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Abstract: This comprehensive review aims to synthesize current evidence on sepsis-related skeletal muscle atrophy, with a focus on
underlying mechanisms, diagnostic approaches, and therapeutic interventions. A systematic literature search was conducted in PubMed,
Web of Science, and Cochrane Library up to October 2024, including clinical, translational, and animal studies. We critically analyzed the
pathophysiological mechanisms linking sepsis to muscle wasting, including inflammatory signaling, mitochondrial dysfunction, and
proteolytic pathways. Epidemiological data indicate a high incidence of muscle atrophy in sepsis patients, particularly among the elderly
and those with comorbidities. Diagnostic modalities such as CT, MRI, ultrasound, and emerging biomarkers including urinary titin and
myokines are discussed. Treatment strategies encompassing nutritional support, pharmacotherapy (eg, GLP-1RAs, myostatin inhibitors),
and rehabilitation are evaluated. Controversies regarding etiology and treatment efficacy are highlighted. Future directions include the
exploration of novel biomarkers, genomics-based personalized therapy, and long-term outcome studies. This review provides a structured
and critical appraisal of the current state of knowledge, aiming to inform clinical practice and future research.
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Introduction

Sepsis represents a formidable challenge in critical care medicine, characterized by a dysregulated host response to infection
that leads to life-threatening organ dysfunction. With an estimated incidence of 48.9 million cases and 11 million sepsis-related
deaths worldwide in 2017, sepsis remains a leading cause of mortality in hospitalized patients.'* The complex pathophysiol-
ogy of sepsis involves an intricate interplay of inflammatory cascades, immune dysregulation, coagulopathy, and metabolic
disturbances, often culminating in multiple organ dysfunction syndrome (MODS).

Among the various complications of sepsis, skeletal muscle atrophy has emerged as a particularly debilitating condition
that significantly impacts patient outcomes. Sepsis-induced skeletal muscle wasting affects up to 60% of critically ill patients
and is characterized by rapid loss of muscle mass and strength, contributing to the development of intensive care unit-acquired
weakness (ICU-AW).>* This complication not only prolongs mechanical ventilation duration and hospital stay but also leads
to long-term functional impairment, reduced quality of life, and increased healthcare costs.

The molecular mechanisms underlying sepsis-related skeletal muscle atrophy are multifaceted, involving the activa-
tion of ubiquitin-proteasome system, enhanced autophagy, mitochondrial dysfunction, and impaired protein synthesis.
Inflammatory mediators such as TNF-a and IL-6 play pivotal roles in initiating and propagating muscle wasting through
various signaling pathways, including NF-kB and JAK/STAT pathways.>® Additionally, metabolic alterations, endocrine
disturbances, and microcirculatory impairments further exacerbate the catabolic state in skeletal muscle.
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Despite advances in our understanding of the pathophysiology, several challenges remain in the clinical management
of sepsis-related skeletal muscle atrophy. The heterogeneity in patient populations, variations in diagnostic criteria, and
lack of standardized therapeutic approaches contribute to inconsistent clinical outcomes. Furthermore, the complex
interplay between sepsis pathophysiology and muscle wasting mechanisms necessitates a comprehensive approach to
diagnosis and treatment.

This comprehensive review aims to synthesize current evidence on sepsis-related skeletal muscle atrophy, with
particular focus on: (1) the pathophysiological mechanisms linking sepsis to muscle wasting; (2) epidemiological
characteristics across different patient populations; (3) advances in diagnostic methodologies including imaging techni-
ques and biomarkers; (4) current and emerging therapeutic strategies encompassing nutritional support, pharmacological
interventions, and rehabilitation protocols; and (5) future research directions. Through a systematic examination of the
literature, this review seeks to provide clinicians and researchers with an updated framework for understanding,
diagnosing, and managing this challenging complication of sepsis.

Methods

We conducted a comprehensive narrative review of the literature on sepsis-related skeletal muscle atrophy. The search
was performed in PubMed, Web of Science, Scopus, and Cochrane Library from inception to July 2024. Search terms
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included “sepsis”, “skeletal muscle atrophy”, “muscle wasting”, “critical illness myopathy”, “ICU-acquired weakness”,
combined with “mechanisms”, “diagnosis”, “treatment”, and “biomarkers”. We included both human and animal studies
to provide a comprehensive perspective. The inclusion criteria were: (1) studies focusing on sepsis or critically ill
patients with sepsis and skeletal muscle atrophy; (2) studies investigating mechanisms, epidemiology, diagnosis, or
treatment of sepsis-related muscle atrophy; (3) original research, reviews, meta-analyses, and guidelines. Exclusion
criteria were: (1) studies not in English; (2) studies not focusing on sepsis or muscle atrophy. The selection process was

performed by two independent reviewers, and any discrepancies were resolved by consensus.

Fundamental Theory of Sepsis-Related Skeletal Muscle Atrophy

Pathophysiological Mechanism of Sepsis

Sepsis is defined as a dysregulated host response to infection that results in life-threatening organ dysfunction, posing
a significant challenge in critical care medicine.' The primary features include an aberrant immune response that inflicts
extensive damage to host tissues, leading to multiple organ dysfunction syndrome (MODS). The pathophysiology involves
inflammatory responses, immune dysregulation, microcirculatory disturbances, and cellular metabolic abnormalities.

In the inflammatory response, innate immune cells recognize pathogens via pattern recognition receptors (PRRs),
leading to activation and secretion of inflammatory cytokines including TNF-a and IL-6.** These cytokines stimulate
additional immune cells, culminating in systemic inflammatory response syndrome. Excessive inflammation increases
vascular permeability, causes tissue edema, and activates coagulation, forming microthrombi that impede blood circula-
tion and exacerbate tissue hypoxia.’

Sepsis disrupts immune regulation, with initial excessive inflammation often followed by immune suppression due to
lymphocyte apoptosis, immune cell exhaustion, and heightened regulatory T-cell activity.® Microcirculatory dysfunction
involves endothelial cell damage, promoting leukocyte and platelet adhesion, microthrombus formation, and impaired
oxygen delivery.’

Cellular metabolic disorders feature mitochondrial dysfunction due to hypoxia, oxidative stress, and inflammatory
mediators, leading to impaired oxidative phosphorylation and diminished ATP production.'® Persistent stress initiates
apoptotic pathways, while dysregulated autophagy may contribute to cell damage.

The progression to MODS in sepsis exacerbates skeletal muscle atrophy through organ-specific mechanisms. Hepatic
dysfunction impairs synthesis of insulin-like growth factor-1 (IGF-1) and albumin,'' while reduced ammonia detoxifica-
tion leads to hyperammonemia that activates muscle proteolysis. Renal impairment promotes muscle wasting through
uremic toxin accumulation and metabolic acidosis. Cardiac dysfunction reduces peripheral perfusion, limiting nutrient
delivery, while pulmonary dysfunction increases respiratory muscle workload, creating an energy deficit.
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The Molecular Biological Basis of Skeletal Muscle Atrophy

Muscle atrophy represents a multifaceted pathological condition characterized by a marked reduction in muscle mass and
strength resulting from the interplay of various factors. This process is associated with alterations in an extensive array of
gene expression and signal transduction pathways. Central to this process is the ubiquitin—proteasome system (UPS),
which constitutes a primary pathway for intracellular protein degradation, facilitating the precise tagging and breakdown
of specific proteins.'*'* In the context of muscle atrophy, there is notable upregulation of the expression of muscle-
specific E3 ubiquitin ligases, such as Atrogin-1 and MuRF-1."* These ubiquitin ligases function as molecular “tags,”
identifying and binding to muscle proteins, thereby earmarking them for degradation.'>™!” The proteasome subsequently
recognizes and degrades these tagged muscle proteins, culminating in a decrease in muscle mass. For example, in models
of glucocorticoid-induced muscle atrophy, there is a significant increase in the expression levels of Atrogin-1 and MuRF-
1."® 2! Glucocorticoids, which are stress hormones, are secreted in substantial quantities under certain pathological or
physiological conditions, such as prolonged stress or illness.

Inflammatory signalling pathways are integral to the process of skeletal muscle atrophy.??>* Inflammatory mediators,
such as tumour necrosis factor (TNF)-a and IL-6, are known to activate associated signalling pathways, thereby
facilitating the progression of muscle atrophy. Notably, IL-6 functions not only as an inflammatory marker but also as
a crucial signalling molecule. It operates through multiple signalling pathways, among which the JAK2/STAT3 pathway
is particularly significant in inducing muscle atrophy.?>” Upon binding to its receptor, IL-6 activates the JAK2 kinase,
leading to the phosphorylation of the STAT3 transcription factor.”*?° Phosphorylated STAT3 subsequently dimerizes and
translocates to the nucleus, where it serves as a transcriptional activator by binding to promoter regions of genes
implicated in muscle atrophy, thereby inducing their expression. The proteins encoded by these genes are involved in the
degradation of muscle proteins or the inhibition of muscle protein synthesis, ultimately promoting protein degradation
and resulting in reduced muscle mass and strength.

The IGF-1 signaling pathway plays a pivotal role in regulating skeletal muscle mass by promoting protein synthesis
and inhibiting proteolysis. IGF-1 activates the PI3K/Akt/mTOR pathway,’®*' which stimulates mRNA translation
initiation and protein synthesis through downstream effectors including S6K1 and 4E-BP1. Concurrently, Akt phosphor-
ylates and inhibits FoxO transcription factors, preventing their nuclear translocation and subsequent activation of
atrophy-related genes such as Atrogin-1 and MuRF-1.*% In sepsis, circulating IGF-1 levels are significantly reduced
due to hepatic dysfunction and growth hormone resistance. Furthermore, sepsis-induced inflammation impairs IGF-1
signaling through multiple mechanisms,*® including increased expression of IGF-binding proteins and activation of
negative regulators such as PTEN. The restoration of IGF-1 signaling represents a promising therapeutic approach for
counteracting sepsis-related muscle atrophy, though clinical translation requires careful consideration of potential side
effects related to its growth-promoting properties.

Moreover, oxidative stress and mitochondrial dysfunction are critical contributors to the pathogenesis of skeletal
muscle atrophy.®* Under normal physiological circumstances, mitochondria function as the cell’s energy powerhouses,
generating adenosine triphosphate (ATP) through respiration to support various cellular activities. However, in patholo-
gical states, such as chronic diseases and ageing, there is an overproduction of reactive oxygen species (ROS). Cellular
antioxidant defence mechanisms are often insufficient to eliminate these excessive ROS promptly, resulting in oxidative
stress.®® This overabundance of ROS can inflict direct damage on mitochondria, thereby disrupting their dynamic
equilibrium and impairing their autophagic processes.’® Mitochondrial autophagy, also known as mitophagy, is
a crucial cellular self-preservation mechanism that ensures mitochondrial integrity by facilitating the degradation of
dysfunctional mitochondria. The inhibition of mitochondrial autophagy leads to the accumulation of impaired mitochon-
dria within the cell, exacerbating the production of ROS and perpetuating a deleterious cycle. The resulting surplus of
ROS not only compromises mitochondrial structure and function but also impairs the normal operations of other
organelles, culminating in cellular metabolic disturbances. These disturbances are associated with increased degradation
of muscle proteins, a reduction in muscle mass, and the onset of skeletal muscle atrophy. Empirical studies have

demonstrated that the administration of antioxidants can effectively reduce oxidative stress and ameliorate the symptoms
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associated with skeletal muscle atrophy. This evidence underscores the pivotal role of oxidative stress in the pathogenesis
and progression of muscle atrophy and offers a theoretical foundation for the development of novel therapeutic strategies.

Associations Between Sepsis and Skeletal Muscle Atrophy

The interaction between sepsis and skeletal muscle atrophy is both intricate and multifaceted and involves numerous
underlying mechanisms. Inflammation serves as a pivotal link between these two conditions. During sepsis, excessive
activation of the immune system results in the release of a substantial quantity of inflammatory cytokines, notably TNF-a
and IL-6, which are central to this process. These cytokines circulate through the bloodstream and directly contribute to
the degradation of skeletal muscle proteins. TNF-a is known to activate various signalling pathways, including the
nuclear NF-kB pathway.?” Upon activation, NF-kB translocates from the cytoplasm to the nucleus, where it regulates the
expression of genes associated with muscle atrophy, thereby facilitating muscle protein hydrolysis.*® Similarly, IL-6
functions by activating specific transcription factors via the JAK/STAT signalling pathway, which promotes the
transcription and translation of genes involved in muscle protein degradation, ultimately accelerating muscle protein
breakdown and contributing to muscle atrophy. Research indicates that IL-6 knockout mice, developed through gene
knockout technology, demonstrate a marked reduction in skeletal muscle atrophy in sepsis models.** These findings
suggest that IL-6 is pivotal in the mechanism of sepsis-induced skeletal muscle atrophy, offering valuable insights into
the intricate relationship between sepsis and skeletal muscle degradation.

Mitochondrial dysfunction is a pivotal factor in sepsis-induced skeletal muscle atrophy. Sepsis can induce damage to
skeletal muscle mitochondria, leading to aberrant mitochondrial calcium uptake. This phenomenon is specifically marked
by a reduction in the ratio of mitochondrial calcium uptake 1 (MICU1) to mitochondrial calcium uniporter (MCU)
proteins. Under physiological conditions, MICU1 and MCU collaboratively regulate mitochondrial calcium uptake and
release, thereby maintaining calcium homeostasis within the mitochondria. An imbalance in their protein ratio results in
dysregulated mitochondrial calcium uptake. The ensuing disruption of calcium homeostasis adversely affects multiple
aspects of mitochondrial function, culminating in impaired muscle contraction. Given the essential role of calcium ions in
the muscle contraction process, disorders in mitochondrial calcium uptake disrupt the muscle excitation—contraction
coupling mechanism, thereby inhibiting normal muscle contraction.*® Furthermore, mitochondrial dysfunction can induce
muscle fibre atrophy. Sepsis may impact skeletal muscle by activating the autophagy pathway.*' Under normal
physiological conditions, autophagy is a crucial mechanism for maintaining cellular homeostasis and is responsible for

the clearance of damaged proteins and organelles within the cell.'®

However, during sepsis, the autophagy pathway
becomes excessively activated. This heightened autophagic activity resembles an uncontrolled “cleaning operation,”
which not only removes damaged components but also may lead to the excessive degradation of normal muscle proteins.
Such dysregulated autophagy disrupts protein equilibrium within the cell, causing the degradation rate of muscle proteins
to significantly surpass the synthesis rate, ultimately resulting in muscle atrophy.*?

The aetiology of sepsis-related skeletal muscle atrophy remains incompletely understood and is a subject of ongoing
debate. While the involvement of inflammatory responses and immune dysregulation is widely acknowledged, the
precise initiating factors and critical mechanisms necessitate further comprehensive investigation. Some scholars posit
that excessive inflammatory responses during sepsis are the primary drivers of skeletal muscle atrophy, as a substantial
release of inflammatory cytokines directly harms muscle cells and facilitates protein degradation.”®** Conversely, other
studies have indicated that mitochondrial dysfunction may serve as the initiating factor, with mitochondrial damage
precipitating aberrant energy metabolism, thereby triggering a cascade of intracellular signalling alterations that ulti-
mately culminate in muscle atrophy.** Moreover, the involvement of autophagy in sepsis-induced skeletal muscle atrophy
remains a subject of debate. Certain studies suggest that during sepsis, overactivation of autophagy results in excessive
degradation of muscle proteins, thereby worsening muscle atrophy. Conversely, moderate autophagy may serve as
a protective mechanism, facilitating the clearance of damaged organelles and proteins and maintaining cellular home-
ostasis. It is further hypothesized that aberrant autophagy might be a consequence of other factors rather than a direct
causative agent.'®*? The key mechanisms through which sepsis leads to skeletal muscle atrophy, highlighting their
interconnected nature, are summarized in Table 1.
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Table 1 Key Mechanisms Linking Sepsis to Skeletal Muscle Atrophy

Mechanism Category

Key Pathways/Processes

Major Mediators/
Components

Functional Impact on Skeletal Muscle

Inflammatory Signaling

Proteolytic System
Activation

Mitochondrial Dysfunction

Anabolic Suppression

Multi-Organ Dysfunction
(MODS) Interaction

Neuroendocrine &

Metabolic Dysregulation

NF-xB pathway
® JAK/STAT pathway
p38 MAPK pathway

® Ubiquitin-Proteasome System (UPS)

® Autophagy-Lysosomal Pathway

® Calpain system

® Oxidative phosphorylation
impairment

® Mitochondrial dynamics (Fission/
Fusion)

® Mitophagy

® Calcium homeostasis dysregulation
® |GF-1/PI3K/Akt/mTOR pathway

® Hepatic dysfunction
® Renal dysfunction

® Cardiac dysfunction

® Glucocorticoid signaling
® |nsulin resistance

® Growth hormone resistance

TNF-a, IL-6, IL-1B

Atrogin-1, MuRF-1, LC3,
Beclin-1, Calpains

ROS, MICUI/MCU ratio,
PGC-lo0, Damaged
mitochondria

IGF-1, Akt, mTOR, FoxO

transcription factors

Reduced IGF-1 synthesis,
Uremic toxins, Reduced

peripheral perfusion

Cortisol, Glucagon,

Catecholamines

® Promotes proteolysis via  ubiquitin-
proteasome system (UPS) activation

® [nhibits protein synthesis

® |nduces muscle cell apoptosis

® Accelerates degradation of contractile
proteins and organelles

® |eads to loss of muscle mass and function

ATP

energy-dependent processes

® Reduces production, impairing
® |Increases oxidative stress, damaging cellu-
lar components

® Disrupts excitation-contraction coupling

® Decreases muscle protein synthesis
® Fails to suppress proteolytic pathways
(eg, by inactivating FoxO)
® Exacerbates catabolic state and impairs
anabolic signaling
® Limits nutrient/oxygen delivery to muscle
® Accumulation of toxins promotes proteolysis
® Creates a hypercatabolic state
® Promotes gluconeogenesis using amino

acids from muscle breakdown

Epidemiology of Sepsis-Related Skeletal Muscle Atrophy

Incidence of Skeletal Muscle Atrophy in Patients with Sepsis

In the population of sepsis patients, skeletal muscle atrophy is a common complication that significantly adversely affects
patient outcomes.*>*® This condition has garnered considerable attention from researchers, yet there is notable variation in
the reported incidence of skeletal muscle atrophy within the literature.*” *’ For example, Fan*® et al reported a median
incidence of septic myopathy of 43%, with an interquartile range of 25-75%. This variation may arise from several factors,
including differences in study subject selection, variations in diagnostic methodologies, and disease severity. With respect to
study subject selection, discrepancies in characteristics such as age, sex, and underlying health conditions exist among the
patient cohorts examined in different studies. These factors may independently influence the occurrence of skeletal muscle
atrophy. For example, elderly sepsis patients may be more susceptible to skeletal muscle atrophy due to diminished physical
function and poorer nutritional status, whereas the incidence in younger patients may be comparatively lower. Variations in
diagnostic methodologies can result in data discrepancies. Certain studies predominantly utilize clinical symptoms and signs
to diagnose skeletal muscle atrophy, whereas others employ more sophisticated imaging techniques or biochemical markers.
The use of differing diagnostic criteria can substantially influence study outcomes. Furthermore, disease severity is a critical
factor affecting incidence rates. Patients with severe sepsis often experience rapid disease progression and are in a state of
heightened physiological stress, rendering them more vulnerable to skeletal muscle atrophy.* In a study by Ma™ et al, the
dynamic changes in the diaphragm and limb skeletal muscles of sepsis patients were examined, revealing that the incidence
rates of skeletal muscle atrophy on the 4th and 7th days in the ICU were 54.3% and 62.1%, respectively. Recent multicenter
studies have reported incidence rates ranging from 50% to 70% in sepsis survivors, with higher rates observed in patients
with MODS or prolonged ICU stays.*’'>? For instance, a prospective cohort study by Puthucheary’> et al demonstrated
that 60% of septic patients developed significant muscle wasting within the first week of ICU admission. Additionally, the

impact of deconditioning in critically ill patients must be considered, as immobilization and systemic inflammation
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synergistically accelerate muscle loss. These findings underscore the high prevalence of skeletal muscle atrophy among
sepsis patients. These findings have significant implications for clinical practice, emphasizing the need for health care
professionals to vigilantly monitor skeletal muscle atrophy in sepsis patients to facilitate timely intervention and enhance
patient outcomes.

In animal studies investigating the relationship between sepsis and skeletal muscle atrophy, researchers have utilized
the caecal ligation and puncture (CLP) technique to establish a sepsis model.™* This model effectively replicates the
pathophysiological processes of human sepsis, thereby serving as a robust tool for research. In experiments where sepsis
was induced in mice via CLP, researchers noted significant skeletal muscle atrophy.** Notably, there was a reduction in
muscle mass in the tibialis anterior and gastrocnemius muscles, which serves as a critical indicator of skeletal muscle
atrophy. Furthermore, a decrease in the cross-sectional area of muscle fibres was observed. The size of the muscle fibre
cross-sectional area is a direct reflection of the muscle’s development and functional status, with a reduction indicating
a decrease in both muscle volume and strength. The observed atrophic characteristics corroborate the conclusion that
sepsis is associated with skeletal muscle atrophy. These experimental findings offer significant insights into the
mechanisms underlying sepsis-induced skeletal muscle atrophy. Using animal models, we can conduct an in-depth
investigation into the cellular and molecular mechanisms involved in sepsis-related skeletal muscle atrophy, thereby

establishing a foundation for the development of novel therapeutic strategies.

Epidemiological Characteristics of Sepsis-Related Skeletal Muscle Atrophy in Different

Populations

Among diverse populations, the epidemiological characteristics associated with sepsis-induced skeletal muscle atrophy
demonstrate significant heterogeneity.”> A study by Yu®® et al revealed that among a cohort of patients who experienced
sepsis-related skeletal muscle atrophy, 71.4% were male, and 62.0% were over the age of 60. From an age-related perspective,
the elderly population experiences a decline in physiological functions and a progressive reduction in organ functionality due
to the deterioration of physiological processes, which is accompanied by a weakening of the immune system.’® Compared
with younger individuals, the onset of sepsis significantly impairs the elderly population’s ability to manage inflammatory
responses and infection-induced shock. The reduced regenerative capacity of myocytes and the slowdown in protein synthesis
contribute to an increased incidence of skeletal muscle atrophy in this population.’” Moreover, elderly individuals exhibit
a diminished capacity for recovery following skeletal muscle atrophy, largely attributable to reduced nutrient absorption
efficiency and hormonal imbalances that negatively affect muscle repair and growth processes.’®>° In particular, during
inflammatory conditions, the levels of proinflammatory cytokines remain persistently elevated in older adults, thereby
disrupting muscle synthesis signalling pathways and subsequently inhibiting muscle repair and growth.

From a gender perspective, research conducted by Borges®” et al suggested that males may have a greater predisposition to
sepsis-related skeletal muscle atrophy, although the mechanisms underlying this disparity remain unclear. Current hypotheses
propose that the levels of hormones, particularly androgens such as testosterone, may play a role in influencing muscle
metabolism under certain conditions. A decrease in testosterone levels could lead to reduced protein synthesis, thereby affecting
muscle growth and repair. Additionally, lifestyle factors may contribute to this difference, as males and females often differ in
their living habits and occupational roles, which may result in varied responses to sepsis. With respect to disease types, sepsis
patients with preexisting chronic conditions are at increased risk of developing skeletal muscle atrophy. For example, in diabetic
patients, a hyperglycaemic environment adversely impacts muscle metabolism and increases susceptibility to skeletal muscle
atrophy during sepsis.®*¢!

Beyond age and gender, other demographic and clinical factors significantly influence the risk of sepsis-related muscle
atrophy. Comorbidities such as diabetes, chronic kidney disease, and heart failure are associated with accelerated muscle loss
due to pre-existing metabolic and inflammatory dysregulation.®** Ethnic disparities have been observed, with some studies
suggesting higher susceptibility in certain racial groups, though data remain limited. Socioeconomic status and geographic
location also impact access to early rehabilitation and nutritional support, further modulating atrophy risk. Future studies
should stratify by these variables to better understand population-specific vulnerabilities.
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Risk Factors for Sepsis-Related Skeletal Muscle Atrophy

Several factors contribute to the increased risk of sepsis-induced skeletal muscle atrophy, with the inflammatory response
playing a critical role. During sepsis, the body initiates an exaggerated inflammatory response, leading to the release of
numerous inflammatory mediators.®* These mediators have direct harmful effects on skeletal muscle cells, accelerating the
degradation of muscle proteins. Notably, there is a marked increase in the levels of inflammatory cytokines, such as TNF-a
and IL-6, which compromise the structural and functional integrity of muscle tissue. As these cytokines proliferate within
the body, the environment for skeletal muscle cell survival becomes compromised, impairing their ability to maintain
normal physiological functions and ultimately resulting in muscle atrophy. The muscle damage mediated by this inflam-
matory response is a complex and persistent process, with the severity of muscle atrophy increasing in parallel with the
escalation of inflammation. Moreover, nutritional status and muscular disuse are critical risk factors in this context.
Malnutrition leads to a significant deficiency of essential nutrients necessary for muscle synthesis, thereby hindering
muscle growth and repair processes and increasing susceptibility to skeletal muscle atrophy.®>®° Patients with sepsis often
experience inadequate nutritional intake due to inflammatory stress and anorexia. As a result, the body’s nutritional reserves
become severely depleted and cannot be replenished promptly, further exacerbating muscle atrophy. In addition, the impact
of muscular disuse due to prolonged immobilization is significant. Research indicates that extended bed rest is associated
with more pronounced skeletal muscle atrophy in sepsis patients.®” The cessation of physical activity results in a reduction
in muscle fibre diameter and volume, ultimately leading to skeletal muscle atrophy.

Analysis of Heterogeneity in Clinical Research Results
In the domain of clinical research concerning sepsis-related skeletal muscle atrophy, the findings exhibit considerable
heterogeneity. This variability is attributable primarily to differences in patient inclusion criteria, treatment protocols, and
observational indicators across various studies, which complicates the direct comparison of research results. For example,
in investigations evaluating the efficacy of specific interventions for sepsis-related skeletal muscle atrophy, some studies
emphasize muscle mass as the principal observational parameter, whereas others prioritize muscle function or patient
quality of life. This divergence in focus has led to disparate research outcomes.®®

Moreover, variables such as race, age, and preexisting medical conditions of the study participants can significantly impact
research outcomes. Diverse racial groups may exhibit varied responses to treatments, and physiological responses, as well as
muscle recovery capabilities in sepsis, may differ between older and younger populations.”” These factors contribute to the
variability observed in clinical research findings, thereby complicating the development of a standardized treatment protocol. As
a result, there is a pressing need for large-scale, multicentre, and standardized studies to determine the most effective treatment
strategies.®®

Diagnostic Techniques for Sepsis-Related Skeletal Muscle Atrophy
Imaging Diagnostic Methods for Skeletal Muscle Atrophy

In the diagnostic evaluation of sepsis-associated skeletal muscle atrophy, imaging modalities are of paramount
importance.®” Magnetic resonance imaging (MRI) technology offers comprehensive insights into muscle soft tissues,
enabling the detection of pathological alterations such as muscle fatty infiltration and oedema. This capability facilitates
the early identification of subtle skeletal muscle lesions.”””" In the context of diagnosing and differentiating specific
muscle diseases, MRI can elucidate distinct patterns of muscle damage.’”

Computed tomography (CT) technology provides precise visualization of the morphology, structure, and density character-
istics of skeletal muscles.”® Through quantitative analysis of the skeletal muscle area at specific anatomical landmarks, such as
the third lumbar vertebra, muscle mass can be effectively assessed. Empirical evidence suggests that the skeletal muscle index, as
determined by CT, is significantly correlated with patient muscle strength and clinical outcomes. For example, within oncological
patient cohorts, a reduced skeletal muscle index frequently is correlated with a less favourable prognosis.™

Conversely, ultrasound examination, characterized by its convenience, noninvasiveness, and high reproducibility, allows for
real-time assessment of muscle morphology, thickness, and echo characteristics, thereby providing an evaluation of muscle
atrophy.” Studies utilizing ultrasound technology to measure muscle thickness in patients with sepsis have demonstrated
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a significant correlation with muscle strength, suggesting that ultrasound examination is an effective tool for monitoring muscle
76
status.

The Application of Blood Biomarkers in Sepsis-Related Skeletal Muscle Atrophy
Blood biomarkers have significantly advanced research in the diagnosis and monitoring of sepsis-related skeletal muscle
atrophy.”” Specific serum protein markers, such as creatine kinase (CK), are indicative of muscle damage and atrophy, as
CK is released into the bloodstream during muscle injury; however, its elevated levels have relatively low specificity.”™”’
Conversely, various subtypes of muscle-specific troponin I (sTnl), particularly the fast skeletal muscle subtype (fsTnl),
demonstrate greater specificity for assessing skeletal muscle damage under certain conditions. Notably, increases in fsTnl
levels can serve as valuable monitoring indicators for statin-induced skeletal muscle damage.®

Furthermore, specific cytokines and inflammatory markers have been linked to sepsis-induced skeletal muscle atrophy®'
Inflammatory mediators, including IL-6 and TNF-q, play dual roles in both the inflammatory response associated with sepsis and
the pathogenesis of skeletal muscle atrophy. Urinary titin fragments have been identified as potential biomarkers for the early
detection of skeletal muscle proteolysis and atrophy.® In several disease models that result in skeletal muscle atrophy, elevated
urinary titin levels are observed at an early stage, preceding conventional indicators.®

Emerging research has identified myokines and muscle-specific metabolites as promising biomarkers for sepsis-related

skeletal muscle atrophy.®® Myostatin,®”*

a transforming growth factor-f§ family member, is significantly elevated in sepsis
and correlates with muscle wasting severity through its inhibition of satellite cell activation and muscle regeneration.
Conversely, irisin,®” an exercise-induced myokine, demonstrates protective effects by promoting mitochondrial biogenesis
and reducing inflammation, with decreased levels observed in septic patients. Metabolomic analyses have revealed alterations
in muscle-specific metabolites including carnosine, which exhibits antioxidant and pH-buffering capacities, and 3-methylhis-
tidine, a specific marker of myofibrillar protein degradation. The ratio of 3-methylhistidine to creatinine in urine provides
a non-invasive measure of ongoing muscle proteolysis.”® These novel biomarkers offer potential for early detection and

monitoring of muscle atrophy, though their clinical utility requires validation in large prospective studies.

Functional Assessment Tools for Sepsis-Related Skeletal Muscle Atrophy

The functional evaluation of skeletal muscle atrophy associated with sepsis is essential for comprehending the patho-
physiology of the disease and developing effective treatment strategies. Handgrip strength assessment, a traditional and
accessible technique, serves as an indirect measure of upper limb muscle strength by quantifying handgrip force. This
measure is strongly associated with the patient’s capacity to perform activities of daily living.”"** Empirical research
indicates that individuals with sepsis typically exhibit a marked reduction in handgrip strength, with the extent of this
decline correlating with both the degree of muscle atrophy and the severity of the disease.*®

Handgrip strength has demonstrated good test-retest reliability (ICC > 0.85) in critically ill populations and correlates
strongly with overall muscle function and clinical outcomes.”® The repeated sit-to-stand test shows moderate to high
validity in assessing lower limb muscle endurance, though its applicability in acutely ill sepsis patients requires further
validation.”* It is important to note that these tools were primarily developed for general muscle function assessment and
have not been specifically validated for sepsis-related atrophy, highlighting a gap in the current literature.

The evaluation of muscle function encompasses the assessment of both muscle endurance and explosive power.””> For
example, the repeated sit-to-stand test serves as a measure of lower limb muscle endurance, with the outcomes being significantly
correlated with the patient’s mobility and prognosis. Furthermore, sophisticated techniques such as magnetic resonance spectro-
scopy (MRS) facilitate the detection of muscle metabolites and the assessment of muscle energy metabolism status, thereby

contributing to a more comprehensive understanding of the functional alterations in skeletal muscles under septic conditions.”*"’

Treatment Strategies for Sepsis-Related Skeletal Muscle Atrophy
The Role of Nutritional Support in Sepsis-Related Skeletal Muscle Atrophy

Nutritional support is pivotal in the management of sepsis-related skeletal muscle atrophy, with adequate protein intake
serving as the cornerstone for preserving muscle mass by supplying essential substrates for muscle synthesis.”®’ According
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to the Chinese guidelines for medical nutrition therapy in adult sepsis patients,”® which integrate findings from multiple prior
studies, early protein intake of 0.6-1.2 g-kg '-d™" within the first 72 hours is recommended (weak recommendation, low-
certainty evidence). This approach is suggested to enhance the nutritional status of sepsis patients and improve clinical
outcomes. A previous large-scale randomized controlled trial (RCT) involving 3036 participants reported that early protein
restriction (0.2-0.4 g-kg '-d™"), compared with standard protein intake (1.0-1.3 g-kg '-d™"), did not lead to statistically
significant differences in mortality rates; however, it was advantageous for clinical improvement and the reduction of

complications such as skeletal muscle atrophy.'® Conversely, meta-analyses conducted by van'®!

et al revealed that protein
intake >1.2 g-kg '-d"! was correlated with decreased mortality and mitigated muscle atrophy, whereas excessive protein
intake (>2.2 g'kg '-d"") did not confer additional benefits. These findings collectively underscore the critical role of
nutritional support while also indicating that excessive supplementation may have detrimental effects.

Furthermore, certain nutrients, including vitamin D and ®-3 polyunsaturated fatty acids, have shown potential health
benefits. Vitamin D plays a crucial role not only in the regulation of calcium and phosphorus metabolism but also in
muscle function, where it promotes muscle protein synthesis and enhances muscle strength.'®? Research conducted by
Prokopidis'®® et al revealed a correlation between vitamin D deficiency and diminished muscle function, as well as an
elevated risk of sarcopenia. A longitudinal study by Yoo et al further supported the notion that vitamin D deficiency may
act as an independent risk factor for sarcopenia.'® Additionally, several RCTs have demonstrated that vitamin

105,106

D supplementation can lead to improvements in muscle strength and physical function indicators. ®-3 polyunsa-

turated fatty acids exhibit anti-inflammatory properties, which can attenuate the inflammatory response induced by

sepsis, thereby providing indirect protection to skeletal muscle.'®’

Recent Advances in Pharmacotherapy
Research on pharmacotherapy for sepsis-related skeletal muscle atrophy has garnered significant attention in recent
years.'”® Certain pharmacological agents, including GLP-1 receptor agonists (GLP-1RAs), exert their effects by
modulating inflammatory responses; these agents not only lower glucose levels but also possess anti-inflammatory and
antioxidant properties. Preclinical studies have demonstrated that GLP-1RAs can mitigate organ dysfunction and skeletal
muscle atrophy associated with sepsis.'?%!'°

Furthermore, there is an active pursuit of drug development aimed at enhancing muscle growth and metabolism. For
example, myostatin inhibitors counteract the negative regulatory effects of myostatin on muscle growth, thereby
facilitating muscle hypertrophy.''"""'? In animal models, the myostatin inhibitor YK 11 has been shown to reduce muscle
atrophy in septic mice, decrease the levels of inflammatory cytokines, and improve survival rates.''® Additionally,
antioxidants such as edaravone have been found to alleviate mitochondrial oxidative stress, enhance muscle function, and

exhibit potential therapeutic benefits in relevant disease models.''*

Impacts of Rehabilitation Training on Sepsis-Related Skeletal Muscle Atrophy
Rehabilitation training plays a pivotal role in mitigating the skeletal muscle atrophy associated with sepsis.''>!''® Engaging in
early physical activity and exercise training facilitates improved muscle blood circulation, enhances the delivery of oxygen
and nutrients to muscle tissues, and stimulates muscle protein synthesis, thereby decreasing the incidence of muscle atrophy.
For patients in the ICU, the early initiation of rehabilitation interventions, including bed limb exercises and sitting-up
training, has demonstrated significant efficacy in enhancing muscle strength and motor function, ultimately contributing to
a reduction in both the duration of mechanical ventilation and the length of hospitalization.®®

Research indicates that different modalities of exercise training exhibit significant variations in their physiological effects.
Aerobic exercise is known to enhance cardiopulmonary function, augment individual endurance, and improve muscle
metabolic conditions, whereas resistance training focuses primarily on increasing muscle strength and hypertrophy.
A comprehensive rehabilitation program that integrates both aerobic and resistance training has been shown to produce
more pronounced improvements in skeletal muscle atrophy and functional recovery in patients with sepsis. For example,
Cunha''” et al reported notable improvements in lower limb muscle atrophy in rats with heart failure following a regimen of
aerobic training. Similarly, Cai''® et al demonstrated that both aerobic and resistance exercise significantly mitigated skeletal
muscle atrophy and enhanced muscle strength in rats with heart failure compared with baseline measurements.
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Natural Products in Sepsis-Related Skeletal Muscle Atrophy

Natural products have gained increasing attention as potential therapeutic agents for sepsis-related skeletal muscle
atrophy due to their multi-target mechanisms and favorable safety profiles.''® Curcumin,'?® the active compound
in turmeric, demonstrates potent anti-inflammatory effects by inhibiting NF-kB activation and reducing pro-
inflammatory cytokine production, while also ameliorating mitochondrial dysfunction through enhancement of

oxidative phosphorylation and reduction of reactive oxygen species. Resveratrol,'*!

a polyphenol found in grapes
and berries, activates SIRT1 and AMPK pathways, promoting mitochondrial biogenesis and autophagy regulation.
Epigallocatechin-3-gallate (EGCG) from green tea exhibits antioxidant properties and modulates protein synthesis
and degradation pathways.'?> Ginsenosides from Panax ginseng have shown promise in enhancing muscle

regeneration through regulation of IGF-1 signaling and satellite cell activity.'??

While preclinical studies demon-
strate efficacy of these natural compounds in attenuating muscle atrophy, clinical evidence remains limited. Future
research should focus on standardized extraction methods, bioavailability optimization, and well-designed clinical

trials to establish dosing regimens and validate therapeutic benefits in septic patients.

Controversy Over the Efficacy and Safety of Treatment Strategies

At present, there is significant discourse regarding the effectiveness and safety of treatment strategies for sepsis-related
skeletal muscle atrophy. Nutritional support is broadly acknowledged as an essential therapeutic intervention;”® however,
the specific choice of nutritional formula and the ideal timing for supplementation necessitate further elucidation. Certain
studies suggest that early and intensive nutritional supplementation may enhance patient outcomes, whereas other
research indicates that excessive nutrient intake could impose a metabolic burden, potentially increasing the risk of
complications such as hyperglycaemia and hyperlipidaemia.'**

Although certain drugs have shown promising therapeutic effects in preclinical animal studies, their efficacy and
safety in clinical settings necessitate further validation. For example, some novel drugs may exhibit adverse effects that
limit their broader application. Additionally, the efficacy and safety profiles of various drug combinations remain
insufficiently investigated, highlighting the pressing need to identify optimal drug combinations and treatment regimens

in current clinical practice.'®

Future Research Directions in Sepsis-Related Skeletal Muscle Atrophy

Exploration of Novel Biomarkers

Investigating novel biomarkers is essential for the early diagnosis and monitoring of treatment of sepsis-induced skeletal
muscle atrophy. Contemporary research has focused predominantly on protein levels, metabolites, and gene expression.
Within the domain of proteomics, the utilization of proteomic techniques facilitates a comprehensive analysis of alterations in
protein expression in skeletal muscle during sepsis, thereby enabling the identification of potential biomarkers. For example,
several studies have reported that specific proteins exhibit characteristic changes in expression during sepsis-induced skeletal
muscle atrophy and may serve as biomarkers for diagnosing or monitoring disease progression.''*

Metabolomics technology is capable of detecting dynamic alterations in metabolites within the body, thereby offering
potential insights for the identification of novel biomarkers. In the context of sepsis, notable modifications in muscle
metabolism occur, with changes in specific metabolites potentially linked to skeletal muscle atrophy. Furthermore,
investigations into the regulatory mechanisms of gene expression, including the modulatory effects of microRNAs
(miRNAs) and long noncoding RNAs (IncRNAs) on genes associated with muscle atrophy, are anticipated to reveal new

biomarkers and therapeutic targets.'*>'*°

Genomics-Based Personalized Therapy

Genomics-based personalized therapy is increasingly recognized as a pivotal area for future development. By conducting
comprehensive analyses of the genomes of patients with sepsis, it is possible to elucidate their drug response patterns and
disease susceptibility, thereby enabling the formulation of more precise personalized treatment plans. In the realm of
cancer therapy, for example, identifying specific genetic mutations in patients allows for the selection of targeted drugs,
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which can significantly increase treatment outcomes. Similarly, when sepsis-related skeletal muscle atrophy is addressed,
an examination of gene polymorphisms associated with muscle metabolism and inflammatory responses can predict
patients’ responsiveness to nutritional support and pharmacotherapy, thus providing a scientific foundation for indivi-
dualized treatment strategies.'?’

Moreover, the employment of gene-editing technologies, such as CRISPR-Cas9, facilitates the precise targeting of
specific genetic defects for therapeutic purposes. While the application of this technology in the treatment of sepsis-
related skeletal muscle atrophy remains in the early stages of research, its substantial potential suggests that it may lead

to revolutionary advancements in this field.'*®

Long-Term Prognostic Research on Sepsis-Related Skeletal Muscle Atrophy
Currently, there is a notable deficiency in long-term prognostic research concerning sepsis-related skeletal muscle atrophy,
highlighting the urgent need for further investigations in this area. Longitudinal studies are crucial for elucidating the recovery
trajectory of patients’ muscle function, quality of life, and incidence of long-term complications. For example, assessment of
the persistence of skeletal muscle atrophy in patients postsepsis recovery, along with its enduring impact on physical activity
and daily living, can provide a scientific basis for formulating comprehensive long-term rehabilitation strategies.'*’
Furthermore, examination of the factors that impact long-term prognosis, including age, preexisting conditions, and
treatment regimens, can aid in optimizing therapeutic strategies and improving patients’ long-term outcomes. The
development of extensive databases and the integration of multicentre, longitudinal clinical data for detailed analysis
can lead to a more comprehensive understanding of the long-term prognosis of sepsis-related skeletal muscle atrophy,

thereby offering more robust support for clinical practice.'*

Conclusion

This comprehensive review synthesizes current understanding of sepsis-related skeletal muscle atrophy, highlighting the
multifactorial nature of its pathophysiology involving inflammatory signaling, proteolytic systems, mitochondrial
dysfunction, and multi-organ interactions. The epidemiological evidence demonstrates significant variability in incidence
rates influenced by age, gender, comorbidities, and disease severity. Advances in diagnostic methodologies, including
sophisticated imaging techniques and novel biomarkers, have improved early detection and monitoring capabilities.
Current therapeutic strategies encompass optimized nutritional support, targeted pharmacological interventions, and
structured rehabilitation programs, though substantial controversies persist regarding optimal approaches.

The clinical implications of these findings emphasize the importance of early recognition and multidisciplinary
management of sepsis-related muscle atrophy. Healthcare providers should implement regular muscle mass and function
assessments in septic patients, particularly those with MODS or prolonged ICU stays. Nutritional interventions should be
individualized based on metabolic status and organ function, while rehabilitation programs should be initiated as early as
clinically feasible.

Future research directions should prioritize several key areas: First, the validation of novel biomarkers in large
multicenter cohorts to establish standardized diagnostic criteria. Second, the development of targeted therapies based on
individual genetic and metabolic profiles. Third, long-term prospective studies to characterize the natural history of
muscle recovery and identify predictors of poor functional outcomes. Finally, exploration of combination therapies
addressing multiple pathological pathways simultaneously may yield synergistic benefits. Collaborative efforts between
basic scientists, clinicians, and rehabilitation specialists are essential to translate these research advances into improved
patient outcomes.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Journal of Inflammation Research 2025:18 hetps: 17889



Wu et al

Funding

There is no funding to report.

Disclosure
The authors declare that there is no conflict of interest for the publication of this article.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Font MD, Thyagarajan B, Khanna AK. Sepsis and septic shock — basics of diagnosis, pathophysiology and clinical decision making. Med Clin
North Am. 2020;104(4):573-585. doi:10.1016/j.mcna.2020.02.011

Evans L, Rhodes A, Alhazzani W, et al. Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021.
Crit Care Med. 2021;49(11):e1063—e1143. doi:10.1097/CCM.0000000000005337

. Vanhorebeek I, Latronico N, Van den Berghe G. ICU-acquired weakness. Intensive Care Med. 2020;46(4):637-653. doi:10.1007/s00134-020-

05944-4

. Anekwe DE, Biswas S, Bussieres A, Spahija J. Early rehabilitation reduces the likelihood of developing intensive care unit-acquired weakness:

a systematic review and meta-analysis. Physiotherapy. 2020;107:1-10. doi:10.1016/j.physio.2019.12.004

. Bhatnagar S, Panguluri SK, Gupta SK, Dahiya S, Lundy RF, Kumar A. Tumor necrosis factor-a regulates distinct molecular pathways and gene

networks in cultured skeletal muscle cells. PLoS One. 2010;5(10):e13262. doi:10.1371/journal.pone.0013262

. Lightfoot AP, Sakellariou GK, Nye GA, et al. SS-31 attenuates TNF-o induced cytokine release from C2C12 myotubes. Redox Biol.

2015;6:253-259. doi:10.1016/j.redox.2015.08.007

. Wen R, Liu YP, Tong XX, Zhang TN, Yang N. Molecular mechanisms and functions of pyroptosis in sepsis and sepsis-associated organ

dysfunction. Front Cell Infect Microbiol. 2022;12:962139. doi:10.3389/fcimb.2022.962139

. Falcdo-Holanda RB, Brunialti MKC, Jasiulionis MG, Salomdo R. Epigenetic regulation in sepsis, role in pathophysiology and therapeutic

perspective. Front Med Lausanne. 2021;8:685333. doi:10.3389/fmed.2021.685333

. De Backer D, Orbegozo Cortes D, Donadello K, Vincent JL. Pathophysiology of microcirculatory dysfunction and the pathogenesis of septic

shock. Virulence. 2014;5(1):73-79. doi:10.4161/viru.26482

Singh A, Phogat J, Yadav A, Dabur R. The dependency of autophagy and ubiquitin proteasome system during skeletal muscle atrophy. Biophys
Rev. 2021;13(2):203-219. doi:10.1007/s12551-021-00789-7

Lee EH, Chun SY, Yoon B, et al. Antiobesity and hepatoprotective effects of protein hydrolysates derived from protaetia brevitarsis in an obese
mouse model. Biomed Res Int. 2022;2022:4492132. doi:10.1155/2022/4492132

Sha Z, Zhao J, Goldberg AL. Measuring the overall rate of protein breakdown in cells and the contributions of the ubiquitin-proteasome and
autophagy-lysosomal pathways. Methods Mol Biol. 2018;1844:261-276. doi:10.1007/978-1-4939-8706-1 17

Sacheck JM, Hyatt JP, Raffaello A, et al. Rapid disuse and denervation atrophy involve transcriptional changes similar to those of muscle
wasting during systemic diseases. FASEB J. 2007;21(1):140-155. doi:10.1096/1j.06-6604com

Kim HJ, Kim SW, Lee SH, Jung DW, Williams DR. Inhibiting 5-lipoxygenase prevents skeletal muscle atrophy by targeting organogenesis
signalling and insulin-like growth factor-1. J Cachexia Sarcopenia Muscle. 2022;13(6):3062-3077. doi:10.1002/jcsm.13092

Structure MY. Dynamics and function of the 26S proteasome. Subcell Biochem. 2021;96:1-151. doi:10.1007/978-3-030-58971-4 1

Collins GA, Goldberg AL. The logic of the 26S proteasome. Cell. 2017;169(5):792-806. doi:10.1016/j.cell.2017.04.023

Kwon YT, Ciechanover A. The ubiquitin code in the ubiquitin-proteasome system and autophagy. Trends Biochem Sci. 2017;42(11):873-886.
doi:10.1016/j.tibs.2017.09.002

Nepstad I, Hatfield KJ, Grenningsater IS, Reikvam H. The PI3K-Akt-mTOR signaling pathway in human acute myeloid leukemia (AML) cells.
Int J Mol Sci. 2020;21(8):2907. doi:10.3390/ijms21082907

Shen S, Liao Q, Liu J, Pan R, Lee SM, Lin L. Myricanol rescues dexamethasone-induced muscle dysfunction via a sirtuin 1-dependent
mechanism. J Cachexia Sarcopenia Muscle. 2019;10(2):429—444. doi:10.1002/jcsm.12393

Barbé C, Kalista S, Loumaye A, et al. Role of IGF-I in follistatin-induced skeletal muscle hypertrophy. Am J Physiol Endocrinol Metab.
2015;309(6):E557-E567. doi:10.1152/ajpendo.00098.2015

Wu K, Michalski A, Cortes D, Rozenberg D, Mathur S. Glucocorticoid-induced myopathy in people with asthma: a systematic review.
J Asthma. 2022;59(7):1396-1409. doi:10.1080/02770903.2021.1926488

Huang Z, Zhong L, Zhu J, et al. Inhibition of IL-6/JAK/STAT3 pathway rescues denervation-induced skeletal muscle atrophy. Ann Transl Med.
2021;9(9):826. doi:10.21037/atm-2021-3

Fang WY, Tseng YT, Lee TY, et al. Triptolide prevents LPS-induced skeletal muscle atrophy via inhibiting NF-kB/TNF-a and regulating protein
synthesis/degradation pathway. Br J Pharmacol. 2021;178(15):2998-3016. doi:10.1111/bph.15472

Zanders L, Kny M, Hahn A, et al. Sepsis induces interleukin 6, gp130/JAK2/STAT3, and muscle wasting. J Cachexia Sarcopenia Muscle.
2022;13(1):713-727. doi:10.1002/jcsm.12867

Ma W, Zhang R, Huang Z, et al. PQQ ameliorates skeletal muscle atrophy, mitophagy and fiber type transition induced by denervation via
inhibition of the inflammatory signaling pathways. Ann Transl Med. 2019;7(18):440. doi:10.21037/atm.2019.08.101

Xin P, Xu X, Deng C, et al. The role of JAK/STAT signaling pathway and its inhibitors in diseases. /nt Immunopharmacol. 2020;80:106210.
doi:10.1016/j.intimp.2020.106210

Hu X, Li J, Fu M, Zhao X, Wang W. The JAK/STAT signaling pathway: from bench to clinic. Signal Transduct Target Ther. 2021;6(1):402.
doi:10.1038/541392-021-00791-1

Muiioz-Céanoves P, Scheele C, Pedersen BK, Serrano AL. Interleukin-6 myokine signaling in skeletal muscle: a double-edged sword? FEBS J.
2013;280(17):4131-4148. doi:10.1111/febs.12338

Hunter CA, Jones SA. IL-6 as a keystone cytokine in health and disease. Nat Immunol. 2017;18(11):1271. doi:10.1038/nil117-1271b

17890 ‘s Journal of Inflammation Research 2025:18


https://doi.org/10.1016/j.mcna.2020.02.011
https://doi.org/10.1097/CCM.0000000000005337
https://doi.org/10.1007/s00134-020-05944-4
https://doi.org/10.1007/s00134-020-05944-4
https://doi.org/10.1016/j.physio.2019.12.004
https://doi.org/10.1371/journal.pone.0013262
https://doi.org/10.1016/j.redox.2015.08.007
https://doi.org/10.3389/fcimb.2022.962139
https://doi.org/10.3389/fmed.2021.685333
https://doi.org/10.4161/viru.26482
https://doi.org/10.1007/s12551-021-00789-7
https://doi.org/10.1155/2022/4492132
https://doi.org/10.1007/978-1-4939-8706-1_17
https://doi.org/10.1096/fj.06-6604com
https://doi.org/10.1002/jcsm.13092
https://doi.org/10.1007/978-3-030-58971-4_1
https://doi.org/10.1016/j.cell.2017.04.023
https://doi.org/10.1016/j.tibs.2017.09.002
https://doi.org/10.3390/ijms21082907
https://doi.org/10.1002/jcsm.12393
https://doi.org/10.1152/ajpendo.00098.2015
https://doi.org/10.1080/02770903.2021.1926488
https://doi.org/10.21037/atm-2021-3
https://doi.org/10.1111/bph.15472
https://doi.org/10.1002/jcsm.12867
https://doi.org/10.21037/atm.2019.08.101
https://doi.org/10.1016/j.intimp.2020.106210
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1111/febs.12338
https://doi.org/10.1038/ni1117-1271b

Wu et al

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.
48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chen X, Ji Y, Liu R, et al. Mitochondrial dysfunction: roles in skeletal muscle atrophy. J Trans! Med. 2023;21(1):503. doi:10.1186/s12967-023-
04369-z

Pedrosa MB, Barbosa S, Vitorino R, Ferreira R, Moreira-Gongalves D, Santos LL. Chemotherapy-induced molecular changes in skeletal
muscle. Biomedicines. 2023;11(3):905. doi:10.3390/biomedicines11030905

Yoshida T, Delafontaine P. Mechanisms of IGF-1-mediated regulation of skeletal muscle hypertrophy and atrophy. Cells. 2020;9(9):1970.
doi:10.3390/cells9091970

Moreno-Rupérez A, Priego T, Gonzalez-Nicolas MA, Lopez-Calderon A, Lazaro A, Martin Al. Role of glucocorticoid signaling and HDAC4
activation in diaphragm and gastrocnemius proteolytic activity in septic rats. Int J Mol Sci. 2022;23(7):3641. doi:10.3390/ijms23073641
Mankowski RT, Laitano O, Darden D, et al. Sepsis-induced myopathy and gut microbiome dysbiosis: mechanistic links and therapeutic targets.
Shock. 2022;57(1):15-23. doi:10.1097/SHK.0000000000001843

Owen AM, Patel SP, Smith JD, et al. Chronic muscle weakness and mitochondrial dysfunction in the absence of sustained atrophy in
a preclinical sepsis model. Elife. 2019;8:€49920. doi:10.7554/eLife.49920

Lei Y, Gan M, Qiu Y, et al. The role of mitochondrial dynamics and mitophagy in skeletal muscle atrophy: from molecular mechanisms to
therapeutic insights. Cell Mol Biol Lett. 2024;29(1):59. doi:10.1186/s11658-024-00572-y

Yu H, Lin L, Zhang Z, Zhang H, Hu H. Targeting NF-kB pathway for the therapy of diseases: mechanism and clinical study. Signal Transduct
Target Ther. 2020;5(1):209. doi:10.1038/s41392-020-00312-6

Thoma A, Lightfoot AP. NF-kB and inflammatory cytokine signalling: role in skeletal muscle atrophy. Adv Exp Med Biol. 2018;1088:267-279.
doi:10.1007/978-981-13-1435-3_12

Yang B, Yang X, Sun X, Shi J, Shen Y, Chen R. IL-6 deficiency attenuates skeletal muscle atrophy by inhibiting mitochondrial ROS production
through the upregulation of PGC-1a in septic mice. Oxid Med Cell Longev. 2022;2022:9148246. doi:10.1155/2022/9148246

Li X, Sun B, Li J, et al. Sepsis leads to impaired mitochondrial calcium uptake and skeletal muscle weakness by reducing the micul:MCU
protein ratio. Shock. 2023;60(5):698-706. doi:10.1097/SHK.0000000000002221

Raben N, Hill V, Shea L, et al. Suppression of autophagy in skeletal muscle uncovers the accumulation of ubiquitinated proteins and their
potential role in muscle damage in Pompe disease. Hum Mol Genet. 2008;17(24):3897-3908. doi:10.1093/hmg/ddn292

Leduc-Gaudet JP, Miguez K, Cefis M, et al. Autophagy ablation in skeletal muscles worsens sepsis-induced muscle wasting, impairs
whole-body metabolism, and decreases survival. Iscience. 2023;26(8):107475. doi:10.1016/].is¢i.2023.107475

Ji 'Y, Li M, Chang M, et al. Inflammation: roles in skeletal muscle atrophy. Antioxidants. 2022;11(9):1686. doi:10.3390/antiox11091686

Zhu CL, Yao RQ, Li LX, et al. Mechanism of mitophagy and its role in sepsis induced organ dysfunction: a review. Front Cell Dev Biol.
2021;9:664896. doi:10.3389/fcell.2021.664896

Wang C, Liu Y, Zhang Y, et al. Targeting NAT10 protects against sepsis-induced skeletal muscle atrophy by inhibiting ROS/NLRP3. Life Sci.
2023;330:121948. doi:10.1016/1.1f5.2023.121948

Zhang Y, Li T, Liu Y, et al. Gsdmd knockout alleviates sepsis-associated skeletal muscle atrophy by inhibiting il18/ampk signaling. Shock.
2024;62(4):565-573. doi:10.1097/SHK.0000000000002430

Bouglé A, Rocheteau P, Sharshar T, Chrétien F. Muscle regeneration after sepsis. Crit Care. 2016;20(1):131. doi:10.1186/s13054-016-1308-3
Fan E, Cheek F, Chlan L, et al. An official American Thoracic Society Clinical Practice guideline: the diagnosis of intensive care unit-acquired
weakness in adults. Am J Respir Crit Care Med. 2014;190(12):1437-1446. doi:10.1164/rccm.201411-2011ST

Yu X, Wan X, Wan L, Huang Q. Analysis of high risk factors of intensive care unit-acquired weakness in patients with sepsis. Zhonghua Wei
Zhong Bing Ji Jiu Yi Xue. 2018;30(4):355-359. doi:10.3760/cma.j.issn.2095-4352.2018.04.014

Ma J, Xia Y, Wang T, Chen J, Yang H. Ding H.Dynamic changes of diaphragm and limb skeletal muscle in patients with sepsis assessed by
bedside ultrasound and their correlation with blood urea/creatinine ratio. Zhonghua Wei Zhong Bing Ji Jiu Yi Xue. 2024;36(6):643—648.
doi:10.3760/cma.j.cn121430-20230803-00577

Hermans G, Van den Berghe G. Clinical review: intensive care unit acquired weakness. Crit Care. 2015;19(1):274. doi:10.1186/s13054-015-
0993-7

Boeno FP, Muller DC, Aldakkan A, et al. A preclinical model of sepsis-induced myopathy with disuse in mice. J Vis Exp. 2024;10(208):3791/
66685. doi:10.3791/66685

Puthucheary ZA, Rawal J, McPhail M, et al. Acute skeletal muscle wasting in critical illness. JAMA. 2013;310(15):1591-1600. doi:10.1001/
jama.2013.278481

Liu Y, Zhang Y, Feng Q, et al. GPA peptide attenuates sepsis-induced acute lung injury in mice via inhibiting oxidative stress and pyroptosis of
alveolar macrophage. Oxid Med Cell Longev. 2021;2021:5589472. doi:10.1155/2021/5589472

Borges RC, Soriano FG. Association between muscle wasting and muscle strength in patients who developed severe sepsis and septic shock.
Shock. 2019;51(3):312-320. doi:10.1097/SHK.0000000000001183

Fuqua JD, Lawrence MM, Hettinger ZR, et al. Impaired proteostatic mechanisms other than decreased protein synthesis limit old skeletal
muscle recovery after disuse atrophy. J Cachexia Sarcopenia Muscle. 2023;14(5):2076-2089. doi:10.1002/jcsm.13285

Naruse M, Trappe S, Trappe TA. Human skeletal muscle-specific atrophy with aging: a comprehensive review. J Appl Physiol. 2023;134
(4):900-914. doi:10.1152/japplphysiol.00768.2022

Cochet C, Belloni G, Buondonno I, Chiara F, D’ Amelio P. The role of nutrition in the treatment of sarcopenia in old patients: from restoration of
mitochondrial activity to improvement of muscle performance, a systematic review. Nutrients. 2023;15(17):3703. doi:10.3390/nul15173703
Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (sarcopenia) in older persons is associated with functional impairment and
physical disability. J Am Geriatr Soc. 2002;50(5):889-896. doi:10.1046/j.1532-5415.2002.50216.x

Zhang H, Qi G, Wang K, et al. Oxidative stress: roles in skeletal muscle atrophy. Biochem Pharmacol. 2023;214:115664. doi:10.1016/j.
bep.2023.115664

Shen Y, Li M, Wang K, et al. Diabetic muscular atrophy: molecular mechanisms and promising therapies. Front Endocrinol. 2022;13:917113.
doi:10.3389/fendo.2022.917113

Min BD, Hwang CY, Kim D, et al. Advancing muscle aging and sarcopenia research through spatial transcriptomics. Osteoporos Sarcopenia.
2025;11(2 Suppl):22-31. doi:10.1016/j.af0s.2025.05.002

Journal of Inflammation Research 2025:18 hetps: 17891


https://doi.org/10.1186/s12967-023-04369-z
https://doi.org/10.1186/s12967-023-04369-z
https://doi.org/10.3390/biomedicines11030905
https://doi.org/10.3390/cells9091970
https://doi.org/10.3390/ijms23073641
https://doi.org/10.1097/SHK.0000000000001843
https://doi.org/10.7554/eLife.49920
https://doi.org/10.1186/s11658-024-00572-y
https://doi.org/10.1038/s41392-020-00312-6
https://doi.org/10.1007/978-981-13-1435-3_12
https://doi.org/10.1155/2022/9148246
https://doi.org/10.1097/SHK.0000000000002221
https://doi.org/10.1093/hmg/ddn292
https://doi.org/10.1016/j.isci.2023.107475
https://doi.org/10.3390/antiox11091686
https://doi.org/10.3389/fcell.2021.664896
https://doi.org/10.1016/j.lfs.2023.121948
https://doi.org/10.1097/SHK.0000000000002430
https://doi.org/10.1186/s13054-016-1308-3
https://doi.org/10.1164/rccm.201411-2011ST
https://doi.org/10.3760/cma.j.issn.2095-4352.2018.04.014
https://doi.org/10.3760/cma.j.cn121430-20230803-00577
https://doi.org/10.1186/s13054-015-0993-7
https://doi.org/10.1186/s13054-015-0993-7
https://doi.org/10.3791/66685
https://doi.org/10.1001/jama.2013.278481
https://doi.org/10.1001/jama.2013.278481
https://doi.org/10.1155/2021/5589472
https://doi.org/10.1097/SHK.0000000000001183
https://doi.org/10.1002/jcsm.13285
https://doi.org/10.1152/japplphysiol.00768.2022
https://doi.org/10.3390/nu15173703
https://doi.org/10.1046/j.1532-5415.2002.50216.x
https://doi.org/10.1016/j.bcp.2023.115664
https://doi.org/10.1016/j.bcp.2023.115664
https://doi.org/10.3389/fendo.2022.917113
https://doi.org/10.1016/j.afos.2025.05.002

Wu et al

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

. LvJ,LiY, Shi S, et al. Skeletal muscle mitochondrial remodeling in heart failure: an update on mechanisms and therapeutic opportunities.
Biomed Pharmacother. 2022;155:113833. doi:10.1016/j.biopha.2022.113833

Cuadrado A, Nebreda AR. Mechanisms and functions of p38 MAPK signalling. Biochem J. 2010;429(3):403-417. doi:10.1042/BJ20100323
Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy. Dis Model Mech. 2013;6(1):25-39. doi:10.1242/dmm.010389
Batt J, Dos Santos CC, Cameron JI, Herridge MS. Intensive care unit-acquired weakness: clinical phenotypes and molecular mechanisms. Am
J Respir Crit Care Med. 2013;187(3):238-246. doi:10.1164/rccm.201205-0954SO

Roberson PA, Shimkus KL, Welles JE, et al. A time course for markers of protein synthesis and degradation with hindlimb unloading and the
accompanying anabolic resistance to refeeding. J Appl Physiol. 2020;129(1):36-46. doi:10.1152/japplphysiol.00155.2020

Cordero CP, Dans AL. Key concepts in clinical epidemiology: detecting and dealing with heterogeneity in meta-analyses. J Clin Epidemiol.
2021;130:149-151. doi:10.1016/j.jclinepi.2020.09.045

Fuchs CJ, Hermans WJH, van den Hurk J, et al. Quantifying leg muscle disuse atrophy during bed rest using DXA, CT, and MRI. Eur J Sport
Sci. 2025;25(5):¢12299. doi:10.1002/ejsc.12299

Levin JM, Johnson J, Tabarestani T, et al. Association between supraspinatus tendon retraction, histologic myofiber size, and supraspinatus
muscle atrophy on MRI. Am J Sports Med. 2023;51(8):1997-2004. doi:10.1177/03635465231173697

Weber MA, Wolf M, Wattjes MP. Imaging patterns of muscle atrophy. Semin Musculoskelet Radiol. 2018;22(3):299-306. doi:10.1055/s-0038-
1641574

Aivazoglou LU, Guimardes JB, Link TM, et al. MR imaging of inherited myopathies: a review and proposal of imaging algorithms. Eur Radiol.
2021;31(11):8498-8512. doi:10.1007/s00330-021-07931-9

Tazerout S, Martinez O, Monsonis B, et al. Acute post-traumatic muscle atrophy on CT scan predicts prolonged mechanical ventilation and
a worse outcome in severe trauma patients. /njury. 2022;53(7):2501-2510. doi:10.1016/j.injury.2022.05.005

Suzuki Y, Saito K, Nakai Y, et al. Early skeletal muscle mass decline is a prognostic factor in patients receiving gemcitabine plus nab-paclitaxel for
unresectable pancreatic cancer: a retrospective observational study. Support Care Cancer. 2023;31(3):197. doi:10.1007/s00520-023-07659-w
Valverde Montoro D, Rosa Camacho V, Artacho Gonzalez L, Camacho Alonso JM. Thigh ultrasound monitoring identifies muscle atrophy in
mechanically ventilated pediatric patients. Eur J Pediatr. 2023;182(12):5543-5551. doi:10.1007/s00431-023-05233-4

Nakamura R, Kitamura A, Tsukamoto T, et al. Spinal muscular atrophy type 3 showing a specific pattern of selective vulnerability on muscle
ultrasound. Intern Med. 2021;60(12):1935-1939. doi:10.2169/internalmedicine.6396-20

Liang J, Zhang H, Zeng Z, et al. MicroRNA profiling of different exercise interventions for alleviating skeletal muscle atrophy in naturally
aging rats. J Cachexia Sarcopenia Muscle. 2023;14(1):356-368. doi:10.1002/jcsm.13137

Hah YS, Lee WK, Lee S, et al. B-Sitosterol attenuates dexamethasone-induced muscle atrophy via regulating FoxO1-dependent signaling in
C2C12 cell and mice model. Nutrients. 2022;14(14):2894. doi:10.3390/nu14142894

Trentini A, Spadaro S, Rosta V, et al. Fast skeletal troponin I, but not the slow isoform, is increased in patients under statin therapy: a pilot
study. Biochem Med. 2019;29(1):010703. doi:10.11613/BM.2019.010703

Moshiri M, Moallem SA, Attaranzadeh A, Saberi Z, Etemad L. Injury to skeletal muscle of mice following acute and sub-acute pregabalin
exposure. [ran J Basic Med Sci. 2017;20(3):256-259. doi:10.22038/ijbms.2017.8352

Hoffman M, Kyriazis ID, Lucchese AM, et al. Myocardial strain and cardiac output are preferable measurements for cardiac dysfunction and
can predict mortality in septic mice. J Am Heart Assoc. 2019;8(10):012260. doi:10.1161/JAHA.119.012260

Tierney MT, Aydogdu T, Sala D, et al. STAT3 signaling controls satellite cell expansion and skeletal muscle repair. Nat Med. 2014;20
(10):1182-1186. doi:10.1038/nm.3656

Hoene M, Runge H, Haring HU, Schleicher ED, Weigert C. Interleukin-6 promotes myogenic differentiation of mouse skeletal muscle cells:
role of the STAT3 pathway. Am J Physiol Cell Physiol. 2013;304(2):C128—C136. doi:10.1152/ajpcell.00025.2012

Nakanishi N, Tsutsumi R, Hara K, Matsuo M, Sakaue H, Oto J. Urinary titin N-Fragment as a biomarker of muscle atrophy, intensive care
unit-acquired weakness, and possible application for post-intensive care syndrome. J Clin Med. 2021;10(4):614. do0i:10.3390/jcm10040614
Hyodo M, Nomura K, Tsutsumi R, et al. Urinary titin as an early biomarker of skeletal muscle proteolysis and atrophy in various catabolic
conditions. Biochem Biophys Res Commun. 2024;737:150918. doi:10.1016/j.bbrc.2024.150918

Iglesias P. Muscle in endocrinology: from skeletal muscle hormone regulation to myokine secretion and its implications in endocrine-metabolic
diseases. J Clin Med. 2025;14(13):4490. doi:10.3390/jcm14134490

Esposito P, Picciotto D, Battaglia Y, Costigliolo F, Viazzi F, Verzola D. Myostatin: basic biology to clinical application. Adv Clin Chem.
2022;106:181-234. doi:10.1016/bs.acc.2021.09.006

Kumagai H, Coelho AR, Wan J, et al. MOTS-c reduces myostatin and muscle atrophy signaling. Am J Physiol Endocrinol Metab. 2021;320(4):
E680-E690. doi:10.1152/ajpendo.00275.2020

Liu S, Cui F, Ning K, et al. Role of irisin in physiology and pathology. Front Endocrinol. 2022;13:962968. doi:10.3389/fendo.2022.962968
Iida Y, Yamazaki T, Arima H, Kawabe T, Yamada S. Predictors of surgery-induced muscle proteolysis in patients undergoing cardiac surgery.
J Cardiol. 2016;68(6):536—541. doi:10.1016/j.jjcc.2015.11.011

Choi M, Kim H, Bae J. Does the combination of resistance training and a nutritional intervention have a synergic effect on muscle mass,
strength, and physical function in older adults? A systematic review and meta-analysis. BMC Geriatr. 2022;22(1):531. doi:10.1186/512877-022-
03110-7

Roberts HC, Denison HJ, Martin HJ, et al. A review of the measurement of grip strength in clinical and epidemiological studies: towards
a standardised approach. Age Ageing. 2011;40(4):423—429. doi:10.1093/ageing/afr051

Hiser SL, Casey K, Nydahl P, Hodgson CL, Needham DM. Intensive care unit acquired weakness and physical rehabilitation in the ICU. BMJ.
2025;388(e077292). doi:10.1136/bmj-2023-077292

Bihr F, Wohrl T, Teich P, Puta C, Kliegl R. Impact of age, sex, body constitution, and the COVID-19 pandemic on the physical fitness of 38,084
German primary school children. Sci Rep. 2025;15(1):11300. doi:10.1038/s41598-025-95461-5

Tan X, Jiang G, Zhang L, Wang D, Wu X. Effects of whole-body vibration training on lower limb muscle strength and physical performance
among older adults: a systematic review and meta-analysis. Arch Phys Med Rehabil. 2023;104(11):1954-1965. doi:10.1016/j.apmr.2023.04.002
Naégel A, Viallon M, Ratiney H, et al. Impact of long-term fasting on skeletal muscle: structure, energy metabolism and function using 31P/1H
MRS and MRI. J Cachexia Sarcopenia Muscle. 2025;16(2):¢13773. do0i:10.1002/jcsm.13773

17892 ‘tews Journal of Inflammation Research 2025:18


https://doi.org/10.1016/j.biopha.2022.113833
https://doi.org/10.1042/BJ20100323
https://doi.org/10.1242/dmm.010389
https://doi.org/10.1164/rccm.201205-0954SO
https://doi.org/10.1152/japplphysiol.00155.2020
https://doi.org/10.1016/j.jclinepi.2020.09.045
https://doi.org/10.1002/ejsc.12299
https://doi.org/10.1177/03635465231173697
https://doi.org/10.1055/s-0038-1641574
https://doi.org/10.1055/s-0038-1641574
https://doi.org/10.1007/s00330-021-07931-9
https://doi.org/10.1016/j.injury.2022.05.005
https://doi.org/10.1007/s00520-023-07659-w
https://doi.org/10.1007/s00431-023-05233-4
https://doi.org/10.2169/internalmedicine.6396-20
https://doi.org/10.1002/jcsm.13137
https://doi.org/10.3390/nu14142894
https://doi.org/10.11613/BM.2019.010703
https://doi.org/10.22038/ijbms.2017.8352
https://doi.org/10.1161/JAHA.119.012260
https://doi.org/10.1038/nm.3656
https://doi.org/10.1152/ajpcell.00025.2012
https://doi.org/10.3390/jcm10040614
https://doi.org/10.1016/j.bbrc.2024.150918
https://doi.org/10.3390/jcm14134490
https://doi.org/10.1016/bs.acc.2021.09.006
https://doi.org/10.1152/ajpendo.00275.2020
https://doi.org/10.3389/fendo.2022.962968
https://doi.org/10.1016/j.jjcc.2015.11.011
https://doi.org/10.1186/s12877-022-03110-7
https://doi.org/10.1186/s12877-022-03110-7
https://doi.org/10.1093/ageing/afr051
https://doi.org/10.1136/bmj-2023-077292
https://doi.org/10.1038/s41598-025-95461-5
https://doi.org/10.1016/j.apmr.2023.04.002
https://doi.org/10.1002/jcsm.13773

Wu et al

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Torriani M, Townsend E, Thomas BJ, Bredella MA, Ghomi RH, Tseng BS. Lower leg muscle involvement in Duchenne muscular dystrophy: an
MR imaging and spectroscopy study. Skeletal Radiol. 2012;41(4):437-445. doi:10.1007/s00256-011-1240-1

Sartori R, Romanello V, Sandri M. Mechanisms of muscle atrophy and hypertrophy: implications in health and disease. Nat Commun. 2021;12
(1):330. doi:10.1038/541467-020-20123-1

Chinese Society of Parenteral and Enteral Nutrition. Guidelines for medical nutritional therapy in adult sepsis patients (2025 edition). Zhonghua
Yi Xue Za Zhi. 2025;105(7):510-528. doi:10.3760/cma.j.cn112137-20240813-01859

Reignier J, Plantefeve G, Mira JP, et al. Low versus standard calorie and protein feeding in ventilated adults with shock: a randomised, controlled,
multicentre, open-label, parallel-group trial NUTRIREA-3). Lancet Respir Med. 2023;11(7):602—612. doi:10.1016/S2213-2600(23)00092-9

van Ruijven IM, Abma J, Brunsveld-Reinders AH, et al. High protein provision of more than 1.2 g/kg improves muscle mass preservation and
mortality in ICU patients: a systematic review and meta-analyses[J]. Clin Nutr. 2023;42(12):2395-2403. doi:10.1016/j.cInu.2023.09.026
Bollen SE, Bass JJ, Fujita S, Wilkinson D, Hewison M, Atherton PJ. The Vitamin D/Vitamin D receptor (VDR) axis in muscle atrophy and
sarcopenia. Cell Signal. 2022;96:110355. doi:10.1016/j.cellsig.2022.110355

Prokopidis K, Giannos P, Katsikas Triantafyllidis K, et al. Effect of vitamin D monotherapy on indices of sarcopenia in community-dwelling
older adults: a systematic review and meta-analysis. J Cachexia, Sarcopenia Muscle. 2022. doi:10.1002/jcsm.12976

Yoo J, Chung HJ, Kim BG, et al. Comparative analysis of the association between various serum vitamin D biomarkers and sarcopenia. J Clin
Lab Anal. 2021;35. doi:10.1002/jcla.23946

El Hajj C, Fares S, Chardigny JM, Boirie Y, Walrand S. Vitamin D supplementation and muscle strength in pre-sarcopenic elderly Lebanese
people: a randomized controlled trial. Arch Osteoporos. 2019;14:4. doi:10.1007/s11657-018-0553-2

Saito K, Miyakoshi N, Matsunaga T, Hongo M, Kasukawa Y, Shimada Y. Eldecalcitol improves muscle strength and dynamic balance in
postmenopausal women with osteoporosis: an open-label randomized controlled study. J Bone Miner Metab. 2016;34:547-554. doi:10.1007/
s00774-015-0695-x

McKendry J, Currier BS, Lim C, Mcleod JC, Thomas ACQ, Phillips SM. Nutritional Supplements to Support Resistance Exercise in Countering
the Sarcopenia of Aging. Nutrients. 2021;13(3):1041. doi:10.3390/nu13031041.]

Yin L, Li N, Jia W, et al. Skeletal muscle atrophy: from mechanisms to treatments. Pharmacol Res. 2021;172:105807. doi:10.1016/j.phrs.2021.105807
Zhao X, Liu Y, Wang D, et al. Role of GLP-1 receptor agonists in sepsis and their therapeutic potential in sepsis-induced muscle atrophy
(Review). Int J Mol Med. 2025;55(5):74. doi:10.3892/ijmm.2025.5515

Old VJ, Davies MJ, Papamargaritis D, Choudhary P, Watson EL. The effects of glucagon-like peptide-1 receptor agonists on mitochondrial
function Within skeletal muscle: a systematic review. J Cachexia Sarcopenia Muscle. 2025;16(1):¢13677. doi:10.1002/jcsm.13677

Kang MJ, Moon JW, Lee JO, et al. Metformin induces muscle atrophy by transcriptional regulation of myostatin via HDAC6 and FoxO3a.
J Cachexia Sarcopenia Muscle. 2022;13(1):605-620. doi:10.1002/jcsm.12833

Zhou Y, Hellberg M, Hellmark T, Hoglund P, Clyne N. Muscle mass and plasma myostatin after exercise training: a substudy of Renal Exercise
(RENEXC)-a randomized controlled trial. Nephrol Dial Transplant. 2021;36(1):95-103. doi:10.1093/ndt/gfz210

Lee SJ, Gharbi A, Shin JE, Jung ID, Park YM. Myostatin inhibitor YK11 as a preventative health supplement for bacterial sepsis. Biochem
Biophys Res Commun. 2021;543:1-7. doi:10.1016/j.bbrc.2021.01.030

Sanchez-Gonzalez C, Nuevo-Tapioles C, Herrero Martin JC, et al. Dysfunctional oxidative phosphorylation shunts branched-chain amino acid
catabolism onto lipogenesis in skeletal muscle. EMBO J. 2020;39(14):¢103812. doi:10.15252/embj.2019103812

Xu J, Wang SG, Xu JC, Zhu JW. Jin-Tiange capsule combined with rehabilitation training for the treatment of skeletal muscle atrophy after
surgery. Asian J Surg. 2024;47(8):3620-3621. doi:10.1016/j.asjsur.2024.04.048

McKendry J, Coletta G, Nunes EA, Lim C, Phillips SM. Mitigating disuse-induced skeletal muscle atrophy in ageing: resistance exercise as
a critical countermeasure. Exp Physiol. 2024;109(10):1650-1662. doi:10.1113/EP091937

Cunha TF, Bechara LR, Bacurau AV, et al. Exercise training decreases NADPH oxidase activity and restores skeletal muscle mass in heart
failure rats. J Appl Physiol. 2017;122(4):817-827. doi:10.1152/japplphysiol.00182.2016

Cai M, Wang Q, Liu Z, Jia D, Feng R, Tian Z. Effects of different types of exercise on skeletal muscle atrophy, antioxidant capacity and growth
factors expression following myocardial infarction. Life Sci. 2018;213:40—49. doi:10.1016/.1fs.2018.10.015

Qu Z, Zhou S, Li P, et al. Natural products and skeletal muscle health. J Nutr Biochem. 2021;93:108619. doi:10.1016/j.jnutbio.2021.108619
Hu RW, Carey EJ, Lindor KD, Tabibian JH. Curcumin in hepatobiliary disease: pharmacotherapeutic properties and emerging potential clinical
applications. Ann Hepatol. 2017;16(6):835-841. doi:10.5604/01.3001.0010.5273

Wu L, Chen Q, Dong B, et al. Resveratrol attenuated oxidative stress and inflammatory and mitochondrial dysfunction induced by acute
ammonia exposure in gibel carp (Carassius gibelio). Ecotoxicol Environ Saf. 2023;251:114544. doi:10.1016/j.ecoenv.2023.114544

Sampath C, Rashid MR, Sang S, Ahmedna M. Green tea epigallocatechin 3-gallate alleviates hyperglycemia and reduces advanced glycation end
products via nrf2 pathway in mice with high fat diet-induced obesity. Biomed Pharmacother. 2017;87:73-81. doi:10.1016/j.biopha.2016.12.082
Kim R, Kim JW, Choi H, et al. Ginsenoside Rg5 promotes muscle regeneration via p38MAPK and Akt/mTOR signaling. J Ginseng Res.
2023;47(6):726-734. doi:10.1016/.jgr.2023.06.004

Bear DE, Wandrag L, Merriweather JL, et al. The role of nutritional support in the physical and functional recovery of critically ill patients:
a narrative review. Crit Care. 2017;21(1):226. doi:10.1186/s13054-017-1810-2

Singh GB, Cowan DB, Wang DZ. Tiny regulators of massive tissue: microRNAs in skeletal muscle development, myopathies, and cancer
cachexia. Front Oncol. 2020;10:598964. doi:10.3389/fonc.2020.598964

Aranega AE, Lozano-Velasco E, Rodriguez-Outeirifio L, Ramirez de Acufia F, Franco D, Hernandez-Torres F. MiRNAs and muscle regenera-
tion: therapeutic targets in duchenne muscular dystrophy. Int J Mol Sci. 2021;22(8):4236. doi:10.3390/ijms22084236

Lauschke VM, Zhou Y, Ingelman-Sundberg M. Novel genetic and epigenetic factors of importance for inter-individual differences in drug
disposition, response and toxicity. Pharmacol Ther. 2019;197:122—-152. doi:10.1016/j.pharmthera.2019.01.002

Bansal M, Acharya S, Sharma S, et al. CRISPR Cas9 based genome editing in inherited retinal dystrophies. Ophthalmic Genet. 2021;42
(4):365-374. doi:10.1080/13816810.2021.1904421

Tabata H, Otsuka H, Shi H, et al. Effects of exercise habits in adolescence and older age on sarcopenia risk in older adults: the bunkyo health
study. J Cachexia Sarcopenia Muscle. 2023;14(3):1299-1311. doi:10.1002/jcsm.13218

Journal of Inflammation Research 2025:18 hetps: 17893


https://doi.org/10.1007/s00256-011-1240-1
https://doi.org/10.1038/s41467-020-20123-1
https://doi.org/10.3760/cma.j.cn112137-20240813-01859
https://doi.org/10.1016/S2213-2600(23)00092-9
https://doi.org/10.1016/j.clnu.2023.09.026
https://doi.org/10.1016/j.cellsig.2022.110355
https://doi.org/10.1002/jcsm.12976
https://doi.org/10.1002/jcla.23946
https://doi.org/10.1007/s11657-018-0553-2
https://doi.org/10.1007/s00774-015-0695-x
https://doi.org/10.1007/s00774-015-0695-x
https://doi.org/10.3390/nu13031041.]
https://doi.org/10.1016/j.phrs.2021.105807
https://doi.org/10.3892/ijmm.2025.5515
https://doi.org/10.1002/jcsm.13677
https://doi.org/10.1002/jcsm.12833
https://doi.org/10.1093/ndt/gfz210
https://doi.org/10.1016/j.bbrc.2021.01.030
https://doi.org/10.15252/embj.2019103812
https://doi.org/10.1016/j.asjsur.2024.04.048
https://doi.org/10.1113/EP091937
https://doi.org/10.1152/japplphysiol.00182.2016
https://doi.org/10.1016/j.lfs.2018.10.015
https://doi.org/10.1016/j.jnutbio.2021.108619
https://doi.org/10.5604/01.3001.0010.5273
https://doi.org/10.1016/j.ecoenv.2023.114544
https://doi.org/10.1016/j.biopha.2016.12.082
https://doi.org/10.1016/j.jgr.2023.06.004
https://doi.org/10.1186/s13054-017-1810-2
https://doi.org/10.3389/fonc.2020.598964
https://doi.org/10.3390/ijms22084236
https://doi.org/10.1016/j.pharmthera.2019.01.002
https://doi.org/10.1080/13816810.2021.1904421
https://doi.org/10.1002/jcsm.13218

Wu et al

Journal of Inflammation Research Dovepress
Taylor & Francis Group
Publish your work in this journal

The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

17894 n X in n Journal of Inflammation Research 2025:18


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Methods
	Fundamental Theory of Sepsis-Related Skeletal Muscle Atrophy
	Pathophysiological Mechanism of Sepsis
	The Molecular Biological Basis of Skeletal Muscle Atrophy
	Associations Between Sepsis and Skeletal Muscle Atrophy

	Epidemiology of Sepsis-Related Skeletal Muscle Atrophy
	Incidence of Skeletal Muscle Atrophy in Patients with Sepsis
	Epidemiological Characteristics of Sepsis-Related Skeletal Muscle Atrophy in Different Populations
	Risk Factors for Sepsis-Related Skeletal Muscle Atrophy
	Analysis of Heterogeneity in Clinical Research Results

	Diagnostic Techniques for Sepsis-Related Skeletal Muscle Atrophy
	Imaging Diagnostic Methods for Skeletal Muscle Atrophy
	The Application of Blood Biomarkers in Sepsis-Related Skeletal Muscle Atrophy
	Functional Assessment Tools for Sepsis-Related Skeletal Muscle Atrophy

	Treatment Strategies for Sepsis-Related Skeletal Muscle Atrophy
	The Role of Nutritional Support in Sepsis-Related Skeletal Muscle Atrophy
	Recent Advances in Pharmacotherapy
	Impacts of Rehabilitation Training on Sepsis-Related Skeletal Muscle Atrophy
	Natural Products in Sepsis-Related Skeletal Muscle Atrophy
	Controversy Over the Efficacy and Safety of Treatment Strategies

	Future Research Directions in Sepsis-Related Skeletal Muscle Atrophy
	Exploration of Novel Biomarkers
	Genomics-Based Personalized Therapy
	Long-Term Prognostic Research on Sepsis-Related Skeletal Muscle Atrophy

	Conclusion
	Author Contributions
	Funding
	Disclosure

