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Abstract

Skeletal muscle is increasingly recognized as a dynamic endocrine organ whose secretome—
particularly myokines —serves as a central hub for the coordination of systemic metabolic health,
inflammation, and tissue adaptation. This review integrates molecular, cellular, and physiological
evidence to elucidate how myokine signaling translates mechanical and metabolic stimuli from
exercise into biochemical pathways that regulate glucose homeostasis, lipid oxidation, mitochondrial
function, and immune modulation. We detail the duality and context-dependence of cytokine and
myokine actions, emphasizing the roles of key mediators such as IL-6, irisin, SPARC, FGF21, and
BAIBA in orchestrating cross-talk between muscle, adipose tissue, pancreas, liver, bone, and brain.
Distinctions between resistance and endurance training are explored, highlighting how each
modality shapes the myokine milieu and downstream metabolic outcomes through differential
activation of AMPK, mTOR, and PGC-1a axes. The review further addresses the hormetic role of
reactive oxygen species, the importance of satellite cell dynamics, and the interplay between anabolic
and catabolic signaling in muscle quality control and longevity. We discuss the clinical implications
of these findings for metabolic syndrome, sarcopenia, and age-related disease, and propose that the
remarkable plasticity of skeletal muscle and its secretome offers a powerful, multifaceted target for
lifestyle interventions and future therapeutic strategies. An original infographic is presented to
visually synthesize the complex network of myokine-mediated muscle-organ interactions
underpinning exercise-induced metabolic health.

Keywords: myokines; skeletal muscle; metabolism; exercise; inflammation; sarcopenia; metabolic
syndrome; endocrine; PGC-1a; AMPK

1. Introduction

All life, from youth to old age, health to disease, and activity to rest, fundamentally depends on
energy. The continuity of life relies primarily on oxidative phosphorylation via the electron transport
chain (ETC) within mitochondria in every human cell. This process is essential for energy production
but also generates inflammation and oxidative stress phenomena central to the pathophysiology of
ageing and chronic disease, as well as the inevitable result of life itself. Decades-old biochemical
theories link the rate of energy production to the rate of ageing, with reactive oxygen species (ROS)
produced by mitochondria acting as the mechanistic bridge, placing mitochondria at the centre of
longevity science and medicine [1-6].

Both inflammatory and oxidative processes drive biochemical changes that lead to metabolic
dysfunction, energy inefficiency, and the loss of physical strength. Mitochondrial dysfunction
increases oxidative stress, disrupts metabolism, and alters cell fate. It is increasingly plausible to view
ageing as a biochemical progression toward two interdependent pathologies: insulin resistance
(metabolic syndrome) and the loss of skeletal muscle mass and power (sarcopenia), with additional
individual-specific biochemical processes [7-10].

Muscle metabolism, especially under physical exertion, triggers the release of myokines, which
act in autocrine, paracrine, and endocrine fashions. These exercise-induced myokines are gaining
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prominence in the literature for their roles in health, performance, and longevity, with significant
implications for treating chronic disease and optimizing structural and metabolic health [11-16].

© 2025 Dr. Mike Tabone

Figure 1. Myokines: A Symphony of "Sarcosignalling".

Artistic representation of the complex network of myokines and their relationships with cellular
pathways, energy metabolism, inflammation, and tissue remodelling.

2. Materials & Methods

This review synthesizes evidence from peer-reviewed literature, including original research
articles, systematic reviews, and meta-analyses indexed in PubMed, Scopus, and Web of Science. The
focus was on studies addressing the molecular, cellular, and physiological roles of myokines in
metabolic regulation, inflammation, and exercise adaptation. Emphasis was placed on human and
translational animal studies published in the last two decades.

3. Results
3.1. Aging, Inflammation, and the Sarcopaenic State

Being alive entails a continuous "maintenance” burden of inflammation, which, in response to
daily wear-and-tear, is physiological and reparative, assimilable to a low-burning flame governed by
inflammasomes. These are central to the innate immune system, the body's first line of defence
against internal and external threats. Of particular interest to sarcopenia and metabolic syndrome is
the nod-like receptor protein 3 (NLRP3) inflammasome, along with NLRP6, NLRC4, and AIM2.
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Dysregulation of the NLRP3 inflammasome is implicated in many diseases and is a key regulator
of skeletal muscle metabolism. Its activation leads to the maturation and secretion of pro-
inflammatory cytokines IL-18 and IL-18, triggering inflammatory cascades observed in muscle
atrophy and other myopathies.

This inflammatory phenotype, driven by inflammasomes, becomes pathological when
excessively activated by environmental toxins, internal chemical messengers, altered microbiota,
nutritional factors (trans/saturated fats, AGEs), and molecular patterns like PAMPs and DAMPs.
These triggers activate pattern recognition receptors (PRRs), including NLRs, TLRs, and RLRs,
leading to increased proinflammatory mediator expression [7-10,17].

Chronic inflammation underlies many age-related diseases, such as osteoporosis,
atherosclerosis, Alzheimer's, Parkinson's, and type 2 diabetes. Targeting these pathways is a
promising strategy for age-related disorders. While it remains unclear whether the inflammatory
phenotype and ROS production are features of healthy ageing or strictly pathological, evidence
suggests that increased ROS accelerates the mutually reinforcing processes of ageing and
inflammation-termed "inflammaging".

ROS are unstable, highly reactive molecules generated during redox reactions under
physiological and pathological conditions. Major ROS include superoxide anion, hydroxyl radical,
hydrogen peroxide, and hypochlorous acid, accounting for 1-2% of respiratory chain oxygen
consumption. They are produced by enzymes such as NADPH oxidases, xanthine oxidase, nitric
oxide synthase, cyclooxygenases, and lipoxygenases. When not sufficiently buffered by antioxidant
systems, ROS contribute to the pathophysiology of ageing, sarcopenia, and metabolic syndrome [18-
20].

3.1.1. NLRP3, NF-kB, and TNF-«

NLRP3, NF-«B, and TNF-a are central mediators in the inflammatory processes that drive
muscle atrophy and metabolic dysfunction. The NLRP3 inflammasome is activated by a range of
stimuli, including excess ATP, glucose, reactive oxygen species (ROS), oxidized low-density
lipoprotein (LDL), uric acid, and ionic imbalances such as calcium influx or potassium efflux, leading
to caspase-1 activation and the maturation and secretion of pro-inflammatory cytokines IL-1p and
IL-18[9,21]

The activation of NLRP3 is closely linked to the transcription factor NF-«xB, which upregulates
the expression of tumour necrosis factor-alpha (TNF-a) and initiates a cascade central to sarcopenia,
including muscle atrophy via the ubiquitin-proteasome system (UPS), muscle wasting through
inflammatory signalling, and impaired muscle regeneration [17,22].

When activated in skeletal muscle, NF-kB stimulates the degradation of muscle proteins,
enhances inflammation and fibrosis, and blocks the regeneration of myofibers following injury or
atrophy [23]. TNF-a, a key inflammatory cytokine, induces muscle protein loss through activation of
the UPS and its main effector proteins, atrogin-1 (MAFbx) and muscle RING finger protein 1
(MuRF1), which promote ubiquitination and proteolysis, leading to skeletal muscle disintegration
and atrophy [24-26].

This process is further exacerbated by a self-reinforcing cascade in which the UPS and
inflammatory cytokines activate NF-«B, which in turn activates NLRP3, while the resulting
mitochondrial ROS and DNA fragmentation further stimulate both NLRP3 and NF-«B, perpetuating
ongoing pathology [8,27].

Proinflammatory cytokines such as TNF-a, IL-1f3, interferon-gamma (IFN-y), and interleukin-6
(IL-6) contribute to muscle wasting, functional decline, and disease [28-32].

NLRP3, NF-«B, and TNF-« play pivotal roles in the inflammatory cascade that adversely affects
muscle metabolism through immunological and hormonal pathways. The NLRP3 inflammasome is
activated by excess ATP, glucose, ROS, oxidized LDL, uric acid, and, under certain conditions,
calcium influx or potassium efflux [17]. One of the early steps in NLRP3 activation is the transcription
of nuclear factor kappa B (NF-«xB), which upregulates tumour necrosis factor-alpha (TNF-a) and
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initiates a triad of processes central to sarcopenia: muscle atrophy via the ubiquitin-proteasome
system (UPS), muscle wasting through inflammatory signalling, and reduced regeneration of
atrophied muscle [9] NF-«B activation in skeletal muscle stimulates muscle protein degradation
explicitly, enhances inflammation and fibrosis, and inhibits myofiber regeneration following injury
or atrophy [21]. Muscle atrophy can result from increased protein degradation, reduced synthesis, or
both.

Generally, activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway in response to
loading and growth factors such as insulin and IGF-1 prevents skeletal muscle loss, whereas
activation of NF-«B, activator protein-1 (AP-1), p53, FoxO, and p38 mitogen-activated protein kinase
(MAPK) pathways leads to muscle atrophy [21]. TNF-a induces caspase-1 activation and subsequent
secretion of interleukin-1f (IL-1B) and interleukin-18 (IL-18), as well as activation of the UPS and its
main effector proteins, atrogin-1 (MAFbx) and muscle RING finger protein 1 (MuRF1), which are
central to sarcopenia [22-24]. These proteins promote ubiquitination and proteolysis, leading to
skeletal muscle protein breakdown, programmed pyroptosis, and subsequent muscle atrophy [25,26]

A self-reinforcing cascade perpetuates inflammasome activity in muscle atrophy, where the UPS
and inflammatory cytokines activate NF-kB, which in turn activates NLRP3. The resulting damage
generates more mitochondrial ROS and DNA fragmentation, both of which further induce NLRP3
and NF-«B, maintaining ongoing pathology [8,27]. Proinflammatory cytokines such as TNF- o, IL-
1B, IFN-y, and IL-6 contribute to skeletal muscle wasting, functional decline, and disease, with
neutrophils involved in damage control and restoration of immune homeostasis, though their activity
declines with age [33].

3.1.2. IFN-y, the Immune Response and Sarcopaenia

The mechanistic connection between IFN-y signaling and skeletal muscle homeostasis is
particularly important, as IFN-y is involved in both regenerative and catabolic metabolism of muscle
tissue, with acute rises following training or injury orchestrating tissue clearance before regeneration
and chronic dysregulation contributing to impaired muscle repair in aging [25,33].

The generation of reactive oxygen species (ROS) increases with age, disease, and metabolic
disturbances, including those arising from poor sleep, suboptimal nutrition, and exposure to toxins
or radiation [34]. Elevated oxidative stress plays a central role in the aetiology of metabolic syndrome,
sarcopenia, and their complications, as excessive ROS burden, particularly when not adequately
buffered by intrinsic or dietary antioxidants, drives the progression of metabolic syndrome and its
sequelae, including diabetes and muscle wasting [13,3536]. In type 2 diabetes, persistent
hyperglycemia is a prominent cause of increased ROS production through multiple biochemical
pathways, which accelerates ageing, sarcopenia, and the weakening of endogenous antioxidant
defences [34,37]. Inflammatory processes further augment ROS generation, and under physiological
conditions, these are counteracted by anti-inflammatory and antioxidant systems. ROS and
inflammation are interactive and mutually causative, though not completely mutually dependent,
and are directly implicated in the pathogenesis of ageing, sarcopenia, and metabolic syndrome.
Muscle fibre-specific apoptosis and TNFE- a signalling in sarcopenia are attenuated by life-long calorie
restriction [37].

Thus, both in health and more so in disease, the state of being alive entails a continuous burden
of ROS and inflammation, both of which can damage DNA, lipids, and proteins if their activity is not
sufficiently controlled or their downstream effects not adequately contained by endogenous or
exogenous buffers [16].

IFN-y exemplifies the pleiotropic nature of cytokines, being involved in both regenerative and
catabolic muscle metabolism. Acute rises in IFN-y post- training or injury facilitate the clearance of
damaged tissue before regeneration, while chronic dysregulation impairs muscle regeneration in the
elderly [25,38,39]. Recent studies show that decreased counts of interferon- responsive macrophages
(IFNRMSs) in muscle after training or injury contribute to impaired regeneration with age, as these
cells activate satellite cell proliferation via CXCL10 expression, which also declines with age [40].
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3.1.3. Inflammatory Cytokines and Hormonal Dysregulation

Inflammatory cytokines attenuate the effects of insulin-like growth factor 1 (IGF-1) and
testosterone while augmenting glucocorticoid receptor activation, promoting aberrant lipid and
glucose metabolism [41,42]. Differences in insulin signalling between type I and type II muscle fibres
have been documented, with type I fibres more adept at glucose metabolism and expressing more
GLUT4 receptors, while type II fibres accumulate more mitochondrial damage and are more
vulnerable to ROS with age [43—45]. Cortisol plays a central role in the pathophysiology of ageing,
metabolic syndrome, and sarcopenia, exerting anti-inflammatory effects acutely but, when
chronically elevated, leading to glucocorticoid resistance, decreased anti-inflammatory signalling,
and enhanced inflammatory signalling [46,47]. Chronic cortisol elevation suppresses lipogenesis,
gluconeogenesis, and ketogenesis while promoting insulin resistance, compensatory
hyperinsulinemia, impaired mitochondrial biogenesis, and reduced oxidative capacity in skeletal
muscle [48].

Glucocorticoid signalling also stimulates Renin release through activation of the renin-
angiotensin system (RAS) in vascular smooth muscle and bone and is itself stimulated by increased
Renin in metabolic syndrome, type 2 diabetes, chronic kidney disease, and congestive heart failure
[49,50]. The RAS inhibits IGF-1 signalling, downregulates protein synthesis, activates the UPS (with
Ang II upregulating MuRF1 and Caspase3), and leads to mitochondrial dysfunction, sarcopenia,
systolic hypertension, and upregulation of TGF-f3, augmenting fibrosis [51-54].

3.1.4. Myostatin

The transforming growth factor-beta (TGF-f3) family, including myostatin, plays a key role in
muscle growth inhibition. Myostatin increases with age and declining muscle mass, is upregulated
by AMPK, and inhibits muscle regeneration and protein synthesis via SMAD2/3 signalling, blocking
AKT phosphorylation by insulin and IGF-1 and upregulating Atroginl, promoting protein
degradation. Myostatin also inhibits satellite cell proliferation and differentiation and is produced by
both muscle and adipose tissue, impairing muscle growth via SMAD2/3/4 signalling and promoting
insulin resistance. Its inhibition in animal studies improves insulin sensitivity and glucose tolerance
[55-57].

The myostatin signalling pathway is a crucial regulatory mechanism in muscle- organ crosstalk.
Upon binding to its receptor complex, myostatin phosphorylates Smad2 and Smad3 transcription
factors, which form a complex with Smad4 and translocate to the nucleus, directly activating atrophy-
related genes and inhibiting protein synthesis pathways. Smad3 interacts with and inhibits MyoD, a
key regulator of muscle differentiation, while the Smad2/3- Smad4 complex activates FoxO
transcription factors, upregulating muscle- specific E3 ubiquitin ligases such as MAFbx/atrogin-1 and
MuRF1, leading to proteasomal degradation of muscle proteins [58]. Exercise-induced inhibition of
myostatin signalling occurs through mechanisms including the induction of follistatin, a natural
myostatin antagonist, and decorin, which binds myostatin and prevents receptor activation [59-62].

3.1.5. Leptin & Resistin

Adipokines such as leptin and resistin are bioactive mediators released by adipose tissue with
systemic effects on metabolism and inflammation. Leptin acts as an adipostat, with levels reflecting
energy stores and acute caloric intake, and also functions as a proinflammatory cytokine influencing
energy homeostasis, feeding behaviour, and insulin resistance. Its expression is enhanced by
overfeeding, glucose, insulin, glucocorticoids, estrogens, adiposity, TNF-a, IL-6, and LPS, and it
stimulates IGF-1 activity, induces inflammation through STAT3 and JAK2, and activates monocytes
and macrophages to produce TNF-q, IL-6, and IL-12 [63-66]. Resistin is a proinflammatory adipokine
induced by inflammatory cytokines and LPS, acting via TNF-a to activate NF-kB, promote vascular
smooth muscle cell migration, stimulate macrophages to produce IL-6 and TNF-a and enhance the
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uptake of oxidized LDL into macrophages, contributing to the atherogenic profile of metabolic
syndrome [67-70].

3.1.6. Interleukin-6

Interleukin-6 (IL-6) plays a controversial role in metabolic syndrome, participating in both
inflammatory cascades and mechanisms of insulin resistance and skeletal muscle atrophy, as well as
in training adaptations. IL-6 is expressed in adipose tissue and correlates with obesity, potentially
mediating insulin resistance and muscle atrophy through activation of SOCS3 and inhibition of IGF-
1, with circulating IL-6 levels negatively correlated with IGF-I levels. Chronic elevation of IL-6 and
STATS3 is involved in skeletal muscle atrophy, with the extent of muscle mass involved and duration
of exertion influencing the magnitude of IL-6 response [25,71-75].

3.1.7. Fibroblast Growth Factor 2

Fibroblast growth factor 2 (FGF-2) is a myokine belonging to the TGF-f3 family with paradoxical
effects in muscle, particularly concerning ageing and insulin resistance. FGF-2 suppresses secreted
protein acidic and rich in cysteine (SPARC), a myokine involved in extracellular matrix adaptation,
thereby promoting intramuscular adipose tissue (IMAT) deposition, but also plays a role in muscle
regeneration by regulating angiogenesis and muscle satellite cell activation. The decline of SPARC
with age contributes to muscle atrophy and insulin resistance [76,77]. The liver, central to systemic
glucose homeostasis, is vulnerable to insulin resistance, which leads to metabolic-associated fatty
liver disease (MAFLD) and is characterized by reduced SIRT6 and SIRT1 expression [78,79]. Elevated
gamma-glutamyl transferase (GGT) levels correlate with mitochondrial distress and are strong
predictors of diabetes and all-cause mortality [80]. In metabolic syndrome, skeletal muscle atrophy is
linked temporally and pathologically to insulin resistance, with a greater loss in the cross-sectional
area observed in type II (fast-twitch) fibres, especially subtype IIB, compared to type I (slow-twitch)
fibres [44,45,81,82].

Activation of the PI3K/Akt pathway in response to loading and growth factors such as insulin
and IGF-1 prevents skeletal muscle loss, while activation of NF- kB, AP-1, p53, FoxO, and p38 MAPK
pathways leads to muscle atrophy [83].

Chronic mTORC1 activation, resulting from loss of inhibition, causes severe muscle atrophy and
early death due to reduced autophagy, highlighting the importance of quality control mechanisms
such as caloric restriction, which inhibits both inflammation and cancer via attenuation of IGF-
1/PI3K/Akt/mTOR signalling and promotes activation of FoxO1, FoxO3, and Nrf2 transcription
factors [84,85].

3.1.8. Current Understanding of Signalling Duality of Cytokines in Metabolic Health and Disease

Current understanding of cytokine signalling in metabolic health and disease reveals that
physiological or pathological outcomes are rarely the result of a single factor but rather reflect the
cumulative influence of numerous internal and external variables. Myokines, like cytokines, interact
in multivariate, often nonlinear ways with metabolic and inflammatory pathways, making their
effects highly context-dependent [86]. This complexity is further heightened by the duality of
cytokine signalling, where the same molecule can exert opposing effects depending on the
biochemical environment. For example, proinflammatory cytokines typically have negative charges
with isoelectric points below 7.4, while anti-inflammatory cytokines are often positively charged,
affecting their biodistribution, tissue adhesion, and receptor interactions and, thus, their activity in
different tissue microenvironments [87]. During inflammation, local pH-dependent changes can alter
cytokine charge and function, contributing to their context-specific effects [88].

Receptor system morphology adds another layer of complexity, as the end effect of cytokine
signalling depends on receptor distribution and form. For instance, IL-6 signalling through
membrane-bound versus soluble receptors activates different downstream cascades and exercise-
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induced IL-6 from muscle acts through mechanisms distinct from IL-6 produced by immune cells
during inflammation [89,90]. The internal environment's extracellular matrix composition, oxygen
tension, metabolic state, and the presence of other signalling molecules also shape cytokine actions.
IFN-v, for example, promotes muscle regeneration after exercise but contributes to atrophy during
infection [91].

Temporal dynamics are crucial, as acute, transient cytokine signalling mediates adaptive
responses, whereas chronic elevation is typically pathological, influenced by receptor desensitization,
cellular adaptation, and feedback mechanisms [92]. Cytokines never act in isolation but interact with
endocrine, paracrine, and autocrine mediators and other signalling pathways, enabling specificity
and flexibility in biological responses. From an evolutionary perspective, cytokine duality may
represent an adaptation for effective, self- regulated immune responses, allowing challenge-response
without loss of homeostasis [93]. This duality implies that therapeutic interventions targeting
cytokine systems should aim for context-specific modulation rather than simple inhibition or
stimulation and that integrative, multifaceted interventions are required to create the internal
environment for optimal signalling and health outcomes [94].

3.2. Physical Training and the Strength State

A fundamental axiom of a strong metabolic state is energy efficiency, which translates to
effective blood glucose control and is ultimately dependent on efficient glucose uptake, glycolysis,
gluconeogenesis, and mitochondrial health processes underpinned by the health of skeletal muscle
[36]. Skeletal muscle is highly plastic and adaptable, with its structural and metabolic homeostasis
hinging on the balance between anabolic and catabolic pathways, specifically muscle protein
synthesis versus breakdown. Anabolic processes are mediated primarily through the IGF-1/PI3K/Akt
signalling pathway, which activates mTOR, a central regulator of protein synthesis and muscle
growth [83,95].

However, optimal metabolic health is not achieved solely through anabolic growth; catabolic
processes, including autophagy and protein turnover, are equally important for tissue quality control
and longevity [85]. Activation of mTORC1 promotes muscle hypertrophy in the short term, but
chronic activation, particularly in the absence of adequate autophagy, leads to muscle atrophy,
sarcopenia, and reduced lifespan [96]. Cellular distress signals such as low ATP, hypoxia, or DNA
damage activate AMPK, which inhibits mTORC1 and promotes catabolic processes, ensuring cellular
quality control [97,98]. mTORC?2, in contrast, supports cell survival and growth by inhibiting protein
breakdown through modulation of transcription factors such as FoxO1/3a and GSK-3 [99,100].
Caloric restriction exemplifies this balance, attenuating IGF- 1/PI3K/Akt/mTOR signalling, activating
FoxO and Nrf2 transcription factors, and promoting anti-inflammatory and anti-cancer effects [101].

Striking a balance between anabolic growth and catabolic degeneration is key to reversing
metabolic disease and optimizing longevity. Building and maintaining muscle tissue is foundational,
especially since most individuals with metabolic syndrome lack sufficient skeletal muscle mass to
serve as a metabolic moderator [102]. The science of movement is, therefore, central to metabolic
regulation, with skeletal muscle contraction being the primary driver of relevant mechanical and
metabolic adaptations. The type and combination of muscle contractions- concentrated, eccentric,
and isometric- determine the nature of the training adaptation.

The physiological burden of ROS and inflammation does not disappear with a strong, active
metabolic state; instead, it is modulated so that biological responses remain physiological rather than
pathological. This phenomenon is explained by hormesis, where a controlled, transient increase in
low levels of a stressor (such as ROS from exercise) induces beneficial adaptations. At the same time,
excessive or prolonged exposure leads to damage [103,104]. Early research demonstrated that
moderate exercise-induced ROS production is essential for skeletal muscle adaptation, whereas high
levels of exhaustive exercise cause muscle damage and diminish physiological benefits [105-113].
The hormetic response to exercise-induced ROS is often depicted as a bell- shaped curve, though
some evidence suggests that prolonged, high-intensity exercise may still confer health benefits
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without tissue damage, provided adequate recovery and lifestyle interventions are in place [19,114-
118].

Standardization of exercise intensity, duration, frequency, and volume remains a challenge,
leading to variability and arbitrariness in research and clinical recommendations. The safety of high-
volume and high-intensity exercise is questioned in cases such as repeated exhaustive endurance
exercise, which can generate ROS beyond the hormetic dose, precipitating arrhythmias or
rhabdomyolysis if not buffered by appropriate nutrition and recovery [119-129]

Therefore, absolutist statements about exercise prescription should be avoided, and
recommendations should be individualized. Physical exercise, regardless of type, intensity, Or
volume generally confers health benefits by mediating systemic anti-inflammatory responses and
improving antioxidant capacity [111,130]

3.2.1. Skeletal Muscle Structure, Satellite Cells, and Regeneration

Skeletal muscle is a multinucleated, postmitotic tissue originating from embryonic mesoderm,
with muscle stem cells (satellite cells) residing between the basal lamina and plasma membrane of
myofibers. These satellite cells are central to muscle remodelling in response to mechanical work,
retaining the capacity for regeneration throughout life [131]. The pleiotropic benefits of exercise stem
from both metabolic and anatomical adaptations, which are mutually reinforcing: metabolic changes
enhance structural remodelling, and increased muscle mass and quality further optimize metabolic
function [132].

Structurally, muscle satellite cells (MSCs) are the site and source of muscle tissue growth. Muscle
growth occurs primarily through hypertrophy, where an increase in myofibrils per muscle fibre leads
to the greater cross-sectional area of individual fibres and, secondarily, the whole muscle.
Hyperplasia, or an increase in muscle fibre number, may contribute minimally to muscle growth
beyond the early postnatal stage [133-137]. Following physical exercise, especially resistance training,
quiescent MSCs are recruited in response to hormetic distress, proliferate to form myoblasts, and
undergo controlled proliferation and differentiation before fusing with existing myofibers, thus
regenerating muscle tissue and contributing to hypertrophy [131,138,139].

The myogenic program is orchestrated by transcription factors such as paired box transcription
factor 7 (Pax7), which is highly expressed in quiescent MSCs. Transformation into committed
myoblasts depends on myogenic regulatory factors (MRFs), primarily MyoD during proliferation,
with terminal differentiation initiated by upregulation of MRF4 and myogenin, leading to myotube
formation and maturation [140]. Myoblasts can also return to quiescence and self-renewal through
the influence of Sproutyl, Notch receptors 1-3, and FoxO3 [141]. Muscle remodelling in response to
exercise shares features with the regenerative processes following injury, with macrophages
orchestrating the inflammatory response and tissue regeneration. Macrophages engulf cell debris via
efferocytosis, marking the transition from the proinflammatory to the recovery phase, and
subsequently organize tissue repair, angiogenesis, and extracellular matrix remodelling [142].

The STAT3 signalling pathway plays important roles in both muscle regeneration after exercise
and in inflammation and its sequelae, with effects that are likely dose- or duration-dependent. In the
acute phase following exercise, STAT3 phosphorylation initiates a cascade that encourages
regeneration by promoting myoblast proliferation and discouraging apoptosis while also
suppressing cytokine generation. In contrast, chronic elevations in STAT3 signalling contribute to
muscle atrophy via mediators including IL-6, interferon-gamma, TNF-a, and TGF-p1 Mammalian
target of rapamycin regulates miRNA-1 and follistatin in skeletal myogenesis [95,131,143-147].

During exercise, energy expenditure increases dramatically, resulting in a corresponding
increase in electron transport chain activity and related ROS production, which induces metabolic
regulators such as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a)
and members of the SIRTUIN family of histone deacetylases [16,148,149]. SIRT1 and SIRT3 are the
primary sirtuins involved in skeletal muscle mitochondrial metabolism. SIRT1 is an active regulator
of muscle repair and hypertrophy, inhibiting p53-mediated apoptosis and directing FOXO
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transcription activity with regard to genes involved in cell cycle arrest, DNA repair, and oxidative
stress resistance. SIRT1 is upregulated by caloric restriction and mechanical stretch stimuli to skeletal
muscle via FoxO3a and early growth response factor 1 (Egrl) through the augmentation of AMPK
and NAD+ levels [150-152]. AMPK inhibits mTOR and induces autophagy, fatty acid oxidation, and
GLUT4 upregulation in myocytes [153-155]. SIRT1 also induces cardiomyocyte survival,
neuroprotection, hepatic gluconeogenesis, decreases adipogenesis, and stimulates insulin secretion
via repression of uncoupling protein 2 (UCP2) [156]. SIRT1 exerts a range of effects on muscle
metabolism through activation of PGC-la, stimulating satellite cell proliferation, increasing
myonuclear number, and enhancing nitric oxide production [157,158].

3.2.2. PGC-1a & PPARs

PGC-1a is induced in skeletal muscle and brown adipose tissue by cold, physical training, and
[(-adrenergic activity and aids in the activation of peroxisome proliferator-activated receptors
(PPAREs), especially PPAR-a, PPAR- 9, and PPAR-y.

Fatty acids and their derivatives are natural ligands for peroxisome proliferator-activated
receptors (PPARs), which play a central role in lipid homeostasis regulation [159,160]. PPAR-a exerts
dose-dependent effects, with normal activation benefiting lipid metabolism but overactivation
leading to glucose dysregulation and insulin resistance. PPAR-0 is the predominant isoform in
skeletal muscle and has beneficial effects on lipid metabolism, glucose uptake, and insulin sensitivity
[161]. The link between fatty acid oxidation and PPAR-a was established when it was shown that the
peroxisomal acyl-coenzyme A oxidase gene, involved in peroxisomal fatty acid (-oxidation, is
regulated by PPAR-a, and numerous genes involved in hepatic fatty acid catabolism are induced by
peroxisome proliferators and PPAR-a [162]. PPAR-y is expressed in skeletal muscle and liver, though
at much lower levels than in adipocytes. It enhances fatty acid oxidation and glucose metabolism and
is inhibited by TNF-a [162-164]. PPAR-v is highly expressed in macrophages, including foam cells
in atheromatous lesions, and regulates cholesterol influx and efflux, contributing to the anti-
atherosclerotic effects of PPAR-y agonists [165]. PPAR-y agonists lower blood pressure in diabetic
patients and hypertensive animal models, though the antihypertensive mechanism is not fully
understood. PPAR-v is the target for the antidiabetic actions of the glitazone class of drugs [166].

PGC-1a acts as a master regulator of metabolic adaptation to exercise by transducing biological
stimuli into specific metabolic strategies, including the induction of mitochondrial biogenesis
through nuclear respiratory factor 1 (NRF1) and the regulation of metabolism via SIRT3 activation
[167-169]. PGC- 1a augments oxidative metabolism enhances ROS removal promotes 3- oxidation of
fatty acids, stimulates gluconeogenesis in the liver, and induces the cleavage of irisin from FNDCS,
which contributes to adaptive thermogenesis in brown adipose tissue via upregulation of UCP1
[148,170-172] In skeletal muscle, PGC-1a also mediates fibre-type switching from type II to type I
fibres through upregulation of hypoxia-inducible factor 2 alpha (HIF2x), and SIRT3 regulates
MnSOD activity, contributing to antioxidant defence [173-175]. PGC-1a, SIRT1 and SIRT3 expression
are higher in type I fibres than in type II fibres, reflecting greater oxidative capacity [158]. SIRT6 is
involved in liver health, with its levels in hepatocytes regulating adipose tissue deposition, hepatic
inflammation, and systemic glucose homeostasis [79,176].

Both muscle contraction and PGC-1a activate antioxidant response elements (ARE) via nuclear
respiratory factor 2 (NRF2), the master regulator of antioxidant enzymes and cellular resilience,
mediating hormesis in response to biomechanical and nutritional stimuli [177-179]. NRF2
upregulates catalase and glutathione reductase activity, downregulates oxidative stress, enhances
xenobiotic metabolism and excretion, promotes autophagy, and suppresses NF-kB and TGEF-f3
signalling, which are linked to tissue repair, ageing, and carcinogenesis [103,180-183]. In parallel with
muscle remodelling, vascular remodelling in response to exercise increases oxygen and nutrient
delivery and waste removal, with increased blood flow promoting angiogenesis through vasodilation
and upregulation of VEGF and eNOS. Exercise increases endothelial NAD+ and SIRT1, activating
VEGF-associated angiogenesis [181].
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Both VEGF and FGF-2 transiently increase after acute exercise, mediating vascular remodelling
and pro-angiogenic adaptations in muscle, with VEGF supporting angiogenesis and FGF-2
contributing to arteriogenesis and the maintenance of mature vessels [184-186].

3.2.3. Myokines

Myokines are signalling mediators released by muscle contractions that are at least partially
responsible for the anti-inflammatory effects of physical exercise and enable autocrine, paracrine, and
endocrine communication with surrounding tissues and distant organs such as adipose tissue, liver,
bone, and brain [15,86]. ATP synthesis is rapidly activated through substrate utilization during
exercise, and myokine release may be an adaptive mechanism to increased energy demand in
contracting muscle [187]. Skeletal muscle is capable of producing over 650 different myokines, but
only about 5% have a defined biological function. Aging is associated with decreased secretion of
beneficial myokines, including apelin, decorin, -aminoisobutyric acid (BAIBA), sesterin, SPARC, IL-
15, and irisin, and these myokines are critical regulators of age-related pathologies such as diabetes,
muscle atrophy, and chronic inflammation. Serum from patients with type 2 diabetes contains
reduced levels of beneficial myokines such as irisin, IL-13, and FSTL-1, and myokines from insulin-
resistant myotubes impair (3-cell function, proliferation and survival, indicating that muscle-to-
pancreas cross-talk regulates insulin secretion [188].

3.2.4. p-Amino Isobutyric Acid (BAIBA)

B-amino isobutyric Acid (BAIBA) is another myokine involved in the induction of mitochondrial
free fatty acid (FFA) oxidation and improvements in insulin signalling and confers protection against
inflammation through AMPK-PPAR dependent mechanisms, through which pathway (in a non-
adrenergic manner) it also induces the thermogenic program in white adipose tissue.

When given to mice in drinking water for 14 days, BAIBA fails to increase the expression of
thermogenic genes, including UCP-1, CIDEA, PGC-1a, and cytochrome c, in the PPARa null mice.
Therefore, these results indicate that BAIBA increases the expression of the browning gene program
through a specific PPARa-dependent mechanism. Together, these results indicate that BAIBA
increases hepatic fatty acid oxidation gene expression through a PPARa dependent mechanism.
BAIBA, IRISIN, Fibroblast Growth Factor 2 (FGF-2), and IGF-1 exert paracrine effects at the level of
bone and fat tissue, effecting beneficial adaptations in fat and bone metabolism, providing separate
avenues for bone mass density optimization from the more popular mechanoreceptor response to
biomechanical stressors in physical exercise [189-191]

3.2.5. Interleukin-6

Interleukin-6 (IL-6) is one of the most well-documented myokines and was indeed the first
myokine found to be secreted into the bloodstream in response to muscle contraction. IL-6 increases
exponentially with the duration of exercise and the volume of muscle mass engaged, likely acting as
an energy sensor [90]. Unlike the IL-6 response seen with inflammasome activation, exercise-induced
IL-6 increases in the absence of muscle damage or preceding TNF-a elevation [192]. Exercise-induced
IL-6 enhances insulin-stimulated glucose uptake, activates AMPK (thereby increasing fat oxidation
and GLUT4 translocation), enhances lipolysis, and promotes browning of white adipose tissue via
UCPL. It also mediates the anti-inflammatory effects of exercise by inhibiting the production of
proinflammatory cytokines such as TNF-a and IL- 13 and by stimulating anti-inflammatory
cytokines including IL-1Ra and IL-10 [102,111,193]. The interplay between IL-6 and other cytokines
during exercise represents a complex regulatory network distinct from inflammatory IL-6 signalling.
Exercise-induced IL-6 production in skeletal muscle occurs through calcium-dependent and
glycogen-sensitive pathways, with p38 MAPK playing a central role in transcriptional activation.
Upon release, IL-6 binds to a membrane-bound receptor complexed with gp130, activating JAK1 and
STAT3 signalling, resulting in enhanced glucose uptake and fatty acid oxidation while also inhibiting
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TNF-a and stimulating anti-inflammatory cytokines [194]. IL-6 is also involved in muscle
regeneration after injury, with factors from the TGF- family, IGF-I/II, FGF-2, FGF-6, HGF, TNF-q,
and IL-6 all contributing to the restoration of normal muscle architecture [138].

The role of IL-6 in the regenerative phase, along with the myokine leukaemia inhibitory factor
(LIF), is to induce the JAK1/STAT1/STAT3 pathway, promoting myoblast proliferation while
preventing premature differentiation [195]. LIF is constitutively expressed at low levels in type I
muscle fibres and has been shown to stimulate glucose uptake, inhibit adipocyte differentiation, and
participate in hypertrophic adaptations [196-198]. Conversely, IL-6 also promotes leptin mRNA
expression and inhibits adiponectin mRNA expression, suggesting that exercise may impact serum
leptin and adiponectin levels by decreasing IL-6 [71,72,199].

3.2.6. Interleukin-15

Interleukin-15 (IL-15) confers multiple metabolic benefits, promoting the assembly of contractile
proteins, enhancing mitochondrial biogenesis through PPAR-dependent mechanisms in skeletal
muscle, and stimulating adiponectin secretion. IL-15 promotes muscle growth and glucose uptake,
enhances mitochondrial activity, and exerts anti-oxidative effects while stimulating adiponectin
secretion. Improved oxidative metabolism in skeletal muscle of rodents with high circulating IL-15 is
likely due to PPAR activation by IL-15, as demonstrated by increased PPAR mRNA expression in
muscle following IL-15 treatment [200]. IL-15 was initially identified as a T-cell growth factor but also
participates in neutrophil phagocytosis and macrophage differentiation and activates CD56 NK cells,
increasing IFN-y, GM-CSF, cytotoxic activity, and antibody-dependent cytotoxicity. IL-15 activates
the JAK3/STATS3 signalling pathway, improving insulin sensitivity and activating PPAR-d to enhance
oxidative metabolism in skeletal muscle. Exercise-induced IL-15 secretion acts in an
autocrine/paracrine fashion to activate PPAR, improving skeletal muscle oxidative metabolism,
endurance capacity, and whole-body energy expenditure while also mobilizing fat from adipose
tissue and improving insulin sensitivity [201,202].

3.2.7. Secreted Protein Acidic and Rich in Cysteine

SPARC is a myokine involved in the regenerative phase of muscle repair, known to increase
human islet insulin secretion and play an active role in skeletal muscle remodelling. It is upregulated
during muscle development and regeneration, and its exercise-induced expression has been
proposed as a molecular tool to optimize exercise therapy and reduce intramuscular adipose tissue
(IMAT) and adipocyte differentiation, with the skeletal muscle phenotype expressed after training
shown to be SPARC-dependent in animal studies [203-206]. At the molecular level, SPARC signals
primarily through integrin receptors, particularly integrin a581, activating focal adhesion kinase
(FAK) and downstream MAPK signalling. In adipose tissue, SPARC inhibits adipogenesis by
disrupting preadipocyte differentiation through inhibition of transcription factors C/EBPf and
PPARYy, reducing IMAT accumulation and improving muscle quality and insulin sensitivity. SPARC
also enhances insulin secretion in pancreatic 3-cells via calcium-dependent mechanisms and interacts
with collagens and growth factors to facilitate proper extracellular matrix assembly and prevent
fibrosis during muscle adaptation to exercise.

SPARC expression decreases with age and sedentary behaviour but is restored by resistance
exercise training [207,208].

3.2.8. Follistatin

Follistatin, a TGF- family member released after exercise, prevents SMAD2/SMAD3 signalling
by binding and neutralizing myostatin in the circulation, thereby enhancing myoblast proliferation
and myotube growth [209]. Decorin is a multifunctional myokine synthesized and secreted by
skeletal muscle, especially in response to resistance exercise. It binds myostatin directly,
immobilizing it in the extracellular matrix and preventing its inhibitory action on muscle growth. By
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suppressing myostatin-mediated SMAD2/3 signalling, decorin promotes muscle hypertrophy,
myoblast proliferation, and myotube growth, upregulates pro-myogenic factors like Mighty and
Myod1, and reduces muscle-specific ubiquitin ligases involved in atrophic pathways [59-61]. Decorin
expression increases approximately 24 hours post-exercise, suggesting a crucial role in recovery and
adaptation rather than the immediate post-training period. It is also involved in collagen formation
and stabilization, possesses anti-inflammatory properties, and increases insulin content and secretion
in pancreatic islet cells, establishing a muscle-pancreas signalling axis [190].

3.2.9. Meteorin-Like

Meteorin-like (Metrnl) is a myokine expressed by macrophages, barrier tissues, and skeletal
muscle. Exercise-induced Metrnl increases fat oxidation in both skeletal muscle and adipose tissue,
controls inflammation in adipose tissue (meta-inflammation), and regulates muscle regeneration.
Production of Metrnl during exercise is associated with NLRP3 inflammasome suppression in animal
studies, and recombinant Metrnl improves muscle regeneration in ageing humans [210,211]. Metrnl
also enhances (3-cell function by promoting mitochondrial biogenesis and reducing endoplasmic
reticulum stress via STAT3 activation and inhibits NLRP3 inflammasome activation by promoting an
M2 macrophage phenotype through STAT6 signalling, linking exercise-induced myokines to reduced
inflammation [210,211].

3.2.10. Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is an emerging myokine of interest, potentially
stimulating glucose uptake and lipid metabolism. Increased BDNF levels are documented after
exercise, and its role as a myokine is likely upregulated directly through skeletal muscle contraction,
possibly via the PGC-1a/FNDC5/irisin pathway, suggesting a muscle-brain axis benefiting both
metabolic and cognitive health [212].

3.2.11. Insulin-Like Growth Factor 1

Insulin-like growth factor 1 (IGF-1), synthesized in the liver in response to growth hormone and
produced locally in skeletal muscle after training, induces muscle growth via the AKT/mTOR
pathway, promotes muscle regeneration by upregulating MRF4, and enhances force-generating
capacity. IGF-1 signaling also restores SPARC expression [213].

3.2.12. Adiponectin

Adiponectin, an adipokine released in response to skeletal muscle contraction, has anti-
inflammatory, antidiabetic, and anti-atherogenic properties. It stimulates glucose uptake and fat
oxidation, correlates positively with insulin sensitivity and negatively with adiposity, and modulates
appetite-regulating pathways. Adiponectin inhibits TNF-a production in macrophages and
stimulates IL-10, promoting the differentiation of anti-inflammatory M2 macrophages [214-216]

3.2.13. Myokine Modulation of Insulin Sensitivity, Inflammasome Activity, and Bone Metabolism

The pancreatic effects of myokines are a critical aspect of their metabolic regulatory functions.
Skeletal muscle-derived factors significantly influence pancreatic (-cell function and insulin
secretion. Conditioned media from cultured myotubes have shown that myokines from healthy
skeletal muscle enhance glucose-stimulated insulin secretion (GSIS), while myokines from insulin-
resistant muscle impair this process, primarily via the p38 MAPK pathway in [3-cells [11]. Specifically,
IL-6 from contracting muscle improves 3- cell function by activating glucagon-like peptide-1 (GLP-
1) production in L cells and directly stimulating pancreatic a-cells to secrete GLP-1, which in turn
enhances insulin secretion [217]. Irisin protects pancreatic (-cells against high glucose and lipid-
induced apoptosis through activation of AMPK pathways, while meteorin-like (Metrnl) improves [3-
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cell function by enhancing mitochondrial biogenesis and reducing endoplasmic reticulum stress
through STAT3 activation [218].

Myokines also modulate inflammatory responses, particularly through interactions with the
NLRP3 inflammasome, a key mediator of age-related chronic inflammation. Irisin inhibits NLRP3
activation in adipose tissue macrophages by suppressing ROS production and promoting
mitochondrial integrity. IL-15, upregulated during resistance exercise, suppresses NLRP3 activation
in multiple tissues by enhancing mitochondrial function and reducing cellular stress. Meteorin-like
(Metrnl) inhibits NLRP3 inflammasome activation by promoting an M2 macrophage phenotype via
STAT6 signalling, and the IL-6 family member ciliary neurotrophic factor (CNTF) exerts anti-
inflammatory effects in part by inhibiting NLRP3 assembly. These interactions provide a molecular
framework by which exercise-induced myokines counteract chronic inflammation associated with
metabolic dysfunction [72,185,202,219-221]

Myokine-mediated muscle-bone interactions are another critical aspect of exercise-induced
metabolic adaptation. Several myokines, including IL-6, IL-15, irisin, and SPARC, directly influence
bone remodelling. Irisin binds to integrin receptors on osteocytes, activating p38 MAPK and ERK
pathways to enhance osteoblast differentiation and mineral deposition. IL-15 promotes osteoblast
differentiation and inhibits osteoclastogenesis by modulating the RANKL/OPG ratio, shifting bone
metabolism toward formation. Many myokine effects on bone converge on the Wnt/B-catenin
signalling pathway, a master regulator of osteoblast differentiation. Resistance exercise, which
produces greater ground reaction forces and muscle tension than aerobic exercise, elicits a more
robust myokine-mediated osteogenic response, explaining the superior effects of RET on bone
mineral density [189,200,222-224]

3.2.14. General Effects of Physical Training on Myokine Expression

Both resistance exercise training (RET) and endurance training (ET) exert profound effects on
the myokine profile, though with distinct patterns that reflect their different physiological demands
and adaptations. Resistance training preferentially activates pathways that promote muscle protein
synthesis, satellite cell proliferation, and hypertrophy while simultaneously suppressing catabolic
signals.

Endurance training predominantly enhances metabolic flexibility, mitochondrial function, and
oxidative capacity through complementary myokine signalling. The optimal approach for most
individuals, particularly those with metabolic dysfunction, likely involves combining both modalities
to capitalize on their unique and synergistic effects on the myokine profile [226].

The intensity, duration, frequency, and type of exercise emerge as critical variables that
determine the specific myokine response. Moderate to high- intensity training appears particularly
effective at stimulating beneficial myokine profiles, though the appropriate intensity must be
individualized based on fitness level, health status, and specific therapeutic goals. Exercise
prescriptions should be tailored not just to improve conventional markers of fitness but to optimize
the myokine-mediated metabolic benefits [225].

The AMPK-PGC-1a-myokine axis represents a central pathway through which exercise exerts
its metabolic benefits. This signalling cascade coordinates the expression and release of multiple
myokines, including irisin, IL-6, and BAIBA, which collectively improve glucose homeostasis,
enhance fat metabolism, and reduce inflammatory signalling. The ROS-NRF2-antioxidant response
pathway provides another critical mechanism through which exercise-induced hormetic stress
triggers protective adaptations against oxidative damage and metabolic dysfunction [148].

3.2.15. Resistance Training and Myokine Expression

Different types of exercise trigger distinct patterns of myokine release, contributing to the
specific metabolic and physiological adaptations seen with various training modalities. Resistance
exercise training (RET) produces a potent stimulus for myokine secretion, with patterns distinct from
those elicited by endurance training (ET). RET at moderate to high intensities (50— 80% 1RM) is a
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powerful modulator of the myokine profile, activating signalling cascades such as AMPK and mTOR,
which are critical for the production of key myokines involved in metabolic regulation [225,226].

IL-15 shows a more robust response to RET compared to ET, with plasma IL-15 protein
increasing acutely after resistance exercise, while high-volume endurance exercise produces minimal
changes in circulating IL-15 levels. This differential response is likely related to the preferential
recruitment of type II muscle fibres during RET. The acute increase in IL-15 after RET correlates with
improvements in muscle protein synthesis and insulin sensitivity via JAK3/STAT3 signalling [201].
Chronic RET of moderate to high intensity (8—-12 weeks) significantly upregulates irisin production,
with the intensity threshold being critical, as low-intensity resistance exercise does not elicit
comparable responses. Myostatin expression is effectively suppressed by moderate or higher
intensity RET (50-80% 1RM), but not by low-intensity protocols, and this suppression is facilitated
by increased follistatin and decorin production, both of which are natural myostatin antagonists
[62,227].

Decorin levels rise approximately 24 hours after RET, indicating a role in recovery and
adaptation. SPARC, another myokine involved in extracellular matrix remodelling, increases acutely
after RET and may contribute to long- term structural adaptations with chronic training [76]. RET has
been shown to depress NLRP3 inflammasome activation, with chronic programs longer than 8 weeks
associated with decreased circulating levels of proinflammatory cytokines, including TNF-a,
inflammatory IL-6, and IFN-y [228] The metabolic benefits of RET are intensity-dependent, with
high-intensity resistance interval training producing superior effects on myokine profiles compared
to lower intensity protocols, and myokine release rates proportional to the intensity and muscle
volume recruited during training [225].

3.2.16. Endurance Training and Myokine Expression

Endurance exercise training (ET) elicits a distinct myokine response profile compared to RET,
with the duration of exercise and muscle mass (tissue volume) engagement being primary
determinants of the response seen with the ET training adaptation. IL-6, the most extensively studied
myokine, increases exponentially in response to endurance exercise duration, with elevations up to
100-fold during prolonged activity. Unlike inflammatory IL-6 production, exercise-induced IL-6 from
endurance activity occurs without preceding TNF-a elevation and exerts different downstream
effects [90]. The IL-6 response to ET activates AMP-activated protein kinase (AMPK), enhances fat
oxidation, upregulates GLUT4 translocation, and mediates anti- inflammatory effects by inhibiting
proinflammatory cytokines and stimulating anti-inflammatory mediators such as IL-10 and IL-1Ra,
creating an anti- inflammatory environment that improves insulin sensitivity and metabolic health
[193,194].

BAIBA is another myokine upregulated by ET, with circulating levels increasing significantly
after both acute and chronic endurance training. Three weeks of voluntary running is sufficient to
elevate plasma concentrations in animal models, and in humans, 20 weeks of submaximal aerobic
exercise increases BAIBA, which induces mitochondrial fatty acid oxidation and thermogenesis in
white adipose tissue via PPARa-dependent mechanisms [229]. FGF21 signalling also adapts to ET,
with moderate to high-intensity training increasing FGF21 sensitivity, acute increases in serum levels,
and chronic training leading to decreased baseline levels, suggesting enhanced tissue responsiveness
over time. Exercise-induced FGF21 expression is regulated by AMPK and PPARa activation, with
the unfolded protein response contributing during intense exercise [230].

Irisin shows robust responses to endurance exercise, with aerobic exercise eliciting larger
increases in circulating irisin than resistance exercise, especially up to 60 minutes post-exercise. This
difference diminishes at later time points, indicating distinct temporal patterns between modalities.
Higher volume and moderate to high-intensity aerobic exercise are most effective for stimulating
irisin release [231]. The anti-inflammatory effects of regular moderate- intensity ET are well
documented, with programs of 12 or more weeks significantly reducing NLRP3 inflammasome
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activation and NF-xB signalling, contributing to the systemic anti-inflammatory profile and
metabolic benefits

[232]. Time-course analyses reveal that various myokines exhibit distinct temporal expression
patterns after ET, with some, such as IL-6 and SPARC, peaking immediately post-exercise and others
showing delayed responses, highlighting the importance of timing in evaluating myokine responses
[225].

4. Conclusions

The intricate network of myokine signalling represents a fundamental mechanism through
which skeletal muscle communicates with distant organs to coordinate metabolic adaptations. The
evidence presented in this review demonstrates that myokines function as critical chemical
messengers and mediators that translate mechanical stimuli into biochemical signals, influencing
glucose metabolism, lipid oxidation, inflammation, and tissue remodelling processes. These
molecular pathways provide a scientific foundation for understanding how physical exercise
produces its remarkable systemic health benefits.

As our understanding of myokine biology continues to evolve, the potential for developing
exercise mimetics or myokine-based therapies represents an exciting frontier in metabolic medicine.
However, the complex, coordinated, and context-dependent nature of exercise-induced myokine
responses at local and systemic levels suggests that physical activity in the form of combined
resistance and endurance training remains the most comprehensive, realisticc and applicable
intervention for optimizing this system. Future research should focus on articulating the specific
effects of different exercise protocols on myokine expression profiles and how these can be leveraged
to address individual metabolic needs.

In conclusion, the intricate biochemistry of myokine signalling provides the molecular
framework that explains how "exercise is medicine." Through these muscle-derived messengers,
physical activity creates a systemic environment that counters metabolic dysfunction, reduces
inappropriate inflammation, and enhances cellular energetics. The remarkable plasticity of skeletal
muscle and its secretome offers a powerful target for lifestyle interventions aimed at preventing and
treating metabolic disorders and age-related functional decline.
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