parallel to the decreased AMPK levels, total ACC expression was reduced in the
same muscles and the fasted raccoon dogs had higher pACC/ACC ratio in EDL.”
“As leptin is known to increase AMPK activity in skeletal muscle leading to
increased fatty acid oxidation [121], the high leptin levels could participate in sus-
taining muscle energy homeostasis throughout the prolonged fast, as observed in
the elevated pAMPK/AMPK ratio in TA and EDL.”
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“Our results show that, in the muscles of raccoon dog, protein expressions of
GLUT 4 and IR were unaltered even after prolonged fasting with decreased plasma
insulin concentrations.”

“Our results indicate that prolonged fasting does not significantly affect muscle
AMPK phosphorylation in the raccoon dog.”

Energy Demand and Supply in Human Skeletal Muscle [1]

This is a machine-generated summary of:

Barclay, C. J.: Energy demand and supply in human skeletal muscle [1]

Published in: Journal of Muscle Research and Cell Motility (2017)

Link to original: https://doi.org/10.1007/s10974-017-9467-7

Copyright of the summarized publication:

Springer International Publishing Switzerland 2017

All rights reserved.

If you want to cite the papers, please refer to the original.

For technical reasons we could not place the page where the original quote
is coming from.

Abstract-Summary ‘“Buffering of ATP by phosphocreatine, a reaction catalysed
by creatine kinase, extends the duration of activity possible but sustained activity
depends on continual regeneration of PCr.”

“The rate of ATP breakdown ranges from 70 to 140 mM min~' during isometric
contractions of various intensity to as much as 400 mM min~' during intense,
dynamic activity.”

“The maximum rate of oxidative energy supply in untrained people is ~50 mM
min~! which, if the contraction duty cycle is 0.5 as is often the case in cyclic activity,
is sufficient to match an ATP breakdown rate during contraction of 100 mM min~'.”

“During brief, intense activity the rate of ATP turnover can exceed the rates of
PCr regeneration by combined oxidative and glycolytic energy supply, resulting in
a net decrease in PCr concentration.”

“The creatine kinase reaction plays an important role not only in buffering ATP
but also in communicating energy demand from sites of ATP breakdown to the
mitochondria.”

Introduction
“When the rate of energy supply is sufficient to match the energy demand (i.e. when
the muscle is in an energetic steady-state), the amount of PCr regenerated over a full
cycle of extension/flexion cycle is equal to the amount of PCr, and thus ATP, broken
down during the contraction (extension) phase alone [122].”

“In muscle, the ATP formed in reaction 8 contributes to the regeneration of PCr
(reaction 4) so that the net reaction for glycolytic energy supply is: During high
intensity exercise, energy demand can greatly exceed the capacity of oxidative
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energy supply (see above) and the difference is accounted for by a net decrease in
PCr and glycolytic regeneration of PCr, neither of which require O,.”

Conclusions
“It is apparent that the highest possible rates of energy demand greatly exceed the
capacities of oxidative and glycolytic energy supply and can only be met by break-
down of PCr.”

“The limited capacity of that process to supply energy restricts how long high
rates of energy demand, and by inference high muscle power output, can be
sustained.”

“The level of muscular activity that can be maintained for prolonged periods is a
small fraction of the possible rate of energy turnover by muscle and is limited by the
maximum rate of oxidative energy supply.”

“Endurance training can extend the maximum rate of oxidative energy supply
whereas advanced age and various systemic pathologies (e.g. pulmonary and car-
diac diseases) can restrict energy supply by both oxidative and glycolytic pro-
cesses [123].”
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Skeletal Muscle Formation,
Regeneration, and Recovery from Injury

Christopher Myers

7.1 Introduction by the Editor

In this chapter, we embark on a journey through the remarkable world of skeletal
muscle formation, regeneration, and recovery from injury. Skeletal muscles possess
a remarkable ability to regenerate and repair themselves after injury. This chapter
delves into the cellular and molecular mechanisms that underpin this ability, focus-
ing on the role of muscle stem cells in the regeneration and repair of skeletal muscles.

The formation of skeletal muscle, known as myogenesis, is a highly orchestrated
process involving myoblasts’ differentiation and fusion to form multinucleated
myofibers. Central to muscle regeneration are muscle stem cells, often called satel-
lite cells. These cells remain quiescent under normal conditions but become acti-
vated upon muscle injury. This chapter looks at research that establishes that the
Klotho hormone has a pivotal role in activating muscle stem cells in regenerating
damaged myofibers and re-establishing muscle function. The mechanisms that reg-
ulate the activation, proliferation, and differentiation of muscle stem cells.

The muscle repair and recovery process are not limited to the mere replacement
of damaged cells; it is an intricate dance of various cellular processes. This chapter
investigates how intracompartmental pressure and mitochondrial networking affect
skeletal muscle regeneration. Also, this chapter looks at the importance of
angiogenesis.

This chapter illuminates the awe-inspiring capacity of skeletal muscles to regen-
erate and recover from injury. Through the lens of muscle stem cells, myofiber for-
mation, and the orchestrated interplay of various cellular components, this chapter
offers a holistic understanding of the muscle’s regenerative journey from injury to

C. Myers (P<)
3 Sports Science, 3 Sports Science LLC, Akron, OH, United States of America
e-mail: chris @3sportsscience.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 213
C. Myers (ed.), Skeletal Muscle Physiology,
https://doi.org/10.1007/978-3-031-47065-3_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-47065-3_7&domain=pdf
https://doi.org/10.1007/978-3-031-47065-3_7
mailto:chris@3sportsscience.com

214 C. Myers

recovery. Doing so lays the foundation for developing therapeutic strategies that
harness the innate powers of muscle regeneration and repair.

The elucidation of skeletal muscle mechanics and regeneration continues to be a
significant field of study within muscle physiology. This chapter covers many dif-
ferent lines of research investigating skeletal muscle regeneration and recovery after
injury. One crucial line of research is the critical role of satellite cells and the intrigu-
ing properties of titin. Titin, identified as a pivotal element for muscle stability,
especially during active states and eccentric contractions, opens new avenues for
understanding muscle elasticity and force production. Concurrently, advancements
in therapeutic approaches, such as low-level laser therapy (LLLT) and the applica-
tion of neuregulin-1p (NRG-1p), demonstrate promising results in enhancing mus-
cle repair and intrafusal muscle fiber formation, respectively. These innovative
treatments improve collagen organization and inflammation response and highlight
the potential for targeted muscle regeneration therapies. Moreover, exploring satel-
lite cells’ functionality, particularly their role in muscle regeneration and the impact
of aging and signaling pathways on their efficacy, provides a more profound com-
prehension of muscle repair mechanisms. This chapter, therefore, aims to bridge the
gap between fundamental skeletal muscle physiology research and practical thera-
peutic applications, offering insights into potential strategies for optimizing muscle
regeneration.

The role of titin, introduced and discussed in Chap. 1, emerges as a central piece
in this puzzle. Titin, known to increase its stiffness during active muscle states,
could provide the necessary stability across the entire length spectrum of muscle
fibers, including during eccentric contractions beyond actin-myosin overlap.
However, much more needs to be understood about this “third filament.” This chap-
ter highlights the review and opinion of Dr. Walter Herzon, who conducts funda-
mental skeletal muscle physiology research. His hypotheses on titin interaction on
force product on sarcomeres and individual myofibrils prompt researchers to reeval-
uate muscle elasticity and its contribution to force production, particularly in non-
traditional contraction states.

This chapter highlights studies that evaluated the effects of low-level laser ther-
apy (LLLT) on the tibialis anterior muscle of elderly rats post-cryoinjury, observing
improved collagen organization and reduced inflammation when treated with infra-
red LLLT. The study concluded that LLLT positively influences muscle repair by
enhancing collagen distribution and promoting blood vessel and immature fiber for-
mation. This study supports the current use of LLLT in recovery methodologies
seen in elite human performance programs. Additionally, research on the impact of
neuregulin-1p (NRG-1p) in a neuromuscular coculture of dorsal root ganglion
explants and skeletal muscle cells revealed that NRG-1f promotes neurite out-
growth and the formation of intrafusal muscle fibers by modulating the phenotype
of tyrosine kinase receptor C (TrkC) phenotypic DRG neurons. This data suggests
NRG-1p’s potential in therapeutic applications for muscle fiber regeneration post-
injury. Both studies collectively offer insights into therapies that could ameliorate
muscle repair processes in elderly rats and highlight NRG-1f’s role in enhancing
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muscle fiber formation through specific neuronal interactions, which could eventu-
ally produce new therapies for humans.

Satellite cells are an aspect of skeletal muscle remodeling. These skeletal muscle
stem cells play an indispensable role in their regeneration, showcasing diverse gene
expressions and phenotypic traits. The regeneration process hinges on the interplay
of signaling pathways, cytoskeletal rearrangements, the critical role of miRNAs,
and the contributions from non-satellite cells like immune cells and fibro-adipogenic
progenitor cells. Animal model research highlighted in this chapter demonstrates
that satellite cells express the Pax7 transcription factor, crucial for their postnatal
maintenance and muscle regeneration, with their functionality waning due to factors
like aging, which alters extracellular matrix composition and cell interactions. This
impaired functionality is exacerbated by upregulated Wnt3a signaling in aged mus-
cles, hindering satellite cell function. Satellite cell heterogeneity is evident from
genetic analysis, with a notable distinction between Pax7+/YFP— stem cells and
more committed Pax7+/YFP+ progenitor cells, pointing to diverse roles in muscle
regeneration. Asymmetric divisions of satellite cells, governed by Notch signaling,
emphasize the nuanced control of muscle regeneration, underpinning the complex-
ity of satellite cell behavior. The regenerative journey involves crucial steps from
the recruitment of inflammatory cells to the differentiation of satellite cells into
myogenic progenitor cells, all orchestrated within a dynamic stem cell niche. The
role of miRNAs in regulating satellite cell function illustrates the sophisticated post-
transcriptional regulation underlying muscle regeneration. Non-myogenic cells,
including immune cells and fibro-adipogenic progenitors, also contribute signifi-
cantly to the regenerative process, showcasing a complex ecosystem of interactions
vital for muscle healing. This summary underscores the multifaceted roles of satel-
lite cells and associated factors in skeletal muscle regeneration, highlighting the
intricate balance and interactions necessary for effective muscle repair and
regeneration.

This chapter illuminates the awe-inspiring capacity of skeletal muscles to regen-
erate and recover from injury. Through the lens of muscle stem cells, myofiber for-
mation, and the orchestrated interplay of various cellular components, this chapter
offers a holistic understanding of the muscle’s regenerative journey from injury to
recovery. Doing so lays the foundation for developing therapeutic strategies that
harness the innate powers of muscle regeneration and repair.

7.2 Machine Generated Summaries

Disclaimer: The summaries in this chapter were generated from Springer Nature
publications using extractive Al auto-summarization: An extraction-based summa-
rizer aims to identify the most important sentences of a text using an algorithm and
uses those original sentences to create the auto-summary (unlike generative Al). As
the constituted sentences are machine selected, they may not fully reflect the body
of the work, so we strongly advise that the original content is read and cited. The
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auto generated summaries were curated by the editor to meet Springer Nature pub-
lication standards. To cite this content, please refer to the original papers.
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Abstract-Summary ‘“We investigate the functional role of the anti-aging hormone
Klotho for muscle stem cell function after cardiotoxin-induced injury of skeletal
muscle using a klotho hypomorphic mouse line, which is characterized by a prema-
ture aging phenotype.”

“We perform floating single myofiber cultures with their adjacent muscle stem
cells to investigate the interplay between canonical Wnt signaling and Klotho
function.”

“We demonstrate that addition of recombinant Klotho protein inhibits aberrant
excessive Wnt signaling in aged muscle stem cells thereby restoring their
functionality.”

“The anti-aging hormone Klotho counteracts aberrant canonical Wnt signaling
in muscle stem cells and might be one of the naturally occurring inhibitors of canon-
ical Wnt signaling in skeletal muscle.”
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Background
“Diseases such as muscular dystrophy and other conditions such as natural aging
are major factors influencing muscle stem cell function [2-4].”

“Muscle stem cell number and functionality decline with age caused by intrinsic
and extrinsic changes [4].”

“It is known that systemic factors and changes in the muscle stem cell niche can
influence regeneration of skeletal muscle in the aged [5].”

“We investigated the effect of Klotho on regeneration of the skeletal muscle,
muscle stem cell function, and the interplay between canonical Wnt signaling and
sKlotho in muscle stem cells.”

“We show that klotho hypomorphic mice display disturbed muscle stem cell
function as well as reduced regenerative capacity.”

“We identify sKlotho as one of the modulators of muscle stem cell function and
thereby regeneration of skeletal muscle, potentially by inhibiting aberrant canonical
Whnt signaling, e.g., in the context of aging.”

Methods

“Immunoblot analyses were performed using the following antibodies: MuRF1/2/3
(rabbit, 1:1000, ab172479, AbCam), Atrogin/Fbxo32 (rabbit, 1:1000, ab168372,
AbCam), non-phospho (active) B-Catenin (Ser33/37/Thr4l) (D13Al) (rabbit,
1:1000, 8814S, Cell Signaling), phospho (inactive) p-Catenin (Ser33/37/Thr41)
(rabbit, 1:1000, 95618, Cell Signaling), Klotho (goat, 1:2000, AF1819, R&D
Systems), Tubulin (mouse, 1:500, T9026, Sigma-Aldrich), GAPDH (G-9) (mouse,
1:200, sc-365062, Santa Cruz), peroxidase goat anti-rabbit (1:1000, P0448, Dako),
peroxidase rabbit anti-goat (1:1000, P0449, Dako), and peroxidase goat anti-mouse
(1:1500, P0447, Dako), including Pierce™ ECL Western blotting substrate (32106,
Thermo Scientific) and Immobilon™ Western chemiluminescent HRP substrate
(WBKLS0500, Millipore).”

“After 48 h, cells were fixed with 2% PFA for 5 min followed by subsequent
immunofluorescence staining.”

“Single myofibers were isolated from EDL muscle by digestion in DMEM with
0.2% collagenase (from Clostridium hystolyticum, Sigma) and cultured in DMEM
supplemented with 20% FBS and 1% chick embryo extract (US biological) as
described previously [6].”

Results
“We first compared the number, activation, and differentiation potential of muscle
stem cells of AKlotho and control mice.”

“Addition of sKlotho results in an increase in the number of clusters per fiber of
AKlotho mice suggesting that sKlotho and not mKlotho is important for muscle
stem cell function.”

“Expression of klotho mRNA is reduced in myofibers with adjacent muscle stem
cells from old mice directly after isolation and after 72 h of culture when the number
of muscle stem cells on the myofibers is increased.”
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“sKlotho might be an effective natural inhibitor of canonical Wnt signaling in
muscle stem cells in the young and loss of klotho expression in the aged might be
one of the causes for increased canonical Wnt signaling and thereby impeded mus-
cle stem cell functionality in the aged.”

Discussion
“Canonical Wnt signaling plays an important role in muscle stem cell function [7].”

“Differentiation of muscle stem cells is controlled by canonical Wnt signaling,
especially by signaling through the ligand Wnt3a.”

“Aged skeletal muscle has been shown to display increased canonical Wnt sig-
naling resulting in a conversion of muscle stem cells from a myogenic to a fibro-
genic lineage [8].”

“We could demonstrate that inhibition of aberrant canonical Wnt signaling in the
aged by Dkk1 had very similar effects compared to addition of sKlotho further sup-
porting the notion that sKlotho is a naturally occurring inhibitor of canonical Wnt
signaling in muscle stem cells.”

“It is likely that sKlotho not only inhibits canonical Wnt signaling but also TFG-
B1 signaling in aged skeletal muscle thereby maintaining muscle stem cell function.”

Conclusions
“We conclude that reduction of sKlotho is an important contributor to loss of muscle
stem cell function in the aged, most likely through loss of inhibition of canonical
Whnt signaling.”

“Replenishing the levels of sKlotho is a promising therapeutic approach for stim-
ulation of muscle regeneration in the aged.”
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Abstract-Summary “Not only is this increased ICP the manifestation of skeletal
muscle injury, but it induces further deterioration of the injury.”

“The aim of this study was to assess the association between short-term ICP
elevation and long-term skeletal muscle recovery after severe limb trauma.”

“In this single-center ambispective cohort study, we retrospectively screened and
recruited a cohort of tibial diaphyseal fracture patients with integrated ICP data dur-
ing the early post-traumatic period, and performed a prospective observational
study to evaluate their skeletal muscle recovery through long-term follow-up and
MR imaging after the removal of the implants.”

“We analyzed the association between ICP elevation and skeletal muscle recov-
ery using statistical methods.”

“Statistically significant associations were observed between the ICP parameters
and the MR imaging parameters when simple linear regression analysis was
performed.”

“Short-term ICP elevation was associated with long-term skeletal muscle recov-
ery following tibial diaphyseal fracture, especially for ICP data that integrated time
factors.”

Introduction

“In a tibial diaphyseal fracture, bleeding, edema, and exudation are confined within
those compartments, resulting in increased intracompartmental pressure (ICP)
[10, 11].7

“MR imaging is a powerful tool for evaluating and quantifying skeletal muscle
volume and internal structures [12, 13].”

“Metal internal fixators such as intramedullary nails can interfere with MR imag-
ing, which limits its application for evaluating the recovery of skeletal muscle in
tibial diaphyseal fracture patients with intramedullary nails [14, 15].”

“This meant that there was an opportunity for us to use MR imaging to assess the
recovery of skeletal muscle following tibial diaphyseal fracture.”

“We conducted a prospective observational study to evaluate their skeletal mus-
cle recovery through long-term follow-up and MR imaging after the removal of the
implants.”
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“The purpose of the current study was to assess the association between short-
term ICP elevation and long-term skeletal muscle recovery after severe limb
trauma.”

Materials and Methods
“The present study was approved by the Ethics Committee of Shanghai University
of Medicine & Health Sciences Affiliated Zhoupu Hospital (2017-C-003), and the
patients were fully informed about the purpose and procedure of this study before
they underwent ICP monitoring, intramedullary nail removal, and MR imaging.”

“The inclusion criteria were as follows: (1) tibial diaphyseal fracture as defined
by AO/OTA classification code 42; (2) fixation of the tibial diaphyseal fracture with
intramedullary nails; (3) complete ICP data for the anterior compartment after the
trauma, with the maximum ICP above 30 mmHg and the minimum AP (AP = dia-
stolic blood pressure minus ICP) below 50 mmHg; (4) aged over 18 at the time of
injury; and (5) the patient was willing to have the intramedullary nail removed after
fracture healing.”

“To evaluate the association of ICP elevation with the recovery of skeletal mus-
cle, simple linear regression analyses of various ICP data and MR imaging data
were performed.”

Results

“In this ambispective cohort study, 51 patients met the criteria to be recruited, and a
total of 46 patients underwent intramedullary nail removal and MR imaging after
11-30 (19.23 + 5.01) months of follow-up.”

“Two cases presented delayed union after intramedullary nail fixation; in those
cases, the distal interlocking screws were removed and union was achieved after
dynamization.”

“The removal of the intramedullary nail was completely successful in all patients;
there were no complications such intramedullary nails or screws remaining in the
body, vascular or nerve injuries, hematoma, or infection.”

“The 46 patients underwent MR imaging 6-11 (8.48 + 1.53) weeks after the
removal of the internal fixator.”

Discussion
“We conducted an ambispective observational cohort study based on MR imaging
after the removal of implants to investigate the relationship between short-term ICP
elevation and long-term skeletal muscle recovery after severe limb trauma.”
“Linear regression analysis reconfirmed the importance of the ICP elevation
duration, as indicated by the evidence that the maximum ICP and minimum AP
(which do not take time into account) were less strongly associated with skeletal
muscle recovery, while the accumulated AP (which takes time into account) pro-
duced the highest determination coefficients for CSAR and T2SIR, explaining
62.1% and 59.1% of the variance in CSAR and T2SIR, respectively.”
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“This could make the reliability of the estimated specificity of using ICP eleva-
tion to predict skeletal muscle recovery questionable in patients with high accumu-
lated ICP and AP”

“Further investigations that focus on larger cohorts and use more accurate and
comprehensive approaches to investigate skeletal muscle recovery are needed to
explore the underlying mechanism for the impact of elevated ICP on skeletal muscle
recovery as well as the functional implications for limbs.”

Conclusions
“This ambispective cohort study demonstrated that short-term ICP elevation was
associated with long-term skeletal muscle recovery, and that the accumulated AP,
which accounts for both the ICP data and time, was the ICP parameter most closely
associated with the recovery of skeletal muscle.”

“Firm conclusions such as the accumulated AP threshold for skeletal muscle
recovery could not be drawn from this study due to its size, but the study can pro-
vide ideas and thoughts for future research.”
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Abstract-Summary “In skeletal muscle, the robust remodeling of the mitochon-
drial network is observed, particularly after injury where large portions of the tissue/
cell structures are damaged.”

“The significance of mitochondrial remodeling in regulating skeletal muscle
regeneration has been widely studied, with alterations in mitochondrial remodeling
processes leading to incomplete regeneration and impaired skeletal muscle
function.”

“Important questions related to mitochondrial remodeling and skeletal muscle
regeneration still remain unanswered and require further investigation.”
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“This review will discuss the known molecular mechanisms of mitochondrial
network remodeling, as well as integrate these mechanisms and discuss their rele-
vance in myogenesis and regenerating skeletal muscle.”

Introduction
“Mitochondrial turnover is also important in initiating the differentiation program
of stem cells to reconstruct damaged tissues.”

“Skeletal muscle tissue sustains damage due to daily wear and tear, and from
numerous disease states, with its repair being intimately dependent upon the turn-
over of mitochondria within resident skeletal muscle stem cells (satellite cells)
[17, 18]

“The study of mitochondrial dynamics and turnover in regulating skeletal muscle
stem cell function and skeletal muscle tissue regeneration is still in its infancy.”

“Recent studies have shown the importance of these processes in maintaining
skeletal muscle stem cell and skeletal muscle tissue function.”

“This review will shed light on the molecular mechanisms of mitochondrial
dynamics/turnover, their regulation through two major classes of sensors, and their
known relevance in skeletal muscle stem cell differentiation and skeletal muscle
tissue regeneration.”

Mitochondrial Biogenesis
“NRFs are key components in regulating mitochondrial biogenesis, with NRF1 and
nuclear factor erythroid 2 like 2 (NFE2L2 or NRF2) being the major targets of
PPARGCI1A. The significance of these nuclear factors has been established in
developmental studies where the knockout of either of these factors results in
embryonic lethality [19, 20].”

“Compared to NRFs, the physiological function of ESRRs in mitochondrial bio-
genesis is less studied in its relationship with PPARGC1A. PPARGCIA can target,
bind, and activate ESRRA to regulate the expression of genes involved in OXPHOS,
fatty acid oxidation, mitochondrial membrane transport, and mitochondrial DNA
replication [21, 22].”

“PPARGCIB has been shown to exhibit similar properties to PPARGC1A and
was thought to be an important regulator of mitochondrial biogenesis [23, 24].”

“Similar to PPARGCI1A, PPARGCI1B is able to partner with NRF1 and ESRRA
to enhance the expression of mitochondrial transcription factors and trigger robust
mitochondrial biogenesis [25-27].”

Mitochondrial Fission and Fusion
“The basis of mitochondrial fission is the constriction and scission of the mitochon-
drial membrane, resulting in two mitochondria [28, 29].”

“DNMI1L migration to the mitochondria is accompanied by its interaction with
adaptor proteins found on the outer mitochondrial membrane (OMM).”

“It is well understood that DNM 1L mediates fission through its interaction with
adaptor proteins found on the OMM, whereas the mechanism of IMM fission has
yet to be fully determined.”
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“DNMIL, OPA1, MFN1/2 and their related proteins are major mediators of
mitochondrial dynamics; however, other mediators have also been shown to play an
important role in this process.”

“The majority of mitochondrial fission and fusion events occur at ER-mito con-
tact sites [30].”

“A subpopulation of fission proteins (DNM1L, MFF, and FIS1) have also been
identified on the ER and were shown to be involved in priming mitochondria for
division.”

Mitochondrial Degradation

“The most studied mechanism of mitophagy is orchestrated by two proteins: the
Ser/Thr kinase, PTEN-induced kinase 1 (PINK1), and the E3-ubitquitin ligase par-
kin (PRKN) [31, 32].”

“The addition of a phosphorylated ubiquitin plays an essential role in activating
PRKN and inducing mitophagy even in the absence of PINKI1-mediated PRKN
phosphorylation [33, 34].”

“Although the PINK1/PRKN pathway of mitophagy is the most studied, other
mechanisms exist and the contribution of these PRKN-independent mechanisms
may be more important in certain types of cells or tissues.”

“BNIP3 has been shown to anchor and inhibit the breakdown of OMM bound
PINKI, thus increasing full-length PINK1 accumulation and concomitant PINK1/
PRKN-mediated mitophagy [35].”

“Upon proteasomal rupture of the OMM, the LIR motif of PHB2 interacts with
MAPILC3 to induce mitophagy that is independent of PRKN [36].”

“PHB2 has also been shown to participate in PINK1/PRKN-mediated mitophagy.”

Interplay Between Mitochondrial Biogenesis, Fission/Fusion,

and Mitophagy

“AMPK-mediated phosphorylation of PPARGCIA activates the co-transcription
factor, which upregulates genes responsible for ATP production and mitochondrial
biogenesis, as discussed earlier.”

“Activated AMPK triggers the phosphorylation of adaptor protein MFF that
enhances the recruitment of DNMI1L to the OMM, thus, promoting mitochondrial
fission [37].”

“The energy sensors AMPK and SIRTs play similar roles with respect to mito-
chondrial turnover such that they promote biogenesis and mitophagy to clear away
damaged mitochondria and repopulate the cell with healthy mitochondria.”

“In non-cancer cells, Ca*" influx results in MAPK1/3 activation and subsequent
mitochondrial fission through the phosphorylation of Ser616 on DNMI1L [38].”

“It is possible that under cellular stress the MAPK1/3-mediated DNMI1L activa-
tion and MFN1 inhibition favours mitochondrial fission and may be an important
preceding step in cell death signaling.”

“Mitochondrial depolarization can recruit calcium-activated CAMKI1 to the
OMM to promote PINK1/PRKN-mediated mitophagy [39].”
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Mitochondrial Interplay During Skeletal Muscle Regeneration
“Myoblast-specific knockout of DNM1L does not alter overall satellite cell content
or affect the regeneration program following cardiotoxin (CTX)-induced skeletal
muscle damage [40], suggesting that DNM 1L does not impair satellite cell function
during regeneration [40].”

“This may better elucidate the function of the initial fission/mitophagy processes
in satellite cells during skeletal muscle regeneration.”

“Similar to C2C12 cell culture experiments, MYOD1 and MYOG are elevated at
approximately 3 days post-injury in skeletal muscle tissue and are also synchronous
with upregulation of mitochondrial biogenesis genes, including Ppargclb, Pprcl,
Nrfl, Nfe212, Esrra, and Tfam [17, 41].”

“Investigation into OPA1 during skeletal muscle regeneration may provide novel
insight into its role in maintaining mitochondrial morphology during the different
phases of the regeneration process.”

“It is unknown if mitochondrial biogenesis markers continue to increase as
MRFs decline during the second half of the regeneration process (i.e., after satellite
cell differentiation and formation of de novo myotube/myofibres), or whether mito-
chondrial respiration is altered in regenerating myofibres.”

Concluding Remarks

“In the case of skeletal muscle stem cells, the precise mechanism and role of these
processes has yet to be fully elucidated, and greater emphasis is needed in this
regard.”

“The present data highlights the importance of mitochondrial dynamic and turn-
over processes in facilitating skeletal muscle regeneration.”

“As this field continues to emerge, it may provide valuable information for the
development of inhibitor/activator molecules to enhance skeletal muscle regenera-
tion, particularly in diseased states through the targeting of these various mitochon-
drial mechanisms.”
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Abstract-Summary “Loss of skeletal muscle mass and function results in loss of
mobility for elderly patients.”

“Growth differentiation factor 11 (GDF11) has been proposed as a “youthful”
circulating factor that can restore cardiac, neural, and skeletal muscle functions in
aging animals.”

“We used a complex rat model of skeletal muscle injury that physiologically
mimics injuries seen in patients; to investigate the ability of GDF11 and to enhance
skeletal muscle regeneration after injury in older rats.”

“GDF11 impaired the recovery of skeletal muscle function in older rats after
injury.”

Introduction

“Growth differentiation factor-11 (GDF11) is a TGFp family member that is highly
homologous to another TGFp family member, myostatin (GDFS), a known inhibitor
of skeletal muscle hypertrophy.”

“Further reports from high impact journals have suggested that this supposed
age-dependent decrease in circulating GDF11, but not myostatin, can be rescued via
exogenous administration of GDF11 and reverse age-related defects in the heart,
brain, and skeletal muscle [43, 44].”

“They demonstrated that circulating GDF11 increased with age and inhibited
skeletal muscle regeneration [45] Data from Rodgers and others demonstrated that
the circulating molar concentration of myostatin is 500x higher than that of
GDF11 [46].”

“This model provides a unique opportunity to test the effect of GDF11 treatment
on the recovery of skeletal muscle function in older animals in a physiologically
relevant model of injury.”

“We provide data showing that GDF11 treatment resulted in increased fibrosis in
injured muscle and decreased recovery of function after CS injury.”

Materials and Methods
“GDF11 was reconstituted with 30 mM acetate, pH 5.0 buffer, and total protein
concentration was confirmed using a Pierce BCA Protein assay kit (Thermo
Scientific, Waltham, MA).”

“Circulating levels of GDF11, in both vehicle and GDF11-treated animals, were
determined by MSD assays of flash frozen serum samples as previously
described [47].

“Contractile function of the left anterior crural muscles was assessed in vivo 7
and 14 days after injury by measuring maximal isometric torque as a function of
stimulation frequency after direct stimulation of the peroneal nerve and compared
to baseline function measured prior to injury as previously described [48].”
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“Quantitative PCR (qPCR) was performed in 20-mL reactions in 96-well plates
using cDNA samples generated from 12.5 ng of total RNA as previously
described [49].”

Results

“Adult male Lewis rats were injected IP with 0.1 mg/kg/day GDF11 or vehicle
alone for 28 days prior to CS injury using a protocol similar to what was described
by Sinha and others, in the original Science paper demonstrating GDF11 rescue of
age-dependent dysfunction in skeletal muscle [50].”

“The TA and EDL muscles are both in the anterior muscle compartment and tend
to be similarly affected by the CS injury, whereas the Sol muscle is from a posterior
muscle compartment that is not significantly damaged in our model and thus serves
as a control.”

“We have previously characterized and compared the timing of these events in
young and old rats after CS injury and demonstrated that young rats efficiently
recover muscle mass and function, while older animals have a delayed or deficient
recovery [49].”

“At day 7 after injury, vehicle- and GDF11-treated muscles showed 10% maxi-
mum isometric torque as compared to baseline function measurements taken prior
to injury (data not shown).”

Discussion

“With the known background of GDF11 and myostatin, it was surprising to find
several recent high profile studies that have put forth GDF11 as a circulating factor
that has the ability to “rejuvenate” old tissue.”

“By Sinha and others, GDF11 was shown to exert its effect on the aged skeletal
muscle satellite cell population by reducing DNA damage and caspase activation,
by increasing myogenic differentiation, and by increasing the integration capacity
of transplanted satellite cells [50].”

“This group then goes on to demonstrate inhibition of myoblast fusion in vitro
and muscle regeneration in vivo after cardiotoxin injury in GDF11-treated mice,
(41) and, in direct contrast to the Sinha and others study, they demonstrated that
circulating GDF11 increased, rather than decreased, in old mice.”

“Due to the controversy over the ability of GDF11 to influence skeletal muscle
regeneration, we examined the effect of GDF11 treatment on skeletal muscle regen-
eration in older rats after CS injury.”

Angiogenesis Precedes Myogenesis During Regeneration
Following Biopsy Injury of Skeletal Muscle [51]
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Abstract-Summary ‘“Myofibers and microvessels regenerate from satellite cells
and from surviving microvessel fragments, respectively, to restore intact muscle.”

“In these models, efferocytosis removes cellular debris while basal laminae per-
sist to provide guidance during myofiber and microvessel regeneration.”

“It is unknown whether the spatiotemporal coupling between myofiber and
microvascular regeneration persists when muscle tissue is completely removed and
local guidance cues are lost.”

“To test whether complete removal of skeletal muscle tissue affects the spatio-
temporal relationship between myogenesis and angiogenesis during regeneration,
subthreshold volumetric muscle loss was created with a biopsy punch (diameter, 2
mm) through the center of the gluteus maximus (GM) in adult mice.”

“Confocal imaging and histological analyses of whole-mount GM preparations
and tissue cross-sections assessed the growth of microvessels and myofibers into
the wound.”

“Regenerating microvessels advanced from the edges of the wound into the
matrix by 7 dpi.”

“Regenerated myofibers and microvessels were disorganized compared to the
uninjured muscle.”

“Following punch biopsy of adult skeletal muscle, regenerating microvessels
span the wound and become perfused with blood prior to myofiber regeneration.”

“The loss of residual guidance cues with complete tissue removal disrupts the
spatiotemporal ~ correspondence  between microvascular and  myofiber
regeneration.”
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“We conclude that angiogenesis precedes myogenesis during regeneration fol-
lowing subthreshold volumetric muscle loss.”

Background
“Injury to skeletal muscle damages myofibers, triggers an inflammatory response,
and fragments capillary networks [52-54].”

“In established models of muscle injury and regeneration [52, 55-58], basal lam-
inae persist following efferocytosis, which provides cell type-specific guidance to
capillaries and myofibers during regeneration [59-63].”

“Whether microvascular regeneration and myofiber regeneration following
injury may proceed sequentially has not been resolved.”

“As an alternative approach to test the interdependence of microvascular and
myofiber regeneration following acute injury, a punch biopsy (diameter, 2 mm) was
performed through the mouse gluteus maximus (GM) muscle.”

“This injury is below the critical size threshold of VML that prevents the regen-
eration of intact muscle [64].”

Methods

“The GM was dissected (as described below) at 1 dpi, and images of EBD staining
were acquired with a 4 x objective on an E800 microscope coupled to a DS-Fi3
camera using Elements software (Nikon; Tokyo, Japan).”

“Exposed tissue on the mouse was covered with plastic film (Glad Press n” Seal)
to prevent dehydration, and the preparation was transferred to the stage of a Nikon
E600FN microscope, where the GM was equilibrated for 30 min while continuously
superfused with bbPSS at 3 mL/min.”

“The GM was removed from a Cdh5-mTmG mouse and placed in a custom
imaging chamber with the ventral surface facing the objective to optimize the reso-
lution of the microvasculature.”

“For tissue cross-sections, trimmed GM samples were transferred to a cryomold
containing OCT compound with 2-0 black silk suture (Iength, 2 mm) positioned
adjacent to the injury for a visual reference.”

Results

“Creating a circular hole through the center of the GM resulted in minimal collateral
damage to the surrounding tissue as evidenced by nominal uptake of EBD into the
ends of myofibers bordering the wound at 1 dpi (Supp.”

“Intravital microscopy revealed that only those microvessels having the largest
diameters were continuously perfused; most segments contained stationary red
blood cells or plasma alone at 14 dpi (Supp.)”

“Regenerating myofibers were smaller in width (i.e., cross-sectional area) than in
surrounding (uninjured) tissue.”

“To confirm that revascularization occurred prior to myofiber regeneration fol-
lowing the biopsy, GM cross-sections (thickness, 10 pm) were immunolabeled for
CD31 to identify ECs, myosin heavy chain (MyHC) for contractile myofibers, lam-
inin to detect basal laminae, and DAPI for nuclei.”



7 Skeletal Muscle Formation, Regeneration, and Recovery from Injury 229

“The decrease from 14 to 21 dpi reflects the growth of myofibers into the wound,
which localized with nascent microvessels as regeneration advanced.”

Discussion

“Key findings are that (1) a provisional matrix infiltrated with CD45* immune cells
and PDGFRoa* FAPs spanned the void within 1 dpi; (2) nascent microvessels began
extending into the matrix from the edges of the wound by 7 dpi, developed into
branching microvascular networks that spanned the wound and were perfused with
blood by 14 dpi; and (3) myofibers began regenerating into the wound from severed
ends by 14 dpi and spanned the wound by 21 dpi.”

“Previous studies of muscle injury have shown that regeneration of myofibers
and microvessels are concomitant processes mediated by multifaceted crosstalk
between SCs, ECs, immune cells, and FAPs in a constantly changing microenviron-
ment [54, 56, 57, 65-70].”

“Upon injury, FAPs enter the cell cycle to proliferate, localize to the site of tissue
damage, and work in concert with ECs to promote myofiber regeneration [65,
71,72]”

Defective Angiogenesis in CXCL12 Mutant Mice Impairs Skeletal
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Abstract-Summary ‘“During muscle regeneration, the chemokine CXCLI12
(SDF-1) and the synthesis of some specific heparan sulfates (HS) have been shown
to be critical.”

“To investigate the role of the CXCL12/HS proteoglycan interactions in the
pathophysiology of muscle regeneration, we performed two models of muscle inju-
ries (notexin and freeze injury) in mutant CXCL126¢mGaem mice, where the
CXCL12 gene having been selectively mutated in critical binding sites of CXCL12
to interact with HS.”

“Histological, cytometric, functional transcriptomic, and ultrastructure analysis
focusing on the satellite cell behavior and the vessels were conducted on muscles
before and after injuries.”

“We showed that despite normal histology of the resting muscle and normal
muscle stem cell behavior in the mutant mice, endothelial cells displayed an increase
in the angiogenic response in resting muscle despite the downregulated transcrip-
tomic changes induced by the CXCL12 mutation.”

“The regenerative capacity of the CXCL12-mutated mice was only delayed after
a notexin injury, but a severe damage by freeze injury revealed a persistent defect in
the muscle regeneration of CXCL12 mutant mice associated with vascular defect
and fibroadipose deposition with persistent immune cell infiltration.”

“The present study shows that CXCLI12 is crucial for proper muscle
regeneration.”

Background
“Skeletal muscle owns its remarkable capacity of regeneration to satellite cells
(SCs), the main stem cells of this tissue [74].”

“Recent studies have also described the potential involvement of the CXCL12-
CXCR4 pathway in the muscle repair process.”

“An increase of CXCL12 was shown to enhance regeneration of injured skeletal
muscles by inducing stem cell mobilization and by increasing the migration of myo-
blasts [75].”

“The CXCL12-CXCR4 pathway was shown to be upregulated in response to
skeletal muscle damage and a CXCR4 antagonist induced a delay in muscle regen-
eration [75].

“The administration of CXCL12 could accelerate the skeletal muscle repair pro-
cess [75].

“We therefore investigated the role of the CXCL12/HS proteoglycan interactions
in the pathophysiology of muscle regeneration, focusing on the SC behavior and in
vascular abnormalities.”

“The disruption of the CXCL12/GAG interactions may transform the muscle
into a non-regenerative tissue.”

Materials and Methods
“The sections were then routinely stained with hematoxylin-eosin, Sirius Red, or
Oil Red O. To preserve GFP fluorescence for the 3D study of blood vessel
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organization, whole TA muscles were fixed in 10% neutral-buffered formalin for 2
h, then cryopreserved in 40% sucrose overnight at 4 °C before freezing in OCT
(Tissue-Tek®, Sakura® Finetek, CA, USA).”

“To assess the residual capacity of endothelial cells to respond to a normal or
modified CXCL12 signaling gradient, attractor cells (SCs), which have better
angiogenic properties than others as previously described [67], from Tg:Pax7nGFP
WT and KI mice were FACS isolated and culture expanded in 22 pm filtered 1:1
DMEM Glutamax (Gibco): MCDB (Sigma-Aldrich; M6770) containing 20% fetal
bovine serum (FBS), plated on Matrigel (BD Biosciences; #354234).”

“Non-parametric rank tests were separately performed per cell type to test for a
mutation effect, using the Generally Applicable Gene-Set/Pathway Analysis in gage
package.”

Results
“To confirm the role of the CXCL12/HS disruption on EC behavior, we performed
an in vivo angiogenesis assay using Matrigel plugs containing either KI-Pax7 or
WT-Pax7 SCs grafted to either WT or KI recipient mice.”

“To test this hypothesis, we studied the muscle regeneration in WT and KI mice.”

“To investigate whether the CXCL12 mutation could have an effect during mus-
cle regeneration, we began our investigation with a notexin (NTX) injection injury
model that is less toxic for ECs and SCs [52].”

“This specific timing of the muscle regeneration was not observed in the KI mice.”

“The muscle fibers were also affected in the KI mice at 1 month post-FIL.”

“To further study the impact of the CXCL12 mutation on the vascular network
during muscle regeneration, we also performed a FI in WT-Flk1 and KI-Flk1 mice.”

Discussion

“Although this in vitro phenotype has not been studied in exogenous CXCL12-free
conditions, it is indicative of a lack of cumulative alterations in the KI SCs during
muscle damage.”

“Contrary to the appearance of a normal phenotype of the KI SCs, the KI mice
exhibited minor vascular abnormalities in the non-challenged muscle, including an
increase in the number of sprouting vessels.”

“Although the potent interaction between the SCs and the ECs during in vivo
angiogenesis assay has already been shown [66, 67, 76], the specific activation and
response of the KI vessels only to the KI SCs, which are capable of producing and
releasing mutated CXCL12, as we showed, or other CXCL12-regulated factors,
remains to be explored.”

“To study the importance of the CXCL12/HS interaction during muscle regen-
eration, we chose two injury models differing in severity and tissue layer location.”

Conclusion
“The present study shows that CXCL12 is crucial for proper muscle regeneration.”
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“Whether comparable skews towards fibrosis are observed in otherwise regener-
ating models such as hepatectomy following CXCL12/HS interaction disruption
should also warrant further studies.”

“Understanding whether unbound CXCL12 alone triggers a profibrotic activity,
HS-bound CXCL12 an antifibrotic activity, or whether an indirect mechanism is at
play such as the displacement from HS disrupting the pattern of bound molecules
could offer new insight in the occurrence of pathological scarring.”

Adult Stem Cells at Work: Regenerating Skeletal Muscle [77]
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Abstract-Summary “Satellite cells, the stem cells of skeletal muscle, are indis-
pensable for skeletal muscle regeneration.”

“We discuss the properties of satellite cells, including heterogeneity regarding
gene expression and/or their phenotypic traits and the contribution of satellite cells
to skeletal muscle regeneration.”

“We also summarize the process of regeneration with a specific emphasis on
signaling pathways, cytoskeletal rearrangements, the importance of miRNAs, and
the contribution of non-satellite cells such as immune cells, fibro-adipogenic pro-
genitor cells, and PW 1-positive/Pax7-negative interstitial cells.”

Introduction

“The paired box transcription factor Pax7 is expressed in all satellite cells, and is
required for their postnatal maintenance and regeneration of skeletal muscle
[78-80].”
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“Ablation of satellite cells under homeostatic condi