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Sarcopenia is a major health issue among the global aging population, with a 
prevalence of 10 to 30% in those over 60 years old. As age advances, the gradual 
decline in muscle mass and function leads to reduced ability to perform daily activities 
and significantly increases the risks of falls, fractures, disability, and mortality. Recent 
studies have shown that skeletal muscle is not only a locomotive organ but also an 
important endocrine organ that affects systemic metabolism by secreting a series 
of bioactive molecules known as myokines. The secretion patterns of myokines 
undergo significant changes during aging and the progression of sarcopenia. 
Protective factors such as IL-15 and IGF-1 decrease, while pathological factors 
like myostatin and Activin A increase. This imbalance subsequently leads to the 
continued decline in muscle mass and function, reflected in multiple mechanisms 
including disruption of protein synthesis and degradation, mitochondrial dysfunction, 
and chronic inflammatory states. This article systematically reviews the role of 
myokines in sarcopenia, clarifies their molecular mechanisms, and explores clinical 
application prospects, aiming to provide a theoretical basis and new intervention 
targets for the prevention and treatment of sarcopenia. Future research should 
focus on the dynamic changes, interactions, and targeted intervention strategies 
of myokines to address the challenges of global aging and improve the quality 
of life for the elderly population.
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1 Introduction

With the accelerating aging of the global population, sarcopenia has become a significant 
issue affecting the health of elderly individuals. According to the latest research data, the 
prevalence of sarcopenia in people aged 60 and above is between 10 and 30%, and it can exceed 
50% in those over 80 years old (1–3). It is predicted that by 2050, the prevalence of sarcopenia 
among the global population aged 60 and above will reach 20%, continuing to increase in older 
age groups (4). Sarcopenia not only leads to a decline in the ability to perform daily activities 
but also significantly raises the risks of falls, fractures, disability, and mortality. Studies show 
that sarcopenia increases the risk of falls by 2 to 3 times and all-cause mortality by 1.5 to 2.5 
times, placing a heavy burden on individuals, families, and society (5, 6). Data from the 
United States indicate that annual healthcare costs related to sarcopenia exceed $18.5 billion 
(7), representing a major public health economic burden (8, 9).

The traditional view holds that skeletal muscle is merely an organ of movement, but 
recent research has revealed that skeletal muscle is also an important endocrine organ 
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capable of secreting a variety of bioactive molecules known as 
myokines (10–12). This breakthrough concept originated from the 
pioneering discovery by the Danish scholar Bente Klarlund Pedersen 
and her team in 2000. They observed that during exercise, the 
contraction of skeletal muscle produces and releases interleukin-6 
(IL-6), and that this release is independent of immune cells, coming 
directly from the muscle fibers themselves (13, 14). This finding 
marked a paradigm shift in the understanding of skeletal muscle 
function and established the important concept of myokines. 
Subsequent studies have shown that these factors regulate not only 
the growth and metabolism of the muscle itself through autocrine, 
paracrine, and endocrine mechanisms but also participate in the 
regulation of multiple systems throughout the body, including 
adipose tissue, liver, skeleton, immune system, and nervous system 
(12, 15, 16).

The pathogenesis of sarcopenia is highly complex, involving 
multilayered and multifactorial pathophysiological changes (17). At 
the molecular level, the disruption of the balance between muscle 
protein synthesis and degradation is the central mechanism, with 
excessive activation of the ubiquitin-proteasome system (UPS) and the 
autophagy-lysosome pathway leading to increased net muscle protein 
degradation. Meanwhile, abnormal activation of the myostatin/activin 
A-Smad2/3 signaling pathway and inhibition of the IGF-1/PI3K/Akt/
mTOR pathway further exacerbate the imbalance by reducing protein 
synthesis and increasing degradation (18, 19). Additionally, 
mitochondrial dysfunction, increased oxidative stress, and chronic 
low-grade inflammation (“inflammaging”) form a mutually 
reinforcing vicious cycle, resulting in the accumulation of reactive 
oxygen species (ROS), activation of NF-κB, and elevated release of 
pro-inflammatory cytokines (such as IL-6 and TNF-α) (20). These 
changes not only directly promote the degradation of myofibrillar 
proteins but also impair satellite cell function and muscle 
regenerative capacity.

Sarcopenia involves a complex disorder of the neuro-muscular-
endocrine interaction network. Reduced neural innervation and 
motor unit remodeling lead to preferential loss of fast-twitch muscle 
fibers (type II), while impairment of neuromuscular junction integrity 
accelerates muscle denervation (21). Endocrinologically, declines in 
sex hormone levels, impaired insulin/IGF-1 signaling, and vitamin D 
deficiency collectively contribute to the progression of sarcopenia (22, 
23). Notably, recent studies have revealed a key role of dysregulated 
“organ crosstalk” between adipose tissue and skeletal muscle in the 
pathogenesis of sarcopenia; for example, adipokines secreted by 
adipose tissue such as RBP4 can directly interfere with muscle 
metabolism and function (24). Additionally, gut microbiota dysbiosis, 
by affecting short-chain fatty acid production, inflammation levels, 
and nutrient absorption, is also considered an emerging mechanism 
in sarcopenia development. These multi-system, multi-level 
pathological changes interact with each other, ultimately leading to 
progressive declines in skeletal muscle mass and function (25, 26).

During the occurrence and progression of sarcopenia, the 
secretion patterns of myokines undergo significant changes, 
becoming important mediators of disease development (27–29). 
Specifically, the secretion of protective myokines (such as irisin 
and IL-15) decreases, while the secretion of pathogenic myokines 
(such as myostatin and activin A) increases. This imbalance leads 
to a progressive decline in muscle mass and function by affecting 
multiple pathways, including the balance of protein synthesis and 

degradation, mitochondrial function, and satellite cell 
activity (30).

This article aims to systematically review the role of myokines in 
sarcopenia, clarify their molecular mechanisms, explore clinical 
application prospects, and provide a theoretical foundation and new 
intervention targets for the prevention and treatment of the disease 
(Figure 1).

2 Biological functions of Myokines

Myokines are a large group of peptides, small proteins, and 
hormone-like molecules synthesized and secreted by skeletal 
muscle fibers in response to contraction or stress stimuli 
(Figures  2A,B). They exert their effects through autocrine, 
paracrine, and long-range endocrine mechanisms (10, 11, 30, 31). 
Since IL-6 was first defined as a myokine in 2003, researchers have 
identified more than 600 potential members, covering classic 
cytokines (IL-6, IL-8, IL-15) (32), growth factors (IGF-1, FGF21), 
hormone-like proteins (Irisin, Apelin) (33), chemokines (CXCL1), 
and protease inhibitors, among others (34). The discovery of 
myokines has greatly enriched understanding of the interactions 
between muscles and whole-body metabolism, inflammation 
regulation, and energy homeostasis. Skeletal muscle is thus regarded 
as a dynamic endocrine organ that (35), The discovery of myokines 
has greatly enriched understanding of the interactions between 
muscles and whole-body metabolism, inflammation regulation, and 
energy homeostasis. Skeletal muscle is thus regarded as a dynamic 
endocrine organ that, by secreting these bioactive substances, 
enables “cross-organ communication” with other organs and tissues 
such as the liver, adipose tissue, brain, heart, and even the immune 
system (15, 36–39), regulating systemic energy balance, 
inflammation levels, and organ function (40, 41). Myokines are 
generally divided into two categories: positive regulatory factors 
and negative regulatory factors. Positive regulatory myokines act as 
a “protective network” against muscle atrophy, with common 
functions summarized as promoting synthesis, enhancing 
regeneration, protecting energy (42), and combating inflammation 
(43), playing a vital biological role in maintaining and promoting 
skeletal muscle health. These factors actively prevent muscle 
wasting by enhancing protein synthesis, activating muscle satellite 
cell proliferation and differentiation, and supporting the structural 
integrity of neuromuscular junctions (44, 45). Conversely, the 
network of negative myokines reflects a vicious cycle of inhibiting 
synthesis, promoting breakdown, impairing regeneration (46), and 
amplifying inflammation (47), which mainly drives declines in 
muscle mass and strength by suppressing protein synthesis, 
encouraging protein degradation, and damaging repair mechanisms 
(48, 49).

2.1 Positive myocyte regulatory factor

2.1.1 Il-15
IL-15 is an important myokine with significant anti-sarcopenic 

effects (50). It primarily maintains muscle mass by promoting protein 
synthesis and inhibiting protein degradation (51). It primarily 
maintains muscle mass by promoting protein synthesis and inhibiting 
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protein degradation. Studies have shown that IL-15 can reduce the 
activation of protein degradation pathways and promote the 
activation and proliferation of muscle satellite cells, thereby 
enhancing the repair and regeneration capacity of muscle fibers. 
Additionally, IL-15 can reduce the accumulation of adipose tissue and 
improve intramuscular fat infiltration, which is beneficial for 
preventing and delaying sarcopenia caused by aging or disease (52, 
53). After exercise, the secretion of IL-15 increases, making it one of 
the key molecular mechanisms through which exercise 
combats sarcopenia.

IL-15, as a key molecular hub regulating muscle metabolism, 
exhibits fascinating complexity in its functional regulation. Under 
physiological conditions, IL-15 maintains the dynamic balance of 
muscle tissue by finely modulating muscle stem cell fate, promoting 
protein synthesis, and mitochondrial biogenesis. However, in aging 
and pathological microenvironments, the molecular mechanisms of 

IL-15 undergo profound shifts: epigenetic modifications, 
inflammatory signaling networks, and genetic polymorphisms 
together weave a dynamic regulatory molecular landscape (54). 
Specific genetic variations may lead to dysfunction in the IL-15 
signaling pathway, causing it to transform from a muscle-protective 
factor into a potential inducer of inflammation and muscle 
degeneration (55). This molecular fate reversal not only reveals the 
complex pathogenesis of sarcopenia but also provides new targets and 
theoretical foundations for precision medicine, embodying the 
profound concept of “function as destiny” in molecular 
biology research.

2.1.2 IGF-1
IGF-1 is a key regulator of muscle metabolism, maintaining 

muscle mass by promoting protein synthesis and activating satellite 
cells (56, 57). With aging and the progression of chronic disease, 

FIGURE 1

Schematic diagram of the classification of myokines and their relationship with sarcopenia. The upper part of the pie chart displays positive and 
negative myokine regulators. The lower part illustrates the pathophysiological process by which myokines lead to the development of sarcopenia.
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IGF-1 expression and activity decline markedly, a change closely 
associated with the development of sarcopenia (58). IGF-1 can 
antagonize negative regulators such as myostatin and plays an 
important role in maintaining muscle homeostasis. Therefore, 
increasing IGF-1 levels is considered a potential strategy for preventing 
and treating sarcopenia.

As a major molecular regulator of muscle metabolism, IGF-1 
precisely controls the proliferation and differentiation of muscle stem 
cells under physiological conditions, preserving the structural 
integrity of muscle tissue. However, in the microenvironment of aging 
and chronic disease, IGF-1’s function can undergo significant changes 
influenced by epigenetic modifications and inflammatory networks 
(59). This reversal of molecular fate reveals the complex pathogenesis 

of sarcopenia and provides new targets and a theoretical basis for 
precision medicine.

2.1.3 Irisin
Irisin is a myokine released in response to exercise, derived from 

the cleavage of fibronectin type III domain-containing protein 5 
(FNDC5) in skeletal muscle (60). Its anti-sarcopenic effects are mainly 
reflected in promoting mitochondrial biogenesis and function, 
enhancing muscle energy metabolism and endurance (61). 
Additionally, irisin can induce the “browning” of white adipose tissue, 
increasing energy expenditure and reducing ectopic fat deposition in 
muscles (38, 62). Studies have found that irisin also activates muscle 
satellite cells, facilitating muscle regeneration, and optimizes systemic 

FIGURE 2

(A) The biological roles of myokines, osteokines, and adipokines in the interactions among muscle, bone, and fat (156). Copyright 2020, SPRINGER. 
(B) The signaling pathways of myokines induced by muscle contraction. The signaling pathways mediated by myokines lead to the expression of their 
target genes, thereby regulating muscle cell proliferation, differentiation, and growth. Ultimately, this results in an increase or decrease in muscle mass 
(30). Copyright 2019, FRONTIERS MEDIA SA.
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metabolic conditions by improving insulin sensitivity (63, 64). Irisin 
levels tend to be reduced in older adults and patients with sarcopenia, 
while exercise training can effectively increase its secretion; this is one 
of the mechanisms by which exercise improves sarcopenia.

As a newly discovered myokine, irisin plays an important role in 
regulating energy metabolism and muscle health, with complex and 
diverse mechanisms. In healthy individuals, irisin supports muscle 
growth and function by promoting caloric utilization in muscle cells 
and conversion of adipose tissue. However, during the development 
of sarcopenia, irisin’s actions are subtly regulated by various 
environmental and genetic factors. Environmental factors such as 
exercise volume, nutritional status, and inflammatory responses 
significantly affect irisin release and activity. For example, moderate 
exercise can upregulate irisin secretion and enhance its protective 
effects on muscle (65). Under conditions of chronic inflammation or 
metabolic syndrome, irisin’s action may be  suppressed, leading to 
energy imbalance and exacerbated muscle degeneration (66). In 
addition, genetic variations may cause interindividual differences in 
irisin levels, revealing the complexity of its biological regulation. This 
molecular diversity not only provides deeper insight into the 
pathology of sarcopenia but also lays a foundation for potential 
therapeutic strategies.

2.1.4 BDNF
BDNF is not only a neurotrophic factor but also an important 

myokine secreted by skeletal muscle. In the defensive mechanism 
against sarcopenia, BDNF mainly ensures effective neural control over 
muscles by maintaining the integrity and function of the 
neuromuscular junction (67). It promotes neuron survival and axonal 
growth, enhances synaptic transmission efficiency, and prevents 
age-related degeneration of neuromuscular connections. Additionally, 
BDNF is involved in regulating mitochondrial biogenesis and 
oxidative metabolism in muscles, improving muscle fatigue resistance 
and metabolic health (68, 69). Research shows that exercise can 
significantly increase the expression and secretion of BDNF in 
muscles, which is an important molecular basis for the protective 
effects of exercise on the neuromuscular system (70, 71).

Under healthy conditions, BDNF not only promotes the survival 
and development of nerve cells but also supports the maintenance of 
muscle quality by regulating the proliferation and differentiation of 
muscle stem cells. However, during the progression of sarcopenia, 
BDNF function is profoundly influenced by environmental and 
genetic factors (72). For example, a sedentary lifestyle and chronic 
inflammatory states suppress BDNF expression, reducing its 
bioactivity in muscle and further exacerbating muscle atrophy. In 
contrast, regular exercise can significantly elevate BDNF levels, 
activate downstream signaling pathways, and improve muscle health 
(73). Additionally, an individual’s genetic background affects the 
expression and function of the BDNF gene; specific single nucleotide 
polymorphisms may lead to notable changes in BDNF activity, 
resulting in varying sarcopenia risks among different populations. The 
interplay of these mechanisms reveals the multiple roles of BDNF in 
muscle metabolism and neuromuscular adaptation, providing new 
research perspectives for the treatment of sarcopenia.

2.1.5 FGF21
FGF21 is a factor expressed in muscle and liver that plays multiple 

important roles in combating sarcopenia. It can improve insulin 

sensitivity, optimize glucose and lipid metabolism, and reduce fat 
infiltration and inflammation in muscle (74, 75). FGF21 also enhances 
mitochondrial function (76), increases energy utilization efficiency, 
and mitigates oxidative stress-induced damage to muscle fibers (77). 
During exercise, FGF21 secretion increases, which is one of the 
mechanisms by which exercise protects muscle quality through 
regulating the network of myokines.

Generally, FGF21 regulates metabolism and energy balance by 
promoting fat oxidation and inhibiting muscle atrophy to maintain 
muscle mass (78). Under healthy conditions, moderate exercise and 
proper nutrition can significantly increase FGF21 levels, enhancing its 
biological effects. However, in environments characterized by chronic 
inflammation, obesity, or aging, the function of FGF21 is suppressed, 
which may lead to weakened muscle synthesis (79). Additionally, 
genetic polymorphisms also affect the expression and activity of 
FGF21, resulting in individual differences in muscle adaptation to 
metabolic stress. This interaction between environmental and genetic 
factors reveals the potential value of FGF21 in the prevention and 
treatment of sarcopenia, providing possible avenues for 
personalized interventions.

2.1.6 Follistatin
Follistatin, as a natural antagonist of myostatin and Activin A, 

promotes muscle growth and maintenance by binding to and 
neutralizing the activities of these negative regulatory factors. It blocks 
the binding of myostatin to its receptor, thereby lifting the inhibition 
on muscle growth and promoting the activation of muscle satellite 
cells and muscle fiber hypertrophy (80, 81). Studies have shown that 
increased expression of follistatin can significantly enhance muscle 
repair and regeneration capacity, slowing the progression of 
sarcopenia (82, 83). During exercise, follistatin expression is 
upregulated, which is one of the key mechanisms through which 
resistance training promotes muscle hypertrophy. Therefore, 
enhancing the expression or activity of follistatin is considered a 
promising strategy for the treatment of sarcopenia (84).

In healthy individuals, moderate exercise and proper nutrition can 
upregulate the expression of follistatin, enhancing muscle synthesis 
capacity. However, environmental factors such as chronic 
inflammation and obesity can interfere with follistatin’s function, 
leading to reduced activity and promoting muscle imbalance (85). At 
the same time, polymorphisms in the genetic background may affect 
the expression level of the follistatin gene, resulting in significant 
differences among individuals. This interaction between 
environmental and genetic factors reveals the potential value of 
follistatin in the treatment of sarcopenia, providing new perspectives 
for the application of personalized medicine.

2.2 Negative myocyte regulatory factor

2.2.1 Myostatin
Myostatin is the most important negative myokine, primarily 

synthesized and secreted by skeletal muscle cells, specifically inhibiting 
muscle growth and development. At the molecular level, myostatin 
binds to Activin receptor type II (ActRII) (86), activating the Smad2/3 
signaling pathway, which suppresses the activation and proliferation 
of muscle satellite cells while promoting the degradation of muscle 
fiber proteins (87). Studies have shown that myostatin levels tend to 
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be elevated in patients with sarcopenia (88). In conditions of chronic 
disease, aging, and prolonged inactivity, increased myostatin 
expression is a key molecular mechanism underlying muscle atrophy 
(89, 90).

As a potent inhibitor of muscle growth, myostatin leads to muscle 
atrophy by suppressing the proliferation and differentiation of muscle 
cells. In healthy individuals, moderate exercise and good nutrition can 
effectively reduce myostatin levels, promoting muscle synthesis. 
However, specific genetic variations can cause abnormalities in 
myostatin function, which are observed in certain families and 
manifest as significantly enhanced muscle development. 
Environmental factors such as chronic inflammation and metabolic 
disorders can activate the myostatin pathway, exacerbating the 
progression of sarcopenia (91). Understanding the dual role of 
myostatin in both healthy and pathological states not only provides 
potential targets for the treatment of sarcopenia but also lays the 
foundation for developing personalized intervention strategies.

2.2.2 Activin a
Activin A and myostatin belong to the same TGF-β superfamily 

and are both important negative regulators of muscle. Activin A 
functions through a mechanism similar to myostatin, binding to the 
ActRII receptor which inhibits the activation of muscle satellite cells 
and the synthesis of muscle fiber proteins. In various chronic disease-
associated muscle-wasting conditions, such as cancer cachexia and 
chronic kidney disease, Activin A levels are significantly elevated (92, 
93). Studies have shown that Activin A not only acts directly on 
muscle but also affects systemic metabolic states, such as promoting 
inflammation in adipose tissue and insulin resistance, further 
exacerbating the progression of muscle wasting (94). Therefore, 
targeting the Activin A signaling pathway has become an important 
therapeutic strategy for treating muscle wasting (95).

It promotes muscle atrophy by enhancing protein degradation 
pathways and inhibiting synthesis pathways in muscle cells. In healthy 
individuals, Activin A levels can decrease with exercise and nutritional 
status, facilitating muscle growth. However, genetic factors such as 
single nucleotide polymorphisms may affect the expression of Activin 
A, leading to individual differences in muscle adaptability. Meanwhile, 
environmental factors like inflammation, obesity, or metabolic 
disorders can upregulate Activin A levels, worsening the condition of 
sarcopenia (96). This indicates that the balance between promoting 
and inhibiting muscle synthesis by Activin A is regulated by complex 
environmental and genetic factors, providing new insights for the 
precision treatment of sarcopenia.

2.2.3 Il-6
IL-6 plays a dual role in sarcopenia, depending on its expression 

level, duration, and physiological context (97). During acute exercise, 
IL-6 transiently increases as a “myokine,” promoting glucose uptake, 
fat oxidation, and anti-inflammatory effects. However, in chronic 
inflammatory states (such as in the elderly or cancer patients), 
persistently elevated IL-6 exerts pro-inflammatory and muscle-
wasting effects. Chronic high levels of IL-6 activate the JAK/STAT3 
signaling pathway, upregulating the expression of muscle atrophy-
related ubiquitin ligases like MuRF1 and Atrogin-1, thereby increasing 
protein degradation (98, 99). Additionally, IL-6 can induce oxidative 
stress and mitochondrial dysfunction, further accelerating muscle 
fiber damage and atrophy (100).

Typically, elevated IL-6 levels in inflammatory environments 
activate muscle degradation pathways, leading to the loss of muscle 
tissue. However, during moderate exercise and acute pathological 
states, IL-6 helps facilitate muscle regeneration and supports the repair 
process. Genetic factors, such as IL-6 gene polymorphisms, influence 
an individual’s inflammatory response, resulting in differences in 
muscle adaptability and sarcopenia risk. Environmental factors like 
chronic inflammation and aging may promote sustained high 
expression of IL-6, exacerbating muscle decline (101). This complex 
regulatory relationship positions IL-6 as an emerging therapeutic 
target for sarcopenia, highlighting the importance of 
personalized interventions.

2.2.4 TNF-α
TNF-α is a major pro-inflammatory cytokine that plays an 

important role in various chronic disease-associated sarcopenia (102). 
It promotes muscle atrophy through multiple mechanisms: first, 
TNF-α activates the NF-κB signaling pathway, upregulating the 
expression of atrophy-related genes such as MuRF1 and Atrogin-1, 
thereby increasing protein ubiquitination and degradation, second, it 
inhibits the expression of myogenic transcription factors like MyoD, 
weakening muscle regeneration capacity, third, TNF-α promotes 
oxidative stress and mitochondrial dysfunction, leading to increased 
apoptosis (26). Studies have also found that TNF-α can enhance the 
expression and activity of myostatin, producing a synergistic 
pro-atrophy effect (103). Elevated TNF-α levels are significantly 
correlated with decreased muscle mass and function in inflammatory 
diseases, cancer cachexia, and age-related sarcopenia.

In an inflammatory microenvironment, TNF-α can significantly 
activate the ubiquitin-proteasome pathway, accelerating muscle 
protein degradation and promoting muscle atrophy. However, under 
healthy conditions, moderate exercise and nutritional interventions 
can effectively regulate TNF-α levels and maintain muscle 
homeostasis. Genetic factors, such as TNF-α gene polymorphisms, 
lead to individual differences in sensitivity to inflammatory 
responses, affecting the progression rate of muscle loss. 
Environmental factors like chronic diseases, obesity, and aging can 
persistently upregulate TNF-α expression, exacerbating muscle 
degeneration (104). This complex environment-genetic interaction 
reveals the multidimensional role of TNF-α in the regulation of 
muscle metabolism and provides a new theoretical basis for 
personalized interventions.

2.2.5 Tweak
TWEAK is a member of the TNF superfamily that activates 

multiple signaling pathways by binding to the Fn14 receptorpromoting 
muscle atrophy (105). At the molecular level, TWEAK inhibits satellite 
cell activation and differentiation, weakening muscle regeneration 
capacity; simultaneously, it promotes the activation of the ubiquitin-
proteasome system and the autophagy-lysosome system, increasing 
protein degradation (106, 107). Studies have shown that the activation 
of the TWEAK/Fn14 signaling pathway is closely associated with 
muscle atrophy in various chronic disease models. In addition, 
TWEAK can induce muscle cells to produce inflammatory factors, 
forming a positive feedback loop that further exacerbates muscle 
damage and atrophy (108, 109). Therefore, targeting the TWEAK/
Fn14 signaling pathway is considered a potential strategy for 
treating sarcopenia.
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Under pathological conditions, TWEAK activates the Fn14 
receptor, promoting the initiation of muscle atrophy pathways and 
significantly accelerating the degeneration of muscle tissue. However, 
in healthy individuals, moderate expression of TWEAK can stimulate 
the activation of muscle stem cells and the muscle regeneration 
process. Genetic factors such as variations in the TWEAK gene can 
affect its biological activity, leading to significant differences in 
individual muscle adaptability. Environmental factors including 
chronic inflammation, metabolic disorders, and aging can 
substantially regulate TWEAK expression levels, further complicating 
its role in muscle metabolism (110). This multilayered regulatory 
mechanism reveals the potential therapeutic value of TWEAK in 
sarcopenia, offering new perspectives for precision medicine research.

3 The role of myokines in muscle 
atrophy and cytokine changes in 
different types of sarcopenia

3.1 The role of myokines in the 
pathophysiological process of muscle 
atrophy

3.1.1 Inflammation
In sarcopenia, pro-inflammatory myokines such as IL-6 and 

TNF-α are persistently overexpressed, activating the JAK/STAT and 
NF-κB signaling pathways, which induce and maintain a chronic 
low-grade inflammatory state (111, 112). This not only directly 
promotes the expression of protein degradation markers like MuRF1 
and Atrogin-1 but also recruits immune cells such as macrophages to 
infiltrate, exacerbating inflammation in the muscle fiber 
microenvironment (113). At the same time, chronic inflammation 
impairs the self-renewal and differentiation potential of muscle 
satellite cells, weakening muscle regeneration and repair. Additionally, 
the relative decrease in anti-inflammatory myokines (such as IL-10) 
makes it more difficult to reverse the inflammation (114) (Figure 3).

Against a background of chronic inflammation, the spleen, as a 
central immune organ, plays a key regulatory role in the development 
of sarcopenia (68). Dynamic changes in the spleen’s immune cell 
repertoire—particularly decreased NK cell activity and reduced B cell 
diversity—directly affect the metabolic balance of muscle tissue. By 
secreting inflammatory factors (such as TNF-α and IL-6) and 
modulating cytokine networks, the spleen not only amplifies 
inflammatory signals but also interferes with muscle protein synthesis 
and the regenerative capacity of muscle stem cells (115). In cancer-
associated sarcopenia, immune remodeling of the spleen is especially 
pronounced; its exosomes and intercellular communication 
mechanisms further accelerate muscle tissue degeneration, creating a 
negative feedback loop between inflammation and muscle metabolism 
(116). This complex mechanism reveals the immune system’s deeper 
pathological regulatory role in muscle loss.

3.1.2 Oxidative stress
Patients with sarcopenia experience a decline in the activity of 

antioxidant pathways such as Nrf2, leading to sustained elevated 
oxidative stress. Muscle cytokines like TNF-α and IL-1β can further 
activate NADPH oxidase and upregulate the production of reactive 
oxygen species (ROS) (117, 118). This not only causes oxidative 

damage to lipids, proteins, and DNA but also promotes the activation 
of inflammatory and apoptotic signaling pathways such as NF-κB and 
p38 MAPK (119), creating a “inflammation-oxidative stress” positive 
feedback loop that drives the progression of muscle atrophy (120, 
121). Some positive factors, such as Irisin and FGF21, alleviate 
oxidative damage by enhancing antioxidant enzyme expression and 
mitochondrial homeostasis.

3.1.3 Mitochondrial dysfunction
Abnormal regulation of myocyte cytokines significantly affects 

mitochondrial structure and energy function. Under chronic 
conditions of elevated IL-6 and TNF-α, excessive mitophagy, loss of 
membrane potential, and impaired energy production are prominent, 
worsening muscle endurance and repair capacity (122, 123). 
Conversely, factors such as Irisin, BDNF, and FGF21 can promote 
mitochondrial biogenesis by upregulating pathways like PGC-1α, 
maintaining or restoring mitochondrial quantity and function, 
improving the metabolic environment, and thereby partially offsetting 
motor dysfunction and fatigue (124, 125).

3.1.4 Apoptosis
Pro-inflammatory myogenic factors (such as TNF-α and 

TWEAK) can upregulate the caspase cascade in muscle cells and 
activate the mitochondria-mediated apoptosis pathway, accelerating 
the loss of muscle fibers and satellite cells (126, 127). Anti-apoptotic 
myogenic factors (such as IGF-1 and IL-15) inhibit autophagy and 
apoptosis processes, protecting the structural integrity of muscle. 
Apoptosis driven jointly by inflammatory factors and oxidative stress 
is a key reason for the rapid decline in muscle fiber number in 
sarcopenia (128).

3.1.5 Imbalance between muscle protein 
synthesis and degradation

Myokines play a central role in regulating muscle protein 
metabolism. Factors such as IGF-1, IL-15, and Irisin activate the PI3K/
Akt/mTOR pathway, promoting protein synthesis (129, 130). In 
contrast, Myostatin, Activin A, and high concentrations of IL-6 and 
TNF-α activate Smad2/3 and FOXO signaling, upregulating ubiquitin-
proteasome system-related enzymes (such as MuRF1 and Atrogin-1), 
leading to accelerated protein degradation. The outcome is impaired 
protein synthesis and enhanced degradation, resulting in irreversible 
net muscle loss, which represents the most direct molecular basis of 
sarcopenia (131, 132).

3.2 Age-related sarcopenia

The myokine network in age-related sarcopenia exhibits 
characteristic changes (133). Firstly, the pro-inflammatory myokine 
system is systemically upregulated, manifested by a persistent mild 
increase in circulating levels of TNF-α, IL-6, and IL-1β, constituting 
the so-called “inflammaging” phenomenon. Studies have shown that 
individuals over 80 years old have serum IL-6 levels on average 2 to 
4 times higher than young adults, which is significantly negatively 
correlated with muscle mass and function decline (134, 135). 
Secondly, myostatin expression and activity are significantly 
increased; multiple studies have confirmed that its serum levels rise 
with age and positively correlate with decreased muscle strength. 

https://doi.org/10.3389/fmed.2025.1665708
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Cui et al.� 10.3389/fmed.2025.1665708

Frontiers in Medicine 08 frontiersin.org

FIGURE 3

(A) The release of myokines from skeletal muscle aging is central to the pathogenesis of immunosenescence and sarcopenia. Multiple pathways are 
affected, including insufficient myokine signaling (IL-6, IL-7, IL-15), the shift of membrane-bound immune regulatory factors toward pro-inflammatory 
features, impaired immune cell function, and altered body composition (157). Copyright 2019 ELSEVIER. (B) The link between inflammation 
development and sarcopenia. Under aging and risk factor conditions, the sustained and increased levels of inflammatory cytokines, adipokines, and 
myokines in the serum may make muscles more susceptible to sarcopenia (158). Copyright 2022 ELSEVIER IRELAND LTD.
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Meanwhile, protective myokines such as IGF-1, BDNF, and irisin are 
secreted less, especially local muscle-derived IGF-1, whose expression 
is markedly reduced in elderly muscle. In addition, the myokine 
response to exercise stimulation in older muscles is blunted, 
characterized by reduced peak secretion and shortened duration of 
pro-myogenic factors like IL-15 and follistatin after exercise, while 
negative regulators such as myostatin are insufficiently suppressed. 
This “muscle endocrine aging” leads to a diminished responsiveness 
of muscle protein synthesis to nutritional and exercise stimuli and is 
a crucial mechanism underlying age-related sarcopenia (136).

3.3 Disease-related sarcopenia

3.3.1 Cancer cachexia
Cytokine changes in muscle cells are the most severe and specific 

in cancer cachexia. The most notable feature is the large synergistic 
increase of various pro-inflammatory and pro-catabolic factors, 
including TNF-α (also known as cachectin), IL-6, IL-1β, TWEAK, 
and Activin A. Studies have shown that serum Activin A levels in 
advanced cancer patients can be elevated 5 to 10 times compared to 
healthy controls and are closely associated with the rate of muscle loss 
(137). Additionally, local expression of MIC-1/GDF15  in skeletal 
muscle of cancer patients is significantly increased, promoting appetite 
suppression and protein breakdown (138). Notably, certain tumors 
(such as pancreatic cancer) also secrete specific factors like PTHrP, 
which further exacerbate muscle atrophy. At the same time, protective 
myocytic factors such as IGF-1 and IL-15 are downregulated, and the 
muscle response to exercise-induced myogenic IL-6 in cancer patients 
shifts from anti-inflammatory to pro-inflammatory characteristics. 
Furthermore, recent research has found a significant increase in the 
ratio of Myostatin to Follistatin in the muscles of cancer cachexia 
patients, disrupting the balance of this key antagonistic pair. These 
changes make cancer cachexia the most rapidly progressing and 
difficult-to-treat form of muscle wasting (139).

In elderly patients, cancer-induced sarcopenia is particularly 
severe, and its pathogenic mechanisms go far beyond those of 
ordinary aging, presenting a compounded “multiple-hit” effect: first, 
aging itself has already reduced the regenerative capacity of muscle 
stem cells and the efficiency of protein synthesis, while cancer, by 
activating complex inflammatory cascades and metabolic 
reprogramming, precisely “targets” the muscle tissue’s self-repair 
mechanisms, driving muscle cells into irreversible catabolism and 
apoptosis (140, 141). Large amounts of proinflammatory factors in the 
tumor microenvironment (such as TNF-α and IL-6) not only disrupt 
muscle protein synthesis pathways but also suppress mitochondrial 
energy metabolism and stem cell activity, creating a self-reinforcing 
vicious cycle that leads to rapid, irreversible muscle loss in elderly 
patients. This distinctive pathological process makes cancer the most 
aggressive driver of muscle wasting in older adults—essentially a 
biological-level “accelerated aging” mechanism (142).

3.3.2 Sarcopenia associated with CKD
In chronic kidney disease-related sarcopenia, changes in myokines 

are closely associated with the accumulation of uremic toxins. Firstly, 
the uremic environment stimulates skeletal muscle to produce a large 
amount of pro-inflammatory myokines, particularly IL-6 and TNF-α, 
resulting in sustained activation of both local and systemic inflammation 

(143, 144). Studies have shown that NF-κB activity in the muscle tissue 
of dialysis patients is significantly elevated, further amplifying the 
inflammatory response. Secondly, the myostatin/Activin signaling 
pathway is overactivated in the muscles of CKD patients, accompanied 
by increased levels of skeletal muscle and circulating Activin A, which 
positively correlates with the degree of renal function decline. At the 
same time, the IGF-1/Akt/mTOR pathway is suppressed, partly due to 
uremic toxins interfering with IGF-1 receptor sensitivity. Additionally, 
skeletal muscle expression of FGF23 is increased while Klotho 
expression is decreased in CKD patients, disrupting this critical axis and 
accelerating muscle protein degradation (145). Notably, renal anemia 
and secondary hyperparathyroidism further exacerbate abnormalities 
in these myokines, creating a vicious cycle. The secretion response of 
muscle-derived IL-15 and irisin after exercise in dialysis patients is 
significantly lower than in healthy controls, which may be one reason 
why exercise benefits are limited in this population (146, 147).

3.3.3 Sarcopenia associated with chronic heart 
failure

The cytokine profile changes in muscle cells of patients with 
chronic heart failure (CHF) reflect the effects of low perfusion and 
sympathetic nervous system activation (148). Firstly, levels of 
circulating and local muscle TNF-α and IL-6  in CHF patients are 
significantly elevated and positively correlated with the severity of 
cardiac dysfunction. Studies show that serum TNF-α in NYHA class 
III-IV patients is on average 2–3 times higher than in healthy controls. 
Secondly, BDNF expression in skeletal muscle of heart failure patients 
is reduced, while Myostatin expression is increased; the imbalance 
between these two leads to impaired neuromuscular junction integrity 
and decreased muscle protein synthesis. Meanwhile, due to reduced 
cardiac output and insufficient tissue oxygenation, the expression of 
aerobic metabolism-related myokines such as FGF21 and Irisin is 
decreased in the muscles of CHF patients, exacerbating mitochondrial 
dysfunction (149). Notably, CHF patients exhibit abnormal myokine 
responses post-exercise, characterized by delayed clearance of IL-6 
and insufficient secretion of protective factors. Furthermore, research 
has found that β-adrenergic blocker treatment can partially improve 
the disturbed myokine profile in CHF patients, which may be one 
mechanism by which prognosis is improved (150). Overall, the 
changes in myokines in CHF patients lie between those seen in 
age-related sarcopenia and cancer cachexia but exhibit distinctive 
cardiogenic characteristics.

3.3.4 Disuse muscle atrophy
In disuse muscle atrophy, changes in muscle cell cytokines are 

mainly driven by mechanical unloading and reduced activity. First, 
bed rest, plaster immobilization, or microgravity environments 
rapidly upregulate myostatin expression. Studies have shown that 
short-term (7 days) bed rest can increase local muscle Myostatin 
mRNA expression by 2–3 times. Meanwhile, IGF-1 expression 
significantly decreases under disuse conditions, with a more 
pronounced decline in fast-twitch fibers (type II) compared to slow-
twitch fibers (type I). Second, under disuse conditions, the secretion 
of neurotrophic muscle cytokines such as BDNF and NT-4 decreases, 
leading to impaired neuromuscular junction integrity and accelerated 
muscle denervation (151). Additionally, IL-15 expression decreases 
in microgravity and inactivity, while IL-6 and TNF-α show slight 
increases, though this inflammatory response is generally less severe 
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than in other types of muscle wasting (152). Notably, changes in 
muscle cell cytokines during disuse muscle atrophy are characterized 
by rapidity and reversibility. The serum Follistatin/Myostatin ratio 
decreases in long-term bedridden patients but quickly recovers after 
resuming activity. These features make disuse muscle atrophy the 
most responsive type of muscle wasting to exercise interventions 
(153). Recent studies have found that the lack of mechanical 
stimulation suppresses the YAP/TAZ signaling pathway in muscle 
cells, further exacerbating the upregulation of negative muscle cell 
cytokines, providing new targets for targeted interventions.

3.4 Mechanisms of Myokines in the 
treatment of sarcopenia

The mechanisms by which myokines act in the treatment of 
sarcopenia involve multiple complex biological pathways. At the 
molecular level, myokines such as irisin, IL-6, and BDNF directly 
regulate muscle metabolism and regeneration by activating key 
intracellular signaling pathways. Specifically, irisin can markedly 
enhance mitochondrial biogenesis by activating the PGC-1α and 
AMPK pathways, improving myocyte energy metabolism efficiency, 
it also modulates the browning of adipose tissue, indirectly improving 
metabolic status. IL-6, through the JAK–STAT and mTOR signaling 
pathways, promotes satellite cell activation and differentiation, 
enhances muscle protein synthesis, and suppresses the ubiquitin–
proteasome degradation pathways associated with muscle atrophy. 
These myokines are not merely passive signaling molecules but active 
regulators of muscle metabolism, resistance to oxidative stress, and 
inflammation. More importantly, they can mediate interorgan 
communication and modulate immune system function, potentially 
reversing age-related muscle degeneration and offering novel 
molecular targets and intervention strategies for treating sarcopenia.

Recent research advances show that CRISPR-based interventions 
have potential as innovative treatments for sarcopenia (154). For 
example, some studies have successfully edited the myostatin gene 
using the CRISPR/Cas9 system, significantly increasing muscle mass 
in small livestock such as pigs. Another study investigated precise 
CRISPR editing of the myostatin signaling pathway in skeletal muscle, 
demonstrating positive effects on improving muscle quality and 
function. In addition, research has reported generating myostatin-
mutant rabbits through gene editing, a result that provides new 
directions for personalized interventions (155). These advances not 
only open new potential avenues for treating sarcopenia but also 
underscore the key role of CRISPR in improving muscle health.

4 Conclusion and discussion

We employed a systematic literature search strategy to conduct a 
comprehensive and precise review in the Web of Science and PubMed 
database. During the search process, we  used multiple carefully 
selected keyword combinations, including “myokines,” “muscle 
cytokines,” “sarcopenia,” and “age-related muscle atrophy,” setting the 
time frame from 2013 to 2023 to comprehensively capture the latest 
research developments in this field. To ensure the representativeness 
and quality of the literature, we prioritized human clinical studies and 
animal experimental models and conducted a rigorous quality 

assessment of the included studies, evaluating the scientific rigor of 
the study design, sample size, the sophistication of experimental 
methods, and the reliability of conclusions. Through this strict search 
and screening approach, we  aim to provide a more systematic, 
objective, and cutting-edge literature review.

Current research on myokines in sarcopenia faces numerous 
limitations. First, most studies are based on animal models or in vitro 
experiments, posing challenges for clinical translation. Second, there is 
a wide variety of myokines, and the interactions among different 
myokines as well as their combined effects within the human body 
have not been fully elucidated. Additionally, current research 
predominantly focuses on several major myokines (such as IL-6, IL-15, 
and myostatin), while functional studies on other novel myokines 
remain relatively insufficient. At the same time, although a large body 
of research has examined the roles of IL-6, IGF-1, and myostatin in 
sarcopenia, there remains some controversy regarding the mechanisms 
by which these factors act. For example, IL-6 displays bidirectional 
effects depending on the context: during acute inflammation it can 
promote muscle repair, whereas in chronic inflammation it may lead 
to muscle wasting. This suggests that IL-6’s function depends not only 
on its concentration but also on specific physiological conditions. In 
addition, while IGF-1 supplementation therapy can improve muscle 
quality in the short term, long-term use may encounter issues of 
reduced organismal responsiveness, indicating that treatment regimens 
should be  chosen cautiously in clinical practice. Furthermore, the 
function of myostatin is not limited to inhibiting muscle growth; some 
studies suggest it may also indirectly affect muscle health by influencing 
insulin signaling pathways and fat metabolism. Therefore, future 
research should comprehensively consider the interactions among 
these factors to elucidate the complexity of sarcopenia and to advance 
the development of personalized intervention strategies.

Future research directions should emphasize the development of 
longitudinal cohort studies to clarify the dynamic expression patterns 
of myokines with aging and their association with sarcopenia 
progression. At the same time, in-depth investigation into the 
interaction networks between myokines and other tissue stromal 
factors is necessary, especially their cross-talk with adipose tissue and 
the skeletal system. Another important direction is to elucidate the 
regulatory mechanisms by which different types of exercise modulate 
the expression of specific myokines, in order to optimize exercise 
intervention strategies.

At the forefront of sarcopenia research, the integration of novel 
myogenic factor discoveries with CRISPR gene editing technology offers 
revolutionary possibilities for precise intervention. By constructing 
multi-scale, cross-dimensional regulatory network models of myogenic 
factors, we can deeply analyze the molecular mechanisms of muscle 
degeneration. Specifically, this innovative research paradigm goes 
beyond traditional single-factor studies by adopting a systems biology 
perspective that integrates complex regulatory patterns involving 
epigenetic regulation, intercellular communication networks, and 
inflammatory responses. For example, precise editing of key genes 
associated with muscle atrophy using CRISPR-Cas9 technology, 
combined with single-cell transcriptomics and proteomics analyses, can 
reveal the multi-level mechanisms by which myogenic factors regulate 
muscle metabolism, stem cell activity, and inflammatory responses. This 
multidimensional integrative approach is expected to overcome the 
limitations of conventional research paradigms, providing a more 
in-depth and comprehensive theoretical foundation for personalized and 
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precise interventions in sarcopenia, while also opening new research 
avenues for muscle health management in the elderly population.

Myokines, as bioactive molecules secreted by muscle tissue, play 
a complex and crucial role in the onset and progression of sarcopenia. 
Through various mechanisms—including regulating the balance of 
muscle protein metabolism, influencing the activation and 
differentiation of muscle satellite cells, participating in the modulation 
of inflammatory responses, and maintaining the integrity of 
neuromuscular junctions—myokines serve as an important bridge 
connecting mechanical stimuli, metabolic changes, and muscle 
adaptive responses. Among them, key myokines such as IL-6, IL-15, 
BDNF, myostatin, and decorin have irreplaceable roles in maintaining 
muscle mass and function, and their dysregulated expression directly 
contributes to the pathological process of sarcopenia.

Intervention strategies targeting myokines provide new 
perspectives and approaches for the prevention and treatment of 
sarcopenia. On one hand, exercise training, especially resistance 
training, can optimize the secretion profile of myokines by enhancing 
the expression of muscle growth-promoting factors and inhibiting the 
production of muscle atrophy-inducing factors. On the other hand, 
pharmacological treatments targeting specific myokines—such as 
anti-myostatin antibodies and delivery of exogenous IL-15 or irisin—
have demonstrated potential in preventing muscle atrophy in animal 
studies, with some interventions currently advancing toward clinical 
trial phases.

With the continuous deepening of our understanding of the 
biological functions of myokines and the ongoing development of 
precise intervention technologies, personalized treatment strategies 
based on myokines are expected to become important means to 
address the global challenge of aging and improve the quality of life in 
elderly populations. In the fields of geriatric and rehabilitation 
medicine, research on myokines will provide a strong theoretical 
foundation and practical guidance for improving sarcopenia-related 
functional impairments and preventing disability, ultimately 
contributing to the realization of healthy aging.
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