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Aims and Scope of the Series

Modern physiology requires a comprehensive understanding of the integration of
tissues and organs throughout the mammalian body, including the cooperation
between structure and function at the cellular and molecular levels governed by
gene and protein expression. While a daunting task, learning is facilitated by iden-
tifying common and effective signaling pathways mediated by a variety of factors
employed by nature to preserve and sustain homeostatic life. As a leading exam-
ple, the cellular interaction between intracellular concentration of Ca+2 increases,
and changes in plasma membrane potential is integral for coordinating blood flow,
governing the exocytosis of neurotransmitters, and modulating gene expression
and cell effector secretory functions. Furthermore, in this manner, understand-
ing the systemic interaction between the cardiovascular and nervous systems has
become more important than ever as human populations’ life prolongation, aging
and mechanisms of cellular oxidative signaling are utilised for sustaining life. Al-
together, physiological research enables our identification of distinct and precise
points of transition from health to the development of multimorbidity throughout
the inevitable aging disorders (e.g., diabetes, hypertension, chronic kidney dis-
ease, heart failure, peptic ulcer, inflammatory bowel disease, age-related macu-
lar degeneration, cancer). With consideration of all organ systems (e.g., brain,
heart, lung, gut, skeletal and smooth muscle, liver, pancreas, kidney, eye) and the
interactions thereof, this Physiology Series will address the goals of resolving (1)
Aging physiology and chronic disease progression (2) Examination of key cellular
pathways as they relate to calcium, oxidative stress, and electrical signaling, and
(3) how changes in plasma membrane produced by lipid peroxidation products
can affect aging physiology, covering new research in the area of cell, human,
plant and animal physiology.
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Preface

Skeletal muscle is a dynamic, multifaceted tissue essential for movement, posture,
respiration, and metabolism, and functions as an active endocrine and immunome-
tabolic organ. The study of skeletal muscle has evolved beyond classical physiology
to encompass molecular signaling, regeneration, aging, and translational
therapeutics.

The edited volume Skeletal Muscle Biology and Therapeutics aims to synthesize current
perspectives on the biological principles governing skeletal muscle function and the
therapeutic opportunities emerging from this field. The chapters explore the
mechanisms of muscle development, repair, and disease, highlighting strategies to
preserve or restore muscle health.

This multidisciplinary volume emphasizes the intricate regulatory networks that
influence skeletal muscle, including metabolic pathways and inflammatory processes.
Understanding these connections is crucial for clarifying disease mechanisms and
identifying meaningful therapeutic targets.

The book addresses foundational aspects of muscle biology alongside contemporary
topics, including regenerative medicine and the impact of lifestyle factors on muscle
health. It aims to bridge mechanistic insights with therapeutic relevance, serving as

a scientific reference for researchers, clinicians, and students across various biomedical
disciplines.

I extend my gratitude to the contributing authors and the editorial teams who made
this volume possible. We hope that Skeletal Muscle Biology and Therapeutics will
provide a timely overview of the field’s progress and inspire new research directions.

Hilal Kalkan
Department of Medicine,

Laval University,
Québec City, Canada






Section 1

Integrative Perspectives in
Skeletal Muscle Biology







Chapter 1

Skeletal Muscle Biology and
Therapeutics: From Molecular
Mechanisms to Clinical Translation

Maja Green and Krishnan Chakravarthy

Abstract

Skeletal muscle is a metabolically active tissue essential for movement, energy
regulation, and physiological balance. Muscle dysfunction resulting from aging,
disuse, neuromuscular disease or critical illness is linked to significant morbidity,
reduced mobility, and diminished quality of life. This chapter presents an integrated
overview of skeletal muscle biology, focusing on molecular pathways that govern
development, maintenance, and regeneration. Key signaling cascades, including
PI3K/Akt/mTOR and FOXO, along with myogenic transcription factors such as
MyoD and Myf5, are discussed in the context of fiber-type specification, hypertro-
phy, and atrophy. The chapter examines the roles of satellite cells, mitochondrial
dynamics, inflammatory responses, and epigenetic regulators in muscular adaptation
and repair. Therapeutic strategies range from pharmacologic agents and gene editing
tools to stem cell-based interventions, neuromuscular electrical stimulation, and
lifestyle modifications involving nutrition and exercise. Special attention is given to
translational barriers and the disconnect between preclinical models and clinical
practice. Emerging tools such as multi-omics profiling, artificial intelligence and
biomarker discovery, are identified as promising for tailoring interventions and
enhancing patient-specific treatment outcomes. Collectively, these innovations
support the development of precision medicine approaches for muscle disorders. By
bridging foundational biology with cutting-edge therapeutic options, this chapter
offers a translational framework aimed at restoring skeletal muscle function across a
range of clinical conditions and patient populations.

Keywords: skeletal muscle, myogenesis, neuromuscular stimulation, regenerative

therapy, Skeletal muscle regeneration, muscle atrophy, myogenic signalling
pathways, translational therapuetics

1. Introduction
Skeletal muscle constitutes approximately 40% of total body mass and is the

largest organ system in the human body. It plays an indispensable role in voluntary
movement, postural control, thermogenesis, glucose homeostasis, and systemic
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protein turnover. In addition to its mechanical function, skeletal muscle serves as a
critical endocrine organ, secreting a wide range of myokines that influence
metabolic, immunologic, and cardiovascular processes [1]. The preservation of
skeletal muscle mass and contractile integrity is therefore essential for maintaining
physiological resilience across the lifespan.

Muscle dysfunction and degeneration are central pathophysiological features in a
broad spectrum of clinical conditions. Sarcopenia, cachexia, muscular dystrophies,
and disuse atrophy represent distinct but often overlapping syndromes that
contribute to frailty, impaired mobility, prolonged hospitalization, and increased
mortality [2]. Moreover, skeletal muscle degradation is a significant predictor of
poor outcomes in patients with cancer, sepsis, heart failure, chronic obstructive
pulmonary disease, and critical illness [3]. Despite its clinical importance, effective
strategies for preventing or reversing muscle wasting remain limited, underscoring
an urgent need for mechanistically informed therapeutic approaches.

This chapter provides an integrative examination of skeletal muscle biology,
spanning fundamental cellular and molecular mechanisms to translational and
therapeutic innovations [4]. Key regulatory pathways involved in muscle
development, hypertrophy, atrophy, and regeneration, such as the PI3K/Akt/mTOR
axis, FOXO signaling, myogenic regulatory factors, and satellite cell activation, will
be explored in detail. The chapter also highlights emerging therapeutic strategies,
including pharmacologic agents, gene and cell-based therapies, electrical stimulation
modalities, and precision-guided rehabilitation.

By bridging molecular science with clinical application, this chapter aims to
elucidate the pathobiology of muscle disorders and provide a framework for
developing and implementing targeted interventions. Particular emphasis is placed
on the translational continuum, from in vitro and animal models to early-phase
clinical trials and real-world applications. As the field of muscle therapeutics
continues to evolve, integrating advances in biotechnology, regenerative medicine,
and digital health will be essential for optimizing outcomes in both acute and chronic
disease contexts.

2. Skeletal muscle structure and function

Skeletal muscle is a hierarchically organized, multinucleated tissue system that
functions under the somatic nervous system to generate voluntary movement. Each
muscle is composed of bundles of muscle fibers (myofibers), which are long, cylindrical
syncytia formed by the fusion of myoblasts during embryogenesis. These myofibers are
encased in endomysium, grouped into fascicles surrounded by perimysium, and
collectively ensheathed by the epimysium, creating a mechanically and biochemically
integrated contractile unit [5]. Embedded within this architecture is a dynamic
population of satellite cells, fibroblasts, vascular cells, immune cells, and motor axons,
each contributing to tissue homeostasis, plasticity, and regeneration.

2.1 Myofiber types and organization
Myofibers are classified based on their myosin heavy chain (MyHC) isoform

expression, mitochondrial content, contractile velocity, and fatigue resistance. Type I
(slow-twitch oxidative) fibers are rich in mitochondria, rely heavily on aerobic
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metabolism, and exhibit high fatigue resistance, making them suitable for postural and
endurance activities. Type II fibers are further subdivided into Ila (fast oxidative-
glycolytic), IIx, and IIb (fast glycolytic) based on their contractile properties and
metabolic profiles. Type IIb fibers, for example, produce high force rapidly but fatigue
quickly due to limited oxidative capacity. Fiber type composition varies across muscles
and individuals and is modifiable in response to physiological demand, aging, and
pathological stimuli, a process known as fiber type switching, orchestrated by calcium-
dependent signaling, AMPK, PGC-1a, and mechanical loading cues.

2.2 Role of satellite cells and motor units

Satellite cells, the resident muscle stem cells located between the sarcolemma and
basal lamina, are indispensable for postnatal muscle growth, repair, and adaptation.
Under quiescent conditions, they express Pax7 but remain mitotically inactive. In
response to injury or stress, satellite cells become activated, proliferate, and either
differentiate into myogenic precursor cells (via MyoD and myogenin expression) or
self-renew to replenish the satellite cell niche. Their coordinated activity is tightly
regulated by Notch, Wnt, TGF-, and FGF signaling, as well as niche interactions
with the extracellular matrix and infiltrating immune cells.

Each myofiber is innervated by a single alpha motor neuron, and together they
form a motor unit, the fundamental functional unit of muscle contraction. The size
and firing pattern of motor units dictate the force and precision of muscle action.
Neuromuscular junctions (NMJs) are specialized synapses that ensure efficient
transmission of action potentials via acetylcholine release and postsynaptic receptor
activation. Age, denervation, and disease can compromise NM]J integrity, leading to
altered motor unit recruitment and muscle atrophy.

2.3 Metabolic and contractile properties

Skeletal muscle exhibits remarkable metabolic flexibility, switching between lipid
oxidation, glucose uptake, and glycogenolysis based on energy demand and substrate
availability. Mitochondria play a central role in ATP generation, reactive oxygen
species (ROS) signaling, and apoptotic regulation. Myofibers also serve as a major
reservoir for amino acids and glycogen, with systemic implications for metabolism
during fasting, sepsis, or cachexia. Glucose uptake is mediated by insulin-dependent
and independent pathways, including GLUT4 translocation, AMP-activated protein
kinase (AMPK), and calcium-calmodulin signaling. Contractility arises from
sarcomere shortening through actin-myosin cross-bridge cycling, regulated by
calcium release from the sarcoplasmic reticulum (SR) and troponin-tropomyosin
complex conformational changes [6]. Excitation-contraction coupling is initiated by
depolarization of the sarcolemma and t-tubules, leading to voltage-gated calcium
release via ryanodine receptors (RyR1). Abnormalities in calcium handling,
mitochondrial function, or sarcomeric integrity can significantly impair force
generation and contribute to contractile dysfunction in myopathies.

2.4 Interaction with neuromuscular and vascular systems

The function of skeletal muscle is inseparable from its integration with the
peripheral nervous and vascular systems. Adequate perfusion ensures delivery
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of oxygen, glucose, and fatty acids, and facilitates thermoregulation and
removal of metabolic byproducts such as lactate and carbon dioxide.
Angiogenesis, driven by vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor-1a (HIF-1a), is tightly coupled with muscle
hypertrophy and metabolic remodeling [7]. Endothelial cells also modulate
satellite cell quiescence and activation through paracrine signaling. The
neuromuscular system governs both voluntary contraction and reflexive
responses through somatic afferent and efferent pathways. Motor neuron
integrity is essential for sustaining muscle mass and function, and motor
neuron loss in conditions such as amyotrophic lateral sclerosis (ALS) or spinal
cord injury precipitates profound muscle wasting [8]. Moreover, chronic low-
grade inflammation, oxidative stress, and neurovascular uncoupling can impair
neuromuscular transmission and blood flow regulation, exacerbating disease
progression in metabolic and degenerative conditions. Together, these
interdependent structural and functional elements underscore the complexity
of skeletal muscle as a system, not only as a contractile organ, but also as a hub
of endocrine, metabolic, and regenerative activity. Understanding these
interconnected pathways is essential for developing targeted interventions that
restore muscle function in both localized and systemic disease states.

3. Molecular mechanisms of muscle development and maintenance

Skeletal muscle development and maintenance are governed by a tightly
coordinated interplay of transcriptional regulators, signaling molecules, and
metabolic pathways that determine fiber identity, growth, regeneration, and
adaptability. Myogenesis begins during embryogenesis with the specification of
mesodermal progenitors into the myogenic lineage, a process orchestrated by the
myogenic regulatory factors (MRFs): Myf5, MyoD, myogenin, and MRF4 [5, 9].
Myf5 is expressed earliest and commits progenitor cells to the myogenic fate, while
MyoD serves as a master regulator of terminal differentiation by activating a cascade
of muscle-specific genes, including those encoding structural and contractile
proteins such as myosin heavy chain (MyHC) isoforms. Myogenin is essential for
myoblast fusion into multinucleated myotubes, and MRF4 contributes to postnatal
muscle maturation and sarcomere assembly. The activity of these transcription
factors is modulated by chromatin remodeling complexes, histone
acetyltransferases, and myogenic co-activators such as MEF2, with additional fine-
tuning provided by epigenetic regulators including histone deacetylases, DNA
methyltransferases, and muscle-specific microRNAs (myomiRs) such as miR-1 and
miR-206 [10]. Beyond transcriptional control, skeletal muscle homeostasis is
strongly influenced by extracellular growth factors and intracellular signal
transduction cascades. One of the most critical anabolic pathways involves insulin-
like growth factor 1 (IGF-1), which activates the phosphoinositide 3-kinase (PI3K)/
Akt signaling axis (Figure 1). Akt phosphorylates and inhibits FOXO transcription
factors, thereby repressing the expression of the E3 ubiquitin ligases atrogin-1
(FBX032) and MuRF1 (TRIM63), which are key mediators of proteasomal
degradation and muscle atrophy. Downstream of Akt, the mammalian target of
rapamycin (mTOR) complex 1 promotes protein synthesis by activating p70S6
kinase and inhibiting 4E-BP1, facilitating ribosomal biogenesis and translation
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Figure 1.

mTOR signaling pathway in skeletal muscle regulation. This diagram illustrates the integration of nutrient
availability (glucose and amino acids) and growth factor signals (e.g., insulin) through converging pathways
that modulate mammalian target of rapamycin (mTOR) complex 1 (mTORC1) and complex 2 (mTORC2)
activity. Growth factors activate pi3k/akt and ras/mapk signaling, both of which inhibit the TSC1/2 complex,
leading to activation of vheb and mtorcl. Amino acids vegulate mTORCI through rag GTPases. Glucose and
energy status influence mtorcl indirectly via AMPK. mTORCI promotes cell growth and proliferation through
raptor, PRAS40, and mLST8. mTORC2, composed of rictor, Protor, and mSIN1, regulates cell survival and
cytoskeletal organization. These pathways are essential for skeletal muscle hypertrophy, atrophy resistance, and
metabolic adaptation.

initiation. This IGF-1/PI3K/Akt/mTOR axis is central to the hypertrophic response
following resistance training and growth stimuli [11].

In contrast, growth differentiation factor 8, also known as myostatin, acts as a
potent inhibitor of muscle growth through activation of the TGF-B/Smad2/3
signaling pathway. Myostatin binding to the ActRIIB receptor complex leads to Smad
phosphorylation and nuclear translocation, where Smad2/3 suppresses myogenic
gene expression and promotes protein catabolism. Inhibition of myostatin, either
genetically or pharmacologically, has been shown to enhance muscle mass in both
animal models and clinical trials [12]. Other regulatory inputs include fibroblast
growth factors (particularly FGF2 and FGF6), which stimulate satellite cell
proliferation via MAPK/ERK signaling, and Wnt proteins, which regulate myogenic
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lineage commitment and satellite cell self-renewal through canonical and non-
canonical pathways [13]. Skeletal muscle is also capable of remarkable phenotypic
plasticity in response to neuromuscular activity, loading, and metabolic stress. The
calcineurin/NFAT pathway, activated by sustained calcium influx, promotes the
expression of slow-twitch fiber genes by upregulating oxidative enzymes and type I
MyHC [14]. This process is enhanced by the transcriptional co-activator PGC-1a,
which integrates calcium-dependent signals with energetic cues to drive oxidative
fiber remodeling. PGC-1a also governs mitochondrial biogenesis through co-
activation of nuclear respiratory factors (NRF1, NRF2) and mitochondrial
transcription factor A (TFAM), which collectively enhance the expression of genes
involved in oxidative phosphorylation and mtDNA replication. AMPK, a cellular
energy sensor activated by increased AMP/ATP ratio, complements this process by
promoting catabolic efficiency, enhancing glucose uptake, and stimulating fatty acid
oxidation, especially under conditions of metabolic stress or endurance exercise [15,
16]. Mitochondrial dynamics, including fission and fusion events mediated by
proteins such as Drpl, Fis1, Mfn1, Mfn2, and OPA1, are essential for maintaining
mitochondrial quality and adaptability. Dysfunctional mitochondria are removed
through mitophagy, a process regulated by the PINK1/Parkin axis, ensuring the
maintenance of bioenergetic capacity and redox homeostasis [17, 18]. Reactive
oxygen species (ROS) generated during oxidative metabolism serve dual roles: at
physiologic levels, they act as secondary messengers in redox-sensitive pathways
such as MAPK, NF- x B, and FOXO, while excessive ROS accumulation leads to
oxidative damage, mitochondrial dysfunction, and impaired regenerative signaling
[19, 20]. These mechanisms are particularly relevant in aging, disuse, and chronic
inflammatory states, where mitochondrial dysfunction contributes to reduced ATP
production, elevated proteolysis, and impaired satellite cell function.

The cumulative action of these transcriptional networks, signaling pathways, and
metabolic regulators establishes the dynamic equilibrium required for muscle
maintenance across varying physiologic states. Disruption of these pathways,
through genetic mutation, systemic disease, injury, or disuse, can precipitate muscle
loss and functional decline [9]. A deeper understanding of these interconnected
molecular mechanisms has not only elucidated the pathogenesis of muscle-wasting
conditions but also enabled the rational design of targeted therapies aimed at
restoring muscle mass, function, and regenerative capacity.

4. Muscle atrophy and regeneration

Skeletal muscle mass is maintained through a delicate balance between protein
synthesis and degradation. When this balance shifts toward catabolism, whether due
to mechanical unloading, neural loss, systemic disease, or aging, atrophy ensues [2].
Muscle atrophy is not merely a reduction in size, but a multifaceted biological
response involving transcriptional reprogramming, proteolytic activation,
mitochondrial dysregulation, and impaired regenerative signaling. The molecular
signature of atrophy is characterized by a coordinated upregulation of catabolic
pathways and downregulation of anabolic stimuli, often in response to altered
endocrine, inflammatory, or neuromuscular inputs [21].

At the center of proteolytic degradation during atrophy is the ubiquitin-
proteasome system (UPS), wherein muscle-specific E3 ubiquitin ligases, including
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atrogin-1 (FBX032) and muscle RING finger 1 (MuRF1/TRIM63), catalyze the
polyubiquitination of key myofibrillar proteins, targeting them for degradation by
the 26S proteasome. The expression of these ligases is directly controlled by FOXO
transcription factors, which translocate to the nucleus in the absence of inhibitory
phosphorylation by Akt [22]. Under conditions of reduced IGF-1/Akt signaling,
common in disuse, denervation, and systemic illness, FOXO1 and FOXO3a are de-
repressed, driving the transcription of atrophy-related genes (“atrogenes”) and
tipping the balance toward net protein loss [23, 24]. In parallel, muscle atrophy
engages the autophagy-lysosome system, particularly during prolonged stress or
starvation. Autophagosome formation is upregulated via Beclin-1, LC3B, and BNIP3,
allowing the selective degradation of damaged mitochondria, aggregated proteins,
and sarcoplasmic components [25]. While autophagy is essential for cellular
homeostasis, excessive or dysregulated activation can exacerbate muscle wasting. In
conditions such as cancer cachexia, sepsis, and advanced sarcopenia, both UPS and
autophagy pathways are upregulated simultaneously, leading to rapid and often
irreversible tissue depletion [26]. The underlying causes of muscle atrophy are
multifactorial. Disuse atrophy, seen in immobilization or microgravity, results from
mechanical unloading and reduced neuromuscular activation. Denervation atrophy,
resulting from peripheral nerve injury or motor neuron loss, disrupts trophic
signaling and leads to fiber-type—specific degeneration, particularly in fast-twitch
fibers. Cachexia, a hallmark of chronic systemic diseases such as cancer, heart
failure, and COPD, is mediated by inflammatory cytokines including TNF-a, IL-1,
and IL-6, which activate NF- x B and STAT3 pathways, enhance catabolism, and
blunt anabolic signaling [27, 28]. Sarcopenia, the age-associated loss of muscle mass
and function, is driven by hormonal decline (e.g., testosterone, GH, IGF-1), chronic
low-grade inflammation, mitochondrial dysfunction, and impaired satellite cell
responsiveness [29, 30].

Despite the diverse etiologies of muscle atrophy, regeneration remains possible
through the activation of endogenous repair mechanisms. Central to this process is
the activation of satellite cells, which re-enter the cell cycle in response to mechanical
injury, inflammatory cues, and nitric oxide-dependent signaling. Upon activation,
satellite cells express Pax7, proliferate under the influence of FGF2, and differentiate
via MyoD and myogenin into myoblasts that fuse to existing myofibers or form de
novo fibers. Successful regeneration depends on a finely tuned inflammatory
response: an initial pro-inflammatory phase dominated by M1 macrophages
facilitates debris clearance, while a subsequent M2-polarized anti-inflammatory
phase supports myogenesis through the secretion of IL-10, TGF-f, and IGF-1 [31,
32]. Epigenetic mechanisms also play a pivotal role in regulating muscle
regeneration. Histone modifications and DNA methylation modulate the
accessibility of key myogenic promoters, while microRNAs provide post-
transcriptional control over both satellite cell differentiation and fibrosis [33, 34].
For example, miR-1 and miR-206 promote myogenic differentiation by targeting
Pax7 and HDAC4, whereas miR-21 and miR-29 modulate fibrotic remodeling by
regulating collagen and TGF-f signaling components [35-37]. Dysregulation of these
miRNAs in aged or diseased muscle contributes to defective regeneration and the
accumulation of fibrotic matrix.

Skeletal muscle atrophy arises from complex and converging molecular programs
involving ubiquitin-mediated proteolysis, autophagy, inflammatory signaling, and
satellite cell dysfunction. The ability to regenerate following atrophic insult depends
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not only on the preservation of the satellite cell pool but also on the integration of
appropriate environmental cues, epigenetic regulation, and the resolution of
inflammation [38, 39]. These insights have significant implications for the design of
targeted interventions aimed at mitigating muscle loss and restoring contractile
function across a range of clinical contexts.

5. Therapeutic strategies
5.1 Pharmacologic approaches

Pharmacologic therapies for skeletal muscle dysfunction aim to restore the
balance between protein synthesis and degradation, enhance regenerative potential,
and attenuate the inflammatory and catabolic processes that drive muscle wasting.
Several classes of agents have been developed or repurposed to achieve these
objectives, including anabolic hormones, myostatin pathway inhibitors, and anti-
inflammatory compounds. These interventions have shown varying degrees of
efficacy across different etiologies of muscle loss, such as sarcopenia, cachexia,
disuse atrophy, and genetic myopathies [40-42]. Anabolic agents remain the
cornerstone of pharmacologic strategies designed to enhance muscle mass and
strength. Testosterone and testosterone analogues, through androgen receptor
activation, stimulate myofibrillar protein synthesis, increase satellite cell
proliferation, and improve neuromuscular connectivity [43]. Their use is associated
with measurable gains in lean body mass, particularly in hypogonadal men and older
adults with sarcopenia. However, long-term administration raises concerns
regarding cardiovascular risk, erythrocytosis, and prostate-related adverse effects,
necessitating close clinical monitoring [44, 45]. Selective androgen receptor
modulators (SARMs), such as enobosarm, aim to preserve the anabolic benefits of
testosterone while minimizing androgenic side effects by targeting muscle and bone
tissues selectively [46, 47]. Although initial trials have demonstrated improvements
in lean mass and functional performance, questions regarding long-term safety and
regulatory approval remain unresolved. Targeting the myostatin signaling axis
represents another promising pharmacologic avenue. Myostatin (GDF-8), a member
of the TGF- superfamily, is a potent endogenous inhibitor of skeletal muscle
growth. Inhibition of myostatin or its receptor complex (ActRIIB) leads to increased
muscle fiber size and satellite cell activity. Multiple agents are under investigation,
including neutralizing antibodies (e.g., stamulumab), soluble decoy receptors, and
ligand traps [48, 49]. While these strategies have produced robust hypertrophic
effects in preclinical models, translation to human disease has been challenging. In
clinical trials involving patients with muscular dystrophies and cancer cachexia,
myostatin inhibitors have demonstrated inconsistent effects on functional outcomes,
and several programs have been discontinued due to lack of efficacy or safety
concerns [50]. Ongoing efforts aim to refine patient selection and optimize dosing
regimens to better capture their therapeutic potential. Chronic low-grade
inflammation is a key driver of muscle catabolism in aging and chronic disease. As
such, anti-inflammatory therapies have been investigated as adjuncts in preserving
muscle mass and function. Non-steroidal anti-inflammatory drugs (NSAIDs) can
blunt prostaglandin-mediated inflammation and reduce proteolytic signaling, but
their use is limited by gastrointestinal and renal side effects, particularly in older
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populations. More targeted interventions include IL-6 antagonists, TNF-a inhibitors,
and JAK/STAT pathway modulators, which aim to suppress specific inflammatory
cytokines implicated in cachexia and sarcopenia [51, 52]. Although these therapies
have shown promise in systemic inflammatory disorders, their application in
muscle-wasting conditions is still under active investigation. Agents such as
tocilizumab and etanercept have been evaluated in small-scale studies, but robust,
phase IlI-level evidence remains scarce [53]. Additional pharmacologic candidates
include 2-adrenergic agonists, such as clenbuterol, which stimulate hypertrophy
through increased cAMP and protein synthesis, though cardiovascular risks and
tolerance issues limit long-term use. Metabolic modulators, including AMPK
activators, mTOR agonists, and nutraceuticals like leucine and HMB (8-hydroxy f3-
methylbutyrate), are also being explored for their anabolic or anti-catabolic effects.
Collectively, pharmacologic strategies provide a mechanistic foundation for muscle
preservation and enhancement but are often limited by off-target effects,
heterogeneous responses, and the complexity of underlying pathophysiology [54].
As such, their utility may be maximized when combined with physical, nutritional,
and regenerative interventions in a multimodal treatment paradigm tailored to
individual patient phenotypes.

5.2 Gene and stem cell therapies

Gene and stem cell therapies represent rapidly evolving strategies aimed at
correcting primary molecular defects, restoring regenerative potential, or modifying
the muscle microenvironment in both inherited and acquired myopathies. The
emergence of precision gene-editing tools, combined with advances in vector
engineering and pluripotent stem cell technologies, has opened new avenues for
addressing muscle pathology at its source [55]. CRISPR/Cas9 genome editing offers a
highly specific and programmable system to modify disease-causing mutations in
muscle cells. In monogenic disorders such as Duchenne muscular dystrophy (DMD),
CRISPR has been used to excise mutated exons, restore the dystrophin reading frame,
and partially reconstitute protein expression in preclinical models [56, 57]. Both in
vivo and ex vivo strategies are under active development, with in vivo approaches
leveraging adeno-associated virus (AAV) vectors to deliver Cas9 and guide RNAs
directly to muscle tissue. AAV serotypes such as AAV8 and AAV9 exhibit tropism for
skeletal and cardiac muscle and have shown promising transduction efficiency.
However, challenges remain, including immune responses to viral capsids and Cas9,
off-target mutagenesis, and the limited cargo capacity of AAV systems, which
constrain the co-delivery of large transgenes or multiple regulatory elements [58]. In
parallel, induced pluripotent stem cells (iPSCs) have provided an expandable and
patient-specific platform for generating myogenic progenitors. iPSCs derived from
skin or blood cells can be differentiated into satellite-like cells capable of engraftment
and regeneration when transplanted into injured or dystrophic muscle. These cells
retain the potential for gene correction prior to transplantation, enabling autologous
cell therapy with reduced immunogenicity [59, 60]. Efforts to improve in vivo
survival, migratory capacity, and myogenic fidelity are ongoing, with scaffold-based
delivery systems and niche-modulating factors under investigation [61]. Despite
substantial progress in preclinical studies, the clinical translation of gene and stem cell
therapies for muscle diseases remains limited by delivery barriers, long-term safety
concerns, and the need for scalable, GMP-compliant manufacturing. As these
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platforms evolve, integration with supportive technologies, such as Al-guided
rehabilitation systems like EcoAl, may offer a synergistic approach by optimizing
post-treatment muscle function, monitoring recovery trajectories, and tailoring
neuromodulatory inputs to the regenerative timeline [62, 63].

5.3 Electrical and biophysical modalities

Biophysical interventions such as neuromuscular electrical stimulation (NMES)
and functional electrical stimulation (FES) have long been utilized to preserve or
restore muscle mass and function in settings of disuse, denervation, and motor
impairment. These modalities deliver electrical impulses to peripheral motor nerves or
directly to muscle fibers, inducing involuntary contractions that mimic voluntary
movement, enhance local perfusion, and prevent atrophy [64]. NMES is commonly
applied in intensive care settings, post-operative rehabilitation, and neuromuscular
reeducation protocols. It improves mitochondrial oxidative capacity, promotes
angiogenesis, and induces hypertrophic signaling via Akt/mTOR and calcium/
calmodulin-dependent pathways [65]. FES, which is typically synchronized with task-
specific movements, is especially beneficial in spinal cord injury, stroke, and other
central neurologic disorders, where voluntary activation is impaired. It can support
functional activities such as standing, stepping, or grasping through pre-programmed
stimulation patterns coordinated with residual motor capacity [66]. More recently,
biophysical technologies have expanded to include pulsed ultrasound, low-level laser
therapy, and vibration platforms, each designed to modulate muscle tissue through
non-electrical means. Pulsed ultrasound, for example, may enhance satellite cell
proliferation, improve local circulation, and reduce fibrosis, though its mechanistic
underpinnings remain incompletely defined [67]. The evolution of these modalities
has culminated in the development of intelligent, closed-loop platforms such as the
EcoAl system, which integrates NMES and TENS (transcutaneous electrical nerve
stimulation) with real-time patient feedback and machine learning algorithms. Unlike
traditional stimulation devices that operate with fixed, clinician-determined
parameters, EcoAl continuously adapts waveform intensity, frequency, and pulse
width based on patient-reported outcomes and physiologic data. By leveraging remote
monitoring and cloud-based analytics, the system not only enhances patient adherence
but also enables longitudinal tracking of muscle performance, neuromodulatory
responsiveness, and therapeutic outcomes [62]. This represents a paradigm shift in
electrical stimulation therapy, transitioning from static rehabilitation tools to
intelligent, autonomous neuromuscular systems capable of delivering tailored
interventions with clinical oversight. These electrical and biophysical modalities
represent essential tools in muscle rehabilitation and are most effective when
integrated into comprehensive, multimodal treatment strategies. Emerging digital
platforms such as EcoAl enhance this paradigm by enabling precision-guided,
adaptive neuromodulation that links molecular therapy to functional restoration.

5.4 Nutritional and exercise interventions
Nutritional optimization and targeted exercise remain foundational elements in
the preservation and restoration of skeletal muscle mass and function. These

interventions exert their effects through direct stimulation of muscle protein
synthesis (MPS), enhancement of mitochondrial and capillary density, modulation
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of endocrine signaling, and reduction of systemic inflammation [68]. Their efficacy
is influenced not only by the biochemical quality of inputs, such as amino acid
composition and training intensity, but also by the temporal alignment of nutrient
delivery, the consistency of physical activity, and the degree of patient engagement.
Emerging technologies, including wearable sensors and remote patient monitoring
(RPM) platforms, are now being leveraged to improve adherence, personalize
interventions, and objectively track response to therapy in real-world settings.
Adequate protein intake is essential for maintaining muscle anabolism, particularly
in aging populations where anabolic resistance attenuates the MPS response to
feeding. The recommended protein intake for older adults is now widely accepted to
exceed 1.2 g/kg/day, with higher thresholds indicated in sarcopenic or catabolic
states. Leucine, a branched-chain amino acid, plays a pivotal role in initiating MPS
via mTORC1 activation and translation initiation. Supplementation with leucine-rich
proteins or leucine analogs such as B-hydroxy B-methylbutyrate (HMB) has been
shown to enhance muscle mass and reduce proteolysis, particularly in hospitalized
and immobilized patients [69]. The timing of protein ingestion, ideally within a post-
exercise anabolic window, further augments its effectiveness by exploiting exercise-
induced sensitivity to amino acids. Resistance training remains the most potent non-
pharmacologic stimulus for muscle hypertrophy. Mechanical loading activates
intracellular signaling cascades, including PI3K/Akt/mTOR and focal adhesion
kinase pathways, which drive protein synthesis and satellite cell activation. High-
intensity, progressive overload regimens are particularly effective in stimulating
type II fiber hypertrophy, improving neuromuscular coordination, and reversing
disuse atrophy. In older adults and those with limited mobility, low-load, high-
repetition protocols and blood flow restriction training offer viable alternatives.
Endurance exercise, while less effective for hypertrophy, improves mitochondrial
function, vascular density, and oxidative capacity [70, 71]. A key challenge in
translating nutritional and exercise prescriptions into long-term outcomes lies in
sustaining patient motivation and adherence. To address this, remote patient
monitoring (RPM) technologies, particularly wearable activity trackers, smart
scales, and app-integrated nutrition logs, are increasingly used to provide real-time
feedback, reinforce behavioral change, and identify early signs of noncompliance or
clinical deterioration. When integrated into clinician-facing dashboards or Al-driven
therapeutic platforms such as EcoAl, RPM data can inform individualized
adjustments to physical activity targets, dietary intake, and neuromodulatory
interventions. These systems allow for dynamic risk stratification, outcome
prediction, and proactive clinical engagement, thereby closing the loop between
behavior, physiology, and intervention. The convergence of nutritional science,
exercise physiology, and digital health presents a scalable framework for muscle
rehabilitation [72, 73]. Tailoring interventions to an individual’s metabolic profile,
recovery trajectory, and motivational drivers, while continuously tracking outcomes
through RPM, offers a path toward precision-guided, sustainable therapeutic
delivery in both preventive and rehabilitative contexts.

6. Translational models and clinical trials

The path from molecular insight to therapeutic application in skeletal muscle
disorders requires robust translational models and rigorously designed clinical trials.
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Preclinical studies using animal models remain foundational for understanding
disease mechanisms and evaluating candidate therapies. However, translational
fidelity is limited by interspecies differences in physiology, regenerative capacity,
and disease progression. As the field advances, the integration of biomarker-based
endpoints, real-time monitoring, and artificial intelligence is redefining how efficacy
and safety are assessed in both experimental and clinical settings. Animal models,
particularly in rodents, have been central to the study of muscle development,
atrophy, and regeneration. Models such as the mdx mouse for Duchenne muscular
dystrophy, hindlimb suspension for disuse atrophy, and cardiotoxin-induced injury
for regeneration research have been widely used to identify critical signaling nodes,
including the IGF-1/PI3K/Akt axis, myostatin/TGF-f signaling, and the ubiquitin-
proteasome system. However, the extrapolation of therapeutic effects from animals
to humans remains challenging. Rodents possess a highly efficient regenerative
response, minimal fibrosis after injury, and a high proportion of type II muscle
fibers, characteristics that diverge significantly from human muscle physiology
[74, 75]. Additionally, most rodent models lack the comorbidities, such as chronic
inflammation, metabolic dysfunction, or multimorbidity, that frequently
accompany muscle wasting in humans, limiting their translational relevance. Larger
animal models, including dogs, pigs, and non-human primates, offer improved
anatomical and physiological similarity but are constrained by cost, ethical
considerations, and limited availability. Models such as the golden retriever
muscular dystrophy (GRMD) dog more closely mirror the progressive weakness and
fibrosis seen in human DMD, making them valuable for evaluating gene and cell
therapies [76]. Nonetheless, even these models cannot fully replicate the clinical
heterogeneity of human muscle disorders.

The incorporation of biomarkers has become increasingly important for
improving translational efficiency and regulatory acceptance. Biomarkers for
skeletal muscle disorders fall into several categories: molecular, imaging-based,
physiological, and functional. Circulating markers such as creatine kinase (CK),
myostatin, osteopontin, IL-6, and miR-206 provide dynamic readouts of muscle
damage, inflammation, and regeneration. Imaging biomarkers, particularly
quantitative MRI and ultrasound elastography, allow for the non-invasive
assessment of muscle volume, fat infiltration, edema, and fibrosis [77, 78].
Electrophysiological parameters, such as compound muscle action potentials and
electromyography, offer insight into neuromuscular transmission and recruitment.
Functional biomarkers, including gait speed, handgrip strength, sit-to-stand tests,
and patient-reported outcome measures (PROMs), are commonly employed in
clinical trials to assess therapeutic benefit, though they are often influenced by
motivation, comorbidity, and learning effects. The past decade has seen a surge in
early-phase and pivotal clinical trials for muscle-targeted therapies, reflecting
increased interest from academic, industry, and regulatory stakeholders [79]. Gene
therapy trials using AAV vectors in DMD, including micro-dystrophin replacement
strategies, have entered phase I/II and shown partial restoration of dystrophin
protein in muscle tissue [80]. Trials of myostatin inhibitors (e.g., bimagrumab,
domagrozumab) in sarcopenia and cachexia have yielded mixed results, with
improvements in lean body mass but inconsistent functional outcomes [81]. Small-
molecule agents such as SARMs, mTOR modulators, and nutritional supplements
like HMB have also been evaluated with variable success [82]. Notably, the
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heterogeneity of inclusion criteria, reliance on subjective outcome measures, and
relatively short intervention periods have limited the interpretability of many trials.

Recent studies have begun to incorporate RPM and Al-driven platforms such as
EcoAl to enhance trial design and data quality. These systems enable continuous,
real-world tracking of muscle function, adherence, and patient-reported outcomes,
providing granular data that may complement traditional endpoints and reduce
reliance on episodic in-clinic assessments. Such integration not only supports
adaptive trial designs but also facilitates longitudinal analysis, risk stratification, and
more responsive intervention strategies. As regulatory frameworks evolve to
accommodate advanced biologics, digital therapeutics, and decentralized clinical
trials, the integration of high-fidelity translational models, validated biomarkers,
and technology-enabled endpoints will be essential for the efficient and ethical
development of muscle-targeted therapies.

7. Challenges and future directions

Despite significant advances in the molecular understanding of skeletal muscle
biology and the emergence of targeted therapies, the successful translation of these
innovations into clinical practice remains constrained by a range of scientific,
regulatory, and operational challenges. Addressing these obstacles requires not only
novel tools and interdisciplinary collaboration but also a systems-level rethinking of
how skeletal muscle disorders are studied, treated, and monitored in diverse patient
populations. One of the foremost barriers to clinical translation is the heterogeneity
of muscle disorders themselves. Etiologies such as sarcopenia, cachexia, disuse
atrophy, and genetic myopathies differ markedly in their molecular underpinnings,
progression, and response to intervention. Even within a single diagnostic category,
variability in age, sex, comorbidities, nutritional status, and physical activity levels
complicates the generalizability of trial results and the development of standardized
treatment protocols. This biological and phenotypic diversity necessitates the
development of stratified or personalized approaches, where interventions are
tailored based on molecular or functional profiles. Ethical and regulatory hurdles
further limit the pace of innovation. Advanced therapies such as gene editing, iPSC-
based interventions, and viral vector delivery systems raise unresolved questions
regarding long-term safety, off-target effects, germline transmission, and equitable
access. Regulatory agencies require rigorous demonstration of safety and efficacy,
yet many preclinical models lack sufficient predictive validity, and long-term human
data are scarce. Meanwhile, traditional randomized controlled trials (RCTs) may not
be well-suited to test dynamic, adaptive interventions, such as machine-learning—
driven neuromodulatory platforms or real-time nutritional algorithms, which
require novel trial designs and regulatory flexibility.

Emerging multi-omics technologies offer a potential solution to this complexity
by enabling a granular, systems-level view of muscle biology. Integration of
transcriptomic, proteomic, metabolomic, and epigenomic data allows for the
identification of novel disease endotypes, predictive biomarkers, and therapy-
responsive subpopulations [83]. These insights can facilitate the discovery of new
drug targets, inform patient selection criteria, and provide surrogate endpoints for
early-phase trials. Coupled with advances in bioinformatics and Al, these data-rich
platforms support the transition toward precision rehabilitation, a model in which
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therapy is dynamically adapted to a patient’s molecular and functional phenotype.
Platforms such as EcoAl, which integrate wearable biosensors, real-time symptom
tracking, adaptive electrical stimulation, and cloud-based analytics, exemplify the
future of Al-driven muscle therapeutics. These systems allow for continuous
monitoring of therapy response, early identification of treatment failure, and real-
time optimization of stimulation parameters or behavioral interventions. As machine
learning models evolve, they may enable predictive forecasting of muscle
deterioration or recovery trajectories, further personalizing care delivery. The
convergence of digital therapeutics with regenerative medicine, gene therapy, and
pharmacologic interventions holds promise for multimodal, synergistic treatment
paradigms. Future clinical applications of muscle therapeutics extend beyond
traditional indications and may play pivotal roles in aging populations, spaceflight-
induced deconditioning, and critical illness recovery. In geriatric medicine,
maintaining muscle integrity is essential for preserving autonomy, reducing fall risk,
and preventing hospitalization. In the context of long-duration space missions,
microgravity-induced muscle atrophy poses a serious challenge to astronaut health
and mission success, necessitating the development of countermeasures that include
closed-loop NMES systems, nutritional protocols, and hormonal modulators.
Similarly, in intensive care and post-acute care settings, early mobilization strategies
supported by remote monitoring and muscle-preserving interventions could
accelerate functional recovery and reduce the burden of long-term disability.

Advancing the field of muscle therapeutics will require more than mechanistic
insight; it demands an infrastructure that supports interdisciplinary innovation,
inclusive trial design, equitable access, and real-time data integration. A forward-
looking framework must accommodate both high-tech innovations and scalable,
low-barrier interventions that can be deployed across diverse global populations.
The next generation of muscle-targeted therapies will not only reverse decline but
may also enhance resilience, ushering in a new era of regenerative, adaptive, and
preventive muscle health.

8. Conclusion

Skeletal muscle represents a biologically complex and clinically pivotal organ
system whose function extends well beyond locomotion. As both a contractile and
endocrine tissue, it plays an essential role in metabolic regulation, systemic
inflammation, and recovery from illness or injury. Disruption of muscle
homeostasis, whether through genetic mutations, disuse, systemic disease, or aging,
initiates a cascade of molecular events that include impaired protein synthesis,
satellite cell exhaustion, mitochondrial dysfunction, and dysregulated inflammatory
signaling. Understanding the precise molecular mechanisms governing myogenesis,
hypertrophy, atrophy, and regeneration has yielded a detailed framework from
which to develop targeted therapies. Therapeutic strategies have evolved
considerably in recent years, moving from empirical interventions to
mechanistically informed, multimodal approaches. Pharmacologic agents such as
myostatin inhibitors, SARMs, and anti-inflammatory compounds aim to modulate
key anabolic and catabolic signaling pathways. Gene editing technologies like
CRISPR/Cas9, alongside AAV-mediated gene transfer and stem cell-based therapies,
offer unprecedented potential for durable correction of primary muscle pathologies.
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Electrical and biophysical modalities, including next-generation neuromuscular
stimulation systems, are increasingly supported by digital health platforms capable
of personalizing therapy in real time. Nutritional and resistance-based interventions
remain foundational but are now enhanced through remote patient monitoring,
wearable sensors, and Al-guided feedback systems that drive adherence and
precision. As skeletal muscle biology becomes more integrated with the fields of
regenerative medicine, bioengineering, and digital therapeutics, the traditional
boundaries between pharmacologic, mechanical, and cellular therapies are
dissolving. The future of muscle therapeutics lies in the convergence of these
disciplines, where interventions are not only molecularly targeted but also
behaviorally adaptive, remotely monitored, and dynamically optimized. With
continued advancements in multi-omics, machine learning, and personalized
rehabilitation platforms, skeletal muscle is poised to become both a therapeutic
target and a biomarker-rich window into broader systemic health.

Through this translational lens, the evolving science of skeletal muscle offers not
only restoration of function but also the potential to extend vitality, resilience, and
quality of life across the human lifespan.
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Chapter 2

Muscle-Nerve-Immune Crosschats:
Troika Theorization

Debprasad Dutta

Abstract

The muscle-nerve-immune “troika” — a dynamic, interdependent network critical
for skeletal muscle health, disease, and repair. Moving beyond traditional siloed
views, troika theory postulates that muscle fibers, neurons, and immunocytes, along
with the molecular milieu resulting from their cross-talk, enable homeostasis,
attune responses to injury, and facilitate tissue regeneration. Key mechanisms of
cross-talk among the muscular, nervous, and immune systems are responsible for
health, and the perturbation of troika homeostasis induces diseases. The troika model
encompasses major biomolecules and signaling pathways governing tri-systemic
interaction. Exemplary multisystem pathologies driven by troika dysregulation,
including muscular dystrophies, autoimmune neuropathies, and age-related
neurodegenerative conditions, are discussed. The translational and clinical potential
of the troika rubric lies in interactional signatures that can serve as early risk
prediction biomarkers, diagnostic tools, and novel therapeutic targets. The
integration of multiomics, machine learning, and high-throughput analytical
modalities accentuates the promise of precision medicine in disorders with troika
involvement.

Keywords: myoneural, neuroimmune, neuromuscular, multisystem diseases,
interorgan communication, multiomics integration

1. Introduction
1.1 Overview of skeletal muscle physiology

Skeletal muscle is a fundamental tissue of the human body, accounting for
approximately 30-40% of total body mass and playing a pivotal role in voluntary
movement, locomotion, posture, and overall metabolic homeostasis [1]. Skeletal
muscle fibers are highly specialized, multinucleated cells characterized by a complex
arrangement of contractile proteins organized into sarcomeres, which underpin their
ability to generate force and movement through excitation-contraction coupling.
Beyond its mechanical functions, skeletal muscle serves as a metabolic organ
involved in glucose uptake, fatty acid oxidation, and secretion of myokines (signaling
molecules released by muscle that influence systemic physiology). The cellular
architecture of skeletal muscle features satellite cells, a population of muscle stem
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cells (MuSC) that are indispensable for muscle growth, repair, and regeneration
following injury or stress. The excitation-contraction process depends on
neuromuscular signaling, calcium dynamics within the sarcoplasmic reticulum, and
meticulous coordination of molecular events to convert chemical energy into
mechanical force.

Skeletal muscle physiology reflects a dynamic balance between anabolic and
catabolic processes, adapting to various physiological demands such as exercise,
aging, and pathological insults. Its performance and integrity hinge on the interplay
between cellular metabolism, structural organization, and intricate signaling
pathways that regulate protein turnover, mitochondrial function, and cellular
communication. Consequently, disruptions in any of these components may lead to
muscle weakness, wasting, and impaired function, underscoring the necessity of an
integrative understanding of muscle biology.

1.2 Traditional views on muscle, nerve, and immune systems

Stereotypically, skeletal muscle, nervous system, and immune system research
have been conducted within distinct disciplinary silos, focusing on isolated organ
functions and cellular roles. Muscle biology has primarily centered on contractile
mechanics, fiber-type composition, and metabolic capacity. Neurobiology has
detailed the roles of motor and sensory neurons in controlling muscle activity and
conveying proprioceptive information essential for coordinated movement.
Immunology has examined immune surveillance and responses primarily within the
context of infection and inflammation, often detached from muscular and neuronal
considerations.

Although these domains have developed robust knowledge individually, this
stereotypical siloed approach has limited comprehension of the systemic
interdependencies critical for maintaining musculoskeletal health [2-4]. For
instance, the nervous system not only initiates muscle contraction but also
modulates trophic support via neurotrophic factors. Similarly, immune cells, long
regarded merely as responders to injury or infection, are now recognized as active
regulators of muscle remodeling and neural plasticity. Emerging cross-disciplinary
research reveals that interactions among muscle, nerve, and immune cells occur
continuously during physiological states and are vital for tissue adaptation, repair,
and stress response.

Failure to appreciate these interactive networks contributes to incomplete models
of disease, where musculoskeletal conditions are often accompanied by
neuroimmune alterations. Conditions such as autoimmune myopathies,
neuropathies, and degenerative muscle diseases manifest clinical features that reflect
the integrated dysfunction among these systems rather than isolated pathology.
Thus, there has been a paradigm shift toward viewing muscle, nerve, and immune
functions as a triadic system whose cross-talk underlies both health and disease
processes.

1.3 Rationale for the troika rubric
The troika rubric is proposed as a conceptual model to encapsulate the dynamic

and reciprocal interactions among skeletal muscle fibers, peripheral nerve
components, and immune cell populations, forming an interdependent and
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regulatory triad. This model transcends reductionist approaches by emphasizing the
systemic nature of muscle health and pathophysiology. It provides a scaffold to
integrate molecular, cellular, and physiological information from traditionally
separate fields into a coherent narrative explaining how homeostasis is achieved and
disrupted.

Central to the troika rubric is the recognition that each node in the triad
continuously communicates through direct cell-cell contact, paracrine signaling, and
systemic mediators such as cytokines, chemokines, neurotransmitters, and growth
factors. This communication modulates cellular behaviors, including survival,
differentiation, inflammation, and regeneration, which collectively determine tissue
outcomes. Importantly, signals originating from muscle fibers influence neural and
immune responses; reciprocally, neuronal input modulates immune activity and
muscle function, while immune cells regulate neurogenic and myogenic processes.

This integrative perspective also rationalizes the occurrence of complex
multisystem disorders, where perturbations in one domain propagate deleterious
effects across the network. The troika rubric offers a strategic approach to identify
novel biomarkers, elucidate disease mechanisms, and develop multifaceted therapies
targeting this coordinated system rather than isolated components. It serves as
a foundation for future research aimed at uncovering the multidimensional
interactions crucial for musculoskeletal health, with implications spanning from
basic biology to clinical translation. A visual rendition of the troika theory is
provided in Figure 1.

_

Muscular system: Nervous system:
Muscle physiology affects both Neural coordination influences
nerve and immunity and is impacted by muscle and
\‘ 7 immune health
Troika
rubric
°

&

v

Immune system:
Immune cells and molecules respond to muscle
and nerve dyshomeostasis

Figure 1.

Foundations of “troika” theory: schematic vepresentation of the muscle-nerve-immune “troika” rubric. The
diagram illustrates that the muscle-nerve-immune “troika” is a complex, dynamic, and interdependent network
essential for skeletal muscle health, disease progression, and tissue repair. The central triangle evinces integrated
three-way cross-talks essential for homeostasis and disease response.
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2. Structural basis of muscle-nerve-immune interaction
2.1 Anatomy of skeletal muscle and innervation

Skeletal muscle is composed of bundles of muscle fibers, each fiber being
a multinucleated cell packed with contractile proteins organized into sarcomeres.
Motor neurons innervate muscle fibers at specialized synapses to initiate
contraction, while sensory neurons provide feedback on muscle status. Sympathetic
nerves regulate blood flow and metabolism, contributing to muscle function.

Effective neuromuscular communication is essential for movement and muscle
health [5].

2.2 Cellular components of the immune system in muscle

Muscle hosts resident immune cells such as macrophages, dendritic cells, and
T cells, distributed mainly in connective tissue layers. These cells respond to injury
by clearing debris, modulating inflammation, and supporting muscle repair through
growth factor secretion [6]. Immune cells closely interact with MuSCs, orchestrating
regeneration and remodeling in a dynamic and context-dependent manner.

2.3 Neuromuscular junction: Interface of nerve and muscle

The neuromuscular junction (NM]J) is a highly specialized synapse where motor
neurons transmit signals to muscle fibers by releasing acetylcholine, which binds to
receptors on the muscle membrane to trigger contraction. Supported by Schwann
cells, the NM]J is a critical site of neuromuscular communication and plasticity [7, 8].
Its integrity is vital for muscle function and is sensitive to neuroimmune modulation.

2.4 Connective tissue and vascular networks facilitating crosschats

The extracellular matrix and connective tissue layers (endomysium, perimysium,
epimysium) provide structural scaffolding and support for force transmission.
Embedded vascular networks facilitate the delivery of nutrients and the trafficking
of immune cells. Pericytes and endothelial cells within vessels contribute signaling
cues that integrate muscle, nerve, and immune functions, forming
a microenvironment essential for tissue homeostasis and repair [9].

3. Molecular mediators of troika crosschats
3.1 Cytokines and chemokines in muscle-immune signaling

Cytokines and chemokines are key signaling proteins mediating communication
between muscle and immune cells. Muscle fibers and infiltrating immune cells
secrete proinflammatory cytokines like TNF-a and chemokines such as CCL2 which
recruit immune cells to injury sites and regulate inflammation [10]. These molecules
orchestrate immune cell activation and muscle regeneration by modulating satellite
cell behavior, debris clearance, and extracellular matrix remodeling. IL-6 has both
proinflammatory and antiinflammatory effects in muscle tissue, with its dual role
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depending on the specific signaling pathway activated and the overall physiological
context, such as exercise or chronic disease [11]. During exercise, muscle-derived
IL-6 primarily acts as an antiinflammatory agent and energy allocator by enhancing
glucose uptake and lipolysis [12]. In contrast, when secreted by other cells in
response to chronic inflammation, IL-6 can exacerbate muscle wasting (atrophy),
and hindering IL-6/JAK/STATS3 signaling helps repair it [13]. The above-cited
evidence suggests that balanced cytokine signaling is essential; dysregulation can
exacerbate chronic inflammation and muscle pathology.

3.2 Neurochemicals affecting muscle and immune cells

Neurotransmitters, including acetylcholine and norepinephrine, influence both
muscle contraction and immune cell activity within the muscle microenvironment.
Neurotrophic factors like brain-derived neurotrophic factor (BDNF) and glial cell-
derived neurotrophic factor (GDNF) support neuronal survival and promote muscle
regeneration via innervation [14, 15]. These molecules mediate neuroimmune cross-
talks by modulating inflammation and facilitating repair processes, highlighting
their integral role in maintaining troika homeostasis.

3.3 Receptor systems and signal integration across cell types

Muscle, nerve, and immune cells express a variety of receptors — cytokine
receptors, neurotransmitter receptors, and pattern recognition receptors, especially
toll-like receptors (TLRs) — enabling them to detect and respond to cross-system
signals [16, 17]. Signal integration through these receptors governs cellular behaviors
such as proliferation, differentiation, and immune activation. The convergence of
multiple signaling pathways facilitates coordinated responses essential for tissue
homeostasis and effective repair.

3.4 Emerging molecular pathways and their functional roles

Evidence highlights crucial pathways involved in troika interactions, including
NF-xB signaling, JAK-STAT pathways, interaction with gangliosides, and
inflammasome activation [18]. These pathways control gene expression programs
that regulate inflammation, cell survival, and regeneration across muscle, neural,
and immune cells. Understanding these emerging mechanisms offers insights into
troika dysregulation in diseases and presents opportunities for targeted therapeutic
interventions.

4. Physiology of muscle-nerve-immune homeostasis
4.1 Mechanisms maintaining troika equilibrium in health

Homeostasis in the muscle-nerve-immune troika is maintained through tightly
regulated cellular and molecular interactions that balance proinflammatory and
antiinflammatory signals, neuromodulation, and tissue integrity. Immune

surveillance by resident cells works alongside neurogenic control to modulate
inflammatory responses and ensure effective muscle function [19]. Key pathways
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involve cytokine signaling, neuroimmune synapses, and metabolic regulation to
sustain equilibrium and prevent pathological activation.

4.2 Adaptive responses to physiological stress and exercise

Exercise and physiological stress induce adaptive changes across the troika.
Muscle contraction releases myokines that modulate immune responses and support
neural plasticity [20]. Concurrently, sympathetic nervous system activation
influences immune cell trafficking and cytokine production [21]. These coordinated
adaptations enhance muscle endurance, promote antiinflammatory environments,
and optimize repair mechanisms, highlighting the dynamic plasticity within the
troika.

4.3 Repair and regeneration processes involving all three systems

Following injury, the troika collaborates to initiate repair through immune cell
recruitment, satellite cell activation, and neuronal remodeling. Macrophages clear
debris and secrete factors aiding satellite cell proliferation. Neural inputs modulate
inflammation and support reinnervation, critical for muscle recovery [22]. Feedback
between these systems governs the timely resolution of inflammation and
restoration of tissue architecture.

4.4 Feedback loops and network controls

Complex feedback mechanisms and network controls involving cytokines,
neurotransmitters, and growth factors regulate troika functions. Positive and
negative feedback loops ensure precise modulation of immune activation, neuronal
excitability, and muscle metabolism [23]. Dysregulated feedback can lead to chronic
inflammation or degeneration, emphasizing the necessity of integrated control to
maintain tissue health.

5. Pathophysiological consequences of troika dysregulation
5.1 Muscular dystrophies and secondary neuroimmune effects

Muscular dystrophies, such as Duchenne muscular systrophy (DMD), result from
genetic mutations disrupting structural proteins like dystrophin, causing muscle
fiber fragility and progressive degeneration [24]. Muscle damage leads to chronic
inflammation, with infiltration of macrophages and T cells amplifying muscle
wasting. Neuroimmune interactions exacerbate the pathology by affecting motor
neuron function and NM]J integrity [25], highlighting the contribution of immune
dysregulation to disease severity.

5.2 Autoimmune neuropathies and neuromuscular disorders
Autoimmune neuropathies involve an immune-mediated attack on peripheral

nerves, impairing neuronal signaling to muscles. Disorders like Guillain-Barré
syndrome (GBS) and myasthenia gravis exemplify how aberrant immune responses
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disrupt neuromuscular transmission, causing muscle weakness [26]. The
inflammation-induced damage triggers secondary muscle pathology, underlining the
intertwined pathogenesis of nerve and immune system dysfunction in
neuromuscular diseases.

5.3 Age-related sarcopenia and neurodegeneration

Aging leads to sarcopenia, characterized by loss of muscle mass and strength,
accompanied by a decline in motor neuron number and function [27]. Chronic
low-grade inflammation, or “inflammaging,” activates immune pathways that
impair muscle regeneration and neural plasticity. Neuroimmune imbalance
contributes to progressive neuromuscular degeneration, emphasizing the
importance of troika homeostasis in healthy aging.

5.4 Inflammatory myopathies and chronic inflammation in muscle

Inflammatory myopathies, including polymyositis and dermatomyositis, are
characterized by sustained immune cell infiltration and cytokine production within
muscle [28]. Persistent inflammation damages muscle fibers, disrupts NMJs, and
impairs repair processes. Dysregulated troika signaling drives chronic disease
progression, causing profound muscle weakness and disability.

6. Translational and clinical implications
6.1 Biomarker discovery exploiting troika signatures

Biomarkers derived from integrated muscle-nerve-immune signaling profiles
hold promise for the sensitive detection and monitoring of neuromuscular diseases.
Proteomic, transcriptomic, and metabolomic studies reveal candidate molecules
such as cytokines, muscle-specific proteins, and neurotrophic factors that reflect
disease activity and progression. Multiomics and machine learning (ML) analyses
enhance the identification of troika signatures that could enable precision
diagnostics and prognostication.

6.2 Diagnostic platforms for early detection of neuromuscular diseases

Advances in high-throughput and minimally invasive technologies have
facilitated the development of diagnostic platforms that leverage troika biomarkers
for early detection. Blood-based assays, imaging modalities, and electrophysiological
tools capture neuropathic, myopathic, and immune dysfunction markers.
Integration of these modalities promises earlier diagnosis, patient stratification, and
personalized treatment planning.

6.3 Therapeutic targets in muscle-nerve-immune interplay
Targeting key molecular mediators within the troika offers novel therapeutic

avenues. Modulating inflammatory cytokines, enhancing neurotrophic support, and
stabilizing NMJs are strategies under investigation. Therapies aiming at restoring
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troika homeostasis have the potential to slow disease progression, improve muscle
function, and mitigate secondary neuroimmune damage.

7. Future directions and research needs
7.1 Bridging clinical and experimental research

Advancing troika understanding requires integrative approaches that connect
clinical observations with mechanistic experimental studies. Longitudinal patient
cohorts, combined with animal models and cellular systems, can validate hypotheses
and identify causative pathways [29-31]. Multidisciplinary collaborations between
neurologists, immunologists, and muscle biologists are essential to translate findings
into clinical practice.

7.2 Unresolved questions and hypotheses

Key gaps remain regarding the precise molecular mechanisms governing muscle-
nerve-immune interactions, particularly in chronic and complex diseases. Questions
include how the temporal dynamics of troika signaling influence disease onset,
the role of novel cell types, and interactions with systemic factors like metabolism
and microbiota. Addressing these unknowns will deepen the conceptual framework
and therapeutic potential.

7.3 Technologies poised to advance troika research

Emerging technologies such as connectomics integration [32, 33] are poised to
progress troika research. These tools enable high-resolution mapping of cellular
interactions and pathways in health and disease, facilitating the identification of
novel biomarkers and targets. Integration of multiscale data will provide holistic
insights.

7.4 Potential for precision medicine and personalized therapies

Understanding patient-specific troika signatures opens avenues for precision
medicine, enabling tailored interventions based on unique molecular, cellular, and
systemic profiles. Personalized therapies targeting multiple troika nodes promise
improved efficacy and reduced side effects. Future clinical trials incorporating
troika-based biomarkers will refine patient stratification and treatment
optimization.

Acronyms

BDNF Brain-Derived Neurotrophic Factor
CCL2 Chemokine (C-C motif) Ligand 2
DMD Duchenne Muscular Dystrophy
ECM Extracellular Matrix

GBS Guillain-Barré syndrome
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Chapter 3

Metabolic Crosstalk Between
Skeletal Muscle and Visceral
Organs in Disease States

Zena Alani

Abstract

Skeletal muscle is increasingly recognised as a key component of the
musculoskeletal system, in addition to being a vital, metabolically active endocrine
organ that plays a central role in regulating whole-body energy homeostasis. Skeletal
muscle communicates with various visceral tissues through the secretion of
contraction-induced myokines, metabolites, and neurohormonal signals that
establish complex bidirectional crosstalk with organs such as the liver, adipose tissue,
pancreas, gut, and brain. This intricate network facilitates metabolic flexibility,
enabling the body to adapt efficiently to different physiological and environmental
demands. In health, this muscle-organ communication orchestrates processes
essential for maintaining energy balance, glucose regulation, lipid metabolism, and
overall metabolic health. However, in pathological conditions - including obesity,
type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD), cancer
cachexia, chronic kidney disease (CKD), and critical illness — the normal regulatory
mechanisms become disrupted, leading to maladaptive signalling. These
perturbations contribute to systemic dysfunction and disease progression. This
chapter synthesises the current understanding of muscle-organ crosstalk and
highlights how these interactions are altered in disease. Clinical implications are
emphasised, particularly in peri-operative and critical care contexts, including
prehabilitation, nutrition strategies, and emerging therapies targeting the
exercise-myokine axis.

Keywords: skeletal muscle, myokines, muscle—organ crosstalk, metabolic health,
exercise-myokine axis

1. Introduction

Skeletal muscle forms approximately 40% of body mass and is the principal site of
insulin-stimulated glucose disposal and fatty-acid oxidation [1]. Classically viewed as
a contractile apparatus, muscle is now framed as an endocrine and paracrine organ
that both responds to and shapes systemic metabolic cues through secreted factors
and substrate flux [2, 3]. During fasting and stress, proteolysis supplies amino acids
for hepatic gluconeogenesis, acute-phase protein synthesis, and immune cell
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proliferation [4]. During feeding and exercise, muscle serves as a sink for glucose and
lipids, buffering glycaemia and circulating lipids while releasing myokines that signal
to distant organs [2, 5].

Loss of muscle quantity and quality (sarcopenia and myosteatosis) is a powerful
predictor of morbidity, mortality, length of hospital stay, and failure to discharge to
home across medical and surgical specialties [4, 6]. Metabolic crosstalk can be
conceptualised along three interlocking axes: (1) endocrine signalling via myokines
and exerkines; (2) exchange of substrates such as glucose, lactate, amino acids, and
lipids; and (3) autonomic and hormonal pathways that synchronise tissue responses
to stress and exercise [2, 7]. Context dependence is central: interleukin-6 (IL-6) is
insulin-sensitising when released transiently during exercise but contributes to
insulin resistance and cachexia when chronically elevated in inflammation [8, 9].

Rather than linear pathways, muscle—organ interactions form an integrated
adaptive network in which endocrine, metabolic, immune, and neural signals
converge to coordinate systemic energy allocation [2, 10]. These networks are
dynamically remodelled by nutrition, physical activity, inflammation, and disease
burden, leading to shifts between anabolic resilience and catabolic vulnerability,
particularly in peri-operative and chronic disease states [4, 6].

2. Mechanisms of muscle-organ crosstalk
2.1 Myokines and exerkines

Myokines are cytokines and peptide factors synthesised and released by
myofibres in response to contraction, nutrient availability, hypoxia, or injury [2].
Examples include IL-6, IL-15, myostatin (GDF-8), irisin (cleaved from FNDCS5),
fibroblast growth factor-21 (FGF21), myonectin (CTRP15), apelin, follistatin-like 1
(FSTL1), and brain-derived neurotrophic factor (BDNF) [3]. Their actions span
autocrine regulation of myogenesis and mitochondrial biogenesis; paracrine effects
on vasculature and connective tissue; and endocrine control of hepatic glucose
output, adipose lipolysis and browning, pancreatic insulin secretion, renal
ammoniagenesis, and neuroplasticity [4].

Skeletal muscle also releases exosomes and other extracellular vesicles carrying
micro-RNAs and proteins that reprogramme target tissues at a distance — an
emerging layer of crosstalk termed exerkine signalling [5]. At the intracellular level,
many myokines are regulated by contraction-induced calcium flux, AMPK
activation, redox-sensitive transcription factors, and mitochondrial stress signalling,
linking muscle energetic state directly to endocrine output [2, 3]. Increasing
evidence also implicates muscle-derived extracellular vesicles as carriers of
microRNAs that fine-tune insulin sensitivity, inflammatory tone, and mitochondrial
function in target organs, adding a further layer of post-transcriptional regulation to
inter-organ communication [5].

2.2 Substrate flux and the metabolic web
Substrate exchange couples muscle metabolism to visceral organ function. Post-

prandially, insulin drives GLUT4 translocation to the sarcolemma, enabling muscle
to dispose of the majority of circulating glucose and store it as glycogen [2]. During
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exercise, glycolytic fibres produce lactate which is shuttled to oxidative fibres or
exported to the liver for gluconeogenesis (the Cori cycle) [6]. Amino acids,
particularly alanine, glutamine, and the branched-chain amino acids (BCAAs), move
from muscle to the liver and gut for gluconeogenesis and as fuel for immune cells [6].
Conversely, free fatty acids liberated from adipose tissue supply p-oxidation in
working muscle; failure of this coupling leads to intramyocellular lipid accumulation
and lipotoxic insulin resistance [6]. These substrate exchanges are tightly regulated
by intracellular nutrient-sensing pathways, notably the AMPK-mTOR axis, which
integrates energy availability with anabolic and catabolic decision-making [6].
Dysregulation of these pathways contributes to metabolic inflexibility, whereby
muscle fails to appropriately switch between lipid and glucose oxidation, amplifying
systemic insulin resistance [6].

2.3 Neurohormonal integration

The sympathetic nervous system, hypothalamic—pituitary axis, and pancreatic
islet hormones synchronise organ responses. Catecholamines increase adipose
lipolysis and hepatic glycogenolysis to provision active muscle [3]. Cortisol and
glucagon favour gluconeogenesis and proteolysis during stress, whereas insulin and
IGF-1 promote anabolism and substrate storage [3]. Myokines feed back into these
axes — for example, contraction-induced IL-6 can increase GLP-1 secretion,
augmenting insulin release, while apelin improves endothelial function and skeletal
muscle perfusion [5, 7].

3. Muscle-liver crosstalk
3.1 Normal physiology

In fed states, skeletal muscle plays a crucial role in removing circulating glucose in
response to insulin, helping to normalise blood glucose concentrations [2]. This
reduces the liver’s workload by decreasing the need for hepatic glucose production [2].
During fasting or prolonged caloric restriction, the liver assumes primary
responsibility for maintaining euglycaemia by depleting glycogen stores
(glycogenolysis) and initiating gluconeogenesis, utilising substrates such as lactate,
glycerol, and amino acids derived from muscle proteolysis [3]. Muscle-derived
metabolites such as alanine and lactate serve as essential precursors for hepatic glucose
synthesis, facilitating a tightly regulated cycle that supports energy balance [3].

3.2 Exercise and acute responses

Physical activity transiently amplifies this crosstalk. Contracting muscles release
cytokines like IL-6, which act hormonally to stimulate hepatic glucose output, thus
providing additional energy substrates during increased muscular demand [6].
Simultaneously, lactate produced in active muscles is transported back to the liver
via the Cori cycle, a process that prevents excessive accumulation of lactate and
spares muscle protein from unnecessary breakdown [9]. This recycling mechanism
ensures energy-efficient communication, preserving muscle mass while supporting
metabolic flexibility [9].
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3.3 Pathophysiological disruptions in chronic disease

In chronic metabolic diseases, such as insulin resistance and T2DM, the
architecture of muscle-liver crosstalk often becomes maladaptive. Impaired glucose
uptake by skeletal muscle results in persistent hyperinsulinaemia, which stimulates
hepatic de novo lipogenesis. This process leads to the accumulation of hepatic fat,
culminating in NAFLD [11]. Elevated insulin levels also promote increased lipolysis
in adipose tissue, further supplying substrates for hepatic fat synthesis, thereby
exacerbating liver steatosis and inflammation [11]. This cycle perpetuates systemic
metabolic dysfunction and exacerbates insulin resistance across tissues.

In advanced liver diseases like cirrhosis, the typical role of the liver in glucose and
ammonia metabolism becomes compromised. The liver’s impaired capacity to
detoxify ammonia shifts this responsibility to skeletal muscle, which uses BCAAs —
mainly leucine, isoleucine, and valine - to synthesise glutamine. During this process,
muscle proteolysis is upregulated to supply BCAAs, leading to significant muscle
wasting or sarcopenia [3]. This muscle wasting further diminishes the body’s ability
to detoxify ammonia efficiently, creating a vicious cycle that worsens both liver and
muscle health [3].

At a molecular level, impaired muscle glucose uptake increases circulating
glucose and insulin, driving hepatic SREBP-1c-mediated lipogenesis, while chronic
inflammation and altered myokine profiles further suppress hepatic fatty acid
oxidation [11]. These coordinated changes reflect systemic metabolic
reprogramming rather than isolated organ dysfunction [11].

3.4 Impact of surgical stress and critical illness

Major surgery and critical illnesses impose additional stress on the muscle-liver
axis. The physiological response to stress involves increased secretion of catabolic
hormones, such as cortisol and catecholamines, which stimulate muscle proteolysis
to supply amino acids necessary for hepatic synthesis of acute-phase proteins and
tissue repair [7]. While initially adaptive, sustained or excessive muscle breakdown
delays recovery, hampers immune function, and predisposes patients to infections,
wound-healing complications, and prolonged hospital stays [7]. Moreover, the
heightened inflammatory milieu further disrupts normal metabolic signalling,
contributing to systemic cachexia, declining muscle mass, and worsening hepatic
function [7].

3.5 Implications for therapeutic strategies

Understanding the intricate mechanisms of muscle-liver crosstalk opens avenues
for targeted therapies aimed at restoring metabolic balance. These include
nutritional interventions, pharmacologic agents that modulate cytokine signalling,
and exercise programmes designed to improve muscle insulin sensitivity and reduce
hepatic fat deposition [3]. In surgical and critically ill populations, strategies such as
prehabilitation to enhance muscle mass and tailored metabolic support may mitigate
adverse outcomes related to this vital axis [3].

In summary, the muscle-liver crosstalk is fundamental to metabolic health,
facilitating a finely tuned balance between fuel supply and demand. Disruptions in
this axis contribute to the pathogenesis and progression of numerous metabolic and
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liver diseases, highlighting the importance of integrated approaches to manage and
therapeutically target these interconnected organs [3].

4. Muscle-adipose crosstalk
4.1 Normal physiology and healthy crosstalk

Adipose tissue, traditionally viewed as merely an energy storage depot, is now
recognised as a dynamic endocrine organ that plays a crucial role in coordinating
whole-body metabolism by interacting closely with skeletal muscle. In
a metabolically healthy state, white adipose tissue (WAT) secretes a variety of
bioactive molecules called adipokines, which help regulate insulin sensitivity, lipid
metabolism, and appetite. For instance, adiponectin, an adipokine with anti-
inflammatory and insulin-sensitising properties, enhances skeletal muscle’s ability to
oxidise fatty acids, thereby improving glucose uptake and overall metabolic
flexibility. Leptin, another key adipokine, primarily acts on the hypothalamus to
modulate appetite and energy expenditure, balancing caloric intake with energy
utilisation [12].

During physical activity, contracting skeletal muscles release several
myokines - such as IL-6, f-aminoisobutyric acid (BAIBA), and irisin - that serve
as signals to adipose tissue, promoting beneficial adaptations. IL-6, in particular,
stimulates lipolysis in WAT, leading to the release of free fatty acids used as fuel
by muscles. Additionally, myokines like irisin and BAIBA promote the browning
of WAT, transforming beige adipocytes that have higher mitochondrial content
and thermogenic capacity akin to brown fat. This browning process increases

energy expenditure and contributes to weight regulation and metabolic
health [4].

4.2 Disrupted crosstalk in obesity

In obesity, the normal harmonious interaction between muscle and adipose
tissue becomes maladaptive. WAT becomes inflamed and fibrotic due to
immune cell infiltration and cytokine dysregulation. This inflamed WAT
secretes pro-inflammatory cytokines such as tumour necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-1p), and monocyte chemoattractant protein-1
(MCP-1). These inflammatory mediators impair insulin signalling pathways in
skeletal muscle, reducing glucose uptake and exacerbating insulin resistance
[12]. Furthermore, excess adiposity results in lipid spillover — where fatty acids
escape from adipose tissue into circulation - leading to ectopic fat accumulation
in muscles (myosteatosis). Lipid deposition within muscle fibres impairs
mitochondrial function, causes mitochondrial stress, and reduces insulin
sensitivity. This cycle reinforces systemic insulin resistance and metabolic
dysfunction, promoting a vicious circle of worsening obesity, muscle lipid
infiltration, and metabolic derangement [11]. In parallel, excess lipid delivery to
muscle increases mitochondrial reactive oxygen species (ROS) generation and
disrupts redox signaling, further impairing insulin action and reinforcing
inflammatory feedback loops between adipose tissue and skeletal muscle
[11, 12].
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4.3 Additional impacts and feedback loops

The compromised muscle-adipose communication in obesity also diminishes the
production of beneficial myokines, further reducing lipolytic and browning signals
to adipose tissue. This impaired signalling perpetuates inefficient energy
expenditure, weight gain, and metabolic inflexibility. Conversely, physical activity
or interventions aimed at reducing adipose inflammation can restore healthier
crosstalk, promoting improved insulin sensitivity, increased energy expenditure,
and metabolic resilience [12, 13].

4.4 Therapeutic implications

Targeting muscle-adipose interactions offers promising strategies for
metabolic disease management. Exercise training enhances the secretion of
beneficial myokines and promotes WAT browning, leading to increased
thermogenesis and weight loss. Pharmacologic agents aiming to reduce adipose
inflammation or augment adipokine signalling (e.g., adiponectin mimetics or
leptin sensitizers) may restore healthy crosstalk. Nutritional interventions that
reduce adipose tissue inflammation can also improve muscle insulin sensitivity
and overall metabolic health [12, 13]. Muscle-adipose crosstalk is a vital
component of metabolic regulation, coordinating energy storage and
expenditure in health and mediating disease progression in obesity-related
conditions. Understanding and modulating this interaction can pave the way
for novel therapies targeting metabolic syndrome and associated disorders
[12, 13].

5. Muscle-pancreas crosstalk

Skeletal muscle is the largest insulin-sensitive organ in the body and is responsible
for disposing of approximately 70%-80% of postprandial glucose. Consequently, the
insulin responsiveness of skeletal muscle has a profound influence on pancreatic
p-cell workload and overall glycaemic homeostasis [14]. In the healthy state, insulin
promotes glucose uptake into myocytes via GLUT4 translocation, ensuring efficient
storage as glycogen or utilisation through glycolysis and oxidative phosphorylation.
When this process is efficient, p-cells require only modest insulin secretion to
maintain euglycaemia [14].

5.1 Acute exercise effects

Exercise serves as a powerful modulator of this axis. Even a single bout of
physical activity increases insulin sensitivity for up to 48 hours by stimulating
AMPK and CaMK pathways that drive GLUT4 translocation independent of insulin
[9]. Beyond direct effects on muscle, exercise also triggers systemic endocrine
responses. For example, contraction-induced release of IL-6 enhances glucagon-
like peptide-1 (GLP-1) secretion from intestinal L-cells. GLP-1 not only potentiates
glucose-stimulated insulin secretion but also has trophic effects on p-cell mass and
function, illustrating how skeletal muscle activity acutely relieves pancreatic
burden [10].
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5.2 Chronic dysfunction

In contrast, pathological states such as obesity and type 2 diabetes mellitus
(T2DM) disrupt this synergy. Chronic lipid oversupply to muscle leads to
intramyocellular lipid accumulation, particularly of diacylglycerol and ceramides,
which interfere with insulin signalling at the level of IRS-1 and Akt [11, 13].
Inflammatory cytokines (e.g., TNF-a, IL-1p) secreted from adipose tissue and, to
a lesser extent, myocytes, further impair insulin signalling [13]. As skeletal muscle
becomes resistant to insulin, higher levels of circulating insulin are required to
achieve the same degree of glucose disposal [14]. This increased p-cell demand
accelerates p-cell exhaustion and apoptosis, contributing to the progressive decline in
insulin secretory capacity characteristic of T2DM [3]. Collectively, these findings
position skeletal muscle as an upstream regulator of pancreatic p-cell fate, where
muscle insulin resistance and altered myokine signalling accelerate p-cell stress,
dedifferentiation, and failure [10].

5.3 Myokine regulation

Emerging research highlights the role of myokines in mediating the dialogue
between skeletal muscle and pancreatic islets. IL-15 has been shown to enhance
glucose uptake and fatty acid oxidation in muscle, indirectly reducing p-cell strain
[6]. Conversely, myostatin, a negative regulator of muscle growth, is associated with
reduced insulin sensitivity, impaired mitochondrial biogenesis, and increased p-cell
workload [5]. Thus, the balance of myokine secretion from skeletal muscle acts as
a determinant of pancreatic functional reserve [10].

5.4 Clinical implications

Lifestyle interventions that increase muscle mass and enhance insulin
sensitivity — such as resistance training and aerobic exercise — can substantially
reduce the risk of T2DM and even induce remission in early disease [14].
Pharmacological strategies targeting myokine pathways (e.g., anti-myostatin
antibodies, IL-15 analogues) are being investigated as adjunctive therapies to reduce
p-cell stress [5, 6]. These findings reinforce the concept that the metabolic health of
skeletal muscle and pancreas is inseparable, with deterioration in one organ
inevitably imposing stress on the other [10].

6. Muscle-gut-brain axis

The muscle-gut-brain axis is an emerging paradigm highlighting the integrated
communication among skeletal muscle, the intestinal microbiome, and the central
nervous system. This triad operates through metabolic, neural, and endocrine
pathways, shaping systemic metabolism, immune responses, and cognitive function
[6, 14]. Recent work suggests that microbiome-derived metabolites and muscle-
derived myokines converge on shared intracellular pathways — including AMPK,
PGC-1a, and inflammatory signalling cascades — highlighting a coordinated
metabolic dialogue between microbial ecology, muscle energetics, and neural
function [5, 6].
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6.1 Microbiome-derived metabolites

The gut microbiota produces a range of metabolites that influence skeletal muscle
physiology. Short-chain fatty acids (SCFAs), particularly butyrate, propionate, and
acetate, are fermentation products of dietary fibre. These molecules enhance muscle
mitochondrial biogenesis through PGC-1a activation, improve insulin sensitivity via
AMPK signalling, and exert anti-inflammatory effects through regulatory T-cell
expansion [6, 14]. Other microbial metabolites, such as indole derivatives from
tryptophan, modulate systemic inflammation and muscle oxidative capacity.
Secondary bile acids can signal through FXR and TGRS5 receptors, influencing lipid
metabolism and muscle energy utilisation [6, 14].

6.2 Exercise-microbiome feedback

Physical activity reciprocally shapes the microbiome by enriching taxa that
favour SCFA production, such as Faecalibacterium prausnitzii and Roseburia. This
creates a positive feedback loop: exercise enhances SCFA production, which, in turn,
improves muscle energetics, endurance, and recovery [6, 14]. Trained athletes
consistently demonstrate greater microbial diversity and functional capacity for
SCFA synthesis compared with sedentary individuals. Thus, the gut microbiome can
be considered a metabolic amplifier of exercise benefits [6, 14].

6.3 Muscle-brain signalling

Skeletal muscle also communicates directly with the brain through myokines.
Irisin, cleaved from FNDCS during exercise, crosses the blood-brain barrier and
stimulates BDNF expression, promoting hippocampal neurogenesis, synaptic
plasticity, and cognition [6, 10]. Cathepsin B, another exercise-induced myokine,
exerts similar neurotrophic effects [10]. These mediators provide a molecular basis
for the well-documented cognitive benefits of regular physical activity, including
a reduced risk of neurodegenerative diseases [10].

6.4 Neural regulation of muscle

Conversely, central neural outputs regulate skeletal muscle substrate use and
function. Sympathetic nervous system activation increases lipolysis and
glycogenolysis, providing substrates for contracting muscle [10]. Vagal signalling
modulates gut motility and microbial ecology, indirectly influencing muscle
metabolism [6]. This bidirectional interplay underscores the interconnectedness of
neural circuits, muscle bioenergetics, and microbial ecology [6, 10].

6.5 Dysbiosis and pathology

Disruption of this axis is evident in multiple disease states. In obesity and
metabolic syndrome, reduced microbial diversity and depletion of SCFA-producing
species impair muscle insulin sensitivity, while endotoxin (lipopolysaccharide)
leakage from the gut triggers systemic inflammation and anabolic resistance [6]. In
cirrhosis, altered bile acid metabolism and dysbiosis exacerbate muscle wasting
(sarcopenia), contributing to frailty and poor transplant outcomes [3]. In
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inflammatory bowel disease (IBD), chronic inflammation and microbial imbalance

similarly compromise muscle metabolism, reducing exercise tolerance and quality of
life [6].

6.6 Clinical implications

Interventions aimed at restoring muscle-gut-brain communication are under
active exploration. Prebiotic and probiotic strategies to enhance SCFA production,
faecal microbiota transplantation in selected disorders, and exercise programmes
tailored to metabolic health all represent promising approaches [6]. On the
neurological side, the recognition that exercise-induced myokines promote
neurogenesis and cognitive resilience has spurred research into their therapeutic
potential for Alzheimer’s disease, Parkinson’s disease, and depression [10].

6.7 Broader perspective

The muscle-gut-brain axis highlights how skeletal muscle is not simply an
effector organ of locomotion but a central player in systemic health. Through
crosstalk with both the microbiome and the nervous system, muscle participates in
regulating metabolism, immunity, and cognition [6, 10]. Disruption of this axis
contributes to frailty, metabolic disease, and cognitive decline — conditions that
increasingly dominate modern clinical practice [6, 10].

7. Muscle crosstalk in specific disease states
7.1 Obesity and metabolic syndrome

Obesity is marked by ectopic lipid deposition in skeletal muscle, activation of serine
kinases that inhibit insulin signalling, and impaired mitochondrial oxidative capacity.
Adipose tissue inflammation amplifies these defects through cytokine spillover. The
result is reduced muscular glucose disposal, compensatory hyperinsulinaemia, and
hepatic lipogenesis culminating in NAFLD. Restoring healthy crosstalk requires calorie
deficit, resistance and aerobic training, and - in selected patients — pharmacotherapy
that reduces adiposity and improves insulin sensitivity. Exercise re-establishes an anti-
inflammatory myokine profile and enhances muscle fatty-acid oxidation, thereby
decreasing lipid spillover to the liver [11, 12].

7.2 Type 2 diabetes mellitus

In T2DM, skeletal muscle insulin resistance is the dominant defect driving
hyperglycaemia. Reduced GLUT4 translocation, impaired glycogen synthesis,
and accumulation of lipid intermediates (diacylglycerols, ceramides) blunt
insulin action. The p-cells initially compensate with hyperinsulinaemia but
eventually fail. Therapeutics that target muscle - structured exercise, weight loss,
metformin, GLP-1 receptor agonists, SGLT2 inhibitors — improve systemic
glycaemia partly by enhancing muscle substrate handling. Pre-operative
optimisation of glycaemia and muscle conditioning reduces post-operative
complications in people with diabetes [3, 14].
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7.3 Cancer cachexia

Cancer cachexia is a systemic wasting syndrome driven by tumour and host-
derived factors that rewire muscle-organ crosstalk towards catabolism.
Proteolysis-inducing factor (PIF), activin A, and inflammatory cytokines activate
ubiquitin-proteasome and autophagy-lysosome pathways in muscle, while lipid-
mobilising factors promote adipose lipolysis. Amino acids and fatty acids thereby
redirected to the liver and tumour support gluconeogenesis and tumour
metabolism [3, 7]. Cachexia reduces tolerance to chemotherapy and increases
surgical risk. Multi-modal care — nutrition, resistance training, symptom control,
and experimental agents such as myostatin/activin inhibitors — aims to restore
anabolism and function [1, 5].

7.4 Critical illness and sepsis

Critical illness elicits a hypercatabolic response wherein muscle provides
substrates for immune and hepatic demands. Elevated catecholamines, cortisol, and
inflammatory mediators drive insulin resistance and rapid loss of myofibrillar
protein. Mitochondrial dysfunction reduces ATP production and exercise capacity
long after ICU discharge. Early mobilisation, adequate protein (with attention to
renal and hepatic function), avoidance of deep and prolonged sedation, and
glycaemic control mitigate ICU-acquired weakness. Importantly, these strategies act
through the same crosstalk pathways described above - reducing inflammation,
restoring insulin sensitivity, and re-establishing healthy myokine profiles [3, 7, 11].

7.5 Chronic kidney disease

CKD exemplifies maladaptive muscle-kidney crosstalk. Metabolic acidosis
stimulates muscle proteolysis; uraemic toxins and inflammation suppress protein
synthesis and reduce mitochondrial quality control; anorexia and low physical
activity worsen muscle loss. Sarcopenia in CKD correlates with frailty,
hospitalisation, and mortality. Interventions include correction of acidosis,
individualised exercise prescription (aerobic and resistance), and optimised protein—
energy intake. Trials of myostatin/activin pathway inhibitors and anti-inflammatory
strategies are ongoing [3,7].

8. Clinical and surgical implications

For surgeons and peri-operative teams, skeletal muscle status is a modifiable risk
factor and a therapeutic target. Pre-operative sarcopenia predicts higher rates of
infection, delayed wound healing, anastomotic complications, and mortality.
Computed tomography-derived indices (e.g., skeletal muscle index at L3) and
functional measures (hand-grip strength, gait speed) stratify risk. Practical strategies
include:

(1) Prehabilitation: Four to eight weeks of combined aerobic and resistance

training improve cardiorespiratory fitness, insulin sensitivity, and muscle

strength [3].
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(2) Nutrition: Ensure protein intake of ~1.2-1.5 g/kg per day in most surgical
candidates (adjust for renal disease), with leucine-rich sources to stimulate
muscle protein synthesis; consider peri-operative carbohydrate loading in
appropriate pathways [3].

(3) Inflammation and glycaemia: Protocolised analgesia, early mobilisation, and
strict but safe glycaemic control reduce catabolic signalling [11].

(4) Medication review: Avoid or minimise prolonged corticosteroid use where
feasible; consider agents that improve metabolic health (e.g., GLP-1 receptor
agonists in obese patients) with multidisciplinary input [3].

In the intensive care unit (ICU) and major trauma, preventing and treating ICU-
acquired weakness requires early, progressive mobility; adequate protein-energy
delivery; vitamin D repletion when deficient; and attention to haemodynamics and
oxygen delivery to preserve mitochondrial function. Importantly, these strategies act
through the same crosstalk pathways described above - reducing inflammation,
restoring insulin sensitivity, and re-establishing healthy myokine profiles [11, 12].

Importantly, these interventions do not act in isolation but recalibrate shared
metabolic and inflammatory networks across multiple organs, underscoring why
multimodal strategies are consistently superior to single-target approaches [3, 11].

9. Future directions

The study of skeletal muscle crosstalk with visceral organs is rapidly moving from
descriptive physiology towards translational application. Three frontiers, in
particular, are poised to reshape both surgical and medical practice:

9.1 Integrated multi-omics for personalised medicine

Traditional biomarkers, such as HbAlc or creatinine, provide only a coarse
snapshot of systemic health. Advances in multi-omics — encompassing
metabolomics, proteomics, epigenomics, single-cell transcriptomics, and
microbiomics — now allow high-resolution mapping of inter-organ communication
networks [3, 6, 11]. For example, circulating metabolomic profiles can reveal early
disruption in muscle-liver lipid flux, while single-cell RNA sequencing of muscle
biopsies identifies inflammatory cell infiltration predictive of insulin resistance
[3, 6]. In the near future, patient-specific crosstalk ‘signatures’ may enable clinicians
to stratify surgical risk, predict recovery trajectories, or personalise therapies for
conditions such as cachexia or sarcopenia [1, 7, 11]. Importantly, these approaches
must be integrated with clinical data, imaging, and functional assessment to create
holistic risk prediction models rather than isolated laboratory findings [3].

9.2 Pharmacological ‘exercise mimetics’
While exercise remains the most effective inducer of beneficial muscle

crosstalk, many patients — such as those with advanced heart failure, severe frailty,
or perioperative immobility — are unable to engage in sufficient activity [3, 10, 13].
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This has fuelled interest in pharmacological ‘exercise mimetics’: small molecules
designed to activate contraction-associated signalling pathways [5, 8]. AMPK
agonists, PGC-1a activators, and irisin analogues represent examples under
investigation [5, 6]. These agents could augment mitochondrial biogenesis,
enhance fatty acid oxidation, or stimulate neurotrophic pathways even in
sedentary states [6, 10]. However, the aim is not to replace physical training, which
has mechanical, psychological, and systemic benefits beyond molecular signalling,
but rather to complement it in populations where exercise is limited or
contraindicated [3, 10]. Careful safety evaluation is essential, as inappropriate
activation of these pathways risks unintended consequences such as tumour
promotion or cardiac arrhythmia [7].

9.3 Precision nutrition as metabolic therapy

Nutrition represents another frontier for leveraging muscle crosstalk [3, 12, 13].
Increasing evidence suggests that not only the quantity but also the quality and
timing of protein intake influence muscle—organ signalling [3]. For instance,
leucine-rich diets stimulate mTOR activation in skeletal muscle, enhancing protein
synthesis and indirectly reducing pancreatic $-cell stress [3, 14]. Micronutrients
such as vitamin D, iron, and omega-3 fatty acids modulate mitochondrial function
and inflammatory tone, further shaping muscle performance and systemic health
[3, 11]. Precision nutrition involves tailoring these interventions to individual
metabolic phenotypes — whether through bedside nitrogen balance studies,
wearable metabolic monitors, or integration with omics data [3]. In the surgical
setting, perioperative nutrition protocols could be personalised to optimise
recovery, while in chronic disease, diet may be adjusted to mitigate sarcopenia,
cachexia, or frailty [3, 12].

9.4 Equity and accessibility

Across all these innovations, issues of equity and access remain paramount.
Multi-omics profiling and novel pharmacotherapies are resource-intensive and risk
widening existing health disparities if confined to academic centres or high-income
populations. Precision nutrition interventions must be adapted to cultural and
socioeconomic contexts rather than imposed as one-size-fits-all regimens. Ensuring
equitable implementation will require cross-disciplinary collaboration among
clinicians, data scientists, ethicists, and policy makers.

9.5 Broader outlook

Ultimately, the convergence of omics, exercise biology, and nutrition science
holds the potential to redefine muscle not merely as an effector organ but as
a therapeutic target and systemic regulator. By harnessing its crosstalk with the
pancreas, heart, kidney, gut, brain, and beyond, future medicine may shift towards
preserving muscle health as a cornerstone of disease prevention, surgical
optimisation, and healthy ageing. Together, these advances reinforce the concept
of skeletal muscle as a systems-level therapeutic target, where interventions aimed
at muscle biology propagate benefits across the liver, adipose tissue, pancreas, gut,
and brain.
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10. Conclusion

Skeletal muscle operates as a master regulator of systemic metabolism through its
endocrine outputs, substrate handling, and neurohormonal integration with visceral
organs. Disease states distort these circuits, converting adaptive stress responses into
chronic catabolism and organ dysfunction. For clinicians, this understanding
supports practical interventions: prehabilitation, targeted nutrition, inflammation
control — and motivates research into therapies that restore the salutary signals of
exercise. Elevating skeletal muscle from a ‘passive’ peri-operative risk marker to an
active therapeutic target is a timely and tractable opportunity to improve outcomes.
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Chapter 4

Gut Microbiota and Skeletal
Muscle Interaction: The Role of
Short-Chain Fatty Acids, G-Protein
Receptor Signaling and Metabolic
Adaptation

Hilal Kalkan

Abstract

The gut-muscle axis integrates microbial metabolism with skeletal-muscle
bioenergetics and repair. This chapter synthesizes mechanistic and translational
evidence centered on short-chain fatty acids (SCFAs: acetate, propionate, butyrate)
generated by the fermentation of dietary fiber. After epithelial transport (MCT1/
SMCT1), SCFAs signal to muscle via G-protein-coupled receptors — FFAR2 (GPR43),
FFAR3 (GPR41), and GPR109A - and through histone-deacetylase inhibition.
These pathways recalibrate mitochondrial function and substrate selection, enhance
insulin sensitivity and glucose handling, attenuate low-grade inflammation, and
support the maintenance of muscle mass and performance. Converging data from
germ-free and antibiotic-depletion models, fecal-transfer experiments, and early
human interventions indicate that diet and physical activity remodel the microbiota
toward SCFA-producing taxa, with corresponding gains in strength, endurance,
and glycogen storage. The chapter evaluates intervention levers, including fiber-rich
diets, targeted pro/pre/synbiotics, and exercise. It outlines priorities for clinical
translation: standardized SCFA exposure metrics, dose-response and context
dependence, and trials powered for functional and body-composition outcomes.

Keywords: gut-muscle Axis, skeletal muscle metabolism, short-chain fatty acids,
G-protein-coupled receptors, mitochondrial function, prebiotics and probiotics

1. Introduction

The human gastrointestinal (GI) tract represents one of the largest interfaces
between the host and environmental factors in the body [1]. The collection of
bacteria, archaea, and eukarya colonizing the GI tract is termed the “gut microbiota.”
It has coevolved with the host over thousands of years to form an intricate, mutually
beneficial relationship [2]. The gut microbiota is a complicated ecosystem that
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includes over 100 trillion bacterial cells and around 3 million distinct genes,
highlighting its complexity and significance for human health, consisting of
approximately 10 times more bacterial cells than human cells and over 100 times the
genomic content (microbiome) compared to the human genome [3, 4]. The gut
microbiota is considered a central “organ” because of its direct and indirect roles in
host physiology and pathophysiology [5]. A healthy microbiota is characterized by
a diverse array of well-represented taxa, including bacterial species, fungi, viruses,
and other microorganisms. In addition to these dominant organisms, there is

a plethora of lesser-known, less abundant species that, despite their diminished
numbers, play crucial and highly active roles in various metabolic processes. These
often-overlooked entities within the microbial ecosystem contribute significantly to
overall health, impacting digestion, immune function, and numerous biochemical
pathways in ways that researchers continue to explore and elucidate [4, 6].

The impact of the gut microbiome on human metabolic and immune health is
increasingly being acknowledged in both scientific and clinical discussions [7].
Therefore, gut microbiota composition has been linked to human health and disease
[8]. Recent studies have shown that the gut microbiota influences skeletal muscle in
various ways [9]. The gut microbiota can influence the host’s muscle mass and
function by regulating systemic inflammation and immunity, nutrient absorption,
and insulin sensitivity, directly or indirectly, thereby realizing the “gut-muscle axis”
[10]. The concept of crosstalk between the gut microbiota and skeletal muscle
emerged from several early animal studies that demonstrated increases in various
short-chain fatty acid (SCFA) species following endurance exercise training. SCFAs
are synthesized by beneficial gut bacteria through the fermentation of nondigestible
carbohydrates, with acetate, butyrate, and propionate identified as the primary end
products [10-12]. In parallel, microbial metabolism generates secondary bile acids
(via deconjugation/dehydroxylation of host bile acids) and tryptophan-derived
metabolites (indole-3-propionate, indole-3-acetate, kynurenines). These metabolite
classes act as endocrine signals to skeletal muscle via receptors such as TGR5/FXR
(bile acids) and AhR/GPR35/PXR (tryptophan), thereby modulating mitochondrial
function, insulin sensitivity, substrate use, and inflammation, as depicted in
Figure 1. With advanced multidisciplinary techniques, such as high-throughput
sequencing and bioinformatics [13], more than 9.9 million microbial genes have been
identified in human feces [14], including more than 1,000 bacterial species [15]. The
alterations in the gut microbiota composition, named “dysbiosis” — a term used to
describe alterations in the composition of gut microbiota — have been shown to lead
to a reduction in microbial biodiversity and a disruption of the metabolic functions
carried out by these microorganisms. This imbalance can have profound implications
for the host’s overall health, as it affects not only the digestive system but also the
pathophysiology of various peripheral organs. Such disturbances in the gut
microbiome may contribute to inflammatory responses, metabolic disorders, and
even neurodegenerative diseases, highlighting the critical role of gut health in
maintaining systemic wellness. Understanding the mechanisms by which dysbiosis
alters microbial metabolism and impacts organ function is essential for developing
targeted therapeutic strategies to restore a healthy microbiome and prevent related
health issues.

To structure the discussion, this chapter starts by conceptually defining the gut-
muscle axis, merging experimental observations with new translational insights. It
then delves into signaling mechanisms centered around SCFAs, highlighting
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Figure 1.

Gut—muscle axis. Gut microbiome-produced metabolites regulate skeletal muscle. SCFAs (acetate, propionate,
butyrate), secondary bile acids, and tryptophan-derived metabolites signal to muscle (green arrows),
promoting mitochondrial biogenesis/oxidative capacity, insulin sensitivity and glucose uptake, and protein
synthesis/repair, while reducing inflammation and atrophy. Modulators, such as diet, exercise, probiotics, and
prebiotics, shape the composition of the microbiota and metabolite output.

receptor-mediated pathways and their subsequent metabolic effects on skeletal
muscle. The next sections examine how gut-derived metabolites affect
mitochondrial bioenergetics, substrate utilization, inflammatory responses, and
exercise adaptations. The concluding section discusses translational perspectives,
lingering questions, and priorities for future research.

Instead of adhering to formal systematic-review standards, the literature was
carefully selected to encompass both mechanistic depth and translational
significance. Particular emphasis was placed on studies utilizing germ-free and
antibiotic-depletion models, cellular systems, microbial transplantation techniques,
dietary and probiotic approaches, and human exercise scenarios. Research
demonstrating mechanistic causality was prioritized, while associative findings were
approached with appropriate caution. This method allows for the integration of
various experimental systems while maintaining a critical assessment of existing
limitations.

2. The potential role of gut microbiota in the gut-muscle axis

Skeletal muscle is one of the largest organs in the human body, accounting for
approximately 40-50% of total body weight. It generates heat, controls blood sugar
levels, stores amino acids, and modifies the body’s physiological traits [16]. So far,
a growing number of studies have discovered the relationship between muscle and
gut microbiota, both in vitro and in preclinical studies. For example, Fielding et al.
compared the gut microbiome of high- and low-functioning (HF, LF) older adults.
By transferring fecal samples from two older adults (HF and LF) into germ-free mice
(GFM), which lack a gut microbiota, they showed a remarkable increase in grip
strength in HF mice compared to LF mice [17]. Notably, a randomized controlled
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double-blind study showed that prebiotic supplementation, which is a group of
nutrients degraded by gut microbiota, increased grip strength in older adults over 65
years old [18]. However, there was no remarkable change in grip strength between
the two groups before the intervention.

In contrast, over 13 weeks with prebiotic administration, the experimental group
showed a significant increase in grip strength compared with the placebo group.
Notably, prebiotics are essential for feeding other beneficial bacteria and promoting
their growth and reproduction. On the other hand, probiotics are beneficial bacteria
primarily found in our digestive system [19]. The combination of probiotics and
prebiotics is called synbiotics [20].

In support of this, supplementation with the prebiotic Faecalibacterium
prausnitzii has been shown to increase muscle mass by enhancing mitochondrial
respiration, reducing inflammation, and improving insulin sensitivity [21]. In recent
decades, the use of probiotics has increased among athletes due to their ability to
enhance performance and reduce postexercise fatigue [22]. The study by Lee et al.
demonstrated the effects of Lactobacillus salivarius in mice, showing that a 4-week
administration of Lactobacillus significantly improved muscle strength and
endurance capacity, as well as increased muscle glycogen storage [23]. Moreover,
they also conducted a transfer of Bifidobacterium longum subsp. and
Bifidobacterium longum OLP-01 (which was extracted from the intestine of the
2008 women’s 48 kg weightlifting gold medal champion) into the mice. Over the
treatment period of four weeks, glycogen storage, muscle strength, and endurance
capacity were all shown to increase significantly [24]. Treatment with antibiotics in
the same groups resulted in a reduction of the mice’s exercise endurance, which was
related to the muscle’s ability to utilize glycogen for energy production [25].

3. The role of gut microbiota in mitochondrial and energy metabolism of
skeletal muscle

The maintenance of healthy mitochondrial function plays a pivotal role in
combating muscle quality and capacity. More importantly, gut microbial metabolites
exert numerous regulatory effects on skeletal muscle mitochondrial function [16].
Dysfunctional mitochondria have been linked to muscle atrophy and weakness [26].
The levels of gut microbiota and skeletal muscle mitochondria are connected to the
production of insulin-like growth factor 1 (IGF-1) [27]. The study by Lahiri et al.
demonstrated that the skeletal muscle of GFM, which lack gut microbiota, compared
to the skeletal muscle of pathogen-free mice (PFM), which possess gut microbiota,
displays signs of muscle atrophy, decreased expression of IGF1, and reduced
mitochondrial function. Notably, the transplantation of the gut-microbiome from
PFM into GFM resulted in an increase in skeletal muscle mass, a reduction in muscle
atrophy markers, and improved antioxidant capacity in GFM [10]. IGF-1 is one of
the best-characterized growth factors that regulate both anabolic and catabolic
pathways in skeletal muscle, playing a critical role in maintaining muscle function.
Many studies have investigated the role of IGF1 oversecretion in skeletal muscle
function and its contribution to the maintenance of muscle quality [28]. Muscle
atrophy involves a decline in muscle antioxidant capacity and function, suggesting
that the gut microbiome may regulate the normal function of muscle in terms of
antioxidant capacity and mitochondrial function [29].
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4. The role of gut microbiota in immune and inflammatory functions
in skeletal muscle

A reduced microbial community characterizes the imbalance in the microbiome.
It alters the intestinal barrier integrity by facilitating the crossing of endotoxins, such
as lipopolysaccharides (LPS), and many other microbial products, for example,
the tryptophan derivative indoxyl sulfate, into the circulation. Therefore, the
imbalance in microbiota composition leads to the triggering of innate immunity by
causing low-grade systemic inflammation and, consequently, results in metabolic
and muscular disorders [30]. Notably, both tumor necrosis factor a (TNF-a) and
interleukin 6 (IL-6) expression are stimulated by LPS and indoxyl sulfate in immune
tissues and myoblasts [31, 32]. Recently, the loss of muscle and weakness has been
associated with dysbiosis and systemic inflammation. Higher levels of TNF-a and
IL-6 have been observed in the elderly and/or patients with inflammatory diseases,
and are linked to a reduction in muscle mass and strength [30]. On the other hand,
healthy diets (which are described as high in fiber and low in fat) and the use of
specific pre- or probiotics have been reported to display many beneficial effects on
intestinal, inflammatory, and metabolic parameters [33, 34].

4.1 The gut microbiota and exercise

The discovery of muscle crosstalk with other organs and tissues is essential to
understanding how exercise transmits many of its effects on health and performance
[4,10]. Recent studies have established that contracting muscles release proteins and
metabolites with endocrine-like properties. Additionally, gut bacteria respond to
exercise challenges and have reciprocal roles in fuel selection and muscle function
[35]. Therefore, exercise has been demonstrated to display many benefits for the gut
microbiota and also for host health [4, 36]. Hereby, exercise is shown to be one of the
potent interventions to restore gut symbiosis [37]. These effects of exercise have
been associated with increasing the number of beneficial microbial species and
enriching microbial diversity, as well as enhancing SCFA synthesis and carbohydrate
metabolism [38]. The study by Estaki et al. has shown a positive relationship between
fitness and eubiosis (an optimal balance in both population and diversity of gut
microflora). Of note, the increased oxygen uptake in the ramp-maximal exercise test
has been detected between 18 and 35 years in healthy humans, and this was linked
with increased gut microbiome diversity [39]. Gut microbiome diversity has also
been associated with the increase in fecal butyrate production and with high levels of
key butyrate-producing taxa (such as Clostridiales, Roseburia, Lachnospiraceae, and
Erysipelotrichaceae). Moreover, in the study by Estaki et al., similar results have also
been reported in mice voluntarily running on a free wheel [40], and in rats
voluntarily running while nurtured with a 25% casein-sucrose diet [41].

Additionally, improvements in gut microbiota composition and physical
functioning over six weeks with aerobic exercise training resulted in increased
SCFA-production capacity and main fecal SCFAs in young, lean adult humans, to
a much higher extent than in obese participants [42]. Of note, with these
conclusions, the studies are warranting similar types of research also in older adults.
As mentioned above, exercise favors the butyrate-producing species such as
Faecalibacterium prausnitzii (which is in the Clostridiales order) [38, 40, 43];
therefore, its decrease has been linked with high frailty [44]. There are many
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benefits of butyrate; for example, the species F. prausnitzii is shown to promote
oxygen detoxification and lower the oxygen tension in the lumen. Moreover, in mice
that were fed a standard diet (lean) and a high-fat diet (HFD; obese) for 12 weeks,
the study revealed that F. prausnitzii butyrate-producing species were detected only
in mice that were exercising on a free-running wheel [40].

Additionally, the running distance and time spent on the wheel by mice, as well as
the brisk walking of elderly women, have also been associated with an increased
abundance of intestinal Bacteroides spp. [45, 46]. Bacteroides spp. has been inversely
related to obesity, which is linked to high-fat and high-carbohydrate diets [47]. In
line with this, mice fed low-fat or HFDs have been shown to have a modest inverse
relationship between the ACt Bacteroidetes: ACt Firmicutes ratio [46].

On the other hand, Lactobacillus (Firmicutes phylum), Streptococcus
(Firmicutes phylum), and Bifidobacterium (Actinobacteria phylum) produce
lactic acid, a major precursor of gut microbiome metabolites of SCFAs [38]. Some
species of Lactobacillus or Bifidobacterium have been found to enhance the integrity
of the intestinal barrier through the increase in the expression of tight junction
proteins, as well as muscle weight and muscle fiber size [48, 49]. More interestingly,
the fecal abundances of both the Lactobacillus and/or Bifidobacterium genera have
been shown to increase in rats that are fed ad libitum and freely running on a wheel
versus the other groups, which are food-restricted and ad libitum-fed groups but
without wheel access [50], and also in normal mice or obese rats exercising
moderately on a treadmill [35, 51]. Moreover, perturbed gut microbiota in mice
treated with an antibiotic (Ab +) is recovered after the natural reseeding of gut
microbes. In the Ab+ gut-microbiota-depleted mice, the endurance running capacity
was shown to be decreased, and ex vivo skeletal muscle contractile function was
impaired [4, 35, 46, 52]. Notably, the natural reseeding of the mice restored the gut
microbiota and reversed both skeletal muscle endurance capacity and contractile
function [25, 53]. The results have demonstrated that the communication between
these two organ systems is bidirectional, with gut microbiota seemingly critical for
optimal muscle function, at least in mice [4]. These studies suggest that different
types of exercises have varying effects on muscles (Table 1). Therefore, exercise is
recommended to improve muscle strength, enhance muscle function, and improve
muscle structure at the same time [38, 54].

4.2 The influence of diet on gut microbiota and muscle growth/function

The influence of gut microbiota in pathophysiological conditions has been linked
to insufficient protein consumption, which is characterized by muscle wasting and is
related to gut microbiota immaturity and dysbiosis [55, 56]. The study by Bickhed
et al. revealed that resistance to obesity, induced by a high-fat, high-sugar Western
diet for five to eight weeks, is linked to reduced hepatic glycogenesis, increased fatty
acid oxidation in the gastrocnemius muscle, and increased locomotor activity. The
higher levels of AMP-activated protein kinase (AMPK) and Acetyl-CoA carboxylase
(ACC) phosphorylation, as well as carnitine palmitoyl-transferase activity, are
associated with higher levels of intestinal production of the lipoprotein lipase (LPL)
inhibitor fasting-inducible adipose factor (FIAF) and higher serum triglycerides in
the muscle. Therefore, the study highlights the importance of the cooperation of
organs in the gut-microbiota-muscle axis [57]. Moreover, apart from diet-induced
obesity, a few studies have demonstrated that probiotics also elicit metabolic and
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Key points(exercise -  Summary Ref.
microbiome — muscle)

Exercise aligns with Higher cardiorespiratory fitness is associated with greater gut microbial ~ [38-40]
eubiosis a-diversity and an enrichment of butyrate-producing taxa (Clostridiales,
Roseburia, Lachnospiraceae, Erysipelotrichaceae).

Rodent concordance Voluntary wheel running increases microbial diversity; [40, 41]
Faecalibacterium prausnitzii is detected only in exercising mice under
normal- and high-fat diets; similar exercise-linked shifts are observed in
rats on a casein-sucrose diet.

Training effects differ Six weeks of aerobic training increase predicted SCFA production [42]
by adiposity capacity and fecal SCFAs, with larger gains in lean than in obese adults.
Frailty linkage Lower Faecalibacterium prausnitzii is associated with greater frailty. [43, 44]
Activity load signal Abundance of Bacteroides spp. positively correlates with the distance/ [45-48]
time of physical activity and is inversely associated with obesity-related
markers.
Lactate — SCFAs Exercise enriches Lactobacillus and Bifidobacterium (lactate producers); — [49-51]
pathway lactate supports cross-feeding to SCFA synthesis and is associated with

tighter intestinal junctions.

Table 1.

The impact of exercise on gut microbiota and its effects on muscle function and metabolic health. This table
outlines significant findings from both human and animal studies that illustrate how physical activity affects the
composition and function of gut microbiota, and how these alterations are connected to skeletal muscle physiology.
The evidence features enhanced microbial diversity, increased SCFA-producing taxa, and associations with
metabolic adaptation, body fat, and frailty. Both observational and interventional studies are included to
emphasize consistent trends across different models.

weight benefits in healthy humans and animals, where they represent a potential
strategy to restore muscle function during chronic diseases [58-61]. Hence, the
modification of microbiome function might increase the percentage of lean body
mass. However, in a few studies, researchers have evaluated probiotics’ potential
roles in muscle capacities and have found scattered yet encouraging results [55].
Additionally, in murine models, the administration of L. Plantarum has shown an
increased muscle mass and oxidative muscle phenotype linked to muscle endurance
capacity in an exhaustive swimming test and decreased oxidative lesions [55].

4.3 The role of SCFAs in skeletal muscle metabolism and function

The gut microbiota plays a vital role in host health through a range of physiological
functions [62, 63]. Beyond these points, SCFAs, including acetate, propionate, and
butyrate, can reach the systemic circulation at micromolar concentrations. Therefore,
SCFAs can affect the physiology of the host. These subsets of SCFAs include fewer than
six carbons, such as acetate (C2), propionate (C3), and butyrate (C4) [64].

A significant body of evidence suggests their well-established effects on whole-body
homeostasis [55, 65]. Moreover, the beneficial effects of SCFAs on skeletal muscle
function have been described in several studies. SCFAs partly mediate the possible link
between gut microbiota and skeletal muscle. The existence of their receptors supports
the role of SCFAs in skeletal muscle tissue. In recent studies, multiple roles of SCFAs
have been reported and have received further interest (Table 2).

Intriguingly, an important set of molecular targets for SCFAs is defined
as G-protein-coupled receptors (GPCRs), which are a large family of
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SCFAs Receptors Primary roles Ref.

Acetate (C2) GPR43, GPR41, OLFR78 Muscle growth and maintenance [107, 108]
Mitochondrial function
Glucose metabolism
Antioxidant and antiinflammatory effects

Propionate (C3) GPR43, GPR41, OLFR78 Glucose uptake [109, 110]
Oxidative stress
Antiinflammatory effects
Endurance

Butyrate (C4) GPR109A Mitochondrial biogenesisLipid Metabolism [106, 111]
Antiinflammatory effects

Table 2.

A summary of SCFAs and their veceptor-mediated functions in skeletal muscle metabolism and performance.
This table outlines the key SCFAs (acetate, propionate, and butyrate), their primary receptors (including
GPR41/FFAR3, GPR43/FFAR2, GPR109A, and OLFR78), and their documented roles in skeletal muscle
physiology. These roles encompass the regulation of mitochondrial function, glucose metabolism, lipid metabo-
lism, inflammatory responses, and muscle adaptation. Evidence supports receptor-mediated signaling pathways
linking microbiota-derived metabolites to systemic metabolic and muscle-velated effects.

seven-transmembrane proteins [66, 67]. The GPCRs are activated by internal signal
transduction cascades through binding to different ligands. These receptors are
identified as a new group of metabolite receptors. The subfamily of GPCRs consists
of free fatty acid receptor-2 (FFAR?2, also called GPR43) and - 3 (FFAR3, also
called GPR41), GPR81, GPR109A, GPR109B, and OLFR78 [68-71]. FFAR2/3 are
abundantly expressed on intestinal cells but are also differentially expressed in other cell
types such as the intestine [72, 73], adipose tissues [74, 75], pancreas [76], bone
marrow [72], liver [77], muscle [78, 79], spleen [80], lungs [81], heart [82], and brain
[83] in the host. Both FFAR2/3 receptors activate the heterotrimeric G-coupled protein
intracellularly by binding with endogenous SCFAs at the cell surface of specific tissues.
Both FFAR2 and FFAR3 are characterized as seven-transmembrane (7TM) spanning
proteins, consist of ~ 2% of the whole human and mouse genomes, respectively, and are
coupled with Gai/o-coupled signaling [84]. Only FFAR?2 is associated with Gaq/11-
coupled signaling [85]. Therefore, based on their expression patterns, structural
importance, and activation by gut microbiota metabolites at different tissue levels, these
receptors offer a new scope for investigating their role in human diseases.

GPR109A is predominantly expressed in adipocytes of white and brown
adipose tissue. It is expressed to a lesser extent in keratinocytes and immune cells,
including dermal dendritic cells, monocytes, macrophages, and neutrophils [86].
The striking expression of GPR109A and GPR109B in various immune cells raises the
question of what physiological or pathophysiological role these receptors play in
leukocytes. GPR81 appears to be expressed principally in adipose tissue [86, 87],
although limited expression is also evident in the liver and kidney, as well as in
skeletal muscle. Olfr78 is found in vascular resistance beds in various tissues, as well
as in the renal afferent arteriole [88].

SCFAs are generated in the colonic lumen at an approximate concentration of 100
mM, exhibiting a composition ratio of 60:20:20 for acetate, propionate, and butyrate,
respectively [89]. Concentrations of SCFAs are highest in the colonic lumen and almost
negligible in peripheral blood [90], suggesting that they act locally on the epithelium
and immune cells present in the colon to induce health-promoting effects.
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After being produced in the colonic lumen, SCFAs are transported across the
epithelium by diffusion, low-affinity transport mechanisms such as HCO3 -/SCFA
exchange (KM 25 mM), medium-affinity transport mechanisms involving
monocarboxylate transporter 1 (MCT1, KM 2.6 mM), or via high-affinity transport
mediated by sodium-coupled monocarboxylate transporter 1 (SMCT1 or SLC5AS8,
KM ~ 50 pM) into the colon [91-93]. Upon entering the colonic tissue, a significant
portion of SCFAs undergoes metabolic conversion by the colonic epithelial cells.
These cells transform SCFAs into lipids or ketone bodies, particularly compounds
such as p-hydroxybutyrate and acetoacetate [94, 95], resulting in metabolic activity
and a notable reduction in SCFAs that can exit the colonic tissue and subsequently
enter the portal circulation [96]. SCFAs reaching the liver are metabolized into
lipids. Therefore, negligible amounts of butyrate (4-10 pM), propionate (~4-10
uM), and acetate (~100 uM) are present in peripheral blood, contributing to the
body’s energy reserves and metabolic functions [97]. EC50 of acetate to induce Ca++
flux through GPR43 is ~ 52 uM. Thus, only acetate is present in a concentration high
enough to induce GPR43-dependent signaling in peripheral tissues [98].
Understanding the complex molecular mechanisms underlying the protective effects
of SCFAs on colonic health has been challenging because they interact with multiple
signaling molecules expressed by colonic epithelial cells and immune cells [89]. The
most widely studied targets of butyrate and propionate are histone deacetylases
(HDACs). GPR41 and GPR43 share 43% amino acid identity [98] and bind to all
three SCFAs: acetate, propionate, and butyrate. While GPR43 prefers SCFAs such as
acetate and propionate, the reverse holds for GPR41 [99]. Thus, GPR41 exhibits
a notably stronger affinity for butyrate and propionate compared to acetate,
indicating its specialized role in recognizing specific SCFAs. In contrast, while
GPR109A and GPR109B demonstrate an impressive 96% similarity at the protein
level, it is important to note that GPR109B lacks the ability to bind to any SCFAs,
setting it apart functionally from its close counterpart [96, 100].

In contrast to GPR41 and GPR43, among SCFAs, only butyrate activates
GPR109A [100, 101]. Beta-hydroxybutyrate, produced during starvation as a result
of ketogenesis, is also a ligand of GPR109A [100]. The colonic epithelium plays
a vital role in maintaining gut health, and it has been demonstrated that this tissue
can synthesize f-hydroxybutyrate from butyrate, a SCFA renowned for its
beneficial effects on intestinal function [102, 103]. As a result, in the colonic
environment, the receptor GPR109A can be activated by both butyrate and its
derivative, p-hydroxybutyrate. This raises interesting questions about the
mechanisms at play: it would be particularly intriguing to investigate whether some
of the positive effects attributed to butyrate’s role in promoting colonic health are,
in fact, mediated by p-hydroxybutyrate. Exploring this relationship could offer
valuable insights into the complex interplay of metabolites in the colon and their
implications for overall GI well-being. SCFAs have been detected in the ileum at
a concentration of around 10 mM. Nonetheless, it remains unclear whether these
substances are generated locally in the ileum or are due to reflux from the colon or
cecum. Notably, the concentration of SCFAs present in the ileum is more than
sufficient to activate signaling through GPR41 and GPR43 [96, 104, 105]. In
addition to supporting evidence, experimental findings from dystrophic models
offer direct proof of SCFAs’ capacity to improve muscle health. A recent study
conducted by our team using the mdx mouse model for Duchenne muscular
dystrophy revealed that sodium butyrate supplementation improved locomotor
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skills, preserved autophagy, and reduced inflammatory markers to levels
comparable to the corticosteroid deflazacort. These results were linked to the
restoration of gut microbiota composition, elevated circulating butyrate levels, and
the activation of SCFA-sensing pathways in skeletal muscle. Importantly, sodium
butyrate exhibited similar antiinflammatory and proautophagic properties in
human myoblasts derived from Duchenne muscular dystrophy (DMD) patients,
highlighting the promise of microbiota-targeted SCFA treatment in addressing
muscle disorders [106].

4.3.1 The role of SCFAs in lipid metabolism in skeletal muscle

The effects of SCFAs involve multiple aspects of skeletal muscle, including lipid
uptake, oxidation, and storage. In L6 myotubes (rat-derived skeletal muscle cells),
the administration of 0.5 mM butyrate has been reported to increase fatty acid
oxidation by approximately 30% [112, 113]. Similarly, the same effect on fatty-acid
uptake has been observed with the administration of 0.5 mM acetate, approximately
30%, in this same cell line. In the gastrocnemius muscle isolated from C57BL/6]
mice, the ex vivo administration of butyrate (5% [w/w]) for 13 weeks after a HFD
also showed a robust increase in fatty acid oxidation [113]. A complementary study
by Hong et al. demonstrated that after 10 days of butyrate administration, the levels
of triglycerides and cholesterol in skeletal muscle decreased. Significantly, the
administration of butyrate (5% [w/w]) for 10 months prevented intramuscular lipid
accumulation in C57BL/6 ] mice fed a standard diet. The skeletal muscle enzymes
involved in lipid metabolism support the changes in this process. For example, LpL,
an enzyme that hydrolyzes triglycerides in the circulation and provides free fatty
acids to cells, has been shown to increase after SCFA administration in rodents [114].
However, this result is not consistent across all studies [115]. Another important
marker for intracellular fatty acid hydrolysis is hormone-sensitive lipase, which has
been shown to increase after SCFA administration in mice. Similarly, the ACC
enzyme, which is involved in fatty acid biosynthesis, has been shown to decrease
after SCFA supplementation in both C57BL/6 ] mice and L6 myotubes [116, 117].
However, this change has not been observed after 24 hours of SCFA treatment in
C2C12 myotubes (mouse-derived differentiated skeletal muscle cells). In summary,
the critical role of SCFAs in skeletal muscle is to increase fatty acid uptake and
oxidation, as well as to prevent lipid accumulation [117, 118].

4.3.2 The effects of SCFAs on carbohydrate metabolism in skeletal muscle

The administration of SCFAs increases glucose uptake in skeletal muscle. Both
acetate and propionate up-regulate insulin-independent glucose uptake in L6 and
C2C12 myotubes, respectively [110, 118]. Besides, coadministration of insulin and
propionate increases glucose uptake in both myotubes, an effect partly mediated
through GPR4110. The involvement of acetate in glycogen synthesis has also been
reported in rats [119, 120]. Moreover, the supplementation of acetate for eight weeks
in a standard-fed diet showed a 10-fold increase compared to the control group fed
only a standard diet in KK-A(y) mice, a model of obesity and type 2 diabetes[121].
However, glycogen synthase gene expression or enzymatic activity does not appear
to be affected by SCFAs [122, 123]. Therefore, SCFAs might regulate glycogen
synthesis by inhibiting glycolysis and increasing gluconeogenesis [119, 123].
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Consequently, this leads to the accumulation of glucose 6-phosphate. Likely, the
increase in glucose uptake and glycogen repletion is facilitated through SCFAs’
influence on GLUT4 expression, which is the major glucose transporter protein in
skeletal muscle [124]. Complementarily, the increased expression, both at mRNA
and protein levels, has been reported in L6 myotubes after constant treatment with
0.5 mM acetate [118]. In line with this result, both Kriippel-like factor 15 and myocyte-
specific enhancer factor 2A levels were also increased after acetate supplementation
[125]. Somehow, the effects of SCFAs on GLUT4 expression are not exhibited by all
SCFAs. For instance, 5 mM butyrate administration for 24 hours in L6 myotubes
showed no changes in GLUT4 expression at both gene and protein levels [122].

4.3.3 The effects of SCFAs on skeletal and total body mass

Recently, the effects of SCFAs on skeletal and total body mass have been reported
by some authors [113, 126-128]. The acute supplementation of butyrate 5% (w/w) in
rodents during a HFD suggests the protective effect of butyrate in skeletal muscle
[113]. Alterations in skeletal muscle mass have been shown with a concomitant
increase in total body mass in control rodents. However, some other studies revealed
no changes in absolute skeletal muscle mass between butyrate-treated versus control
mice on a HFD. Another research group [126] also did not detect any alterations,
either in skeletal muscle mass or in the skeletal muscle-to-total-body mass
percentage, in C57BL/6 ] mice fed with a HFD with or without acetate treatment.
Although SCFAs might not influence total body mass in energy-exceeding
conditions, they can instead reflect metabolic stress/demand or energy-restriction
situations. Therefore, this suggests the possible effect of SCFAs’ involvement in
maintaining skeletal muscle mass (Table 3). Followingly, Lahiri et al. reported the
effect of SCFAs administration, which was shown to reduce dexamethasone-induced
atrophy in vitro in C2C12 myotubes. C2C12 cells, derived from murine skeletal
muscle cells, are a well-established model for studying muscle regeneration and
differentiation in vitro [129]. Besides, they also demonstrated in gut-microbiota-
deficient mice that the administered SCFAs increase skeletal muscle mass [10].

5. Discussion

The emerging concept of a gut microbiota-skeletal muscle axis has significantly
advanced our understanding of muscle biology, reshaping the microbiome’s role as
a crucial systemic regulator of metabolic functions, tissue resilience, and physiological
adaptations. Far beyond merely serving as a passive community that aids digestion, the
gut microbiota functions like a dynamic, endocrine-like organ. This complex microbial
community influences host physiology through a diverse array of metabolites,
particularly SCFAs, which play critical roles in this intricate interplay. These potent
molecules are produced by microbial fermentation of dietary fibers and subsequently
enter the bloodstream, where they reach various peripheral tissues and interact with key
nutrient-sensing pathways, primarily via GPCRs. This interaction is essential for
regulating various fundamental processes within skeletal muscle, including
mitochondrial biogenesis, oxidative capacity, substrate selection for energy production,
and modulation of inflammatory responses.

Numerous studies employing GF and antibiotic-treated animal models
consistently illustrate that disturbances in the microbiota lead to negative impacts on
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Ref. Subjects/models Approach Key findings Additional notes

[130, 131] Male ICR mice LP10 Enhanced fore- LP10 reduced inflammation,

(6 weeks old) supplementation limb grip improved glucose handling, and
strength and increased type I muscle fibers in
swimming the gastrocnemius
endurance

[132] Drosophila Lactobacillus Greater protein mTOR pathway activation and

plantarum synthesis and increased muscle protein
muscle anabolism  synthesis

[133] Male ICR mice NCE Improved grip Altered gut microbial composi-
(6 weeks old) supplementation strength and tion, increased tissue glycogen

swimming time

[134] Male C57BL/6 ] mice Inulin + microbial Better endurance  Muscle mass not significantly
(10 weeks old) transplant affected; microbial modulation
Low microbiome- may require additional
accessible carbohydrate interventions
diet

[131,135]  C2C12 Myoblasts, Lactobacillus Restored myo- Protected against dexamethasone-
Myotubes curvatus CP2,998 tubular diameter  induced atrophy by blocking

glucocorticoid receptor activation

[131,136] Male ICR mice Kefir Increased grip Modulated gut microbiota, raised
(6 weeks old) supplementation strength, swim glycogen stores

endurance, and
muscle mass

[131,137] Male C57BL/6 Lactobacillus casei Better muscle Strengthened intestinal barrier
mice (2 and 10 LC122 or strength and and reduced inflammation
months old) Bifidobacterium performance

longum BL986

[138] SAMPS mice Lactobacillus Reduced sarcope- Improved mitochondrial activity,
(12 and 28 weeks old) paracasei PS23 nia indicators lowered proinflammatory cyto-

kine production.

[139] Male C57BL/6 JNarl Eubacterium rectale Improved swim The E. rectale microbiota may
mice (6 weeks old, or Clostridium endurance enhance exercise-related
germ-free level) coccoides physiological adaptations.

colonization L. plantarum TWK10 and
C. coccoides microbiota could
improve energy expenditure and
body composition when com-
bined with exercise.

[140] CL57BL/6 Veillonella atypica Extended tread- Lactate conversion to propionate
mice (8 and 12 inoculation mill running for energy
weeks-old) duration

[17,131] C57BL/6 ] mice Fecal transfer Greater grip Gut microbiota remodeling and
Germ-free male and from older strength improved intestinal barrier
female high-functioning

adults

[141] C57BL/6 N female mice  Faecalibacterium Increased muscle  Enhanced mitochondrial
(7 weeks old) prausnitzii mass respiration, reduced inflamma-

supplementation tion, improved gut integrity

[21] Overweight Women Endurance Training Moderate Increased Akkermansia and

(6-weeks period) changes in gut decreased Proteobacteria occurred

microbiota com-
position and
function.

without dietary changes. These
microbiota shifts were accompa-
nied by reduced android fat mass,
improved VO,max, and lower
VAP-1 activity, but had minimal
effects on systemic metabolites.
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Ref. Subjects/models Approach Key findings Additional notes

[23] ICR mice Pathogen-free ~ SA-03 Increased Lowered blood lactate, ammonia,
male (6-week-old) glycogen stores and CK levels

and improved
performance

[24] ICR mice, Male OLP-01 Improved grip Raised SCFA, liver, and muscle
(7 weeks old) strength and glycogen content

endurance

[142] 12-week-old male, spe-  Bacteroides fragilis Increased muscle  Higher antioxidant enzyme
cific pathogen-free mass and activity
(SPF), germ-free (GF), endurance
and Bacteroides fragilis
(BF) gnotobiotic
C57BL/6 JNarl

[10] Germ-free mice SCFA Increased muscle ~ SCFA reduced atrophy-related

supplementation mass and grip genes (Atrogin-1, MuRF-1)
strength.

[128] C57B1/6] mice (6- Butyrate Prevented Increased mitochondrial effi-
month-old, young) and  supplementation hindlimb muscle  ciency and glucose metabolism
(6-month-old, old) atrophy
female

[18] Elderly humans Prebiotic + Improved Stimulated beneficial bacterial

fructooligosaccharide ~ strength, growth, reduced inflammation
endurance,
reduced fatigue

[143] Triathletes Lactobacillus Increased Altered microbiota composition,

plantarum PS128 endurance increased SCFA

[144] Adult subjects over 20 LP10 Greater muscle Enhanced aerobic endurance
years of age mass, reduced

fatigue

[145] Older adult (>65y) men  High-fiber diet Higher grip Promoted butyrate production

strength

[45] Older adult (>65y) 12-week aerobic Stronger trunk Increased microbiota diversity
women training muscles and SCFA production

[146] Trained male runners Probiotic capsules Better fatigue Taking a multistrain probiotic for

resistance in heat  four weeks enhanced running
endurance under heated
conditions.

[147] Female swimmers Probiotic yogurt Enhanced aero- Improved maximum oxygen

bic capacity uptake
Table 3.

Representative studies investigating the influence of gut microbiota modulation on skeletal muscle performance
and physiology. This table presents a summary of experimental and clinical research examining the effects of
microbiota-targeted interventions, such as probiotics, prebiotics, fecal microbiota transfer, and SCFA supple-
mentation, on skeletal muscle function and metabolic outcomes. The evidence includes in vitro experiments,
animal studies, and human trials, indicating improvements in muscle strength, endurance, mitochondrial
activity, inflammatory response, and metabolic adaptation. Additionally, the table details the velated shifts in
microbial populations and the mechanistic pathways that contribute to the associated with muscle health.

muscle mass, mitochondrial efficiency, and exercise tolerance. Notably, these
adverse effects can be mitigated by restoring the microbiota or supplementing with
SCFAs, suggesting a robust protective role for these metabolites in maintaining

muscle health and function.
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While there is considerable evidence supporting the idea of a gut-muscle link,
significant discrepancies remain in the research. For instance, many studies suggest
that SCFA supplementation improves muscle mass and endurance, but other
studies report no significant changes in overall skeletal muscle mass when a HFD is
involved. Additionally, the effects of SCFAs on GLUT4 expression and lipid
metabolism vary, influenced by factors such as species, cell type, dosage, and
exposure duration. These discrepancies are likely attributable to differences in
experimental design, the host’s metabolic state, microbial composition, and
methodological approaches. It is important to recognize these differences to avoid
overgeneralization and to refine mechanistic hypotheses more effectively.

Several mechanisms have shown consistent evidence, including: (i) the
stimulation of AMPK through SCFAs and an improvement in mitochondrial
oxidative capacity; (ii) signaling that reduces inflammation via GPCR-dependent
pathways; (iii) safeguarding against atrophy caused by dexamethasone in both
cellular models and germ-free environments; and (iv) the enhancement of butyrate-
producing microbial populations due to exercise. These findings, supported by
multiple independent experimental models, lay a solid mechanistic foundation for
the gut-muscle axis.

In contrast, several areas remain theoretical or under development. These
encompass the specific role of distinct microbial species in determining muscle
characteristics in humans, the adequacy of circulating SCFA levels to activate
peripheral GPCRs, and the long-term effectiveness of probiotic treatments in
influencing muscle mass in clinical populations. Addressing these questions
necessitates longitudinal, mechanistically informed human studies that integrate
microbiome sequencing with muscle phenotype assessment.

However, despite these compelling preclinical findings, the translational aspect
of this research to human physiology remains markedly underdeveloped. Much of
the mechanistic understanding is derived from animal studies conducted under
rigorously controlled experimental conditions; however, human physiology operates
in a far more complex and variable context, shaped by factors such as dietary
patterns, genetic predispositions, physical activity levels, and comorbidities.
Establishing definitive causal relationships in humans presents considerable
challenges; current evidence overwhelmingly consists of associative data,
underscoring the field’s complexity. Additionally, the composition of an individual’s
gut microbiota is highly personalized, suggesting that no single microbial or
metabolic signature universally correlates with optimal muscle function across
diverse human populations. This variability complicates the development of
standardized therapeutic interventions and highlights the urgent necessity for
personalized treatment strategies tailored to individual microbiome profiles.

Among the plethora of microbial metabolites, SCFAs such as butyrate, acetate, and
propionate are potent modulators of muscle health. These compounds not only serve
as vital energy substrates that fuel muscular activity but also orchestrate complex
transcriptional programs that regulate critical functions, including mitochondrial
bioenergetics, lipid oxidation, glucose uptake, and glycogen replenishment. Their
significant antiinflammatory properties further protect against catabolic processes
that can precipitate muscle wasting. Nonetheless, systemic SCFA levels exhibit
substantial variability, shaped by factors such as dietary composition, microbial
diversity, and overall gut health. This variability raises pertinent questions about the
optimal conditions for maximizing the muscle-protective effects of SCFAs.
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Lifestyle interventions are among the most accessible strategies for modulating
the gut-muscle axis. Diets enriched with fermentable fibers can promote the
proliferation of butyrate-producing microbial species, such as Faecalibacterium
prausnitzii, which are associated with beneficial metabolic outcomes. Additionally,
both aerobic and resistance training have been shown to independently enhance
microbial diversity and increase SCFA production, creating opportunities for
synergistic effects on muscle metabolism and overall performance. Preliminary
studies suggest that integrating dietary modifications with structured physical
activity regimens may enhance muscle function and recovery. Furthermore, the
potential of probiotic and prebiotic supplementation as an intervention strategy
cannot be overstated; preliminary findings suggest improvements in strength,
endurance, and recovery. However, it is essential to recognize that individual
responses to these supplements can vary greatly, underscoring the need to identify
specific microbial and host factors that influence individual responsiveness.

Future research should shift from simply establishing descriptive associations to
conducting longitudinal studies specifically aimed at uncovering causal relationships
in human subjects. There is a need for additional studies, particularly controlled
clinical trials that examine various gut-modulating therapies, involve larger and
more homogeneous groups, and include longer follow-up periods. To ensure
practicality, these studies should feature appropriate dosages and durations and be
designed as randomized, double-blind, placebo-controlled trials to minimize
complications. Moreover, forthcoming research should incorporate comprehensive
metrics to document dietary composition, physical activity, and other factors that
affect the gut microbiota. It is essential to track medication use and the history of
prebiotic or probiotic supplement intake. Analyzing the initial gut microbiota could
clarify treatment response differences among individuals, identify “responders” and
“nonresponders,” and provide valuable insights into the underlying mechanisms of
action. Standardizing and employing universal methods to assess skeletal muscle
strength, mass, and physical performance would enhance data integration for
statistical analysis and interpretation. Using integrative multiomics approaches that
combine microbiome sequencing, metabolomics, transcriptomics, and
comprehensive muscle phenotyping will be crucial for elucidating the complex
mechanistic pathways involved and identifying predictive biomarkers of muscle
health. Additionally, it is essential to consider the bidirectional nature of the gut-
muscle axis: while gut-derived signals can modulate muscle metabolism and activity,
the release of myokines may similarly influence microbial ecology. These
interactions may create a feedback loop that promotes metabolic homeostasis and
overall health.

Abbreviations

GI Gastrointestinal

GFM Germ-free mice

HF High-functioning

LF Low-functioning

SCFAs Short-chain fatty acids
PFM Pathogen-free mice

IGI 69 Insulin-like growth factor 1
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LPS

TNF-a

IL-6

VO,max
GPCRs

FFAR2 (GPR43)
FFAR3 (GPR41)
GPR81
GPR109A
GPR109B
OLFR78

MCT1

SMCT1 (SLC5A8)
HDAC

CK

BUN

AMPK

ACC

LPL

FIAF

GLUT4

mTOR

ATP

VAP-1

BF

Ab+

HFD

C2C12

Author contributions

Lipopolysaccharides

Tumor necrosis factor alpha
Interleukin 6

Maximal oxygen consumption
G-protein-coupled receptors

Free fatty acid receptor 2

Free fatty acid receptor 3
Hydroxycarboxylic acid receptor 1
Hydroxycarboxylic acid receptor 2
Hydroxycarboxylic acid receptor 3
Olfactory receptor 78
Monocarboxylate transporter 1
Sodium-coupled monocarboxylate transporter 1
Histone deacetylase

Creatine kinase

Blood urea nitrogen
AMP-activated protein kinase
Acetyl-CoA carboxylase
Lipoprotein lipase
Fasting-induced adipose factor
Glucose transporter type 4
Mammalian target of rapamycin
Adenosine triphosphate

Vascular adhesion protein 1
Bacteroides fragilis
Antibiotic-treated

High-fat diet

Mouse myoblast cell line
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Chapter 5
RNA Therapy in Muscle Diseases

Dongchao Lu and Jin Li

Abstract

Skeletal muscle diseases pose a serious threat to human health, yet effective
pharmacological treatments remain scarce. RNA-based therapeutics are emerging as
a promising avenue: an RNA drug that restores muscle function has already been
approved and is in clinical use, highlighting the potential of RNA therapy in this
approach. This review surveys the current landscape of RNA therapies for muscle
disorders, focusing on the correction of aberrant messenger RNA (mRNA)
metabolism, RNA modifications, and the therapeutic manipulation of noncoding
RNAs in skeletal muscle diseases. We outline RNA-directed strategies in skeletal
muscle, identify the advantages and challenges of RNA therapy in muscle diseases,
and discuss future directions for the field.

Keywords: skeletal muscle diseases, muscle atrophy, mRNA, miRNA, IncRNA,
circRNA, small interfering RNA, gene editing, delivery

1. Introduction

Muscle diseases are characterized by the loss of muscle mass and function, which
are primarily categorized into three major types: hereditary, acquired, and
neurogenic. This classification encompasses a wide spectrum of conditions, ranging
from progressive atrophy caused by congenital defects to functional impairments
triggered by acquired inflammation [1-3]. Hereditary muscular diseases arise from
genetic defects, often manifesting in childhood or adolescence with gradually
worsening symptoms. Representative examples include Duchenne muscular
dystrophy (DMD) and facioscapulohumeral muscular dystrophy (FSHD) [4, 5].
Acquired muscular diseases are induced by postnatal factors without obvious genetic
predisposition and can occur at any age. Muscle atrophy (muscle wasting),
sarcopenia, thyroid myopathy, and diabetic myopathy are typical instances of this
category. Neurogenic muscular diseases essentially result from damage to the nerves
that innervate muscles. This nerve impairment leads to the loss of muscle
innervation, ultimately causing functional abnormalities. Spinal muscular atrophy
(SMA) and amyotrophic lateral sclerosis (ALS) fall into this group [6, 7]. At present,
there is a lack of effective drug intervention methods.

RNA therapy is emerging as a new class of drugs with significant potential for the
treatment of a variety of diseases, including muscle diseases. After antisense-
oligonucleotide (ASO)-directed therapy (Spinraza™) and adeno-associated virus-
based gene therapy (Zolgensma) were successfully approved for the treatment of
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SMA, RNA therapy is increasingly gaining attention in the field of muscle disease
treatment.

This article will review the RNA regulation mechanism and therapy strategies in
muscle diseases, introduce the current landscape of RNA-based therapies for the
treatment of muscle diseases, and discuss their further development.

2. RNA molecules that regulate muscle diseases
2.1 Dysregulated messenger RNA in muscle diseases

Proper regulation of messenger (mRNA) processing, localization, and translation
is essential for skeletal muscle health. Skeletal muscle has high transcriptional
flexibility. Precise control of mRNA is important for muscle fiber differentiation,
contraction, and regeneration. Abnormal mRNA metabolism, including changes in
transcription, alternative splicing, RNA localization, and degradation, is common in
many muscle diseases. Disruption of these post-transcriptional mechanisms can
cause structural instability, metabolic problems, and loss of muscle mass and
function.

Among post-transcriptional mechanisms, abnormal alternative splicing is the
most studied. Under normal conditions, splicing regulators like MBNL, CELF,
RBFOX, and hnRNP (heterogeneous nuclear ribonucleoprotein) proteins control the
switch from fetal to adult isoforms of muscle transcripts. This ensures proper muscle
development and function [8-10]. In disease, this developmental splicing is
disrupted, and the pattern often reverts to embryonic splicing, which is observed in
several muscle disorders [11, 12].

In myotonic dystrophy type 1 (DM1), this dysregulation is pronounced.
Expanded CTG repeats in the DMPK gene form nuclear RNA foci. These foci trap
MBNL proteins and cause CELF1 upregulation. Thousands of transcripts are mis-
spliced [13-15]. For example, abnormal splicing of CLCN1 causes myotonia.
Misprocessing of BIN1 and TNNT?2 disrupts T-tubules and reduces muscle
contraction. Therapeutic strategies, such as ASOs or small molecules that release
MBNL, show promise in preclinical studies [16].

FSHD is another example of mRNA dysregulation. The disease is caused by
epigenetic derepression of the DUX4 gene in the D4Z4 repeat on chromosome 4.
Normally silenced, DUX4 is abnormally expressed in patient muscle. Its mRNA
encodes a transcription factor that activates early embryonic and apoptotic genes.
Even short bursts of DUX4 mRNA can cause oxidative stress, block differentiation,
and kill muscle cells [17].

In DMD, mutations in the DMD gene often create premature stop codons. This
triggers nonsense-mediated decay (NMD) and prevents dystrophin production. The
lack of dystrophin destabilizes the sarcolemma and promotes inflammation, fibrosis,
and poor regeneration. Spatial transcriptomics shows regional upregulation of
genes like Collal, Tgfb1, and Spp1 in dystrophic muscle [18]. ASO-mediated exon
skipping can restore the dystrophin reading frame, turning severe DMD into
a milder Becker-like phenotype [19].

Dysregulated alternative polyadenylation (APA) represents another layer of
mRNA misregulation in muscle disease. Changes in 3'-UTR (untranslated region)
length affect mRNA stability, localization, and micro-RNA (miRNA)-mediated
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repression. MBNL proteins, besides their role in splicing, also regulate APA; their
sequestration in DM1 leads to widespread use of alternative poly(A) sites,
contributing to aberrant isoform expression and impaired muscle maintenance [16].
Disruption of mRNA transport along cytoskeletal tracks further impairs localized
translation at the sarcolemma and neuromuscular junctions. Hildebrandt et al. [20]
showed that MBNL proteins can travel with kinesin motors to deliver specific
mRNAs to membrane domains, and disease-associated MBNL dysfunction
mislocalizes these transcripts, compromising membrane repair and excitation—
contraction coupling.

RNA-binding proteins (RBPs) are key regulators of muscle pathology. Mutations
or altered expression of TDP-43, FUS, and hnRNPA2B1 disrupt RNA splicing,
transport, and stress granule dynamics in inclusion body myositis and distal
myopathies. Loss of RBM20 affects TTN mRNA processing, causing dilated
cardiomyopathy [21]. In nemaline myopathy, ACTA1 and NEB mutations lead to
aberrant splicing and nonfunctional mRNAs [22]. Inflammatory myopathies,
including polymyositis and dermatomyositis, show cytokine-driven mRNA
dysregulation, with upregulation of interferon-stimulated and UPR-related
transcripts [23].

Mitochondrial and metabolic myopathies are also characterized by abnormalities
in mRNA processing. The formation of oxidative phosphorylation complexes
depends on the coordinated expression of both nuclear- and mitochondrial-encoded
mRNAs. Mutations affect the maturation of mitochondrial transcripts such as MT-
ND1 and MT-CO3, or in nuclear genes that regulate mitochondrial mRNA stability,
like LRPPRC and GFM1. These unexpected gene mutations can impair translation
and trigger energy deficiency in muscle fibers [24-26]. These findings emphasize
that muscle dysfunction can result not only from structural gene mutations but also
from defects in mRNA processing and translation fidelity.

In conclusion, abnormal mRNA metabolism is a key cause of many skeletal
muscle disorders. Toxic RNA, splicing errors, mRNA decay, and mislocalization, all
disrupt post-transcriptional regulation. This affects muscle differentiation,
contraction, and regeneration. Advances in single-cell transcriptomics, long-read
sequencing, and RNA therapies are improving our understanding of mRNA-related
pathology. They also offer ways to develop targeted treatments for currently
incurable muscle diseases. In addition, many RNA-targeted therapies have been
explored and applied in the clinic. Antisense oligonucleotides (ASOs) can silence
toxic repeat RNAs or fix splicing defects. They are being tested in DM1 and DMD
[27]. Small molecules like branaplam and risdiplam, first developed for SMA, can
also modulate splicing [28]. Other strategies include CRISPR editing of splicing sites,
stabilizing mRNAs with modified nucleotides, and delivering synthetic mRNAs that
encode micro-dystrophin or mini-genes. Future studies may focus on restoring RBP
networks and proper mRNA transport in multinucleated muscle fibers.

2.2 RNA modification in muscle diseases

RNA modifications refer to a diverse array of chemical alterations occurring on
RNA molecules. They constitute a crucial layer of post-transcriptional regulation,
a field known as epitranscriptomics. These modifications dynamically modulate
RNA stability, localization, splicing, and translational efficiency, thereby governing
essential cellular processes [29-31]. In muscle biology, the precise regulation of RNA
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function is critical for maintaining the integrity of muscle fibers, their contractile
capacity, and regenerative potential. Accumulating evidence indicates that
dysregulated RNA modification programs are associated with the pathogenesis of
various muscular diseases, highlighting their potential as therapeutic targets in
future research [32-34].

2.2.1 M°A ( n6-methyladenosine)

As the most abundant internal modification in eukaryotic mRNA, m°A is present
at an average of three to five sites per mRNA molecule, accounting for 0.1%-0.4% of
the total adenosines in mRNA.

N6-methyladenosine (m®A), a prevalent post-transcriptional modification of
mRNA, exhibits distinct distribution preferences: it is enriched in the conserved
sequence motif RRACH (where R = A/G, H = A/C/U) and is primarily localized near
stop codons, within long internal exons, and in the 5'-UTR under specific conditions
[35, 36]. The dynamic regulation of mPA is mediated by three key classes of
regulatory enzymes: “writers,” “erasers,” and “readers.” The writer complex is
centered on METTL3 (catalytic subunit) and METTL14 (structural scaffold), which
mediate adenosine methylation with the assistance of cofactors such as WTAP
[37, 38]. Among the erasers, FTO removes methyl groups through an oxidative
mechanism, while ALKBHS directly catalyzes demethylation. The readers are
dominated by the YTH family: YTHDF1 promotes mRNA translation, YTHDF2
accelerates mRNA degradation, and YTHDC1 regulates splicing and nuclear export.
Additionally, IGF2BP1/2/3 enhance mRNA stability, thereby exerting functional
antagonism against YTHDF?2 [39].

In induced pluripotent stem cell-derived motor neurons (iPSC-MNs) from ALS
patients, m®A levels are reduced [40]. By regulating the expression of MYH7, m°A
modification influences muscle fiber types, which may contribute to the
pathogenesis of such diseases. For instance, abnormal m°®A methylation can trigger
the aberrant conversion of slow-twitch muscle fibers to fast-twitch ones, impairing
muscle endurance and strength, and subsequently leading to muscle dysfunction.

Abnormal muscle development or reduced regenerative capacity is closely linked
to skeletal muscle disorders, such as muscle atrophy and impaired post-injury repair
[41]. By modulating the expression of key genes involved in myogenic
differentiation, m®A modification may affect normal muscle development and post-
injury repair processes. For example, FTO regulates the m°A modification of the
GADDA45B gene, influencing its mRNA stability and thereby modulating myogenic
differentiation-related signaling pathways (e.g., the P38 MAPK pathway) to
promote myocyte differentiation and myotube formation [42].

In myoblasts from patients with FSHD, the expression levels of METTL3 and
global m°A levels are elevated. METTL3 promotes the expression of NPNT and
maintains myotube homeostasis in a manner dependent on its m®A catalytic activity.
This finding provides a potential molecular target and intervention strategy for
delaying skeletal muscle aging or treating age-related skeletal muscle degenerative
diseases, such as sarcopenia [43].

Muscle-specific knockout of YTHDF2 impairs muscle growth. YTHDF2 controls
the mRNA stability of the ubiquitin ligase ASB2 through SMAD?3, thereby regulating
the activation of growth-inhibiting gene programs [44].
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Other RNA modifications (Nl—methyladenosine (m?A), 5-methylcytosine (m°C),
N7-methylguanosine (m’G), N4-acetylcytosine (ac*C), pseudouridine (W),
uridylation, adenosine-to-inosine (A-to-I) RNA editing, and modifications of U34
on tRNA wobble) currently lack corresponding research in skeletal muscle diseases.

2.3 Functions of noncoding RNA in muscle diseases

Accumulating evidence shows that noncoding RNAs (ncRNAs) play an important
role in regulating distinct steps of muscle atrophy. The first discovery of ncRNA
dates back to the 1950s, when George Palade identified ribosomal RNA (rRNA) [45]
and Paul Zamecnik isolated transfer RNA (tRNA) [46]. Next, the small nuclear
RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) were further observed and
identified as modulators in RNA splicing, modification, and other processing events.
In addition, these small ncRNAs are now recognized as “housekeeping noncoding
RNAs” essential for maintaining basic cellular functions. In the 1970s, researchers
first identified circular transcripts in the cytoplasm; however, their extremely low
abundance led to their widespread dismissal as mere by-products of RNA processing.
During the same period, transcripts originating from the complementary strand of
protein-coding genes were detected in bacteria [47]. Because these RNAs bore little
resemblance to any known functional RNA, they were simply labeled as “cellular
garbage” and largely ignored. Yet, a few forward-thinking pioneers cautioned that
“junk does not mean useless” [48]. Since the late twentieth century, the rapid
development of molecular technologies — such as high-throughput sequencing and
gene editing — has propelled ncRNA research into an unprecedented boom. Beyond
the well-known long ncRNAs (IncRNAs), miRNAs, and circular RNAs (circRNAs),
a growing array of novel ncRNAs, including enhancer RNAs (eRNAs), tRNA-
derived small RNAs (tsRNAs), and PIWI-interacting RNAs (piRNAs), have been
successively identified and characterized in recent years. Expanded evidence has
proved that ncRNAs govern a spectrum of biological processes — including cell
growth, division, and apoptosis — and are indispensable for maintaining normal
cellular physiology. In this chapter, we focus on the best-characterized ncRNA
species, such as miRNAs, IncRNAs, and circRNAs, and summarize current
knowledge of their actions and molecular mechanisms in skeletal muscle atrophy.

2.3.1 MiRNAEs in skeletal muscle atrophy

The miRNAs have about 22 nucleotides and are synthesized via a multistep
process in the nucleus and cytoplasm. They primarily regulate gene expression at the
post-transcriptional level by binding to target transcripts, leading to their
degradation or translational suppression [49]. Recent studies have demonstrated
that miRNAs act as precise “molecular knobs,” governing protein metabolism,
mitochondrial content, autophagy, and cell death in skeletal muscle, critically
determining both the onset and potential therapeutic reversal of muscle atrophy.

In various atrophy models, such as immobilization, cancer cachexia, and
denervation, the expression of miR-29b is generally upregulated. It targets and
inhibits IGF-1 and PI3K (p85a), blocks the AKT signaling pathway, activates
FoxO3A, induces the expression of Atrogin-1 and MuRF1, and thereby accelerates
the degradation of myofibrillar proteins. Based on these findings, local injection of
CRISPR/Cas9 to knock out the pre-miR-29b processing site in the gastrocnemius or
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tibialis anterior (TA) muscle can restore the activity of the AKT-FOXO3A-mTOR
axis, significantly alleviate atrophy induced by Angll, immobilization, or
denervation, block myocyte apoptosis triggered by Angll, and remarkably improve
exercise endurance [50]. In addition, miR-486 activates the PI3K/AKT signaling
pathway by inhibiting phosphatase and tensin homolog (PTEN). By increasing
protein synthesis and reducing degradation, miR-486 indirectly inhibits the Hippo
signaling pathway, thereby promoting cell growth [51].

In denervation-induced muscle atrophy, there is a significant decrease in the
number of mitochondria and an increase in autophagosomes. The miR-142a-5p/
mitofusin 1 (MFN1) axis is significantly activated, leading to mitochondrial
dysfunction, mitophagy, and cell death. Activation of the miR-142a-5p/MFN1 axis
disrupts the tubular mitochondrial network and induces excessive mitophagy and
cell death; antagonizing this axis can restore the balance of mitochondrial fusion and
fission, thereby alleviating the development of muscle atrophy [52]. On the contrary,
fasting, nutrient deficiency, or muscular dystrophy reduces the level of miR-378,
disrupting the autophagy-apoptosis homeostasis. Overexpression of miR-378
initiates autophagy through the mTOR-ULK1 pathway, targets PDK1 to enhance
FoxO-mediated autophagy gene transcription, and directly inhibits caspase-9 to
block endogenous apoptosis, thus reducing the susceptibility of myocytes to
apoptosis [53]. Muscle-specific miRNAs, including miR-1, miR-23a, miR-133, miR-
206, miR-208b, and miR-499, are upregulated in starvation-induced C2C12
myotubes and in mouse models of muscle atrophy. After 45 days of head-down tilt
bed rest, serum levels of miR-23a, miR-206, and miR-499 were increased and
correlated with the degree of soleus muscle volume loss, suggesting their potential as
noninvasive early biomarkers for unloading-induced atrophy [54]. In summary,
miRNAs finely regulate skeletal muscle atrophy through multiple targets and
pathways, including protein degradation, mitochondrial quality control, and
autophagy-apoptosis balance. Targeting miRNAs holds promise for developing
RNA-based precision medicine strategies, offering new insights for the prevention
and treatment of sarcopenia, cachexia, and muscle atrophy induced by microgravity
in spaceflight. The roles of individual miRNAs are summarized in Table 1.

2.3.2 LncRNAs in skeletal muscle atrophy

The IncRNAs have become core nodes in the regulatory network of skeletal
muscle atrophy due to their functions, such as transcriptional regulation, molecular
sponging, and protein interaction. Existing studies have shown that thousands of
IncRNAs are abnormally expressed in the state of muscle atrophy, and these
molecules regulate muscle homeostasis through multiple pathways [66, 67].

2.3.2.1 Transcription and epigenetic vegulation

Studies have demonstrated that IncRNA-MEGS3 functions as an “anti-atrophy
regulator” in skeletal muscle. Mice with MEG3 knockout exhibit significant muscle
atrophy, increased fat infiltration, and reduced mitochondrial ATP production. In
contrast, MEG3 overexpression promotes the conversion of muscle fibers to the
oxidative type, thereby enhancing muscle mass and strength. The core mechanism
underlying this phenomenon is that MEG3 can directly bind to the SUZ12 protein,
promoting its liquid-liquid phase separation (LLPS). This process further maintains
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Micro-RNA Target Pathway Function Refs
miR-29b MuRF-1, MAFbx-1, AKT, CRISPR/Cas9-mediated miR-29b [50]
FoxO3a, P70S6K FOXO03A, editing could prevent different types
mTOR, of muscle atrophy in mice
IGF1
miR-378 Phosphoinositide- mTOR, Micro-RNA-378 promotes autop- [53]
dependent protein kinase ~ ULK1 hagy and inhibits apoptosis in skele-
1 (PDK1), caspase-caspase tal muscle
9
miR-142a-5p MFN1 _ Denervation drives skeletal muscle [52]
atrophy and induces mitochondrial
dysfunction, mitophagy, and apop-
tosis via the miR-142a-5p/MFN1 axis
MiR-486 PTEN PI3K/ Micro-RNA-486 is involved in the [51]
AKT, development of muscle atrophy
HIPPO caused by aging, immobility, pro-
longed exposure to microgravity, or
muscular and neuromuscular
disorders
miR-146a-5p IGF-1R PI3K/ Adipose-derived exosomes amelio- [55]
AKT/ rate skeletal muscle atrophy via miR-
mTOR 146a-5p/IGF-1R signaling
miR-132-3p FoxO3 _ Human umbilical cord mesenchymal  [56]
stem cell-derived exosomes amelio-
rate muscle atrophy via the miR-132-
3p/Fox03 axis
miR-486-5p Foxol _ BMSC-derived exosomes inhibit [57]
dexamethasone-induced muscle
atrophy via the miR-486-5p/Foxo1l
axis.
miR-497-5p Insr, Igflr, Pik3rl, Insulin/ Decreased miR-497-5p suppresses [58]
Mapk8ip2, CcnD2/CenEl,  IGF-1, IL-6-induced atrophy in muscle cells.
Hmgal JAK-
STAT
miR-628 IRS1 IRS1/Akt/  miR-628 promotes burn-induced [59]
FoxO3a skeletal muscle atrophy via targeting
IRS1
miR-29b IGF1, YY1, Bax, Bcl-2, PPARy, The PPARy/miR-29b axis could [60]
Caspase-3, FoxO3a, AKT, induce angiotensin II-induced mus-
P70S6K, EIF-4EBP1, p62, mTOR, cle atrophy
LC3, UBC PI3K
miR-23a Rcan-1, MuRF-1, MAFbx  AKT Delphinidin, by increasing miR-23a [61]

expression via upregulation of
NFATc3 expression, could correlate
with muscle atrophy

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

Serum miR-23a, miR-206, and miR- [54]
499 levels may serve as potential
biomarkers for the diagnosis of ske-

letal muscle atrophy
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Micro-RNA Target Pathway  Function Refs
miR-322 MyHC, IGF1R, INSR, GR

miR-322 can exacerbate dexametha- [62]
sone-induced muscle atrophy by
targeting INSR and IGF1R

miR-133a NF90, NF45, Dmn2, Aifll, _ miR-133a is a myogenic miRNA that  [63]
Atp6ap2, Col8al, Srgap3 promotes muscle maturation. It can
target and inhibit the expression of
dynamin 2, and its reduced levels
induce centronuclear myopathy
miR-18a MuRF-1, CTSL, FoxO1, IGF1/ miR-18a, via the IGF1/PI3K/Akt axis, [64]
FoxO3a, Myosin, PI3K/Akt  could lead to myotube atrophy
Myogenin
miR-206 HDAC4 _ miR-206 participates in neuromus- [65]
cular junction regeneration and
muscle atrophy
Table 1.

Effects of miRNAs on the development of skeletal muscle atrophy.

the histone H3 lysine 27 trimethylation (H3K27me3) modification of muscle-specific
genes (e.g., Fhl3, Rnf128), ensuring the normal activation of pathways related to
muscle development and function [68]. This finding reveals a novel mechanism by
which IncRNA mediates epigenetic regulation through modulating protein phase
separation, providing a potential target for the treatment of muscle atrophy.

2.3.2.2 Regulation of skeletal muscle development via chromatin interaction

MYH1G-AS is a skeletal muscle-specific IncRNA associated with open chromatin,
and there are differentially expressed ATAC-seq peaks in its promoter region.
Studies have shown that MYH1G-AS exerts multiple regulatory effects on skeletal
muscle development, including promoting myoblast proliferation, inhibiting
myoblast differentiation, driving the transformation of muscle fibers from slow-
twitch to fast-twitch, and inducing muscle atrophy [69]. Specifically, MYH1G-AS
inhibits the stability of FGF18 protein, reduces the interaction between FGF18 and
the transcription factor SMARCAS, thereby suppressing the chromatin accessibility
of the SMAD4 promoter, and ultimately activates the SMAD4-dependent pathway to
regulate the development of chicken skeletal muscle.

2.3.2.3 Involvement in spatiotemporal regulation of muscle regeneration and development

Studies have demonstrated that IncRNAs are crucial for the spatiotemporal
regulation of muscle development and regeneration. Functional experiments
confirmed that IncMREF is predominantly expressed in differentiated muscle
satellite cells and can effectively promote myogenic differentiation and muscle
regeneration [70]. At the mechanistic level, IncMREF interacts with the Smarca5
protein to increase chromatin accessibility during the activation and differentiation
initiation of muscle satellite cells. This interaction further facilitates the genomic
binding of the p300/CBP complex and histone modification H3K27ac, ultimately
upregulating the expression of myogenic regulatory factors such as MyoD and
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driving cell differentiation. These results reveal a novel time-specific epigenetic
regulatory mechanism in muscle regeneration and clarify the decisive role of
IncMREF/Smarca5-mediated epigenetic programming in muscle cell differentiation.

2.3.2.4 Targeting atrophy-related pathways

Studies have demonstrated that various IncRNAs play crucial regulatory roles in
the progression of skeletal muscle atrophy, and some of them hold promise as
potential therapeutic targets.

LncRNA-Myoparr acts as a promoter of denervation-induced muscle atrophy. Its
expression is significantly upregulated after denervation injury, and it exacerbates
atrophy by regulating the expression of myogenin and growth differentiation factor
5 (Gdf5). Moreover, knockdown of Myoparr activates the bone morphogenetic
protein (BMP) signaling pathway in denervated muscles, as evidenced by the
increased phosphorylation levels of Smad1/5/8. Additionally, Myoparr can modulate
the expression of differential genes related to myogenic differentiation and muscle
atrophy, indicating that certain IncRNAs can integrate environmental signals with
gene expression networks to directly regulate the activation of atrophy markers [71].

Another study showed that overexpression of IncRNA-H19 increases the mRNA
expression of atrophy gene 1 (Atrogin-1), and this effect can be reversed by
inhibiting miRNA-675 (miR-675). Further mechanistic studies revealed that
overexpression of miR-675 aggravates high stress (HS) and starvation-induced
muscle atrophy by inhibiting the insulin-like growth factor 1 receptor/protein kinase
B (IGF1R/Akt) signaling pathway and promoting the expression of forkhead box O/
atrophy gene 1 (FoxO/Atrogin-1). Conversely, inhibition of miR-675 alleviates
atrophy. This suggests that downregulation of H19/miR-675 expression can
ameliorate muscle atrophy by regulating the IGF1R/Akt/FOXO signaling
pathway [72].

In addition, IncRNA XLOC_015548 exerts an anti-atrophy effect. The IncRNA
XLOC_015548 can promote myogenic differentiation and prevent muscle atrophy by
regulating Gadd45g expression, activating the MEK/ERK signaling pathway, and
inhibiting oxidative stress. Specifically, its overexpression can significantly
downregulate the expression of Gadd45g (p < 0.05) and promote the translocation of
Gadd45g to the cytoplasm, thereby significantly activating the MEK/ERK signaling
pathway (p < 0.05) to enhance cell proliferation and myotube formation.
Meanwhile, it can reduce the level of reactive oxygen species (ROS) (p < 0.01) and
stabilize mitochondrial membrane potential, thereby alleviating dexamethasone
(DEX)-induced oxidative stress. Moreover, the MEK/ERK pathway inhibitor U0126
can partially reverse the above protective effects, confirming the mediating role of
this pathway [73].

In summary, IncRNAs with regulatory activity on muscle atrophy-related
signaling pathways, such as BMP and IGF1R/Akt/FOXO (e.g., IncRNAs that inhibit
the BMP pathway), may serve as potential therapeutic targets for skeletal muscle
atrophy.

2.3.2.5 Driving pyroptosis-mediated muscle atrophy

During the pathological progression of chronic kidney disease (CKD), the
expression level of IncRNA GAS5 (IncRNA-GAS5) is significantly upregulated.
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Transmission electron microscopy observations reveal that cells exhibit typical
morphological characteristics of pyroptosis, which has been identified as a potential
pathogenic cell death mode in CKD. Studies have shown that, after knockdown
intervention of GASS5, the expression of pyroptosis-related markers (including
NLRP3, cleaved caspase-1, and GSDMD-N) is significantly inhibited. Both in vivo
and in vitro experiments demonstrate that the degree of pyroptosis is reduced,
accompanied by a significant increase in muscle fiber size. Further verification via
RNA pull-down assay and mass spectrometry analysis confirms that GAS5 can
interact with the mitochondrial translation elongation factor TUFM. This interaction
enhances the activity of NLRP3, thereby inducing pyroptosis and muscle atrophy,
while overexpression of TUFM can reverse this effect [74]. Essentially, the
interaction between GAS5 and TUFM impairs the anti-pyroptotic function of TUFM,
leading to the amplified activation of the NLRP3 signaling pathway, which may be
the key mechanism underlying pyroptosis-mediated muscle atrophy.

2.3.2.6 Regulation of miRNA function as competing endogenous RNA

A subset of IncRNAs can serve as competing endogenous RNAs (ceRNAs). By
sequestering specific miRNAs, they relieve the inhibitory effects of these miRNAs on
their target genes. For example, IncMUMA regulates miRNA molecules via
a sponging effect, which reverses skeletal muscle atrophy induced by mechanical
unloading and provides a new direction for interventional therapy [75]. Specifically,
IncMUMA promoted myogenic differentiation by functioning as a miR-762 sponge
to regulate the core myogenic regulator MyoD iz vitro. The enforced expression of
IncMUMA relieved the decreases in MyoD protein and muscle mass in miR-762
knock-in mice. Therapeutically, the enforced expression of IncMUMA improved the
in vitro myogenic differentiation of myoblasts under microgravity simulation,
prevented the development of muscle atrophy, and reversed the established muscle
atrophy in hindlimb suspension (HLS) mice.

2.3.2.7 As a repressor of muscle development

SISL (SYNPO?2 intronic sense-overlapping IncRNA) is an intronic IncRNA highly
expressed in muscle. Studies have demonstrated that SISL functionally promotes
myoblast proliferation and fusion while inhibiting myogenic differentiation. SYISL
knockout in mice leads to a significant increase in muscle fiber density and muscle
mass. Mechanistically, SYISL recruits the enhancer of zeste homolog 2 (EZH2)
protein — a core component of the polycomb repressive complex 2 (PRC2) — to the
promoters of the cell cycle inhibitory gene p21 and muscle-specific genes (such as
myogenin [MyoG], muscle creatine kinase [MCK], and myosin heavy chain 4
[Myh4]). This recruitment results in H3K27 trimethylation and epigenetic silencing
of the target genes. These results indicate that SYISL is an inhibitor of muscle
development and plays a crucial role in PRC2-mediated myogenesis [76].

2.3.3 CircRNAs in skeletal muscle atrophy
The circRNAs) form covalently closed structures through the back-splicing of

precursor mRNAs (pre-mRNAs), and they are characterized by high stability and
strong tissue specificity. Their mechanisms of action in skeletal muscle atrophy
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mainly involve two pathways: encoding functional proteins and constructing ceRNA
regulatory networks.

2.3.3.1 Promoting atrophy effect mediated by encoded proteins

The circDdb1 is an identified key pro-atrophic circRNA. Its expression is
significantly upregulated in various muscle atrophy models, such as denervation,
immobilization, aging, and diabetes, and it is also elevated in human aged muscle
tissues. Studies have confirmed that circDdb1 can initiate translation through the
internal ribosomal entry site (IRES) to generate a novel protein, CircDdb1-867aa,
which contains 867 amino acids. This protein can bind to eukaryotic elongation
factor 2 (eEF2) and promote the phosphorylation of eEF2 at Thr56, directly
inhibiting the protein translation process. Eventually, this leads to myotube atrophy
and the upregulation of atrophy markers such as Atrogin-1 and MuRF1. Further
studies have found that eukaryotic initiation factor 4A3 (EIF4A3) can bind to the
flanking sequences of circDdb1 to promote its cyclization, forming the “EIF4A3-
circDdb1-CircDdb1-867aa” pro-atrophic regulatory axis [77].

The circTmeff1 has been identified as a potential circRNA candidate for targeting
muscle atrophy [78]. Studies have shown that the expression level of circTmeff1 is
closely associated with muscle atrophy. Its overexpression can induce muscle
atrophy in both in vitro and in vivo models, while knocking down its expression can
rescue this pathological process in the same models. At the mechanistic level,
circTmeff1 can directly interact with TAR DNA-binding protein 43 (TDP-43),
promoting the aggregation of TDP-43 in mitochondria. This further leads to the
release of mitochondrial DNA (mtDNA) into the cytoplasm and activates the cyclic
GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway.
Meanwhile, circTmeff1 can encode a novel protein, TMEFF1-339aa, which is a key
mediator for circTmeff1 to exert its pro-atrophic effects on muscle.

2.3.3.2 Regulatory role of cerna network

In diabetes-related skeletal muscle atrophy, circRNAs participate in the
pathological process by constructing a “circRNA-miRNA-mRNA” ceRNA regulatory
network [79]. Studies on streptozotocin-induced type 1 diabetes mouse models have
shown that there are 1,403 differentially expressed circRNAs in the gastrocnemius
muscle, among which 690 are upregulated and 713 are downregulated. The parent
genes of these differential circRNAs are significantly enriched in key pathways
related to muscle atrophy, such as ubiquitin-mediated protein degradation and the
FoxO signaling pathway. Bioinformatics analysis confirms that some differentially
expressed circRNAs can act as “molecular sponges” to competitively adsorb miRNAs
targeting the atrophy marker MuRF1. Through this competitive regulation
mechanism, they affect the expression level of MuRF1, thereby regulating the
degradation process of muscle fibers.

2.3.3.3 Mediation of muscle atrophy and myogenesis via interaction with miRNAs
In diverse biological systems, circRNAs have emerged as key regulators of gene

expression. Chicken-derived circRNA (circAGO3) is derived from exons 5, 6, 7, and
8 of the AGO3 gene. It exhibits high stability and shows differential expression
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during the embryonic and post-hatching stages of chickens. Overexpression of
circAGO3 in chicken skeletal muscle significantly impairs myogenesis by
downregulating muscle differentiation marker genes and upregulating muscle
atrophy-related genes. Further analysis combining RNA sequencing and functional
assays revealed that circAGO3 can regulate the NF-kB signaling pathway through its
interaction with miR-34b-5p, thereby participating in the regulation of
inflammatory responses [80].

In addition, the circRNA circCCDC91 can regulate the expression of insulin
receptor substrate 1 (IRS1) by sponging three miRNAs, namely miR-15a, miR-15b-
5p, and miR-15¢c-5p, thereby activating the insulin-like growth factor
1-phosphatidylinositol 3-kinase/AKT (IGF1-PI3K/AKT) signaling pathway.
Moreover, this circRNA can rescue skeletal muscle atrophy by activating the
aforementioned signaling pathway. Specifically, circCCDC91 exerts dual effects of
promoting myoblast proliferation and differentiation, as well as alleviating skeletal
muscle atrophy, through direct binding to the miR-15 family and activation of the
IGF1-PI3K/AKT signaling pathway in chickens [81].

2.3.3.4 Involvement in myogenesis

Spermine oxidase (SMOX), a key polyamine catabolic enzyme, plays an
important regulatory role in muscle differentiation during myogenesis. Recent
studies have revealed that the SMOX gene can be transcribed to generate circRNA
(circSMOX). Experimental results showed that the expression trends of linear SMOX
and circSMOX were consistent during the differentiation of C2C12 myoblasts.
Moreover, the expression level of circSMOX in the in vitro myotube atrophy model
and the in vivo ALS mouse model was significantly higher than that in the
physiological state. This study confirms that SMOX is a novel regulatory factor
involved in muscle physiological and pathological processes and provides a scientific
basis for subsequent research on circSMOX as a potential target for muscle atrophy
therapy [82].

Collectively, ncRNAs form complex regulatory networks that play a crucial role
in shaping the pathological processes of muscle diseases. The dysregulation of
ncRNAs is both a cause and a consequence of muscle dysfunction, a feature that
makes them promising targets for precision therapy and ideal candidates for
noninvasive biomarkers. In the future, by integrating high-throughput sequencing
technology with functional verification experiments to deeply dissect the regulatory
networks of ncRNAs, it will provide key support for the development of novel
diagnostic biomarkers and the construction of targeted therapeutic strategies for
muscle atrophy-related diseases.

3. The strategies of RNA therapy for muscle disease

The field of RNA biology has been extensively studied since the discovery of
mRNA in the 1960s [83]. However, the most significant application of RNA-based
therapies emerged during the COVID-19 pandemic. This crisis prompted an
unparalleled collaboration between academic institutions and biotechnology
companies, accelerating the development of effective counter measures. By
December 2020, two mRNA-based vaccines (Moderna and Pfizer/BioNTech) had
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successfully completed their clinical trials and were deployed on a large-scale
application for the prevention of COVID-19 infection [84]. These vaccines
demonstrated remarkable efficacy in generating robust and long-lasting antibody
responses [85]. Due to this special event, the developed RNA technology not only
improved the vaccine industry but also boosted the field of RNA therapy, including
protein replacement, genome editing, cell reprogramming, and cell therapy [86].

3.1 Types of RNA-based therapeutics cargo

RNA-based therapeutics have emerged as a promising next-generation medicine,
leveraging various types of RNA cargo to address a wide range of clinical needs.
These RNA molecules can be broadly categorized based on their size, structure, and
function, with significant implications for their therapeutic applications and
production challenges. Large RNA molecules, such as mRNA, IncRNA, and certain
circRNAs, are typically involved in protein synthesis or the regulation of gene
expression. In contrast, small RNA molecules, including small interfering RNA
(siRNA), antisense oligonucleotides (ASOs), and miRNA, primarily function
through gene silencing and regulation (see Figure 1). Additionally, the production of
RNA cargoes varies in complexity and cost. Smaller RNA molecules are generally
easier and more cost-effective to design and synthesize. However, the production of
large RNA molecules is more expensive, although these molecules offer a broader
range of therapeutic strategies for RNA therapy.

3.2 Small RNA cargo for gene silencing in muscle therapy

Small-sized oligonucleotides represent the most well-studied and clinically
advanced category of RNA-based therapeutics, with several drugs already approved
by the FDA. These include ASOs and siRNAs, which primarily function through gene
silencing mechanisms [87, 88]. This section will provide an overview of different
types of small RNA molecules, highlighting their therapeutic applications and the
significance of RNA silencing in muscle diseases.

3.2.1 RNA interference

RNA interference (RNAi) has revolutionized molecular biology since its
discovery in 1998 [89], earning the Nobel Prize in 2006 [90]. The RNAi mechanism
involves siRNA or short hairpin RNA (shRNA) entering the RNA-induced silencing
complex (RISC), which unwinds double-stranded siRNA and guides it to
complementary target RNAs. This mechanism allows selective knockdown of
disease-associated genes, providing a powerful therapeutic strategy [91]. In addition,
chemical modifications, such as 2'-O-Me or 2'-F, enhance RNA stability and reduce
immunogenicity, further improving the clinical value of RNAIi therapy [92-94].

In muscle disease, the systemic delivery of cholesterol-conjugated siRNA
targeting myostatin (Mstn) was developed to achieve muscle-specific gene silencing.
With a single intravenous injection of the siRNA, 85%-95% knockdown of Mstn
mRNA in various muscles and a >65% reduction in circulating Mstn protein levels
were reported in a mouse model over 21 days. This knockdown can lead to significant
increases in muscle size, weight, and strength, with no observed toxicity [95].
Similarly, chemically modified siRNAs targeting Alk4 in mdx and wild-type mice
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reduced Alk4 mRNA expression, showing promising therapeutic effects for DMD.
Intraperitoneal injection of 10 mg/kg siRNA led to a significant reduction of Alk4
mRNA and clearly improved muscle quality while delaying disease progression [96].

The siRNA is also an effective approach to perform ncRNA inhibition for novel
RNA-based therapy for muscle diseases. For example, TCONS-00036665 is
a lincRNA that promotes proliferation and inhibits differentiation of pig skeletal
muscle satellite cells by interacting with EZH2. Overexpression of TCONS-00036665
led to reduced muscle weight and cross-sectional area of muscle fibers, indicating its
inhibitory effect on muscle development. By using the siRNA approach, the
repression of TCONS-00036665 can improve muscle cell differentiation as well as
maintain muscle function [97]. In addition, Atrolnc-1 is reported to significantly
promote muscle wasting in CKD by enhancing protein degradation. Using AAV-
shRNA-based therapy targeting Atrolnc-1, the muscle-wasting phenotype was
effectively reduced by 42% through suppression of NF-kB activity and MuRF-1
expression in a mouse model [98]. Additionally, the siRNA system could also target
special structural RNAs such as circRNAs. Chen et al. [78] reported that circTmeff1 is
highly expressed in multiple types of muscle atrophy iz vivo and in vitro. Inhibition of
circTmeff1 via the shRNA system could rescue muscle mass in atrophic mice.
Similarly, circDdb1 is also a pro-atrophy circRNA, while repression of circDdb1 via
shRNA could reverse denervation, angiotensin II, and immobility-induced muscle
cell dysfunction [77].

RNAI using siRNA and shRNA has shown significant therapeutic potential in
muscle diseases. This effective inhibition system can modulate any kind of RNA
molecules, including mRNA, ncRNAs, and circRNAs, providing a good therapeutic
strategy for RNA therapy in muscle diseases.

3.2.2 Antisense RNAs

Similar to the siRNA system, ASOs are highly adaptable molecules that can be
engineered to selectively bind and modulate RNA transcripts, thereby
decelerating or arresting the uncontrolled disease gene expression. For example,
Gapmer antisense oligonucleotides (gapmer ASOs) are single-stranded
antisense oligonucleotides with a DNA core flanked by RNA-based modifications
resistant to RNase H. They target pre-mRNAs and mRNAs, forming DNA:RNA
hybrids that recruit RNase H, leading to mRNA degradation and reduced gene
expression [99]. In addition, splice-switching antisense oligonucleotides
(ssASOs) can be utilized to modulate pre-mRNA splicing by blocking splice-
regulatory elements, thereby preventing their recognition by the splicing
machinery [100].

In the context of muscle therapy, SMA is frequently caused by deletions or
mutations in the survival motor neuron (SMN) gene, leading to severe muscle
weakness and significant infant mortality [101-103]. One of the most promising
treatments for SMA is the application of ASOs to correct the splicing of exon 7 in the
SMN2 gene [104]. After over a decade of research, Spinraza™ became the first FDA-
approved treatment for SMA and the first antisense drug to restore the expression of
a fully functional protein through splicing correction [105]. The success of ASOs-
based RNA therapy in treating SMA highlights the therapeutic potential of
modulating RNA transcripts to correct genetic defects. This breakthrough
underscores the promise of antisense technology in addressing other muscular
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disorders, suggesting a bright future for RNA-based therapies in muscle disease
management.

3.2.3 Micro-RNAs

In miRNA-based therapies for muscle diseases, the key challenges are to inhibit
detrimental miRNAs and promote beneficial ones, thereby developing effective
therapeutic strategies.

Two distinct strategies for miRNA silencing are antagomirs and miRNA sponges.
Antagomirs are chemically modified oligonucleotides designed to bind specifically to
individual miRNAs [106]. The miRNA sponges, on the contrary, are transcripts
containing multiple tandem binding sites for a specific miRNA of interest [107]. For
instance, miR-29b has been identified as a key modulator of muscle atrophy in
various muscle disorders. Both miR-29b antagomirs and miR-29b sponges have been
used to effectively reduce elevated miR-29b levels in different mouse models of
muscle atrophy, resulting in significant functional recovery of muscle cells [60, 108].
Antagomirs can be further modified and screened to improve their pharmacological
effectiveness. Liu et al. [109] screened for a novel miR-29b inhibitor by considering
both the three-dimensional structure of pre-miR-29b and the thermodynamics of
its interaction with small molecules. They found that TGP-29b-066 exhibited
superior miR-29b inhibition efficiency and therapeutic efficacy for muscle atrophy
compared to commercial miR-29b inhibitors [109].

To mimic the structure and function of endogenous miRNAs, agomir is developed
as a chemically modified and synthetic RNA molecule for the application of miRNA
overexpression therapy. The chemical modifications of agomir can enhance the
stability and efficiency of small molecules, making them valuable tools for studying
gene regulation and exploring therapeutic applications [110]. For example, miR-351
was repressed in the TA muscle at various times following sciatic nerve transection
stress. He et al. [111] reported using miR-351 agomir as the overexpression strategy
to restore the miR-351 expression under disease stress. They observed that the
chemically modified miR-351 mimic inhibited denervation-induced TA muscle
atrophy and improved muscle function in vivo [111]. Additionally, Yao et al. reported
that miR-27b-3p modulates the fibrogenic differentiation of fibro-adipogenic
progenitors. Agomir-27b-3p effectively suppressed fibrosis in both iz vitro and
in vivo models of denervation and rescued fibrosis in chronic skeletal muscle
injury [112].

The therapeutic potential of miRNAs in muscle diseases is evident from the
successful application of antagomirs, miRNA sponges, and agomirs in modulating
miRNA activity. These approaches have shown significant promise in reducing
muscle atrophy and improving muscle function in various models. The continued
advancement in miRNA technologies holds great promise for addressing unmet
needs in muscle disease treatment.

3.3 Large size of RNA cargo for muscle therapy
Large-sized oligonucleotides are typically iz vitro-transcribed RNA molecules
with a size of over 200nt in length. Any RNA molecule can be synthesized through

in vitro transcription (IVT) using T7/SP6 RNA polymerases in a cell-free system
[113]. For example, modified mRNA (modRNA), which consists of a 5'-cap, poly-A
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tail, 5'- and 3'- UTRs, and an open reading frame (ORF), can be prepared via IVT.
A linearized DNA template containing a T7 promoter, the gene of interest, and

a poly-A sequence is used as the IVT template, followed by T7 RNA polymerase-
based IVT and the incorporation of modified nucleotides like N1-
methylpseudouridine to enhance stability. In recent years, the development of
mRNA drugs has seen the application of three distinct types of mRNAs: non-
replicating mRNAs (nrRNAs), self-amplifying mRNAs (saRNAs), and circRNAs.
The nrRNAs are the most straightforward, encoding only the protein of interest and
offering ease of production and scalability. The saRNAs incorporate viral replicase
genes, enabling intracellular amplification and thus requiring lower doses to achieve
significant protein expression [114]. Circular mRNAs, formed by joining the 5" and 3’
ends, are highly stable due to their resistance to exonucleases, resulting in longer
half-lives and sustained protein production [115]. Each type has unique advantages
and challenges, influencing their suitability for different therapeutic applications. In
addition to mRNAs, ncRNA medicines can also be generated via IVT with both
linearized and circularized structures. The diverse types of large RNA cargo hold
great potential for novel RNA therapies. In this section, we provide an overview of
the applications of large RNA molecules in muscle diseases.

3.3.1 Linearized RNA cargo

Since 1990, the concept of nucleic acid-encoded drugs has been explored by
directly injecting IVT mRNA into the skeletal muscle of mice to evaluate protein
expression [116]. To date, IVT RNA has emerged as a promising new drug class for
delivering genetic information. These synthetic RNAs can be engineered to
transiently express proteins by mimicking the structure of natural mRNA, express
ncRNA transcripts, or even encode specialized gene-editing molecules such as Cas9
mRNA [117].

In the context of muscle disease, transiently secreted vascular endothelial growth
factor (VEGF) has demonstrated beneficial effects on myocardial infarction-
mediated cardiomyocyte dysfunction. ModRNA encoding VEGF-A has been
reported as a promising protein replacement therapy for cardiac muscle repair.
Specifically, transfection of VEGF-A modRNA into iPSC-derived cardiomyocytes
(iPSC-CMs) enhances their survival rates and facilitates the formation of a dense
vascular network during iPSC-CM transplantation therapy [118]. Similarly, in larger
animal models, VEGF-A modRNA has been shown to improve heart function and
promote angiogenesis [119]. Additionally, for the DMD therapy, a novel approach
using Bobcat mRNA™ has been developed. This proprietary mRNA, encoding a full-
length human dystrophin protein (mRNA-DMD), has demonstrated the ability to
restore muscle strength in D2.mdx mutant mice. Furthermore, a Phase I clinical trial
assessing the safety and tolerability of full-length dystrophin mRNA is being
conducted (NCT07188012). The successful development and delivery of mRNA-
DMD offer a promising alternative or complementary approach to existing therapies
for DMD.

It is important to note that some muscular dystrophies are genetic diseases that
induce muscle degeneration [120]. Correcting the mutated genes and repairing
muscle function are key challenges in this field. CRISPR/Cas9 gene correction in
transplantable cells offers hope for restoring organ function. However, muscle cells
have been slow to benefit from this advanced technology due to difficulties in ex vivo
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or in vivo manipulation. Stadelmann et al. [121] developed an mRNA-based delivery
system for SpCas9 and an adenine base editor to perform genome editing in human
muscle stem cells. They demonstrated that cells edited with this mRNA-based gene
editing system can fully retain their myogenic marker signature, proliferation
capacity, and functional attributes. Moreover, this mRNA-based delivery of a base
editor efficiently repaired a muscular dystrophy-causing SGCA mutation in a single,
selection-free step.

The development of linearized RNA cargo, including IVT mRNA or RNA-based
gene editing systems, has shown significant promise in addressing muscle
degeneration and genetic defects in muscular dystrophies. Future research should
focus on optimizing delivery systems and exploring the therapeutic potential of these
RNA-based approaches in clinical settings. The continued innovation in RNA cargo
design and delivery holds great promise for advancing the field of muscle disease
therapy.

3.3.2 Circularized RNA medicine

The circRNAs represent a class of covalently closed, single-stranded RNA
molecules identified across various species and implicated in disease regulation.
Their distinctive stability arises from the back-splicing process, wherein the 3’-end
of an exon links to the 5'-end of an upstream exon through a 3',5'-phosphodiester
bond. This structure leads to resistance to RNase R degradation and extends the half-
life of RNA molecules, thereby enhancing their functional capacity [122]. For
therapy in muscle disease, i vitro transcribed circRNA (ivcRNA) cargo has also
shown potential therapeutic value in recovering muscle cell functions. For example,
circ-INSR is one well-known circRNA that serves as a key regulator of muscle
development. Silencing of circ-INSR reduces the proliferation and increases
apoptosis of myocytes, while the overexpression of circ-INSR can promote bovine
primary myocyte function [123]. In cardiac muscle cells, circ-INSR was also observed
as an important mediator in maintaining cardiomyocyte function under doxorubicin
stress. By using an IVT system as well as the T4-ligase-based circularization
approach, circ-INSR-based RNA medicine has been generated. This circRNA
medicine demonstrated a strong protective effect against doxorubicin-induced cell
death in both rodent and human cardiomyocytes [124]. Furthermore, using the same
production method, Neufeldt et al. [125] generated recombinant circZFPM2 RNA
and further proved that this circRNA medicine can reduce dysfunction of
cardiomyocytes under doxorubicin stress. In addition, Liu et al. reported that in vitro
transcribed mitochondria-encoded circular RNAs (mecciRNAs) are also functional
circRNA medicines that can repair cardiomyocyte function. Notably, IVT-
mecciRNAs demonstrated a clear cardiomyocyte protective effect in both
doxorubicin and pressure overload-induced heart failure mouse models, indicating
a good translational value of circRNA medicine for disease therapy.

Endogenous circRNAs demonstrate therapeutic potential not only because of
their target genes but also due to their unique structure, which enhances stability and
functional efficacy. Thus, the circularized structure has been further utilized to
generate the engineered circRNA [126]. For example, Lavenniah et al. [127] applied
group I permutated intron-exon sequences to generate the exogenous artificial
circRNA sponge system (circmiRs). This circmiRs construct includes 12 miR-132 and
-212 sponge binding sites (SBS) with 12 nucleotides spacing between each miRNA
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SBS. Notably, this circmiRs medicine demonstrated improved miRNA inhibition
efficacy compared to commercial pharmacological antagomiRs and a better
therapeutic effect on cardiomyocyte hypertrophy in a mouse heart failure model
[127]. In the context of muscle atrophy, Li et al. [128] also designed circmiRs
medicine targeting miR-29b. CircmiR-29b effectively inhibits miR-29b in a highly
specific and significant manner. It protects against muscle atrophy both iz vitro and
in vivo, including denervation, immobilization, and angiotensin II-mediated muscle
atrophy models [128].

The development of circularized RNA medicines represents a significant
advancement in the field of RNA therapeutics. CircRNAs, with their unique stability
and functional efficacy, offer a promising approach for treating muscle and cardiac
diseases. Their ability to resist degradation and maintain prolonged activity makes
them ideal candidates for addressing conditions like muscle atrophy and cardiac
muscle dysfunction.

4. RNA delivery system in muscle disease therapy

Skeletal muscle disorders, such as DMD, have long posed significant therapeutic
challenges. Conventional therapies, like corticosteroids, can only delay disease
progression and alleviate symptoms but fail to address the underlying genetic defects
[129]. While more radical gene therapies hold promise, they are often limited by the
packaging capacity, immunogenicity, and potential integration risks of delivery
vectors such as AAV, making it difficult to safely and effectively correct large
pathogenic genes like DMD [130]. In contrast, RNA-based therapeutics have
emerged as a highly promising approach, with the core advantage of circumventing
genomic challenges by directly targeting disease-related gene expression processes.
Modalities such as ASOs, siRNAs, mRNAs, and circRNAs offer the potential for more
sustained and efficient protein expression [77, 131-134].

However, the efficient, safe, and specific delivery of RNA therapeutics to
systemic muscle tissues remains the central bottleneck in realizing their therapeutic
potential. This process faces multiple inherent physiological and cellular barriers:
Instability and susceptibility to degradation of RNA molecules: Naked RNA is rapidly
degraded by ubiquitous nucleases in the systemic circulation, with an extremely
short half-life, making it difficult for sufficient intact drug to reach the target sites
[135]. Difficulty in crossing the vascular endothelial barrier: The dense
microstructure of the vascular endothelium in muscle tissues impedes effective
extravasation of large molecules and nanoparticles into the interstitial space, thereby
limiting drug contact with target muscle cells [136]. Rapid clearance and uptake by
non-target organs: Systemically administered delivery vectors, particularly
nanoparticles, are easily recognized and cleared by the mononuclear phagocyte
system (e.g., liver and spleen), leading to significantly reduced enrichment in target
tissues and potential off-target effects such as hepatotoxicity [137]. Low efficiency of
cellular internalization and endosomal escape: Even if the drug is endocytosed by
muscle cells, most of it becomes trapped in endosomes and is ultimately transported
to lysosomes for degradation [138]. Potential immunogenicity: Both exogenous RNA
molecules themselves (e.g., if recognized as viral RNA) and certain delivery vector
materials may activate the host’s innate immune system, triggering inflammatory
responses that not only reduce therapeutic efficacy but also pose safety risks [139].
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Lipid nanoparticles (LNPs) and engineered extracellular vesicles (EVs), as two of the
most promising delivery platforms, can effectively circumvent these challenges and
enable efficient and safe RNA delivery.

4.1 LNP-based approaches

LNPs are composed of multiple distinct components. The ionizable lipid, as the
core constituent of LNPs, carries a positive charge under acidic pH conditions,
enabling it to encapsulate negatively charged RNA. It undergoes a charge reversal
within endosomes, thereby promoting endosomal escape. Phospholipids form the
LNP bilayer structure, stabilizing the particle and mimicking the cell membrane to
facilitate fusion. Cholesterol enhances LNP stability and membrane fluidity, aiding
in endosomal escape. PEGylated lipids improve nanoparticle stability and circulation
half-life while reducing nonspecific protein binding [140, 141].

LNPs represent one of the most mature nucleic acid delivery systems. Their
continued refinement through chemical modifications, ligand conjugation, novel
lipid design, and innovative delivery strategies has significantly advanced the clinical
translation of circRNA in fields such as cardiovascular diseases, cancer, and genetic
disorders. Currently, LNP-encapsulated circRNA RBD-Omicron and circRNA RBD-
Delta vaccines can effectively address current SARS-CoV-2 variants by inducing
high levels of neutralizing antibodies and a Th1 immune response [142]. LNP-
mediated delivery of siRNA targeting the Alzheimer’s disease risk locus transcription
factor PU.1 successfully reduced PU.1 levels in microglial-like cells and mitigated
neuroinflammation in mice injected with LPS and in CK-p25 mice modeling the
chronic neuroinflammation common in AD patients [143]. By designing synthetic
ivcRNA encoding therapeutic proteins (e.g., MSI2 and SOX5) and encapsulating
them using optimized LNPs, direct delivery of ivcRNA-LNPs into the joint cavity of
mice effectively delayed cartilage destruction, reduced abnormal bone calcification,
and improved histological scores of the joint [144]. Furthermore, for DMD, where
repeated AAV injection is limited by neutralizing antibodies, the LNP system enables
repeated intramuscular injections to deliver Cas9 mRNA and sgRNA to skeletal
muscle. This approach induced stable genomic exon skipping and restored
dystrophin expression in a DMD mouse model carrying a humanized exon sequence.
Administration of LNPs via limb perfusion can target multiple muscle groups to treat
skeletal muscle diseases [134].

To further enhance the muscle tissue targeting of LNPs, large ionizable lipid
libraries can be constructed to screen for novel lipids with inherent tropism for
muscle tissue. One study proposed a platform for rapidly creating chemically diverse
lipids to build LNPs and successfully identified an ionizable lipid, iso-A11B5C1.
Incorporating this lipid into LNPs enabled highly efficient muscle-specific mRNA
delivery while minimizing off-target delivery to other tissues (e.g., liver and spleen).
Although this novel LNP showed limited transfection in lymph nodes, intramuscular
injection elicited a robust cellular immune response. An mRNA melanoma vaccine
developed using this novel LNP demonstrated potent anti-tumor effects in a mouse
melanoma model [145]. Beyond self-composition adjustments, the specificity of LNP
delivery to muscle tissue can be directly enhanced by conjugating targeting ligands to
the LNP surface or modifying their chemical composition. Research has uncovered
the rational design of peptide-ionizable lipids for assembling LNPs with organ-
selective mRNA delivery. By incorporating artificial ionizable and natural amino
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acids and functional molecules into peptide-ionizable lipids, LNPs with tissue-
specific targeting capabilities — including to the lung, liver, spleen, thymus, and
bone — were created [146]. Another study designed an LNP whose surface displays
five specific receptor complements, enabling specific targeting of mouse skeletal
muscle with no off-target effects on other tissues and organs [147].

As an RNA delivery platform, LNPs have demonstrated significant clinical
application value. However, the targeting specificity for muscle tissue still requires
improvement. Concurrently, reducing the incidence of immune responses and
mitigating the potential toxicity of repeated administration are crucial to advancing
their development for treating muscle diseases.

4.2 Engineered EV-mediated RNA delivery

EVs are membrane-bound vesicles ranging from nanoscale to microscale, actively
secreted by cells. They naturally carry important biomolecules such as proteins,
lipids, and nucleic acids from their source cells, serving as key messengers in
intercellular communication [148]. As delivery vehicles, EVs exhibit unique inherent
advantages: their endogenous origin grants them excellent biocompatibility and low
immunogenicity, making them less likely to be recognized and cleared by the
immune system, thus highly suitable for repeated administration; certain sources of
EVs, such as those derived from mesenchymal stem cells, possess a natural homing
capability to sites of injury and inflammation, including diseased muscle; as natural
mediators of intercellular communication, their membrane structure enables
efficient fusion with or internalization by target cells, facilitating effective cargo
delivery; furthermore, their nanoscale size gives them significant potential to
penetrate the dense extracellular matrix of muscle tissue [149]. Efficiently loading
exogenous therapeutic RNA into EVs is a crucial step for realizing their delivery
function. Currently, various loading strategies have been developed, each with its
own advantages and disadvantages. Co-incubation is the simplest passive loading
method, but its efficiency is generally low. Electroporation is one of the most widely
used techniques; however, the applied electrical pulses may damage the EV
membrane integrity and the structure of the encapsulated RNA. The transfection
reagent-based method involves first introducing the RNA into the parent cells that
secrete EVs, thereby leveraging the cell’s natural machinery to package the RNA into
subsequently secreted EVs, achieving indirect loading [150]. Additionally, a series of
active loading techniques, such as freeze-thaw cycles, sonication, or the use of
permeabilizing agents like saponin, actively load RNA into the lumen by temporarily
disrupting EV membrane permeability. These methods offer different trade-offs
between loading efficiency and preservation of EV function [151, 152].

Furthermore, EVs can be engineered to enhance their targeting specificity. Using
genetic engineering approaches, parent cells can be made to express transmembrane
proteins displaying targeting peptides (e.g., muscle-targeting peptides). Pioneering
research in an Alzheimer’s disease model successfully expressed a Lamp2b protein
fused to the neuron-targeting peptide RVG in parent cells. The resulting EVs
effectively delivered siRNA to neurons in mouse brains, significantly reducing target
gene expression [153]. Similar strategies have been applied to target other tissues,
such as using muscle-targeting peptides to modify EVs for enhanced delivery
efficiency to muscle. One study identified a peptide, CP05, which binds to the CD63
protein expressed on exosomes. Modifying exosomes by conjugating CPO5 to
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a muscle-targeting peptide increased the delivery of splice-correcting
oligonucleotides to muscle, enhancing dystrophin expression and muscle function in
a mouse model of muscular dystrophy [154].

Currently, the application of engineered EVs for treating muscle diseases is
a rapidly developing research area, with several studies providing proof-of-concept
validation. Research has found that inhibiting miR-29b can reduce muscle atrophy.
Artificially engineered EVs were constructed to deliver CRISPR/Cas9 targeting miR-
29b (EVs-Cas9-29b). EVs-Cas9-29b demonstrated good functional efficacy through
specific and rapid inhibition of miR-29b via gene editing. Under both in vitro and
in vivo conditions, EVs-Cas9-29b could prevent muscle atrophy induced by various
factors [155]. EVs derived from fibro-adipogenic progenitors, enriched with miR-
125b-5p, were able to promote macrophage polarization toward the M2 reparative
phenotype by targeting the PTPN1/ERK pathway, improve muscle stem cell activity,
accelerate muscle regeneration, and reduce fibrosis [156]. Systemic delivery of
muscle-derived EVs was shown to enhance synaptic plasticity and alleviate cognitive
impairment induced by chronic cerebral hypoperfusion. Constructing brain-targeted
EVs enriched with miR-17/20a-5p, which binds to the DEP domain of DEPTOR, an
mTOR-interacting protein, activated the mTOR pathway in the hippocampus and
improved cognitive function in a model of vascular cognitive impairment [157].

Despite the great potential shown by engineered EVs in treating muscle atrophy,
their clinical translation still faces numerous challenges. Future efforts should focus
on developing standardized and scalable production processes to ensure the quality,
safety, and batch-to-batch consistency of EV products; actively exploring novel
source cells, such as muscle progenitor cells, to obtain EVs with enhanced targeting
or functionality; and dedicating efforts to designing smarter “engineered EVs.”
Through precise modification of their membrane surface or cargo, these EVs could
be engineered to respond to specific in vivo microenvironmental signals (e.g.,
inflammation, ROS), thereby achieving on-demand drug release and ultimately
improving the specificity and efficiency of treatment.

5. Clinical trials of RNA therapy in muscle diseases

RNA-therapeutic strategies — particularly exon skipping, AAV-mediated gene
delivery, and AOC technology — have demonstrated considerable promise for muscle
disorders. The clinical trials summarized in Table 2 span the major disease
categories: DMD, FSHD, DM1, SMA, MG, and LGMD; several agents are now in
Phase III or have already been filed for marketing approval. Continued surveillance
of long-term efficacy and safety data, together with the rational design of
combination regimens, will be critical next steps.

6. Advantages and challenges of RNA therapy in muscle diseases —
considerations for future development.
6.1 Advantages of RNA therapy in muscle diseases

More therapeutic targets: Compared with traditional protein-targeting strategies,
RNA therapy has more therapeutic targets. RNA therapy can target both
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Indication Clinical trial Clinical phase Therapeutic target
Duchenne muscular Viltolarsen (Viltepso) 11 Exon 53 of the DMD gene
dystrophy (DMD) [158]
WYVE-N531 I Phosphorodiamidate morpholino oli-
(ClinicalTrials: gonucleotide (PMO)-modified anti-
NCT04906460) sense oligonucleotide targeting exon
53
Delandistrogene moxe- 11 AAV vector delivery of micro-
parvovec (SRP-9001) dystrophin gene
[159]
Facioscapulohumeral =~ AOC 1020 (Delpacibart I/Il FORTITUDE  Antibody-oligonucleotide conjugates
muscular dystrophy Braxlosiran) trial (AOCs) target DUX4 mRNA and
(FSHD) (ClinicalTrials: inhibit its expression
NCT03375164)
Myotonic dystrophy DYNE-101 I/I1 ACHIEVE AOC targets DMPK mRNA to correct
type 1 (DM1) (Z-basivarsen) trial splicing abnormalities
(ClinicalTrials:
NCT05481879)
VX-670 (ClinicalTrials: I/II Galileo trial ~ Cyclic peptide-conjugated oligo-
NCT06185764) deoxynucleotide targeting abnormal
CUG RNA
Spinal muscular atro-  Nusinersen Nurture Study/ Antisense oligonucleotides (ASOs)
phy (SMA) (ClinicalTrials: Chinese registry ~ modify SMN2 pre-mRNA splicing to
NCT02386553) study increase full-length SMN protein
Risdiplam (ClinicalTrials: RAINBOWFISH  Oral SMN2 splicing modifier to
NCTO03779334) trial increase systemic SMN protein levels
Myasthenia gravis Cemdisiran 111 Small interfering RNA (siRNA) drug
(ClinicalTrials: targeting complement factor 5 (C5)
NCT05070858)

Limb-girdle muscular
dystrophy (LGMD)

Bidridistrogene xebopar-
vovec (SRP-9,003)
(ClinicalTrials:
NCTO,6246,513)

IIT SRP-9003-
301 trial

AAV vector delivers the SGCB gene
to treat LGMD2E/R4

Table 2.

The clinical trials of skeletal muscle diseases.

protein-coding RNAs and ncRNAs. Even more, RNA therapy can intervene at the

post-transcriptional RNA modification level. This provides more options for the
treatment targets of muscle diseases.

Rapid and flexible drug design: RNA therapy drugs (such as mRNA and siRNA)
can directly encode functions through base sequences without the need to fold
complex three-dimensional structures like protein drugs. Once the target sequence is
determined, corresponding RNA drugs can be synthesized within a few days (such as
COVID-19 mRNA vaccines). In addition, Al-assisted design platforms enable batch
and personalized drug design strategies, greatly accelerating the drug development
cycle.

Long-lasting effects: Some RNA therapies (such as Inclisiran, PCSK9 siRNA) can
provide a durable effect. This is beneficial in chronic muscle diseases where
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sustained therapeutic effects are desired, which can also improve patient
compliance.

6.2 Challenges in RNA therapy for muscle diseases

Delivery systems: Efficient delivery of RNA molecules to muscle remains a major
hurdle. Muscle-specific delivery systems still need to be developed. LNPs, exosomes,
AAV virus, or others all need to improve the muscle-targeted delivery strategy.

Stability and immunogenicity: Although multiple chemical modifications have
been used to improve stability and reduce immunogenicity, these two aspects remain
the main factors affecting the effectiveness and safety of RNA therapy.

Al-assisted design platforms: The Al-assisted RNA drug design platform has
brought new hope for the treatment of these diseases. However, designing and
developing reliable Al platforms also seem to be an urgent matter.

7. Conclusion

RNA therapy holds transformative potential for treating muscle diseases.
Continued development in delivery technologies, RNA modification strategies, and
Al-assisted design platforms will advance RNA-based treatments for muscle diseases
in the future.
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Oxidative Stress in Skeletal Muscle
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Abstract

Oxidative stress and inflammation play crucial roles in skeletal muscle atrophy
and injury, impacting protein synthesis, proteolysis, and muscle regeneration. While
inflammation is essential for muscle healing, excessive inflammatory responses can
disrupt recovery. Various herbal bioactives have shown promise in modulating these
processes. Camellia sinensis, Curcuma longa, Panax ginseng, and several other plants
exhibit anti-inflammatory effects by reducing reactive oxygen species production,
inhibiting cyclooxygenase activity, and downregulating inflammatory mediators
such as IL-1, IL-6, and TNF-a. These plant-derived compounds can potentially
optimize muscle healing and prevent atrophy. However, the use of anti-
inflammatory drugs may have both beneficial and detrimental effects on muscle
adaptations to exercise and training. Understanding the complex interplay between
inflammation, oxidative stress, and muscle physiology is crucial for developing
effective treatments for muscle-related disorders.

Keywords: phytotherapy, herbal bioactives, skeletal muscle, inflammation,
oxidative stress, anti-inflammatory effect, antioxidant effect

1. Introduction

Skeletal muscle is one of the largest tissues in the human body. It is a collection of
highly organized myofibers (muscle cells), which comprises about 45% of total body
mass [1]. Beyond its role as the main protein reservoir, skeletal muscle not only controls
locomotion but is also fundamental for vital functions such as breathing, eating, energy
expenditure, as well as for glucose, amino acid, and lipid homeostasis, and for
maintaining a high quality of life [2]. However, skeletal muscle is frequently affected by
increasing age and other morbid conditions. These processes are triggered by various
stimuli, including intense exercise, trauma, metabolic disorders, and aging.

Beyond its mechanical functions, skeletal muscle is also recognized as an endocrine
organ capable of secreting bioactive molecules, such as myokines (IL-6, IGF-1, FGF2,
etc.), synthesized and secreted by myocytes in response to muscle contraction, which
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influence systemic physiology [3]. These myokines play crucial roles in regulating
muscle metabolism, hypertrophy, angiogenesis, and inflammatory processes [4].
Given its central role in both movement and metabolism, skeletal muscle is highly
vulnerable to stressors that compromise its structural and functional integrity. Among
the most critical stressors are inflammation and oxidative stress, two interrelated
processes that profoundly impact muscle physiology [5].

Inflammation in skeletal muscle is a double-edged sword. On the one hand,
acute inflammation following mechanical injury or exercise is essential for clearing
damaged tissue and initiating the regeneration process [6]. This beneficial
response is mediated by immune cell infiltration, the release of cytokines, and the
activation of signaling cascades that stimulate repair [7]. However, when
inflammation becomes chronic or excessive, the persistent production of cytokines
is often accompanied by sustained oxidative stress, creating a harmful
environment that accelerates tissue degeneration, promotes fibrosis, and impairs
regeneration. This pathological state reduces muscle function and contributes to
wasting conditions and metabolic disorders such as sarcopenia, cachexia, and
metabolic syndrome [8-11].

Similarly, oxidative stress plays a paradoxical role in skeletal muscle physiology.
At moderate levels, reactive oxygen species (ROS) act as signaling molecules that
regulate adaptation to exercise by promoting mitochondrial biogenesis,
angiogenesis, and antioxidant defense [12]. However, excessive ROS production or
impaired antioxidant defenses can cause lipid peroxidation, protein oxidation,
mitochondrial dysfunction, and contractile impairment, thereby exacerbating
muscle weakness and fatigue [13]. Notably, oxidative stress and inflammation are
tightly interconnected, as ROS activate redox-sensitive transcription factors,
including NF-kB and AP-1, which, in turn, upregulate pro-inflammatory cytokines,
creating a vicious cycle.

Given the adverse consequences of uncontrolled inflammation and oxidative
stress, there is increasing interest in natural interventions capable of modulating
these processes without the side effects often associated with synthetic drugs.

In this context, herbal bioactives, defined as naturally occurring plant-derived
compounds with biological activity, have gained attention for their ability to modulate
inflammatory and oxidative pathways. These compounds, including diverse classes
of herbal bioactives such as polyphenols, flavonoids, terpenoids, saponins, and
alkaloids, exhibit pleiotropic anti-inflammatory and antioxidant activities, making
them promising candidates for skeletal muscle protection [14, 15]. For example,
curcumin from Curcuma longa [16], resveratrol from grapes, epigallocatechin gallate
from green tea [17], and ginsenosides from Panax ginseng have all demonstrated
protective effects on skeletal muscle through modulation of signaling pathways like
NF-kB, MAPK, and Nrf2 [18].

Importantly, emerging evidence from experimental and clinical studies highlights
the ability of these compounds not only to attenuate muscle inflammation and
oxidative damage but also to enhance recovery, endurance, and muscle regeneration.
These findings have significant implications for athletic performance, aging
populations, and patients suffering from chronic inflammatory or metabolic
diseases.

This chapter explores the mechanisms of oxidative stress and inflammation in
skeletal muscle, reviews major classes of herbal bioactives, and evaluates their role in
preventing or mitigating muscle dysfunction.
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2. Inflammation and oxidative stress in skeletal muscle
2.1 Mechanisms of skeletal muscle inflammation

Inflammation in skeletal muscle is a natural response to injury, infection, or
exercise-induced stress. Key mediators include cytokines such as TNF-«, IL-6, and
IL-1B, which are secreted by muscle cells and infiltrating immune cells like
macrophages and neutrophils [7]. The activation of transcription factors NF-xB and
MAPKSs plays a crucial role in regulating inflammatory responses and gene
expression in skeletal muscle [19]. NF-kB induces pro-inflammatory genes,
including cytokines and chemokines, and regulates immune cell functions [20, 21]
(Figure 1).

In inflammatory myopathies, NF-kB activation in blood vessel endothelium
attracts inflammatory cells, while joint activation of NF-xB p65 and NFATS in
myofibers reflects characteristic tissue damage patterns [22]. Both NF-kB and MAPKs
are stimulated by exercise, promoting improvements in fuel homeostasis and
preventing muscle atrophy [19]. However, chronic activation of these pathways can
contribute to various pathologies, such as diabetes and cachexia [19]. The interplay
between NF-kB and NFAT transcription factors, mediated by cytokines, represents
a double-edged sword in muscle disease, promoting both regeneration and
inflammatory cell damage [22, 23] (Figure 2).
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Figure 1.

Skeletal muscle repair following injury showing the three phases of muscle vepair. Following muscle injury,
inflammatory cells such as neutrophils, monocytes, and macrophages are recruited to the damaged tissue. In
pavallel, satellite cells become activated, proliferate, and differentiate into myotubes characterized by central
nuclei, which subsequently mature into myofibers with peripheral nuclei. Meanwhile, fibroblasts and fibroa-
dipogenic progenitors (FAPs) contribute to the production of a provisional extracellular matrix (ECM) that is
later remodeled through the action of matrix metalloproteinases (MMPs) (Figure assembled by BioRender).
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Figure 2.

Schematic representation of chronic inflammation skeletal muscle atrophy. IGF-1, insulin-like growth factor 1;
IRS, insulin receptor substrate; PI3K, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; IL-6,
interleukin 6; JAK, Janus kinase; STAT3, signal transducer and activator of transcription 3; FOXO, forkhead
transcription factor O-box subfamily; NF-kB, nuclear factor-xB; TNF-a, tumor necrosis factor-a; TRAF,
TNF receptor-associated factor; IL-1, interleukin 1; TAKI, transforming growth factor f-activated kinase 1;
HDACA4, histone deacetylase 4; DACH2, dachshund homolog 2; UPS, ubiquitin—proteasome system; ALP,
autophagy-lysosome pathway; ROS, reactive oxygen species (veferring to [24]).

2.2 Oxidative stress in skeletal muscle

Oxidative stress in skeletal muscle results from an imbalance between reactive
oxygen species (ROS) production and antioxidant defense [25]. ROS are generated
primarily in mitochondria during aerobic metabolism, but also through NADPH
oxidases and xanthine oxidase pathways [26]. Excess ROS can damage proteins,
lipids, and DNA, impairing contractile function and accelerating muscle fatigue.
Chronic oxidative stress is implicated in sarcopenia, muscle atrophy, and metabolic
disorders [12].

2.2.1 Sources of ROS in skeletal muscle

The primary source of ROS is the mitochondrial electron transport
chain during aerobic metabolism, where electron leakage at complexes I and III
results in the formation of superoxide anions (O,° -) [26]. Beyond
mitochondria, additional enzymatic systems contribute to ROS production,
including:
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e NADPH oxidases (NOX family), which generate superoxide at the sarcolemma
and transverse tubules during muscle activation [27, 28].

e Xanthine oxidase, particularly during ischemia-reperfusion conditions [29].
¢ Phospholipase A2 and cyclooxygenase pathways, which can produce lipid-
derived radicals during inflammation [30], are significant in the study of

inflammatory processes.
2.2.2 Consequences of ROS overproduction
When ROS accumulate beyond the buffering capacity of antioxidants (such as
superoxide dismutase, catalase, and glutathione peroxidase), they can damage

multiple cellular components:

e Proteins: oxidation of contractile proteins (e.g., actin, myosin) and enzymes
reduces force production and metabolic efficiency [2].

e Lipids: peroxidation of membrane phospholipids disrupts sarcolemmal integrity
and calcium homeostasis [3].

¢ DNA: oxidative lesions in mitochondrial and nuclear DNA impair
transcriptional regulation and mitochondrial biogenesis [6].

This molecular damage directly impairs excitation-contraction coupling,
accelerates muscle fatigue, and contributes to the loss of muscle mass and function.

2.2.3 Oxidative stress and skeletal muscle pathophysiology
Chronic oxidative stress is implicated in several pathological states:

e Sarcopenia (age-related muscle decline), where lifelong accumulation of ROS
damages mitochondria and reduces regenerative capacity (Figure 3) [31].
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Figure 3.

Effects of reactive oxygen species (ROS) on muscle cells. During aging, skeletal muscle exhibits an increased
production of reactive oxygen species (ROS). Elevated ROS levels inhibit the AKT/mTORCI signaling pathway,
thereby reducing protein synthesis and contributing to the development of muscle atrophy. In addition, excessive

ROS activates NF-kB and p38 MAPK, which enhance proteolytic processes and further promote muscle wasting
(referving to [32]).
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Figure 4.

Cegllulur origins and effects of ROS in skeletal muscle during insulin vesistance. A high-fat diet, elevated
circulating lipids, or type 2 diabetes (T2D) increases mitochondrial stress in skeletal muscle, leading to excessive
production of reactive oxygen species (ROS). These ROS activate stress-responsive kinases such as JNK, IKK,
and p38 MAPK, which interfere with the insulin signaling cascade. As a result, insulin receptor signaling becomes
impaired, ultimately reducing skeletal muscle glucose transport and causing defects in intracellular glucose
metabolism.

e Disuse atrophy and immobilization, conditions associated with decreased anti-
oxidant enzyme expression [33].

e Metabolic disorders, such as insulin resistance and type 2 diabetes, where ROS
alter insulin signaling pathways in skeletal muscle (Figure 4) [33].

e Inflammatory myopathies, in which ROS act synergistically with pro-
inflammatory cytokines to exacerbate tissue injury [34].

2.3 Interplay between inflammation and oxidative stress

Inflammation and oxidative stress are intimately interconnected processes that
often reinforce one another in skeletal muscle pathology. Reactive oxygen species
(ROS) play a central role in this crosstalk. Excessive ROS production can activate
redox-sensitive transcription factors, particularly nuclear factor kappa B (NF-«B)
and activator protein-1 (AP-1), which upregulate the expression of pro-
inflammatory cytokines such as TNF-«a, IL-1B, and IL-6 [35]. This response amplifies
the inflammatory cascade within muscle tissue.

On the other hand, inflammation itself stimulates ROS generation. Activated
immune cells, including macrophages and neutrophils, release large amounts of ROS
and reactive nitrogen species (RNS) through enzymatic systems such as NADPH
oxidase, inducible nitric oxide synthase (iNOS), and myeloperoxidase [36]. These
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species contribute to oxidative modifications of proteins, lipid peroxidation, and
mitochondrial dysfunction, further compromising muscle integrity [12].
This bidirectional interaction creates a self-perpetuating vicious cycle:

* ROS induce inflammation via NF-«B activation.
¢ Inflammation amplifies ROS production through immune cell activation.

¢ Together, they promote oxidative damage, impaired calcium handling,
contractile dysfunction, and delayed muscle regeneration [31].

In chronic conditions, such as sarcopenia, muscular dystrophies, obesity, and
type 2 diabetes, this persistent oxidative-inflammatory loop contributes to muscle
atrophy, insulin resistance, and impaired recovery after injury [37].

Therefore, a deeper understanding of this interplay is crucial for identifying
therapeutic strategies. Antioxidant compounds (e.g., polyphenols, vitamins C and E,
N-acetylcysteine) and anti-inflammatory bioactives (e.g., curcumin, resveratrol,
omega-3 fatty acids) have been shown to attenuate this cycle by modulating redox
balance and suppressing pro-inflammatory signaling [38]. Such interventions highlight
the potential of herbal bioactives in restoring muscle homeostasis and function.

3. Herbal bioactives: Classes and mechanisms of action

Phytotherapy, the use of medicinal plants and their bioactive compounds for
health promotion and disease management, has gained significant attention in
modern healthcare [39].

Plants produce a wide range of secondary metabolites, including polyphenols,
alkaloids, terpenoids, and saponins, which have been associated with antioxidant,
anti-inflammatory, and metabolic modulatory effects [14, 40] (Table 1). These
properties make them promising agents for the management of disorders associated
with oxidative stress and inflammation in skeletal muscle [14].

Herbal bioactives have been investigated for their potential to reduce muscle
fatigue, enhance recovery, and mitigate degenerative processes resulting from
chronic oxidative stress and inflammation [12, 41]. While conventional
pharmacological approaches often provide symptomatic relief, they can be
associated with adverse effects, highlighting the growing interest in complementary
or alternative plant-based therapies [40].

The integration of medicinal plants into preventive and therapeutic strategies
underscores their relevance in supporting muscle health and improving functional
outcomes [38, 39].

3.1 Plant-derived secondary metabolites: Definition and classification

Plant-derived bioactive compounds predominantly consist of secondary
metabolites, which are organic molecules not directly involved in the primary
growth, development, or reproduction of plants. These compounds serve important
ecological functions, such as protecting plants against pathogens, herbivores, and
environmental stresses [42, 43].
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Through phytotherapy, these secondary metabolites are employed for their
capacity to modulate physiological processes, regulate oxidative balance, and
support the prevention or management of various disorders [43]. Their structural
diversity underlies a wide range of pharmacological activities, making them essential
components in medicinal plant research, functional foods, and nutraceutical
development.

Secondary metabolites are generally classified into several major
chemical families according to their biosynthetic origin and chemical structure
[42, 44]:

¢ Polyphenols are characterized by multiple phenolic groups. This class includes
flavonoids (quercetin, catechins, anthocyanins), phenolic acids (caffeic acid,
chlorogenic acid), and stilbenes (resveratrol). Polyphenols are abundant in
fruits, vegetables, tea, coffee, and wine, and are widely studied for their health-
promoting properties [43, 45] (Figure 5).

Polyphenols have been linked to improved muscle recovery, enhanced
mitochondrial biogenesis, and protection against oxidative damage in muscle
tissue [46, 47]. For example, resveratrol, a stilbene found in grapes (Vitis
vinifera), and epigallocatechin gallate (EGCG) from green tea (Camellia
sinensis) have been associated with the attenuation of muscle inflammation
and fatigue [48, 49].
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Figure 5.
Representative chemical structures of selected plant-derived polyphenols.
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Figure 6.
Representative chemical structures of selected plant-derived alkaloids.

e Alkaloids: nitrogen-containing heterocyclic compounds such as caffeine (Coffea
arabica), berberine (Berberis vulgaris), and morphine (Papaver somniferum).
Alkaloids display diverse bioactivities, including metabolic and neuromodula-
tory effects. These compounds exhibit a wide spectrum of pharmacological
properties, including antioxidant, anti-inflammatory, neuromodulatory, and
anticancer effects [50] (Figure 6, Table 1). Some alkaloids, such as berberine,
have been reported to modulate energy metabolism and protect against muscle
atrophy [51].

Terpenoids and saponins: Terpenoids represent the largest class of plant sec-
ondary metabolites, with diverse structural subgroups such as monoterpenes,
diterpenes, triterpenes, carotenoids, and saponins. Notable examples include
ginsenosides (Panax ginseng), the triterpenoid saponins, which are well-
documented for their capacity to enhance physical performance, reduce exer-
cise-induced fatigue, and improve skeletal muscle regeneration [18]; carote-
noids such as f-carotene and lycopene; and essential oil constituents like
limonene [42, 52] (Figure 7, Table 1). Similarly, ursolic acid, a pentacyclic
triterpenoid found in apples and rosemary, has been studied for its anabolic
effects on skeletal muscle [53].

The remarkable chemical diversity of these secondary metabolites underpins

their contribution to skeletal muscle health by counteracting pathophysiological

processes such as inflammation and oxidative stress. This diversity also explains their

wide-ranging pharmacological potential, reinforcing their central importance in

phytotherapy.
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Figure 7.
Representative chemical structuves of selected plant-derived terpenoids.

Owing to their multifunctional properties and structural versatility, these
compounds provide a strong foundation for the development of herbal-based
strategies aimed not only at managing muscle disorders but also at addressing
a broader spectrum of health conditions linked to oxidative and inflammatory
imbalances.

3.2 Mechanisms of action of herbal bioactives in muscles
3.2.1 Anti-inflammatory mechanisms

Chronic inflammation is a key contributor to skeletal muscle dysfunction, leading
to impaired regeneration, increased proteolysis, and reduced contractile
performance. Herbal bioactives exert potent anti-inflammatory effects by targeting
major signaling pathways such as NF-kB and MAPKs, both of which regulate the
transcription of pro-inflammatory cytokines.

Curcumin, a polyphenolic compound from Curcuma longa, inhibits the
phosphorylation and degradation of IkBa, thereby preventing NF-«kB p65
translocation into the nucleus and suppressing the transcription of cytokines such as
TNF-a, IL-6, and IL-1p [54, 55]. Similarly, epigallocatechin gallate, the major
catechin in green tea, attenuates inflammatory signaling by inhibiting p38 MAPK
and JNK activation, ultimately reducing inflammatory gene expression in muscle
cells [45]. Other compounds, such as quercetin and ginsenosides, also demonstrate
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strong anti-inflammatory activities by downregulating COX-2 and inducible nitric
oxide synthase (iNOS) [56].

These effects collectively mitigate inflammation-induced muscle damage,
enhance recovery following injury or exercise, and protect against chronic muscle
pathologies such as sarcopenia and cachexia.

3.2.2 Antioxidant mechanisms

Oxidative stress, resulting from an imbalance between ROS production and
antioxidant defenses, contributes to mitochondrial dysfunction, protein oxidation,
and muscle fatigue. Herbal bioactives counteract oxidative stress through both direct
and indirect mechanisms.

Directly, many polyphenols, such as flavonoids (quercetin, kampferol) and
phenolic acids (rosmarinic acid), act as radical scavengers, neutralizing superoxide
anions, hydroxyl radicals, and peroxynitrite [32, 57, 58]. Indirectly, they activate the
Nrf2/ARE signaling pathway, leading to the upregulation of endogenous antioxidant
enzymes, including superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) [59]. For example, resveratrol enhances Nrf2 nuclear translocation,
boosting cellular resilience against oxidative stress in skeletal muscle [60].

By maintaining redox homeostasis, these compounds reduce oxidative
modifications of proteins and lipids, preserve mitochondrial integrity, and delay the
onset of muscle fatigue, particularly in aging or high-intensity exercise contexts.

3.2.3 Effects on muscle metabolism and mitochondrial function

Mitochondria are central to muscle metabolism, energy production, and
endurance. Dysfunctional mitochondria are strongly associated with muscle
weakness, insulin resistance, and degenerative conditions. Herbal bioactives
enhance mitochondrial function by modulating key regulators of energy metabolism.

Compounds such as ginsenosides (from Panax ginseng) and resveratrol stimulate
AMPK (AMP-activated protein kinase) and PGC-1a (peroxisome proliferator-
activated receptor v co-activator 1-a), master regulators of mitochondrial
biogenesis and oxidative phosphorylation [60, 61]. These activations increase
mitochondrial number and efficiency, improve ATP production, and reduce ROS
accumulation. Additionally, polyphenols improve fatty acid oxidation and glucose
uptake, thereby enhancing metabolic flexibility in skeletal muscle [62].

These effects contribute not only to improved endurance and reduced fatigue
during exercise but also to faster recovery after muscle injury. Furthermore, they
hold therapeutic potential in conditions such as sarcopenia, muscular dystrophy, and
metabolic disorders.

4. Experimental evidence

4.1 In vitro evaluation of antioxidant and anti-inflammatory effects in skeletal
muscle cells

An established model for evaluating the bioactivity of plant-derived compounds
involves the use of the murine myoblast cell line, C2C12 [63].
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C2C12 murine myoblast cells were cultured in Dulbecco’s modified eagle medium
(DMEM), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin, at 37 °C in a humidified atmosphere containing 5% CO,.

For differentiation into myotubes, cells were seeded at an appropriate density
and, upon reaching 70-80% confluence, the medium was replaced with DMEM
containing 2% horse serum, which was refreshed every 48 hours until mature
myotubes were formed (approximately 5-7 days).

To evaluate the protective role of curcumin, cells were pretreated with curcumin
at different concentrations (5, 10, and 20 uM) for 2 hours prior to the induction of
oxidative and inflammatory stress.

Oxidative stress was induced by exposing the cells to hydrogen peroxide (H,0,,
500 uM for 24 h), while inflammation was stimulated using lipopolysaccharide (LPS,
1 pg/mL for 24 h).

Control groups included untreated cells, stress-induced cells without curcumin,
and curcumin-only groups to ensure that the observed effects were specifically
related to the insult-treatment interaction.

Cell viability was measured using the MTT assay. Intracellular ROS generation
was quantified using the DCFH-DA fluorescent probe, and mitochondrial membrane
potential was assessed using the JC-1 dye.

Lipid peroxidation was determined by malondialdehyde quantification, while
antioxidant enzyme activities, including superoxide dismutase, catalase, and glutathione
peroxidase, were measured using spectrophotometric kits. Pro-inflammatory cytokine
expression levels (TNF-a, IL-6, and IL-1p) were analyzed in culture supernatants by
ELISA, and the expression of signaling proteins involved in inflammation and oxidative
stress (e.g., NF-kB, MAPKs, and Nrf2) was evaluated by Western blotting.

4.2 Ex vivo-isolated skeletal muscle model

The ex vivo approach allows a more physiologically relevant assessment of herbal
bioactives on skeletal muscle [64].

In this protocol, the extensor digitorum longus (EDL) or soleus muscle is
dissected from anesthetized rodents and maintained in a Krebs-Henseleit buffer
(95% 0O,/5% CO,, 37 °C).

Muscles are incubated with bioactive compounds (e.g., polyphenols, flavonoids,
alkaloids) for 30-60 minutes prior to oxidative insult induced by tert-butyl
hydroperoxide (t-BHP, 100-200 pM) or LPS (1 ug/mL).

Oxidative stress is evaluated by measuring lipid peroxidation (MDA levels),
protein carbonylation, and glutathione redox status, while inflammatory responses
are quantified by cytokine release and myeloperoxidase activity.

Mitochondrial function can also be assessed by measuring ATP content and
mitochondrial membrane potential.

This model provides insights into the direct protective effects of herbal bioactives
on intact muscle tissue.

4.3 In vivo studies
Animal models of muscle injury or strenuous exercise reveal that

supplementation with turmeric, ginseng, or green tea extracts decreases
inflammatory markers, reduces oxidative stress, and improves muscle performance.
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Bioactives also accelerate muscle regeneration by modulating satellite cell activity
and apoptosis pathways.

In vivo studies remain the gold standard for evaluating the pharmacological
relevance of plant bioactives.

A commonly used protocol involves male Wistar rats or C57BL/6 mice subjected
to muscle injury and inflammation through exercise-induced stress (treadmill
running, eccentric contraction) or intraperitoneal injection of LPS (5 mg/kg).

Animals are divided into control and treatment groups, receiving bioactive
substances orally (50-200 mg/kg/day) or intraperitoneally for 2-4 weeks.

Blood and muscle samples (gastrocnemius, soleus) were collected for biochemical
analyses.

Oxidative stress biomarkers include MDA, 8-OHdG, and antioxidant enzyme
activity (SOD, CAT, GPx).

Inflammatory responses are assessed by ELISA for TNF-«, IL-6, IL-1p, and by
Western blotting for NF-kB and MAPK signaling.

Histological evaluation using H&E staining and immunohistochemistry for
inflammatory markers (CD68, iNOS) provide morphological evidence of tissue
protection.

This approach offers a comprehensive evaluation of the systemic and local effects
of herbal bioactives on muscle health.

5. Example of therapeutic applications of bioactive compounds for

skeletal muscle protection
5.1 Sports and exercise medicine

Athletes are often exposed to repeated bouts of exercise-induced muscle damage.
Herbal bioactives, such as curcumin, ginger, and resveratrol, help reduce
inflammation, accelerate recovery, and enhance performance.
5.2 Aging and sarcopenia

Sarcopenia, characterized by progressive muscle loss, is exacerbated by chronic
inflammation and oxidative stress. Ursolic acid, resveratrol, and apigenin show
promise in counteracting these processes by promoting mitochondrial function and
reducing catabolic signaling.
5.3 Metabolic disorders

In obesity and type-2 diabetes, skeletal muscle is a key site of insulin resistance.
Bioactives with anti-inflammatory and antioxidant effects improve insulin
sensitivity and glucose uptake.

5.4 Rehabilitation and muscle injury

During recovery from injury, herbal bioactives support tissue regeneration,
reduce fibrosis, and enhance healing outcomes.
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6. Therapeutic modes of applications

145

Several modes of application have been explored for their therapeutic relevance:

¢ Oral administration (dietary or supplement form): Oral delivery is the most
common mode, ensuring systemic bioavailability. Polyphenols such as curcu-
min, resveratrol, and quercetin, as well as omega-3 fatty acids, have been
administered orally to modulate oxidative stress, mitochondrial biogenesis, and
inflammatory signaling in muscle tissues. This approach is particularly used for
the long-term management of sarcopenia, cachexia, and exercise-induced
muscle damage [97].

Parenteral administration (intraperitoneal, intravenous, and subcutaneous):
Parenteral routes are employed mainly in experimental models to achieve higher
plasma concentrations and bypass first-pass metabolism. Curcumin, epigallo-
catechin gallate (EGCG), and certain alkaloids have demonstrated improved
therapeutic efficacy when delivered intraperitoneally in preclinical studies of
muscle atrophy and dystrophy [63, 98].

Topical and localized delivery: Bioactive-loaded hydrogels, patches, or creams
can be applied directly to muscle or joint regions, providing localized action.
This is particularly relevant in sports medicine to reduce oxidative and inflam-
matory damage following exercise or injury [14, 99].

Nanoparticle and liposomal delivery systems: Advanced strategies, such as
nanoparticle and liposomal formulations, improve solubility, stability, and tar-
geted delivery of poorly bioavailable compounds, including curcumin and
resveratrol. Nano-formulations enhance tissue penetration, prolong circulation
time, and increase accumulation in skeletal muscle, showing promise for mus-
cular dystrophies and degenerative conditions [100].

Dietary fortification and functional foods: Incorporation of bioactive-rich
extracts (e.g., flavonoids, carotenoids, plant sterols) into functional foods or
beverages serves as a preventive approach to maintain muscle health and delay
age-related sarcopenia [101].

¢ Gene and epigenetic modulation by nutraceuticals: Certain compounds, such as
sulforaphane and resveratrol, act as epigenetic modulators, influencing tran-
scriptional programs involved in muscle regeneration, mitochondrial function,
and autophagy. This strategy provides long-term preventive and restorative
potential [68].

e Combination therapies: Co-administration of bioactive compounds with exer-
cise regimens, standard pharmacological agents, or physical rehabilitation stra-
tegies enhances therapeutic outcomes [102].
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7. Conclusion

Herbal bioactive compounds represent a promising therapeutic avenue for
managing skeletal muscle disorders associated with oxidative stress and
inflammation. Numerous studies have demonstrated that polyphenols, flavonoids,
alkaloids, and terpenoids exert protective effects on muscle tissues by neutralizing
reactive oxygen species, modulating inflammatory pathways such as NF-kB and
NLRP3, and improving mitochondrial function. These effects contribute to
enhanced muscle recovery, reduced damage following strenuous exercise, and
potential benefits in chronic conditions such as sarcopenia, cachexia, and muscular
dystrophies.
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