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ABSTRACT

Sarcopenia, a progressive loss of skeletal muscle mass and strength, leads to frailty, falls, fractures, and delayed
recovery following orthopedic surgery. When combined with osteoporosis, it manifests as osteosarcopenia, exac-
erbating musculoskeletal fragility. Although chronic inflammation, mitochondrial dysfunction, and impaired au-
tophagy are recognized contributors, the integrated regulation of these processes in Asian populations remains
unclear. This study aimed to elucidate molecular mediators and signaling pathways connecting inflammation, au-
tophagy, and muscle-bone degeneration using an integrated clinical-transcriptomic approach. Transcriptomic data
(GSE226151) comprising vastus lateralis muscle samples from 20 sarcopenic patients and 20 age- and sex-
matched healthy Asian controls were analyzed using EXDEGA, with differentially expressed genes (DEGs) de-
fined by |log: fold change| > 1 and FDR < 0.05. Functional enrichment via ShinyGO identified key Gene Ontology
and KEGG pathways, while STRING—Cytoscape network analysis revealed four hub genes—ADAMS, BECNI,
KLF4, and GBP5—with high connectivity (degree >10) enriched in cytokine—cytokine receptor interaction and
PI3K—-Akt pathways. Gene Set Enrichment Analysis further validated these associations. The expression of these
hub genes inversely correlated with skeletal muscle index (r = —0.63 to —0.74; p < 0.01) and grip strength (r = —
0.58 to —0.69; p < 0.05). Clinically, sarcopenic individuals exhibited significantly lower BMI, gait speed, and
muscle mass (all p < 0.001). Integrating bioinformatics and clinical data identified these four genes as critical
mediators linking inflammation, defective autophagy, and musculoskeletal decline in sarcopenia. These findings
provide translational insight into the molecular mechanisms underlying osteosarcopenia and suggest potential bi-
omarkers and therapeutic targets to improve diagnosis and treatment in aging-related musculoskeletal disorders.
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Transcriptomic Analysis Identifies Key Biomarkers in Sarcopenia
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Figure 1: Graphical abstract. Schematic diagram demonstrating the identification of key hub genes
linked to sarcopenia from Asian transcriptome data using bioinformatic analysis.

INTRODUCTION

Sarcopenia is a progressive skeletal muscle disorder characterized by severe outcomes, such
as falls, fractures, physical disabilities, and increased mortality, as defined by the European
Working Group on Sarcopenia in Older People 2 (EWGSOP2) (Cruz-Jentoft et al., 2019). A
complex interaction between genetic and environmental factors, such as lifestyle, physical ac-
tivity, dietary practices, depletion of satellite cells (myogenic stem cells), changes in muscle
protein homeostasis, anabolic resistance, and neuromuscular dysfunction, results in this multi-
factorial condition. Due to its impact on age-related fragility and quality of life, sarcopenia has
become an important musculoskeletal condition in the modern super-aging era (Papadopoulou,
2020). Patients with hip fractures and sarcopenia had a higher mortality rate than those without
sarcopenia (Kim et al., 2022, Portnoy et al., 2024). The 1-year, 2-year, and 5-year mortality
rates were all significantly higher in the sarcopenia group. Studies have highlighted that osteo-
sarcopenia patients (a combination of osteoporosis and sarcopenia) demonstrate a 1.8-fold
higher mortality rate than non-osteosarcopenia patients at the 1-year follow-up (Alexiou et al.,
2024). Additionally, a paradigm shift toward an integrated understanding of these mechanisti-
cally linked diseases is reflected in the recent surge in research interest in osteosarcopenia, a
pathophysiological condition characterized by concomitant deterioration of bone (osteo-
penia/osteoporosis) and skeletal muscle (Sharma et al., 2024).
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The etiology of sarcopenia is multifactorial, involving age-related hormonal changes, re-
duced physical activity, inadequate nutrition, and persistent low-grade inflammation (Sharma
et al., 2024). An increase in the secretion of inflammatory molecules within muscle cells leads
to increased protein degradation, ultimately contributing to muscle atrophy. The activation of
catabolic pathways, such as NF-kB and FoxO, by chronic inflammation, often known as "in-
flammaging," promotes protein breakdown and hinders muscle regeneration (Antuna et al.,
2022). Sarcopenia develops at the cellular and molecular levels due to a combination of mech-
anisms, including genomic instability, mitochondrial dysfunction, disrupted proteostasis, and
stem cell depletion. Mitochondrial dysfunction is a key metabolic characteristic of sarcopenia,
characterized by reduced oxidative phosphorylation, ATP depletion, and increased reactive ox-
ygen species production (Kim et al., 2023). Satellite cells, the intrinsic muscle stem cells, ex-
hibit senescence-like traits in aged muscle, thereby reducing regenerative capacity. Cellular
senescence negatively affects the function and number of satellite cells, thus significantly con-
tributing to the development of sarcopenia. Additionally, impaired energy metabolism is essen-
tial for the pathogenesis of sarcopenia (Daily et al., 2022). Autophagy, a quality-control mech-
anism regulated by Beclin-1 and the PI3K complex, is dysregulated with aging, leading to the
accumulation of damaged mitochondria and compromised cellular recycling (Kang et al.,
2011).

Recent evidence highlights the connection between skeletal muscle and bone in the context
of aging, leading to the concept of osteosarcopenia, characterized by the concurrent decline of
both tissues via common molecular and endocrine mechanisms. The interaction between mus-
cle-derived myokines and bone-derived factors plays a significant role in systemic metabolic
regulation, highlighting the intricacies of musculoskeletal aging (Sharma et al., 2024). Despite
these insights, substantial gaps in understanding population-specific processes of sarcopenia
persist. Numerous omics-based investigations have primarily focused on Western cohorts, yet
Asian populations remain underrepresented, despite their distinct genetic, nutritional, and en-
vironmental characteristics (Yuan et al., 2023). Differences in muscle biology across ethnic
groups may influence disease risk and biomarker expression. Traditional diagnostic techniques,
such as muscle biopsies and imaging, are invasive and unsuitable for early or extensive screen-
ing (Wilson et al., 2018).

Advanced approaches, particularly bioinformatics techniques, have emerged as powerful
tools for elucidating the molecular mechanisms underlying complex diseases, enabling the dis-
covery of potential disease-specific biomarkers for improved diagnostics and targeted therapies
(Huang et al., 2024). Integrated bioinformatics analyses, including differentially expressed gene
(DEG) analysis, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes
(KEGGQ) pathway enrichment analysis, are budding techniques and can be utilized for analyzing
the complex mechanisms of sarcopenia. For instance, transcriptomic analysis of muscle biopsy
samples from sarcopenia patients has identified key candidate genes and dysregulated path-
ways, providing critical insights into sarcopenia pathogenesis (Jiao et al., 2023). However, most
large-scale bioinformatics studies have primarily focused on Western cohorts, often neglecting
genetic, epigenetic, and environmental factors specific to non-Western cultures. The lack of
ethnic diversity in omics databases reduces the relevance of results, such as biomarker discov-
ery or therapeutic targets, to Asian and other underrepresented communities, therefore increas-
ing discrepancies in precision medicine (Petermann-Rocha et al., 2020).

A few of the Asian studies have been conducted, and have tried to explore transcriptomic
or multi-omics signatures in Asian populations, but have lacked in a few areas, such as tran-
scriptomics, to link SNPs to gene networks, have not conducted a wide profiling of differen-
tially expressed genes, and have had a small sample size (n=20) with no multi-cohort integra-
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tion (Minamino et al., 2021, Wu et al., 2021). Thus, this study was undertaken to analyze tran-
scriptomic data from the Genomic Spatial Event database, comprising 40 samples from patients
with sarcopenia and healthy Asian controls, and to conduct comprehensive bioinformatic anal-
yses. Moreover, research aims to improve the molecular understanding of sarcopenia by focus-
ing on population-specific transcriptomic signatures, thereby laying the groundwork for the
development of early diagnostic biomarkers and targeted therapeutic strategies for age-related
muscle deterioration.

METHODS

Data Collection and Processing for Sarcopenia Biomarker Identification

The Gene Expression Omnibus (GEO) is a comprehensive open-access database that in-
dexes microarray and high-throughput gene expression data submitted by research institutions
worldwide (Patra et al., 2020). This study utilized data from a GEO series focused on sarcope-
nia. The GSE226151 series was retrieved from the GEO database (GEO - NCBI, nih.gov) on
February 22, 2024 (Li et al., 2023). Participants were recruited from West China Hospital of
Sichuan University, including 20 individuals with Sarcopenia (S) and 20 healthy aged (HA)
controls matched for age and sex. Sarcopenia was diagnosed based on the clinical criteria es-
tablished by the Asian Working Group on Sarcopenia in Older People 2019 (AWGSOP 2019),
which includes a low skeletal muscle index (SMI) measured via bioelectrical impedance anal-
ysis (BIA), reduced grip strength, and slowed gait speed (Li et al., 2023) (Table 1, and supple-
mentary Table S1). Sarcopenia was diagnosed when both the muscle strength and mass were
below the defined thresholds.

Table 1: Demographics and baseline characteristics of participants, as listed in the GEO database
(GSE226151 series; GEO-NCBI, nih.gov), retrieved on February 22, 2024.

Healthy aged Pre-sarcopenia Sarcopenia P
n 20 20 20
Sex (female/male) 10/10 10/10 10/10
Age (years) 67.65+6.92 68.20+8.59 71.55+8.16 0.25
Height (m) 1.63+0.09 1.62+0.10 1.624+0.11 0.82
Weight (kg) 69.26+12.27 65.66+11.49 55.02+10.10 0.001
BMI (kg/m?) 25.74+2.81 24.911+3.62 21.00+2.92 <0.001
Educational level (I/1I/11l) 12/5/3 12/6/2 11/7/2 0.96
SARC-F 2.8542.03 3.35+2.21 4.454+1.57 0.044
SMI (kg/m?) 6.944+0.83 6.68+0.83 5.26+0.79 <0.001
AC (cm) 29.2242.72 28.144+2.47 25.93+2.33 <0.001
CC (cm) 34.43+3.62 33.204+3.10 29.09+3.16 <0.001
GS (kg) 24.5443.63 18.82+4.31 13.79+4.14 <0.001
Gait speed (m/s) 1.2440.23 1.15+0.20 1.05+0.13 0.01
Frail 0.75+0.79 1.25+1.07 1.65+0.93 0.015
COPD 1 2 2 0.80
Diabetes mellitus 0 3 2 0.22
Chronic kidney disease 1 1 0 0.60
Hepatosis 0 0 1 0.36
Hypertension 8 8 11 0.55
Osteoporosis 9 9 14 0.19

Abbreviations: AC: arm circumference, BMI: body mass index, CC: calf circumference, COPD: chronic obstructive pulmonary
disease, GS: grip strength, SARC-F: 5-item self-reported questionnaire, SMI: skeletal muscle index.
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Vastus lateralis muscle samples were collected from all participants, and multi-omics anal-
yses were conducted to investigate the molecular basis of sarcopenia. The dataset was re-ana-
lyzed to identify potential biomarkers associated with sarcopenia.

DEG analysis

To identify the DEGs involved in sarcopenia, the GSE226151 dataset was processed and
converted into a differential expression analysis (ExXDEGA)-compatible format using Python.
ExDEGA software, developed and distributed by eBiogen, Inc., was used to generate a data
matrix integrating metadata and raw count values from the S and HA groups. The HA group
was designated as the reference condition to identify the DEGs in the S group. The Benjamini—
Hochberg method was employed to ascertain statistical significance while controlling for the
false discovery rate (FDR). Genes were classified as differentially expressed if they satisfied
the criteria of [logz fold change| > 1 and an adjusted p-value (FDR) < 0.05. Volcano and scatter
plots were generated with EXDEGA to illustrate upregulated and downregulated genes, with all
expression values presented as mean-normalized fold changes.

KEGG and GO analysis (using ShinyGO 0.8 server)

Functional enrichment analysis was conducted to explore the biological functions and path-
ways associated with DEGs. KEGG pathway analysis was performed using the ShinyGO 0.8
server. The genes identified in the DEG analysis were used as inputs for the server to map the
relevant pathways. GO analysis was performed to classify DEGs into three main categories:
biological processes, cellular components, and molecular functions. This provides detailed in-
sights into the roles, interactions, and hierarchical organization of the identified genes. Pathway
information was obtained from the KEGG database. Enrichment results were filtered according
to FDR-adjusted p < 0.05. Pathway visualization utilized tree maps and network diagrams, with
node size reflecting enrichment magnitude (—log10 p-value).

Search tool for the retrieval of interacting genes/proteins (STRING) analysis

Forty candidate DEGs were submitted to the STRING database (https://string-db.org/) for
the prediction of protein—protein interactions (PPIs). The threshold for the confidence score
was established at > 0.7. The interaction networks were imported into Cytoscape (version
3.10.2) and analyzed with the ClueGO and CytoHubba plug-ins to identify key nodes and func-
tional clusters. Hub genes are identified as nodes that rank in the top 5 % for degree or between-
ness centrality (>10 direct connections), indicating their status as the most interconnected and
biologically significant proteins within the network. The multi-protein analysis option was used
to enhance visualization and ensure a suitable number of interactions were presented without
excessive clutter. In the resulting PPI network, the central protein is highlighted in red, whereas
strongly interacting proteins are represented with bold lines.

Statistical and bioinformatic integration

A multi-level statistical workflow was implemented to ensure the robustness of hub gene
identification. Outputs from ExXDEGA, functional enrichment assessment (ShinyGO), and net-
work topology evaluation (STRING—Cytoscape) were cross-compared. Genes were classified
as hub genes based on significant expression (|[log2FC| > 1, FDR < 0.05), high network connec-
tivity (degree > 10), and recurrent pathway enrichment in Gene set enrichment analysis (GSEA)
(NES > 1, FDR < 0.25). Four genes—ADAMS, BECN1, KLF4, and GBP5—met the specified
multi-criteria conditions and were identified as the primary regulatory candidates linked to sar-
copenia.
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Gene Set Enrichment Analysis (using a dedicated program)

For GSEA, a Gene Classification File (GCF) was created in Excel, containing all genes
from the dataset, with LOG2 values excluded and only the unique FOLD values retained. A
phenotype file (CLS file) was generated to categorize the gene expression data for analysis.
These files were uploaded to the GSEA platform for enrichment analysis, which enabled the
identification of significant biological functions associated with the dataset. GSEA was per-
formed with 10,000 permutations to guarantee analytical rigor. Gene sets were deemed signif-
icantly enriched when the normalized enrichment score (NES) was>1, with a nominal p-value
< 0.05 and a false discovery rate (FDR) < 25 %. The leading gene sets were ranked according
to NES and visualized for key pathways, including cytokine—cytokine receptor interaction,
PI3K—Akt signaling, and autophagy regulation.

PPI network construction

PPI networks were constructed to visualize the relationships between proteins. Common
DEGs, key genes from weighted gene co-expression network analysis (WGCNA), and candi-
date genes were uploaded to STRING (https://string-db.org/) to build the PPI network with a
confidence score threshold set at > 0.7. Pathway analysis of candidate genes was subsequently
conducted in Cytoscape (version 3.10.2), a widely used network visualization tool. STRING
(version 12.0) is a comprehensive PPI database that includes over 14,000 species, 67 million
proteins, and 20 billion interactions, making it an invaluable resource for functional discoveries.
The minimum interaction confidence score was set to 0.7 to ensure inclusion of only high-
confidence protein interactions.

Identification and analysis of hub genes

Hub genes are critical components within a PPI network and occupy central positions owing
to their high degree of connectivity, as indicated by their nodes, edges, and interconnections.
ClueGO (version 2.5.10), an advanced plugin for Cytoscape, was used to identify these hub
genes. ClueGO is designed to efficiently extract and analyze the core elements of biological
networks (Yang et al., 2024), enabling the identification of functional clusters and pathways
associated with sarcopenia. GeneMANIA (Franz et al., 2018), a versatile and user-friendly tool
for gene function analysis, was used to construct co-expression networks for the identified hub
genes.

RESULTS

Identification of DEG

A comparative analysis was performed between sarcopenic (S) and healthy aged (HA)
groups to identify DEGs. Scatter and volcano plots (Figure 2A—B) demonstrated distinct ex-
pression profiles among the groups. Forty genes fulfilled the significance criteria (Jlog2FC|> 1,
adjusted p < 0.05). Several genes, including MYBPC2, XIRP1, EGF1, PFKB3, nd NAMPT,
exhibited marked upregulation, while MYH6, AKR1C1, and HMGCS2 showed significant
downregulation. The volcano plot indicates that NIBAN1, SAMD7, HECTD2, and NR4 A3 are
significantly upregulated transcripts in the sarcopenia group (Figure 2B). The genes are primar-
ily linked to metabolic adaptation, inflammatory response, and mitochondrial stress, indicating
early transcriptional changes in sarcopenic skeletal muscle.
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Figure 2: Differentially expressed genes (DEG) identified in the GSE226151 dataset.
(A) Scatter plot showing DEGs identified in samples from patients with Sarcopenia (S; n = 20) compared
with healthy aged control samples (HA; n = 20). Upregulated genes in sarcopenia are shown in red and
downregulated genes in blue. A total of 20 upregulated and seven downregulated genes were identified
relative to the reference line. (B) Volcano plot of DEGs identified between the S and HA groups. The
upregulated genes are shown in red, and the downregulated genes are indicated in blue.

Categorization of DEGs based on GO analysis

GO classification indicated that differentially expressed genes related to sarcopenia were
significantly enriched in biological processes linked to inflammatory response, autophagy reg-
ulation, oxidative stress, and muscle cell differentiation (Figure 3A). The pathways are essential
for sustaining skeletal muscle homeostasis. Their dysregulation signifies metabolic and im-
mune imbalance. Seven secondary GO subcategories, including estrogen response, Hippo sig-
naling, and lipid metabolism, were identified (Figure 3B), indicating that hormonal and energy-
regulatory components contribute to the pathophysiology of sarcopenia.

Identification of significant genes in sarcopenia: differential expression and pathway
analysis

To identify significant genes, the HA and S sets were compared. Among the 19,350 genes
analyzed using the ExXDEGA program, approximately 40 exhibited significant changes (Figure
4A). A significance plot analysis was used to identify 30 genes. In the S set, PFKFB3, STRITI,
and KLF6 showed notably high expression. Genes with higher values in the S set (represented
by blue dots in Figure 4A) were identified as potential upregulated genes in sarcopenia, includ-
ing ADAMS, NANOS1, TRIBI, PFKB3, RASDI1, CSF2RB, FYBI, PTPRC, APOLDI, NR4A3,
TLR2, CLEC7A, ARID5B, LYZ, PIM1, VNN2, FCGR3B, KLF6, FPRI, JAML, and CXCRI.
These genes were then subjected to KEGG and STRING analyses to identify their associated
signaling pathways (Figure 4A). The table shows the ExXDEGA analysis results displaying the
top 40 DEGs based on gene expression change values in GSE226151 (Figure 4B). Upregulated
genes are shown in red, and downregulated genes are shown in blue. Among the 40 significantly
different genes, 32 were upregulated and only 8 were downregulated, indicating a higher pro-
portion of upregulated genes in the sarcopenia group. The selective gene plot results for S vs.
HA samples from GSE226151, showing the expression patterns of sarcopenia-related genes in
the ExXDEGA program (Figure 4C). Genes exhibiting increased expression patterns include
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ADAMS, AQP9, ARID5B, CLEC7A, CXCL8, CXCR1, CXCR2, IL8, KLF6, LYZ, MYHS6,
NANOSI, NR4A3, RASDI1, SELL, TLR2, TPPP3, TRIB1, UCHL1, VNN2, and XIRPI.
Downregulated genes include ANKRD2, APOLD1, CSF3R, CSF2RB, ITGAX, and HK2. The
relatively greater number of upregulated genes reflects the complex and diverse mechanisms
underlying the pathogenesis of muscular dystrophy. Radar plots of major differentially ex-
pressed genes in GSE226151 are shown in Figure 4D. The left chart displays a circular plot
based on the mean of normalized log values, while the right chart shows only upregulated genes
in a radar plot based on fold change values. Genes with significantly elevated expression levels,
including NR4A3, CXCL8, CSF3R, FCGR3B, CXCR2, FPRI1, ITGAX, AQP9, XIRPI,
RASDI, SELL, and SORL1, are highlighted.

Changes in the expression of key DEGs

Of the 19,350 analyzed transcripts, 40 DEGs demonstrated significant expression differ-
ences between the S and HA groups (Figure 4A-B). Genes that exhibited significant upregula-
tion included ADAMS, PFKFB3, RASDI1, and NR4A3, while MYH6 and HK2 showed notable
downregulation. The genes were analyzed using KEGG and STRING to determine the path-
ways and interactions that elucidate their regulatory functions in sarcopenia. KEGG enrichment
analysis indicated significant participation in cytokine—cytokine receptor interaction, phospho-
lipase D, and chemokine signaling pathways, highlighting immune-mediated and metabolic
dysregulation (Figure SA-B).
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Figure 3: DEG analysis of the GSE226151 dataset categorized by gene ontology (GO) terms.

(A) DEG were categorized according to the nine main GO terms representing the primary mechanisms
of sarcopenia. The major upregulated and downregulated genes are shown in bold fonts. The most
potent genes indicated the red color in the table. (B) DEG analysis graphs were categorized into seven
subcategories of GO terms related to the underlying mechanisms of sarcopenia. Subcategories include
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exosomes (RNAse complex), estrogen response element binding, response to estrogen, hormone-me-
diated signaling pathway, glucose metabolic process, Hippo signaling, and cellular lipid metabolic pro-
cesses. The major upregulated and downregulated genes are shown in bold fonts.
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Figure 4: Significance plot analysis of fold change data in GSE226151 using ExXDEGA and graphs
and radar plots of key differentially expressed genes (DEGs) in the sarcopenia dataset.

(A) The significance plot presents the fold-change analysis of the 30 key sarcopenia-regulating genes
in the GSE226151 series. The x-axis represents the genes analyzed (HK2, STRIT1, ADAM8, NANOS1,
TRIB1, PFKB3, TPPP3, RASD1, NMRK2, CSF2RB, FYB1, PTPRC, CXCR2, APOLD1, NR4A3, TLR2,
CLECT7A, ARID5B, SORL1, LYZ, PIM1, MYH6, VNN2, ANKRD2, FCGR3B, IL18, KLF6, FPR1, JAML,
and CXCRT1). Blue dots represent genes with higher expression in the sarcopenia (S) group, such as
PFKFB3, STRIT1, and KLF6. Red dots indicate lower gene expression in the healthy aged (HA) group,
with the reverse pattern for increased values due to default settings in the ExXDEGA program. (B)
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ExDEGA analysis results showing the top 40 (DEG) based on fold-change values in GSE226151: Up-
regulated genes are shaded in red, and downregulated genes are shaded in blue. Among the 40 genes,
32 were upregulated and only eight genes were downregulated, indicating a higher proportion of upreg-
ulated genes in the sarcopenia group. (C) Selected gene plot for the S vs. HA samples in GSE226151,
showing expression pattems of sarcopenia-associated genes in the ExXDEGA program: Genes with in-
creased expression patterns include ADAMS8, AQP9, ARID5B, CLEC7A, CXCL8, CXCR1, CXCR?2, IL8,
KLF6, LYZ, MYH6, NANOS1, NR4A3, RASD1, SELL, TLR2, TPPP3, TRIB1, UCHL1, VNN2, and
XIRP1. The downregulated genes included ANKRD2, APOLD1, CSF3R, CSF2RB, ITGAX, and HK2.
(D) Radar plot of the major DEGs in GSE226151: The left-side chart shows a circular plot based on the
mean of normalized log values, whereas the right-side chart displays only the upregulated genes in a
radar plot based on fold-change values. Genes with notably high expression levels, NR4A3, CXCLS,
CSF3R, FCGR3B, CXCR2, FPR1, ITGAX, AQP9, XIRP1, RASD1, SELL, and SORL1, are highlighted.
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Figure 5: KEGG, Network, and Bar Plot Analysis of Sarcopenia Regulatory Candidate Genes

(A) Tree plot from KEGG analysis of signaling pathways associated with candidate genes. This plot
illustrates the KEGG analysis results for the 40 major genes implicated in sarcopenia, including those
identified as upregulated in the selected dataset. The cytokine-cytokine receptor interaction pathway
was identified as the primary signaling pathway associated with these candidate genes. (B) Network
analysis results for the candidate genes. A network connectivity graph was generated using the KEGG
analysis server (ShinyGO 0.8). The size of the green circular nodes represents the relevance of each
signaling pathway. The cytokine-cytokine receptor interaction pathway has emerged as the central path-
way in regulating sarcopenia, with the chemokine signaling pathway identified as the second most sig-
nificant. (C) Bar plot of candidate genes: This bar plot visualizes the key signaling pathways with color-
coded and sized nodes based on their significance. While the viral PPI pathway had the highest false
discovery rate (FDR), the cytokine-cytokine receptor interaction pathway was considered the most sig-
nificant based on its larger node size, indicating its strong relevance in sarcopenia regulation.
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KEGG, Network, and Gene Enrichment Analyses

KEGG pathway enrichment analysis (Figure 5A—C) identified cytokine—cytokine receptor
interaction as the most significant pathway (FDR < 0.05), encompassing genes including
CXCLS8, CXCR2, and TLR2. Other pathways involved chemokine signaling and phospholipase
D signaling, indicating immune cell recruitment and changes in lipid metabolism. The visuali-
zation network showed that these pathways contain overlapping genes that mediate inflamma-
tory and oxidative stress responses, which are critical processes associated with muscle degen-
eration in sarcopenia.

STRING Analysis of Candidate Genes

Analysis of 46 candidate genes using STRING identified several protein—protein interaction
clusters, with ADAMS, KLF4, BECN1, and GBP5 demonstrating the highest connectivity (de-
gree > 10) (Figure 6A—C). ClueGO analysis revealed significant functional modules associated
with neutrophil chemotaxis, autophagy regulation, and smooth muscle cell migration, which
are critical for muscle maintenance and regeneration.

GSEA of clinical sarcopenia samples

GSEA validated the enrichment of pathways associated with sarcopenia, aligning with find-
ings from DEG and KEGG analyses. Key pathways included cytokine production related to the
inflammatory response, PI3K—Akt signaling, and the negative regulation of activin receptor
signaling (Figure 6D). GBP5 and ADAMS participated in cytokine production, and BECN1
was associated with autophagy and PI3K binding. At the same time, SMAD7 regulated activin
receptors. The genes identified collectively signify the convergence of inflammation, autoph-
agy, and regenerative deficits in sarcopenic muscle.

Cytoscape network visualization (Figure 6E) revealed significant regulatory interactions
among CLEC7A, KLF4, MEFV, and BECN1. CLEC7A functioned as a pivotal component in
cytokine-related signaling, whereas BECN1 connected autophagy and PI3K—Akt pathways.
The networks identified ADAMS, BECN1, KLF4, and GBPS5 as significantly interconnected
genes associated with immune signaling, oxidative stress, and muscle regeneration.

Collectively, the primary signaling pathways associated with sarcopenia-related gene ex-
pression were identified as the inflammatory response, cellular ROS response, and skeletal
muscle tissue regeneration. Within the inflammatory response pathway, the upregulated genes
included ADAMS, CLEC7A, CXCLS8, CXCR2, LYZ, and TLR2. For the cellular ROS response,
the newly identified candidate genes encompassed GBPS5, ADAMS, HDACY9, NFAMI, and
FPRI. In the skeletal muscle regeneration pathway, XIRPI was highlighted as a significant
gene. Additionally, genes involved in skeletal muscle contraction included upregulated regula-
tors, such as ACTN3, TRIM63, and CFLAR, whereas TNNCI, DMPK, and MTH7 were identi-
fied as negative regulators of muscle contraction.

DISCUSSION

Sarcopenia remains a multifactorial disorder marked by intricate interactions among meta-
bolic, inflammatory, and degenerative pathways. Its onset and progression are influenced by
intrinsic factors such as age, sex, physical activity, diet, and comorbidities, as well as extrinsic
factors such as environment and lifestyle (Yuan et al., 2023). The diversity complicates the
distinction between primary sarcopenia, which is associated with aging, and secondary forms
that arise from chronic diseases or malnutrition (Wiedmer et al., 2021). Primary sarcopenia is
mainly associated with aging and is often exacerbated by disease or lifestyle factors, while
secondary sarcopenia results from non-age-related muscle loss. While numerous potential bi-
omarkers have been identified through serum and tissue analyses, the majority of mechanistic
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Figure 6: Interaction and pathway analyses of candidate sarcopenia genes and GSEA and key
PPI analysis in Sarcopenia GSE226151. (A) STRING analysis results of 46 candidate genes: This
analysis included 40 candidate genes identified from the GSE226151 dataset, along with six additional
genes (MYH8, PDK4, METTL21C, IGFN1, SRC, and EP300) to examine protein-protein interaction
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(PPI) regulation. (B) PPI results of selected candidate genes: Out of 19,350 genes, 46 were initially
extracted for PPI analysis, and 13 candidate genes were further selected based on PCA analysis. The
selected genes included SNAP25, BNDF, KLF4, IL6, BECN1, EP300, SRC, ADAMS8, GDF15, PDK4,
IGFN1, MYH8, and METTL21C. KLF4, EP300, SRC, and ADAMS8 are identified as central nodes of
interaction. (C) Intracellular pathway analysis and Cytoscape analysis of candidate genes: In the neu-
trophil chemotaxis pathway, JAML is the closest gene to other candidates, while CSF2RB is the most
distantly related. The platelet-derived growth factor receptor signaling pathways include NR4AS3,
ARID5B, and CSRNP1. (D) Three primary signaling pathways identified through GSEA and their re-
spective top candidate genes based on enrichment scores. The main biological pathways involved in
sarcopenia regulation are (i) cytokine production involved in the inflammatory response, (ii) phosphati-
dylinositol 3-kinase binding, and (iii) negative regulation of the activin receptor signaling pathway. The
top five candidate genes with the highest enrichment scores in each pathway were selected as the top
five genes with the highest weights based on their enrichment scores within each of the three pathways:
(i) GBP5, SIRPA, CLECTA, TICAM1, and MEFYV; (ii) INSRR, PI3KR1, IRD1, DAB2IP, and BECN1; and
(i) SMAD7, ACVR1, SMURF1, SKI, and NOMQO3. (E) Cytoscape analysis of key pathways for GSEA
candidate genes. PPI signaling relationships and biological functions were inferred for each of the 15
candidate genes ranked high in the GSEA enrichment score (GBP5, SIRPA, CLEC7A, TICAM1, MEFV,
INSRR, PI3BKR1, IRD1, DAB2IP, BECN1, SMAD7, ACVR1, SMURF1, SKI, and NOMO3). Using the GO
app in Cytoscape, a relational graph of gene associations was created, with nodes of varying sizes and
colors representing gene significance and function. In the cytokine production pathway related to the
inflammatory response, KLF4, CLEC7A, and MEFV appeared as central genes, whereas TICAM1 and
SIRPA were less prominent. Black arrows indicate the forward activation of the signaling pathway.

insights have originated from animal models, and the availability of human molecular data,
especially within Asian populations, remains limited. Histological evaluation is the conclusive
diagnostic method; however, it is limited by the invasive nature of muscle biopsies (Wilson et
al., 2018). In this context, the present study enhances the understanding of sarcopenia through
an integrative transcriptomic analysis aimed at identifying key regulatory genes from the Asian-
origin dataset GSE226151. An analysis of approximately 19,000 genes from vastus lateralis
muscle samples identified 40 DEGs associated with inflammatory, oxidative, and autophagic
processes.

Figure 2 shows that DEG profiling identified 40 genes that were significantly altered be-
tween the S and HA groups, indicating substantial transcriptional remodeling. GO and KEGG
enrichment analyses (Figure 3—5) indicated that these genes are predominantly associated with
pathways related to inflammation, oxidative stress, and autophagy. The enhancement of cyto-
kine—cytokine receptor interactions and chemokine signaling pathways underscores the role of
chronic low-grade inflammation, known as “inflammaging,” in muscle atrophy (Sakuma et al.,
2017). Pro-inflammatory cytokines, including IL-6, TNF-0, and IL-1p, keep the NF-kB path-
way active, leading to increased proteolysis and reduced anabolic signaling. This, in turn,
breaks down muscle. The upregulated inflammatory mediators—CXCL8, CXCR2, CLEC7A,
and ADAMS8—identified in this dataset support the notion that prolonged immune activation
disrupts muscle homeostasis, possibly hastening mitochondrial failure and hindering regenera-
tion.

GSEA provided detailed insights into gene enrichment within these pathways. The top-
ranked genes included GBPS5, SIRPA, CLEC7A, TICAM1, and MEFV in cytokine production
within the inflammatory response; INSRR, PI3KRI, IRDI, DAB2IP, and BECNI in PI3K bind-
ing; and SMAD7, ACVRI, SMURF1, SKI, and NOMO3 in negative regulation of the activin
receptor signaling pathway. While discrepancies emerged between the DEG and GSEA find-
ings, these differences could be attributed to limitations in analytical methodologies rather than
to inherent flaws.
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STRING analysis further elucidated the interactions and associated pathways among the
candidate genes. CLEC7A has been identified as central to cytokine production in the inflam-
matory response pathway, with strong links to MEFV and KLF4. In the activin receptor signal-
ing pathway, ACVRI, SKI, and SMAD7 demonstrated close interactions, whereas NOMO3 was
relatively distant. Within the PI3K binding pathway, DAB2IP was prominently positioned.
Overall, the findings highlight critical pathways associated with sarcopenia, including the in-
flammatory response, activin receptor signaling, and PI3K signaling. Inflammatory pathways
are characterized by elevated levels of pro-inflammatory cytokines, such as IL-1f, IL-6, TNF-
a, and CRP, and decreased levels of anti-inflammatory cytokines, such as IL10. Genes upreg-
ulated in sarcopenia-related inflammatory responses included ADAMS, CLEC7A, CXCLS,
CXCR2, LYZ, and TLR2. Overall, the analysis of PPI signaling relationships and biological
functions inferred for the 15 candidate genes with high GSEA enrichment scores identified
ADAMS, BECNI, KLF4, and GBP5 as key regulatory candidates, with increased expression
linked to sarcopenia.

Among the hub genes, ADAMS is distinguished as a multifunctional membrane metallo-
proteinase that modulates cytokine shedding, extracellular matrix remodeling, and immune cell
migration. ADAMS was previously associated with inflammatory conditions, including asthma
(King et al., 2004), and is a potential therapeutic target in pancreatic cancer (Schlomann et al.,
2015). The increase in sarcopenic muscle indicates ongoing immune activity and matrix
change, potentially undermining tissue stability. ADAMS may serve as a molecular link be-
tween immune cell infiltration and structural deterioration, accounting for the persistent mi-
croinflammatory phenotype observed in aged muscle. BECNI1 plays a pivotal role in autophagy
and in regulating the PI3K pathway (Kang et al., 2011). Autophagy plays a critical role in the
recycling of damaged proteins and mitochondria; however, its decline with age results in the
accumulation of dysfunctional organelles and increased oxidative stress. The observed enrich-
ment of the PI3K—Akt signaling pathway in this study suggests that impaired autophagy plays
a significant role in the pathogenesis of sarcopenia. Prior studies have linked impaired
PI3K/Akt/mTOR signaling with anabolic resistance and reduced protein synthesis in elderly
individuals (McKnight et al., 2013). Animal studies have demonstrated a close relationship
between the PI3K-Akt pathway and muscle synthesis (Abdelrahman et al., 2023). Most human
studies on sarcopenia suggest that a diminished synthetic response, commonly referred to as
anabolic resistance, is a key factor in the loss of muscle mass (Wall et al., 2015). BECN1 has
also been linked to infectious diseases and neurodegenerative disorders such as Alzheimer’s
disease. The robust connectivity of BECN1 within our network underlines its function as a
molecular switch that regulates cell survival and apoptosis. Dysregulated Beclin-1 activity may
therefore expedite the shift from adaptive autophagy to cell death, leading to muscle wasting.

KLF4, a zinc-finger transcription factor involved in cell differentiation and the stress re-
sponse, has been identified as a hub gene. The observed upregulation of KLF4 in sarcopenic
tissue suggests an adaptive yet maladaptive transcriptional reprogramming that promotes fibro-
adipogenic differentiation at the expense of myogenic repair. The connection to transcriptional
coactivators like EP300 and CREBBP (Evans et al., 2007) suggests a possible epigenetic regu-
lation of inflammatory gene expression in sarcopenia, a hypothesis that requires experimental
verification.

GBPS, an interferon-inducible guanylate-binding protein, was identified as a significant hub
gene through STRING and GSEA analysis (Figure 6E). GBPS5 activates the NLRP3 inflam-
masome and regulates macrophage polarization, thereby promoting the secretion of IL-1f and
IL-18 in chronic inflammation (Lu et al., 2025). The upregulation observed in sarcopenic sam-
ples suggests a persistent sterile inflammatory response. Increased GBP5 expression may sup-
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port macrophage-mediated cytokine production, hindering tissue repair and biasing macro-
phage populations towards an M1-like phenotype. This finding corresponds with the inflam-
matory dominance noted in aged muscle and may elucidate the impaired resolution of inflam-
mation during regeneration.

Integrative analysis of DEG, KEGG, STRING, and GSEA data shows that chronic inflam-
mation, defective autophagy, and impaired regenerative signaling are linked. PI3K—Akt signal-
ing pathways and cytokine—cytokine receptor contact suggest a self-amplifying feedback loop
between inflammatory stress and autophagy failure. Pro-inflammatory cytokines restrict au-
tophagic flux, whereas cellular damage sustains cytokine production, creating a catabolic dom-
inance loop. Figure 6C—D shows that ADAMS (inflammation) and BECNI1 (autophagy regula-
tion) are interdependent, whereas KLF4 and GBPS integrate transcriptional and immunological
components of the sarcopenic phenotype.

String analysis showed differential grouping between S and HA samples, demonstrating
transcriptional segregation and validating the gene panel's diagnostic potential. In Asian popu-
lations, ADAMS, BECN1, KLF4, and GBP5 may be predictive biomarkers for early sarcopenia
identification. This is important because ethnicity and genetics affect muscle function and dis-
ease susceptibility.

While transcriptomic studies can reveal molecular signatures linked to disease states, the
constrained sample size limits statistical power and external validity, and dependence solely on
transcriptomic data hinders the establishment of causal relationships between gene expression
changes and pathophysiology. It is crucial to obtain experimental confirmation through both in
vitro and in vivo models to clarify the precise mechanistic activities of these hub genes. The
integration of multi-omics data—including proteomic, epigenomic, and metabolomic data—
has the potential to enhance our understanding of the pathophysiology of sarcopenia.

CONCLUSION

This study conducts a thorough transcriptomic analysis, identifying ADAMS, BECNI,
KLF4, and GBPS5 as critical regulatory genes that manage the inflammatory, autophagic, and
regenerative networks associated with sarcopenia. The connections illustrated in Figures 5—6
indicate a cohesive molecular mechanism in which inflammaging, mitochondrial dysfunction,
and transcriptional reprogramming collectively contribute to muscle atrophy. The findings es-
tablish a foundation for biomarker-guided diagnostics and treatment approaches that address
sarcopenia and enhance the quality of life for older adults. ADAMS and GBP5 are linked to
ongoing immune activation, BECNI is associated with impaired mitochondrial quality control,
and KLF4 is connected to modified transcriptional regulation of myogenesis.

This integrative transcriptomic approach, despite limitations in sample size and absence of
experimental validation, provides a biologically consistent framework that improves the under-
standing of sarcopenia pathophysiology. The findings identify these four genes as potential
biomarkers and therapeutic targets, providing opportunities for early diagnosis and precision
interventions. The study addresses ethnic disparities in sarcopenia research and lays the foun-
dation for strategies to mitigate muscle loss and promote healthy aging.

Acknowledgements 2020R1C1C1008694, RS-2023-00272748 &

This study was supported by Hallym Uni-  RS-2025-00513909). We further acknow-
versity Research Fund, the Basic Science Re-  ledge the German Federal Ministry of Re-
search Program through the National Re-  search, Technology, and Space (BMFTR) for
search Foundation of Korea (NRF) funded by = funding CarBoMD (Grant ID 13XP5206).
the  Ministry of Education (NRF-

32



EXCLI Journal 2026,25:18-34 — ISSN 1611-2156

Received: November 04, 2025, accepted: November 23, 2025, published: January 02, 2026

Conflicts of interest

The authors have declared no conflict of
interest regarding the publication of this pa-
per.
Author contributions

JGK and SSL conceived and designed the
manuscript. JGK, ARS, and YHL drafted the
manuscript. JGK, ARS, YHL, and MJK con-
tributed to the investigation, data curation,
and visualization. CC and HJ reviewed the
manuscript. SSL contributed to supervision of
review writing, funding acquisition, and pro-
ject administration. All authors have ap-
proved the final version of the manuscript.

Using Artificial Intelligence (A1)

The intelligibility and clarity of this work
were enhanced through the utilization of arti-
ficial intelligence (Al)-powered language
models. The authors are solely responsible for
the content of the manuscript, as they re-
viewed and edited all Al-assisted text.

Data availability

The datasets analyzed during the current
study are available in the GEO repository
(https://www.ncbi.nlm.nih.gov/geo/.), acces-
sion number GSE226151.

REFERENCES

Abdelrahman Z, Wang X, Wang D, Zhang T, Zhang Y,
Wang X, et al. Identification of novel pathways and im-
mune profiles related to sarcopenia. Front Med (Lau-
sanne). 2023;10:928285. doi:
10.3389/fmed.2023.928285.

Alexiou K, Koutalos AA, Varitimidis S, Karachalios
T, Malizos KN. Development of Prediction Model for
1-year Mortality after Hip Fracture Surgery. Hip Pel-
vis. 2024;36(2):135-43. doi:
10.5371/hp.2024.36.2.135.

Antuna E, Cachan-Vega C, Bermejo-Millo JC, Potes
Y, Caballero B, Vega-Naredo I, et al. Inflammaging:
Implications in Sarcopenia. Int J Mol Sci. 2022;23(23):
15039. doi: 10.3390/ijms232315039.

Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyere
O, Cederholm T, et al. Sarcopenia: revised European
consensus on definition and diagnosis. Age Ageing.
2019;48(1):16-31. doi: 10.1093/ageing/afy169.

Daily JW, Park S. Sarcopenia Is a Cause and Conse-
quence of Metabolic Dysregulation in Aging Humans:
Effects of Gut Dysbiosis, Glucose Dysregulation, Diet
and Lifestyle. Cells. 2022;11(3):338.  doi:
10.3390/cells11030338.

Evans PM, Zhang W, Chen X, Yang J, Bhakat KK, Liu
C. Kruppel-like factor 4 is acetylated by p300 and reg-
ulates gene transcription via modulation of histone
acetylation. J Biol Chem. 2007;282(47):33994-4002.
doi: 10.1074/jbc.M701847200.

Franz M, Rodriguez H, Lopes C, Zuberi K, Montojo J,
Bader GD, et al. GeneMANIA update 2018. Nucleic
Acids Res. 2018;46(W1):W60-W4. doi:
10.1093/nar/gky311.

Huang Z, Song E, Chen Z, Yu P, Chen W, Lin H. Inte-
grated bioinformatics analysis for exploring potential
biomarkers related to Parkinson's disease progression.
BMC Med Genomics. 2024;17(1):133. doi:
10.1186/512920-024-01885-9.

Jiao X, Wu WY, Zhan SF, Liu JB, Zhang XJ. A bidi-
rectional Mendelian randomization study of sarcope-
nia-related traits and inflammatory bowel diseases.
Front Immunol. 2023;14:1240811. doi:
10.3389/fimmu.2023.1240811.

Kang R, Zeh HJ, Lotze MT, Tang D. The Beclin 1 net-
work regulates autophagy and apoptosis. Cell Death
Differ. 2011;18(4):571-80. doi:
10.1038/cdd.2010.191.

Kim HS, Park JW, Lee YK, Yoo JI, Choi YS, Yoon
BH, et al. Prevalence of sarcopenia and mortality rate
in older adults with hip fracture. ] Am Geriatr Soc.
2022;70(8):2379-85. doi: 10.1111/jgs.17905.

Kim MJ, Sinam IS, Siddique Z, Jeon JH, Lee IK. The
Link between Mitochondrial Dysfunction and Sarco-
penia: An Update Focusing on the Role of Pyruvate
Dehydrogenase Kinase 4. Diabetes Metab J. 2023;47
(2):153-63. doi: 10.4093/dm;.2022.0305.

King NE, Zimmermann N, Pope SM, Fulkerson PC,
Nikolaidis NM, Mishra A, et al. Expression and regu-
lation of a disintegrin and metalloproteinase (ADAM)
8 in experimental asthma. Am J Respir Cell Mol Biol.
2004;31(3):257-65. doi: 10.1165/rcmb.2004-00260C.

Li T, Zhao R, Zuo X, Wu M, Wang Y, Tang K, et al.
Integrated Multi-Omics Analysis Identifies Disrupted
Branched-Chain Amino Acid Catabolism as Causal for
Sarcopenia. Preprint, ResearchSquare, 2023. doi:
10.21203/rs.3.rs-3126801/v1.

LuJ, Wang W. Guanylate-binding protein 5: a promis-
ing biomarker and therapeutic target. Infect Immun.
2025;93(9):¢0002625. doi: 10.1128/iai.00026-25.

33



EXCLI Journal 2026,25:18-34 — ISSN 1611-2156

Received: November 04, 2025, accepted: November 23, 2025, published: January 02, 2026

McKnight NC, Zhenyu Y. Beclin 1, an Essential Com-
ponent and Master Regulator of PI3K-III in Health and
Disease. Curr Pathobiol Rep. 2013;1(4):231-8. doi:
10.1007/s40139-013-0028-5.

Minamino H, Katsushima M, Torii M, Yamamoto W,
Fujita Y, Ikeda K, et al. Serum vitamin D status in-
versely associates with a prevalence of severe sarcope-
nia among female patients with rheumatoid arthritis.
Sci Rep. 2021;11(1):20485. doi: 10.1038/s41598-021-
99894-6.

Papadopoulou SK. Sarcopenia: A Contemporary
Health Problem among Older Adult Populations. Nu-
trients. 2020;12(5):1293. doi: 10.3390/nu12051293.

Patra BG, Maroufy V, Soltanalizadeh B, Deng N,
Zheng WJ, Roberts K, et al. A content-based literature
recommendation system for datasets to improve data
reusability - A case study on Gene Expression Omni-
bus (GEO) datasets. J Biomed Inform. 2020;104:
103399. doi: 10.1016/j.jb1.2020.103399.

Petermann-Rocha F, Gray SR, Pell JP, Celis-Morales
C, Ho FK. Biomarkers Profile of People With Sarco-
penia: A Cross-sectional Analysis From UK Biobank.
J Am Med Dir Assoc. 2020;21(12):2017e1-¢9. doi:
10.1016/j.jamda.2020.05.005.

Portnoy AR, Chen S, Tabbaa A, Magruder ML, Kang
K, Razi AE. Complications and Healthcare Cost of To-
tal Hip Arthroplasty in Patients with Depressive Disor-
der. Hip  Pelvis.  2024;36(3):204-10.  doi:
10.5371/hp.2024.36.3.204.

Sakuma K, Aoi W, Yamaguchi A. Molecular mecha-
nism of sarcopenia and cachexia: recent research ad-
vances. Pflugers Arch. 2017;469(5-6):573-91. doi:
10.1007/s00424-016-1933-3.

Schlomann U, Koller G, Conrad C, Ferdous T, Golfi P,
Garcia AM, et al. ADAMS as a drug target in pancre-
atic cancer. Nat Commun. 2015;6:6175. doi:
10.1038/ncomms7175.

Sharma AR, Chatterjee S, Lee YH, Lee SS. Targeting
Crosstalk of Signaling Pathways among Muscles-
Bone-Adipose Tissue: A Promising Therapeutic Ap-
proach for Sarcopenia. Aging Dis. 2024;15(4):1619-
45. doi: 10.14336/AD.2023.00903.

Wall BT, Gorissen SH, Pennings B, Koopman R,
Groen BB, Verdijk LB, et al. Aging Is Accompanied
by a Blunted Muscle Protein Synthetic Response to
Protein Ingestion. PLoS One. 2015;10(11):e0140903.
doi: 10.1371/journal.pone.0140903.

Wiedmer P, Jung T, Castro JP, Pomatto LCD, Sun PY,
Davies KJA, et al. Sarcopenia - Molecular mechanisms
and open questions. Ageing Res Rev. 2021;65:101200.
doi: 10.1016/j.arr.2020.101200.

Wilson D, Breen L, Lord JM, Sapey E. The challenges
of muscle biopsy in a community based geriatric pop-
ulation. BMC Res Notes. 2018;11(1):830. doi:
10.1186/s13104-018-3947-8.

Wu SE, Chen WL. A Genome-Wide Association Study
Identifies Novel Risk Loci for Sarcopenia in a Taiwan-
ese Population. J Inflamm Res. 2021;14:5969-80. doi:
10.2147/JIR.S338724.

Yang J, Zhong J, Du Y, Wang Z, Jiang L, Li Z, et al.
Bioinformatics and systems biology approaches to
identify potential common pathogeneses for sarcopenia
and osteoarthritis. Front Med (Lausanne). 2024;11:
1380210. doi: 10.3389/fmed.2024.1380210.

Yuan S, Larsson SC. Epidemiology of sarcopenia:
Prevalence, risk factors, and consequences. Metabo-
lism. 2023;144:155533. doi:
10.1016/j.metabol.2023.155533.

34



