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Abstract 
Understanding the molecular mechanisms underlying skeletal muscle adaptation to 

different training regimens is essential for advancing muscle health and performance 

interventions. The aim of this study was to investigate molecular and genetic adaptations 

in the resting skeletal muscle of sedentary individuals compared to strength- and 

endurance-trained athletes using bioinformatics and in vitro validation. Differentially 

expressed genes (DEG) analysis of the GSE9405 dataset was conducted. Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were 

performed, followed by protein-protein interaction (PPI) network analysis and receiver 

operating characteristic (ROC) analysis. To validate the bioinformatics findings, the 

expression of two identified genes was assessed using real-time polymerase chain reaction 

(PCR) in professional athletes and age-matched non-athletes. Analysis of RNA expression 

profiles from the GSE9405 dataset identified 426 DEGs, with 165 upregulated and 261 

downregulated in trained individuals. Enrichment analysis highlighted pathways related 

to metabolic efficiency, mitochondrial function, and muscle remodeling, all crucial for 

athletic performance. PRKACA and CALM3 were identified as key upregulated genes in 

trained individuals with central roles in these pathways. The area under the curve (AUC) 

values for CALM3 and PRKACA were 0.8558 and 0.8846, respectively, for differentiating 

the two groups. Validation in human samples confirmed that CALM3 expression was 

significantly higher in athletes (p=0.001), suggesting its critical role in muscle adaptation. 

However, PRKACA expression differences between the groups were not statistically 

significant (p=0.321). These findings provide insights into gene-level responses to long-

term training, offering a basis for targeted interventions to enhance muscle health and 

athletic performance. 

Keywords: Skeletal muscle, gene expression regulation, physical endurance, CALM3, 

PRKACA 

Introduction 

In the field of sports and athletic performance, a comprehensive understanding of skeletal 

muscle physiology is crucial [1]. Skeletal muscle not only facilitates physical movement but also 
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plays a vital role in metabolic health and recovery [2]. For athletes, optimizing skeletal muscle 

function is key to achieving peak performance, preventing injuries, and ensuring efficient post-

exercise recovery [3]. While much attention has been given to muscle adaptations during exercise, 

the resting state of skeletal muscle is equally important. This state reflects the long-term effects 

of various training regimens and provides insights into the muscle’s preparedness for future 

physical demands. The condition of resting skeletal muscle can reveal the enduring impacts of 

training, particularly in athletes who undergo intensive strength and endurance training [4]. 

However, investigating the molecular adaptations in resting skeletal muscle presents 

significant challenges. Traditional approaches, such as muscle biopsy followed by in vitro 

analysis, are invasive, resource-intensive, and difficult to apply to large cohorts, especially when 

comparing sedentary individuals with highly trained athletes. These limitations have contributed 

to a gap in the literature, where the understanding of how long-term training influences gene 

expression in resting muscles remains incomplete. Furthermore, variability in sample collection 

and the complexity of post-exercise muscle conditions further complicate direct studies [3]. 

To address these challenges, bioinformatics offers a powerful and non-invasive alternative. 

By analyzing existing gene expression datasets, researchers can explore the molecular landscape 

of skeletal muscle without the need for direct sample collection [5]. Bioinformatics enables the 

identification of differentially expressed genes (DEGs) across various conditions, providing a 

comprehensive overview of the molecular changes associated with different training regimens 

[6]. This approach not only helps bridge the current knowledge gap regarding resting muscle 

adaptations but also serves as a foundational study for future in vitro experiments, where specific 

genes identified in this analysis can be further validated and explored in samples from both 

athletes and non-athletes. 

In this study, bioinformatics tools were utilized to analyze the GSE9405 dataset from the 

Gene Expression Omnibus (GEO) database. The aim of this study was to identify and characterize 

the key genes that exhibit differential expression in resting skeletal muscle between sedentary 

and highly trained individuals. By addressing this gap, the research aims to provide critical 

insights into the molecular adaptations of skeletal muscle in response to different training 

regimens, ultimately laying the groundwork for subsequent in vitro investigations. These insights 

could significantly contribute to the development of targeted interventions for enhancing athletic 

performance and muscle health. 

Methods 

Data acquisition and differential expression analysis 

The RNA expression profile of GSE9405 (https://ncbi.nlm.nih.gov/bioproject/103133) was 

obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) using the R package 

GEOquery (v2.66.0) [7]. The R package limma (v3.54.2) was used for normalization and DEGs, 

applying criteria of fold change (FC) >1 and adjusted p<0.05. 

Functional enrichment analysis 

Gene Ontology (GO) (https://www.geneontology.org/) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) (https://www.genome.jp/kegg/) pathway analyses were performed on the 

identified DEGs to understand the biological processes, cellular components, and molecular 

functions associated with skeletal muscle adaptation. These analyses were conducted using the 

“clusterProfiler” of the R package (v4.6.2) with a significance level of p<0.05. 

Protein-protein interaction (PPI) network construction and hub gene 

identification 

The identified DEGs were used to construct a PPI network utilizing the STRING database 

(https://stringdb.org/) with a confidence score >0.4. The PPI network was visualized using 

Cytoscape (v3.10.2) (https://www.softpedia.com/get/Science-CAD/Cytoscape.shtml), where 

unconnected nodes were removed, and hub genes were identified based on node degree 

(Degree>20). Finally, the R package pROC (v1.18.5) was employed for receiver operating 

characteristic (ROC) analysis, including the generation of ROC curves. 

http://doi.org/10.52225/narra.v5i1.1764
https://ncbi.nlm.nih.gov/bioproject/103133
https://www.ncbi.nlm.nih.gov/geo/
https://www.geneontology.org/
https://www.genome.jp/kegg/
https://stringdb.org/
https://www.softpedia.com/get/Science-CAD/Cytoscape.shtml
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In vitro validation 

To validate bioinformatics findings, venous blood samples were collected from two groups: 

professional athletes and age-matched non-athletes. The criteria for professional athletes were as 

follows: male, aged 18 to 40 years, regularly training in strength and endurance. Professional 

athletes included eight physical education and health students at Universitas Negeri Malang and 

one basketball player. The criteria for non-athletes were male, aged 18 to 40 years, with no 

training in strength and endurance. Eight students of the literature department at Malang State 

University were included in the non-athlete group.  

RNA was extracted from blood samples using a TRIzol-based protocol (TRIzol RNA Isolation 

Reagents, Thermo Fisher Scientific, Waltham, USA), followed by reverse transcription to 

synthesize complementary DNA (cDNA). Polymerase chain reaction (PCR) was performed to 

assess the expression levels of the CALM3 and PRKACA genes. These genes were identified 

through our bioinformatics analysis. CALM3 and PRKACA play critical roles in muscle growth, 

differentiation, and adaptation. CALM3 is primarily involved in heart muscle contraction, while 

PRKACA expression is upregulated in skeletal muscle tissue and is essential for cardiac muscle 

contraction. Gene-specific primers were synthesized by PT Genetika Science Indonesia 

(Tangerang, Indonesia) (Table 1).  

Table 1. Primer sequences used for real-time polymerase chain reaction (PCR) 

Gene Primer sequence 
CALM3 Forward: ACT TTC GCC TCT GGG ACA AG 

Reverse: TGC TGG GGT TGG TGT GTA TG 
PRKACA Forward: TAG GAA GCC TCC GCT CTC TT 

Reverse: TTC AAG CCA GGA CCT GAT CG 
ACTB Forward: GAG CTG TCA CAT CCA GGG TC 

Reverse: AGG AGG GAT CTC CAC ACA CC 

 

The PCR was conducted using the DNA Engine Opticon (Bio-Rad Laboratories, Hercules, 

California). Each reaction had a volume of 20 µL with 4 µL of template, 1 µL of each forward and 

reverse primer (0.5 µM), 4 µL PCR master mix (Promega Corporation, Madison, USA) (2 mg/mL) 

and 10 µL of PCR grade water. The amplification conditions included an initial denaturation at 

94°C for 2 minutes, followed by 40 cycles of denaturation at 94°C for 30 seconds and annealing 

at 60°C for 30 seconds. Gene expression was normalized against the housekeeping gene beta-

actin (ACTB) to ensure accurate and reliable results. The relative expression levels 

of CALM3 and PRKACA were calculated based on densitometric analysis [8]. Statistical analysis 

of gene expression data was performed using SPSS v21.0 (IBM, New York, USA), with a 

significant threshold of p<0.05. 

Results 

Differentially expressed genes (DEG) analysis 

The DEG analysis of resting skeletal muscle between sedentary individuals and highly trained 

athletes reveals significant molecular adaptations to athletic training. Utilizing the RNA 

expression profile from the GEO dataset GSE9405, a total of 426 genes were identified as 

differentially expressed (Figure 1). Among these, 165 genes were significantly upregulated, and 

261 genes were significantly downregulated in the muscles of highly trained individuals compared 

to sedentary individuals (Figure 1). The upregulated genes (red dots), likely involved in 

enhanced metabolic processes, increased mitochondrial function, and other adaptations that 

support the high demands of athletic training. This upregulation indicated that the muscles of 

highly trained individuals were primed for efficient energy utilization and recovery, even at rest. 

The downregulated genes may reflect the suppression of pathways that are less essential in a well-

conditioned muscle, such as those involved in inflammation, oxidative stress, or other 

mechanisms that are more active in sedentary individuals. The greater number of downregulated 

genes suggested extensive muscle remodeling in athletes, leading to a more specialized and 

efficient state at rest. Most of the genes (15,990; gray dots) did not exhibit significant differential 

expression, likely representing baseline molecular processes common to both groups (Figure 1). 

http://doi.org/10.52225/narra.v5i1.1764
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This pattern indicated the profound yet selective impact of athletic training on the muscle 

transcriptome, where significant changes occur alongside a stable baseline of gene expression. 

 

 

Figure 1. Volcano plot of differentially expressed genes (DEGs) in resting skeletal muscle between 
sedentary individuals and highly trained athletes. Blue dots represent 261 downregulated DEGs, 
and red dots represent 165 upregulated DEGs. The gray dots represent 15,990 genes that do not 
exhibit significant differential expression. 

Gene Ontology (GO) enrichment analysis 

The GO enrichment analysis of resting skeletal muscle between sedentary individuals and highly 

trained athletes revealed substantial molecular differences as presented in Figure 2. Several 

biological processes were notably enriched in athletes, emphasizing muscle systems' heightened 

activity and efficiency. Muscle contraction, cardiovascular function, and DNA repair pathways 

were significantly upregulated in athletes, indicating enhanced muscular performance, improved 

cardiac efficiency, and heightened genomic stability (Figure 2). This was further supported by 

the significant enrichment of processes related to telomere organization, which suggested a role 

in preserving chromosome integrity during physical stress (Figure 2). 

Muscle system processes, which included muscle adaptation, contraction, and hypertrophy, 

showed particularly significant differences between the training and control groups. This 

highlighted the enhanced muscle activity and growth in athletes compared to sedentary 

individuals. Additionally, the enrichment of telomere organization processes in athletes was 

particularly interesting, as telomere organization is closely related to telomerase activity, which 

plays a crucial role in maintaining chromosomal integrity under physiological stress. These 

findings suggest that while chronological age does not affect skeletal muscle cell aging, physical 

inactivity, potentially mediated by free radicals, has a profound impact on this process. 

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis 

The KEGG enrichment analysis revealed significant molecular adaptations in the resting skeletal 

muscle of highly trained athletes compared to sedentary individuals as presented in Figure 3. 

Notably, the enrichment of pathways associated with dilated and hypertrophic cardiomyopathy 

suggested that athletic training induced molecular changes that may reflect adaptive cardiac 

remodeling. These adaptations could be protective, enhancing cardiac function and resilience in 

response to the increased physical demands experienced by athletes. 

 

http://doi.org/10.52225/narra.v5i1.1764
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Figure 2. Gene Ontology (GO) enrichment analysis of resting skeletal muscle between sedentary 
individuals and highly trained athletes revealed significant molecular adaptations to athletic 
training, false discovery rate (FDR) <0.05.  

 

Figure 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of resting 
skeletal muscle between sedentary individuals and highly trained athletes revealed significant 
molecular adaptations to athletic training. 

Protein-protein interaction (PPI) network 

This study conducted a detailed analysis of PPI network to elucidate the differences in resting 

skeletal muscle between sedentary individuals and highly trained athletes. The PPI network, 

http://doi.org/10.52225/narra.v5i1.1764
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derived from high-throughput data, highlighted several key proteins acting as central hubs, which 

play crucial roles in muscle physiology and adaptation. Proteins such as proto-oncogene tyrosine-

protein kinase SRC (SRC), myelocytomatosis oncogene (MYC), enhancer of zeste homolog 2 

(EZH2), and cyclin-dependent kinase 2 (CDK2) were identified as highly connected nodes within 

the network, indicating their significant involvement in regulating muscle function (Figure 4). 

 

Figure 4. Protein-protein interaction (PPI) network of differentially expressed genes (DEGs). 
Nodes are color-coded based on degree: green indicates nodes with a degree less than 20, while 
yellow to orange indicates nodes with a degree greater than 20 (the more orange, the higher the 
degree). Edge width corresponds to interaction scores, with wider edges representing higher 
interaction scores. 

Hub genes 

Differential gene expression in resting skeletal muscle between sedentary (control) and trained 

(highly active) groups emphasized changes in key regulatory genes such as MYC, CDK2, EZH2, 

SRC, and CALM3 (Figure 5). These genes are crucial for muscle growth, differentiation, and 

adaptation. CALM3 and PRKACA genes had increased expression in the trained group, 

suggesting an adaptive upregulation in response to physical training. In contrast, genes like MYC 

and CDK2 were downregulated, indicating a modified regulatory role in response to sustained 

exercise. Hierarchical clustering applied to genes and samples, as presented by the dendrograms, 

highlighted distinct expression profiles between the groups and demonstrated variability within 

them, especially for EZH2 and SRC (Figure 5). 

Next, the analysis was extended by mapping the network of genes central to muscle 

contraction, specifically highlighting CALM3 and PRKACA (Figure 6). This network 

visualization revealed the direct involvement of these upregulated genes in the muscle 

contraction process, suggesting their functional significance in trained muscles. CALM3 had 

significant upregulation and suggested an increased role in muscle contraction mechanisms post-

training (Figure 6). PRKACA also showed enhanced expression, pointing to its critical role in 

muscle contraction regulation via interactions with other contraction-related proteins (Figure 

6). These showed that the differential expression of these genes was not merely a reactive 

adjustment but actively enhanced muscle contraction capabilities in trained individuals, 

suggesting targeted molecular adaptations contributing to improved muscle function.  

http://doi.org/10.52225/narra.v5i1.1764
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Figure 5. Heatmap of hub genes. The heatmap presents the hub genes' normalized log2 gene 
expression levels, with color intensity indicating gene abundance. 

 

Figure 6. Hub genes and other differentially expressed genes (DEGs) are involved in the Gene 
Ontology term “Muscle contraction.” The figure highlights the genes associated with the muscle 
contraction, distinguishing between hub genes and other DEGs. CALM3 is presented in blue and 
PRKACA in red. 

http://doi.org/10.52225/narra.v5i1.1764
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Receiver operating characteristic (ROC) analysis 

In previous analyses, both PRKACA and CALM3 were identified as differentially expressed genes, 

with upregulation observed in highly trained individuals. Our data indicated that CALM3 and 

PRKACA had an area under the curve (AUC) values of 0.8558 and 0.8846, respectively, indicating 

that both genes could differentiate between the groups (Figure 7). The high AUC values in this 

ROC analysis further emphasized the diagnostic potential of these genes. The AUC values 

indicated that PRKACA and CALM3 have strong discriminatory power in distinguishing between 

the sedentary and trained groups, reinforcing their importance in muscle function adaptation. 

The elevated expression of these genes in trained individuals, highlighted by their position in the 

network visualization, aligned with their high AUC values, confirming their critical roles in the 

physiological response to exercise. 

      
Figure 7.  Receiver operating characteristic (ROC) curves of PRKACA (A) and CALM3 (B) hub 
genes. The ROC curves depicted the performance of PRKACA and CALM3 in distinguishing 
between sedentary and trained groups, with area under the curve (AUC) indicating predictive 
accuracy. 

CALM3 and PRKACA gene expression  

In this study, the expression of CALM3 and PRKACA genes in athletes versus non-athletes was 

conducted using PCR with β-actin serving as the endogenous control. The results were expressed 

in the density of the PCR product obtained [8]. The expression results of each gene obtained were 

normalized against β-actin expression. Our analysis revealed the relative expression of the 

CALM3 gene in the athlete group was significantly higher compared to the non-athlete group 

(p=0.01) (Figure 8). This indicated that the presence of moderate and high-intensity exercise 

affected the expression of the CALM3 gene. In contrast, the PRKACA gene expression had no 

statistical significance between athlete and non-athlete groups (p=0.608).  

 
Figure 8. Comparison of densitometric analysis of relative expression of CALM3 (A) and PRKACA 
gene (B) between athlete and non-athlete groups. The asterisk (*) symbol indicates statistical 
significance at p=0.05. 

A B 

A B 

http://doi.org/10.52225/narra.v5i1.1764
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Discussion 
Endurance training induces complex molecular adaptations, with more genes downregulated 

than upregulated. Notably, genes involved in lipid metabolism, like SCD1 and ATGL, show higher 

expression in trained athletes compared to sedentary individuals. This enhances lipid 

metabolism, supporting prolonged physical activity by improving energy production and 

membrane integrity [9,10]. Exercise-induced changes in skeletal muscle reveal significant 

metabolic remodeling. Endurance training boosts oxidative capacity by increasing proteins linked 

to mitochondrial function and energy production. It also enhances fatty acid metabolism, 

promoting more efficient energy use. These changes improve both athletic performance and 

overall metabolic health [11,12]. 

Skeletal muscle acts as an endocrine organ, releasing myokines that regulate glucose and 

lipid metabolism, improving overall metabolic health. Exercise boosts insulin sensitivity by 

altering lipid profiles in muscle, underscoring its role in reducing metabolic disorder risks. 

Additionally, trained athletes exhibit muscle fiber adaptations, including enhanced oxidative 

capacity, efficient energy use, and increased lipid storage through SCD1 upregulation, 

highlighting the intricate balance of muscle repair, growth, and metabolism [13-16]. Exercise 

training also modulates inflammatory markers in muscle tissue, as demonstrated by studies on 

the PGE2/COX pathway [17]. This modulation is particularly beneficial for sedentary individuals, 

as chronic inflammation is often linked to metabolic dysfunction. Furthermore, moderate and 

high-intensity aerobic training improves microvascular reactivity and reduces oxidative stress, 

which are critical factors in maintaining cardiovascular health [18]. These improvements are 

complemented by increases in skeletal muscle mitochondrial density, which enhances lipid 

oxidation and overall metabolic health [19]. 

Athletes’ muscles undergo extensive cellular remodeling to support growth, repair, and 

performance. Training enhances transcriptional activity, chromosomal stability, and protein 

synthesis, strengthening muscle tissue and improving integrity [20]. Neuromuscular 

communication is optimized through enriched calcium channels and synaptic functions, boosting 

muscle contraction and performance. Additionally, increased DNA repair, protein folding, and 

stability enable better muscle maintenance and efficient energy use, highlighting the resilience 

and adaptability of trained muscles [21]. Athletic training uniquely impacts insulin sensitivity, 

often displaying the "athlete's paradox." Unlike typical insulin resistance associated with poor 

health, athletes may have higher intramyocellular lipid (IMCL) levels while maintaining or 

improving insulin sensitivity, reflecting an adaptive mechanism that boosts metabolic efficiency 

[14]. Research indicates that endurance-trained athletes possess higher levels of diacylglycerol 

(DAG) and IMCL than sedentary individuals, yet they demonstrate normal insulin sensitivity [9]. 

This is attributed to these lipids' distinct composition and localization within muscle cells. For 

instance, specific species of DAG have been shown to correlate positively with insulin sensitivity 

in athletes, suggesting that not all lipid accumulation is detrimental [10,22]. Furthermore, the 

presence of perilipin proteins involved in lipid droplet metabolism has been associated with 

improved insulin sensitivity in trained individuals [23]. 

Regular intense exercise enhances glucose utilization and insulin sensitivity through 

mechanisms like upregulated lipolytic proteins that lower muscle triglycerides, benefiting insulin 

signaling [24,25]. Athletes’ metabolic flexibility ensures efficient glucose use despite elevated 

lipid levels, though stopping training quickly can impair metabolic health, emphasizing the need 

for consistency. Athletic training also enriches nucleotide metabolism, supporting the energy 

production, DNA repair, and cellular growth required for muscle repair and hypertrophy. Muscle 

growth is driven by the mTOR signaling pathway, activated by resistance exercise and nutrients 

like BCAAs, underscoring the intricate link between metabolism and training adaptations [26]. 

During muscle hypertrophy, genes linked to protein synthesis and metabolism are highly active. 

Resistance training triggers mTORC1 activation, sustained by BCAAs, and promotes growth 

factors like IGF-1 and testosterone, enhancing muscle protein synthesis [26–28]. Metabolic 

byproducts like lactate also create an anabolic environment that supports growth. Athletes show 

improved drug metabolism, aiding recovery and reducing oxidative stress. While intense exercise 

generates high ROS levels, upregulated antioxidant pathways adapt to protect DNA and maintain 

muscle integrity. Testosterone plays a dual role, boosting muscle growth and acting as an 

http://doi.org/10.52225/narra.v5i1.1764
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antioxidant, essential for recovery and performance. Exercise-induced metabolic adaptations 

strengthen antioxidant defenses, reduce oxidative damage and support high-intensity training. 

However, the misuse of anabolic steroids raises ethical concerns in sports medicine due to their 

impact on performance and metabolic balance [29]. 

The molecular regulation of muscle hypertrophy is further driven by key signaling molecules 

such as MYC, CDK2, and EZH2, which play pivotal roles in muscle growth and differentiation. 

Alongside these growth factors, the regulation of key enzymes such as PRKACA and CALM3 

further underscores the importance of cellular signaling in athletic adaptation. PRKACA, which 

encodes the catalytic subunit of protein kinase A (PKA), plays a pivotal role in various cellular 

processes, including metabolism, growth, and survival signaling. Studies have shown that 

PRKACA is upregulated in response to exercise, particularly in skeletal muscle, where it 

contributes to adaptations such as increased glycogen storage and enhanced muscle performance. 

The activation of PKA is crucial for the phosphorylation of downstream targets that regulate 

metabolic pathways, thereby facilitating the energy demands of highly trained individuals. 

Moreover, the upregulation of PRKACA has been associated with improved muscle hypertrophy 

and strength, as evidenced by its role in mediating the effects of resistance training on muscle 

growth factors [30]. 

On the other hand, CALM3, a member of the calmodulin family, is involved in calcium 

signaling and has been implicated in various physiological processes, including muscle 

contraction and neurotransmitter release. The expression of CALM3 is also influenced by 

exercise, with evidence suggesting that its upregulation contributes to the enhanced calcium 

sensitivity of muscle fibers in trained individuals. This is particularly relevant as calcium signaling 

is essential for muscle contraction and overall muscle function, which are critical for athletic 

performance. Furthermore, CALM3's interaction with other signaling molecules underscores its 

role in mediating the effects of exercise on muscle metabolism and adaptation [31]. 

CALM3 plays a vital role in calcium signaling, impacting both muscle function and 

cardiovascular health. It helps regulate muscle excitation and cardiac rhythm, working alongside 

CALM1 and CALM2 to produce calmodulin proteins with tissue-specific expression patterns. In 

athletes, CALM3 influences muscle adaptation and responsiveness, particularly in skeletal 

muscle during high-intensity activities. In this study, it was observed that there was a significant 

increase in CALM3 expression in the athlete group compared to the non-athlete group. This 

showed that the presence of moderate and high intensity exercise affects the expression of several 

genes, one of which is CALM3. However, several studies have also shown that moderate to heavy 

activity can cause a decrease in CALM3 gene expression. Previous studies have shown a decrease 

in CALM3 gene expression in horse muscle four hours after exhausting treadmill exercise [32]. 

Otherwise, animal studies suggest exercise can alter CALM3 expression, enhancing muscle 

metabolism and performance, hinting at similar benefits for human athletes [12,33].  

In addition to muscle function, CALM3 expressions also play a role in cardiac health, with 

potential implications for athletes' heart performance and safety. Variants of the CALM3 gene 

have been associated with cardiac conditions such as long QT syndrome (LQTS), a disorder that 

can lead to arrhythmias under intense physical exertion [33,34]. Mutations or polymorphisms in 

the CALM3 gene, such as the −34T>A variant in the promoter region, may influence its 

expression levels and, in turn, affect calcium signaling within the heart. Such genetic variations 

could alter cardiac responses during exercise, impacting an athlete's performance and posing 

potential health risks. The influence of CALM3 polymorphisms on calcium homeostasis in the 

heart highlights the gene's broader significance in both athletic performance and cardiovascular 

health [35].  

Finally, the impact of training on cAMP signaling pathways highlights the role of PRKACA 

in regulating muscle function and metabolic efficiency. This mechanism allows the body to 

respond efficiently to physical demands, highlighting the importance of PRKACA in exercise 

physiology and athletic performance [36]. PRKACA expression is known to adapt in response to 

training, which may enhance athletic performance over time. Studies have shown that endurance 

training can lead to changes in PRKACA expression in skeletal muscle, improving the muscle's 

oxidative capacity and overall energy efficiency [12]. This upregulation of energy-metabolizing 

genes, mediated by PKA, supports improved endurance and performance in athletes compared 

http://doi.org/10.52225/narra.v5i1.1764
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to untrained individuals. Moreover, PRKACA's role varies with exercise type; for example, 

endurance training tends to increase the expression of genes related to mitochondrial function 

and energy metabolism, both of which are regulated by PKA pathways [37]. These adaptations 

highlight how PRKACA contributes to the physiological changes necessary for sustained athletic 

performance. 

Beyond its role in muscle function and energy use, PRKACA may also impact athletic health. 

Moreover, genetic variants in the PRKACA gene could influence an athlete's response to training 

and recovery, as different polymorphisms may alter the efficiency of PKA signaling. Some of these 

genetic differences could predispose individuals to excel in specific sports by promoting faster 

muscle adaptation to training stimuli [33]. Furthermore, PKA signaling dysregulation has been 

linked to cardiovascular issues like hypertrophic cardiomyopathy, which poses potential risks for 

athletes under intense physical exertion. Thus, studying PRKACA not only sheds light on 

performance optimization but also underscores the need for awareness of potential health 

implications in athletic populations [35]. 

Conclusion 
Using bioinformatics tools, this study successfully identified DEGs in resting skeletal muscle 

between sedentary individuals and highly trained athletes. A total of 426 genes were found to be 

significantly different, with 165 genes upregulated and 261 genes downregulated in trained 

individuals. These molecular adaptations reflect enhanced metabolic efficiency, improved 

mitochondrial function, and optimized muscle remodeling in response to long-term athletic 

training. The findings from GO and KEGG pathway enrichment analyses indicate significant 

upregulation of pathways related to muscle contraction, cardiovascular function, and DNA repair 

in trained individuals, further supporting their enhanced physical performance and metabolic 

health. The hub genes identified in this study, including MYC, CALM3, and PRKACA, play critical 

roles in muscle growth, differentiation, and adaptation. These results provide valuable insights 

into the molecular landscape of skeletal muscle in response to training regimens and offer 

potential targets for future research to improve athletic performance and muscle health. 

Ethics approval  

This study received ethical exemption from the Ethics Committee of Universitas Negeri Malang, 
as it met the standards of social and scientific value, equitable benefit-risk assessment, 
confidentiality, and informed consent, in accordance with WHO 2011 standards and CIOMS 2016 
guidelines (Approval Number: No.23.08.7/UN32.14.2.8/LT/2024). 

Acknowledgments 

We would like to thank Asosiasi Lembaga Pendidikan Tenaga Kependidikan Negeri Indonesia 
(ALPTKNI) for providing the Riset Kolaborasi LPTK Indonesia (RKLI) 2024 grant (Grant No. 
5.4.24/UN32.14.1/LT/2024), which made this research possible. Our gratitude also goes to 
Universitas Pendidikan Ganesha (UNDIKSHA) for their support as co-host. 

Competing interests 

All the authors declare that there are no conflicts of interest. 

Funding 

This study was funded by ALPTKNI through the RKLI 2024 grant (Grant No. 
5.4.24/UN32.14.1/LT/2024). 

Underlying data  

Derived data supporting the findings of this study are available from the corresponding author 
upon request. 

Declaration of artificial intelligence use 

This study used artificial intelligence (AI) tools and methodologies in the following capacities: 
data analysis, modeling and visualization. During data analysis, in this study, datasets were 

http://doi.org/10.52225/narra.v5i1.1764


Kinanti et al. Narra J 2025; 5 (1): e1764 - http://doi.org/10.52225/narra.v5i1.1764  

Page 12 of 13 

O
ri

g
in

al
 A

rt
ic

le
 

 

 

sourced from multiple reputable biological databases, including the GEO database, GO, KEGG 
Pathway Database, and STRING database. These resources provided diverse and valuable 
biological data, which were meticulously selected and analyzed. Artificial Intelligence (AI) 
techniques, combined with advanced tools available in the R programming environment, were 
employed to identify complex patterns and extract meaningful insights, ensuring precision and 
efficiency throughout the data processing pipeline. For visualization purposes, the processed data 
were then visualized using AI-connected tools, such as Cytoscape (v3.10.2), the R package Limma 
(v3.54.2), clusterProfiler (v4.6.2), and pROC (v1.18.5), to reveal intricate biological relationships, 
functional annotations, and networks. These tools enabled the integration of complex datasets 
and facilitated the generation of clear, interpretable visualizations, enhancing our understanding 
of key patterns, pathways, and interactions within the data. We confirm that all AI-assisted 
processes were critically reviewed by the authors to ensure the integrity and reliability of the 
results. The final decisions and interpretations presented in this article were solely made by the 
authors. 

How to cite 
Kinanti RG, Weningtyas A, Ariesaka KM, et al. Identification of differentially expressed genes in 

resting human skeletal muscle of sedentary versus strength and endurance-trained individuals 

using bioinformatics analysis and in vitro validation. Narra J 2025; 5 (1): e1764 - 

http://doi.org/10.52225/narra.v5i1.1764.  

References 
1. Tieland M, Trouwborst I, Clark BC. Skeletal muscle performance and ageing. J Cachexia Sarcopenia Muscle 2018;9(1):3-

19. 

2. Mukund K, Subramaniam S. Skeletal muscle: A review of molecular structure and function, in health and disease. Wiley 

Interdiscip Rev Syst Biol Med 2020;12(1):e1462. 

3. Furrer R, Hawley JA, Handschin C. The molecular athlete: Exercise physiology from mechanisms to medals. Physiol Rev 

2023;103(3):1693-1787. 

4. Beiter T, Zügel M, Hudemann J, et al. The acute, short-, and long-term effects of endurance exercise on skeletal muscle 

transcriptome profiles. Int J Mol Sci 2024;25(5):2881. 

5. Graziani D, Ribeiro JVV, Cruz VS, et al. Oxidonitrergic and antioxidant effects of a low molecular weight peptide fraction 

from hardened bean (Phaseolus vulgaris) on endothelium. Braz J Med Biol Res 2021;54(6):1-11. 

6. Rosati D, Palmieri M, Brunelli G, et al. Differential gene expression analysis pipelines and bioinformatic tools for the 

identification of specific biomarkers: A review. Comput Struct Biotechnol J 2024;23:1154-1168. 

7. Sean D, Meltzer PS. GEOquery: A bridge between the Gene Expression Omnibus (GEO) and BioConductor. 

Bioinformatics 2007;23(14):1846-1847. 

8. Mitchell K, Iadarola MJ. RT-PCR analysis of pain genes: Use of gel-based RT-PCR for studying induced and tissue-

enriched gene expression. Methods Mol Biol Clifton NJ 2010;617:279-295. 

9. Kawanishi N, Takagi K, Lee HC, et al. Endurance exercise training and high-fat diet differentially affect composition of 

diacylglycerol molecular species in rat skeletal muscle. Am J Physiol-Regul Integr Comp Physiol 2018;314(6):R892-

R901. 

10. Amati F, Dubé JJ, Alvarez-Carnero E, et al. Skeletal muscle triglycerides, diacylglycerols, and ceramides in insulin 

resistance. Diabetes 2011;60(10):2588-2597. 

11. Bernier M, Enamorado IN, Gómez-Cabrera MC, et al. Age-dependent impact of two exercise training regimens on 

genomic and metabolic remodeling in skeletal muscle and liver of male mice. NPJ Aging 2022;8(1):8. 

12. McGivney BA, McGettigan PA, Browne JA, et al. Characterization of the equine skeletal muscle transcriptome identifies 

novel functional responses to exercise training. BMC Genomics 2010;11:398. 

13. Lu Y, Wang XH, Li J, et al. Association between skeletal muscle mass and cardiovascular risk factors in occupational 

sedentary population: A cross-sectional study. J Occup Environ Med 2023;65(1):e10-e15. 

14. Newsom SA, Brozinick JT, Kiseljak-Vassiliades K, et al. Skeletal muscle phosphatidylcholine and 

phosphatidylethanolamine are related to insulin sensitivity and respond to acute exercise in humans. J Appl Physiol 

2016;120(11):1355-1363. 

15. Szentesi P, Csernoch L, Dux L, et al. Changes in redox signaling in the skeletal muscle with aging. Oxid Med Cell Longev 

2019;2019:1-12. 

http://doi.org/10.52225/narra.v5i1.1764
http://doi.org/10.52225/narra.v5i1.1764


Kinanti et al. Narra J 2025; 5 (1): e1764 - http://doi.org/10.52225/narra.v5i1.1764  

Page 13 of 13 

O
ri

g
in

al
 A

rt
ic

le
 

 

 

16. Dobrzyn P, Pyrkowska A, Jazurek M, et al. Endurance training-induced accumulation of muscle triglycerides is coupled 

to upregulation of stearoyl-CoA desaturase 1. J Appl Physiol 2010;109(6):1653-1661. 

17. Naruse M, Fountain WA, Claiborne A, et al. Influence of low‐dose aspirin, resistance exercise, and sex on human skeletal 

muscle PGE2/COX pathway activity. Physiol Rep 2021;9(5):e14790. 

18. Kolnes KJ, Petersen MH, Lien-Iversen T, et al. Effect of exercise training on fat loss—energetic perspectives and the role 

of improved adipose tissue function and body fat distribution. Front Physiol 2021;12:737709. 

19. Galgani JE, Johannsen NM, Bajpeyi S, et al. Role of skeletal muscle mitochondrial density on exercise‐stimulated lipid 

oxidation. Obesity 2012;20(7):1387-1393. 

20. Nasuka N, Setiowati A, Indrawati F. Creatine kinase and blood lactate on high intensity short period exercise. Int J Hum 

Mov Sports Sci 2021;9(6):1081-1086. 

21. Ablinger C, Eibl C, Geisler SM, et al. α2δ-4 and Cachd1 proteins are regulators of presynaptic functions. Int J Mol Sci 

2022;23(17):9885. 

22. Bergman BC, Hunerdosse DM, Kerege A, et al. Localisation and composition of skeletal muscle diacylglycerol predicts 

insulin resistance in humans. Diabetologia 2012;55(4):1140-1150. 

23. Gemmink A, Daemen S, Brouwers B, et al. Dissociation of intramyocellular lipid storage and insulin resistance in trained 

athletes and type 2 diabetes patients; Involvement of perilipin 5? J Physiol 2018;596(5):857-868. 

24. Louche K, Badin PM, Montastier E, et al. Endurance exercise training up-regulates lipolytic proteins and reduces 

triglyceride content in skeletal muscle of obese subjects. J Clin Endocrinol Metab 2013;98(12):4863-4871. 

25. Liao YH, Sung YC, Chou CC, et al. Eight-week training cessation suppresses physiological stress but rapidly impairs 

health metabolic profiles and aerobic capacity in elite taekwondo athletes. PLoS One 2016;11(7):e0160167. 

26. Chaillou T, Lee JD, England JH, et al. Time course of gene expression during mouse skeletal muscle hypertrophy. J Appl 

Physiol 2013;115(7):1065-1074. 

27. De Freitas MC, Gerosa-Neto J, Zanchi NE, et al. Role of metabolic stress for enhancing muscle adaptations: Practical 

applications. World J Methodol 2017;7(2):46-54. 

28. Nagamatsu G, Shimamoto S, Hamazaki N, et al. Mechanical stress accompanied with nuclear rotation is involved in the 

dormant state of mouse oocytes. Sci Adv 2019;5(6):eaav9960. 

29. Azizbeigi K, Azarbayjani MA, Peeri M, et al. The effect of progressive resistance training on oxidative stress and 

antioxidant enzyme activity in erythrocytes in untrained men. Int J Sport Nutr Exerc Metab 2013;23(3):230-238. 

30. Philp A, Hargreaves M, Baar K. More than a store: Regulatory roles for glycogen in skeletal muscle adaptation to 

exercise. Am J Physiol-Endocrinol Metab 2012;302(11):E1343-E1351. 

31. Schoenfeld BJ, Grgic J, Ogborn D, et al. Strength and hypertrophy adaptations between low- vs. high-load resistance 

training: A systematic review and meta-analysis. J Strength Cond Res 2017;31(12):3508-3523. 

32. McGivney BA, Eivers SS, MacHugh DE, et al. Transcriptional adaptations following exercise in thoroughbred horse 

skeletal muscle highlights molecular mechanisms that lead to muscle hypertrophy. BMC Genomics 2009;10(1):638. 

33. Boczek NJ, Gomez-Hurtado N, Ye D, et al. Spectrum and prevalence of CALM1-, CALM2-, and CALM3-encoded 

calmodulin variants in long QT syndrome and functional characterization of a novel long QT syndrome-associated 

calmodulin missense variant, E141G. Circ Cardiovasc Genet 2016;9(2):136-146. 

34. Jensen HH, Brohus M, Nyegaard M, et al. Human calmodulin mutations. Front Mol Neurosci 2018;11:396. 

35. Friedrich FW, Bausero P, Sun Y, et al. A new polymorphism in human calmodulin III gene promoter is a potential 

modifier gene for familial hypertrophic cardiomyopathy. Eur Heart J 2009;30(13):1648-1655. 

36. Turnham RE, Scott JD. Protein kinase A catalytic subunit isoform PRKACA; History, function and physiology. Gene 

2016;577(2):101-108. 

37. Maqueda M, Roca E, Brotons D, et al. Affected pathways and transcriptional regulators in gene expression response to 

an ultra-marathon trail: Global and independent activity approaches. PLoS One 2017;12(10):e0180322. 

 

http://doi.org/10.52225/narra.v5i1.1764

