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Abstract: Objective: Sarcopenia is a geriatric disease characterized by accelerated skeletal muscle mass and func-
tion loss due to aging. Cell death plays a pivotal role in the onset and progress of sarcopenia. The purpose of this
study was to investigate the role of cuproptosis-related genes (CRGs) and immune infiltration in sarcopenia devel-
opment. Methods: Three microarray expression datasets from the Gene Expression Omnibus (GEO) database were
merged and batch-corrected by R software to identify differentially expressed genes (DEGs) between old and young
skeletal muscles. Subsequently, DEGs were subjected to functional enrichment and gene set enrichment analysis
(GSEA) to investigate the roles of DEGs and immune infiltration in the pathogenesis of musculoskeletal aging. Then,
ssGSEA was performed to calculate the proportion of immune cells and functions within each muscle sample to
analyze the differences between the older and young healthy muscle groups. In order to select candidate CRGs,
the correlation between CRGs and immune infiltration was analyzed. Finally, a novel nomogram model of muscu-
loskeletal aging was constructed based on candidate CRGs associated with immunity. Additionally, the diagnostic
model based on key CRGs was tested using a validation dataset, and its diagnostic performance was evaluated
by the area under curve (AUC) value. Results: 141 DEGs were identified between 45 older samples and 50 young
healthy samples. Compared to young healthy muscle tissues, significantly lower infiltration levels of T-regulatory
cells were identified in older muscle tissues, while dendritic cells (DCs) and mast cells were relatively higher. Based
on the CRGs from seven candidates, a novel model with high prediction efficiency (AUC = 0.856) was established
to diagnose and screen for sarcopenia. Conclusion: The CRGs associated with immunity may play a vital role in the
development of musculoskeletal aging, providing a novel avenue for early diagnosis. Furthermore, immune cell
infiltration is essential for the progression of musculoskeletal aging.
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Introduction study, the prevalence of sarcopenia among hos-
pitalized men and women in China was 12.9%

The growth in the aging population has caused and 11.2%, respectively. In contrast, the preva-

much discussion about the impact of aging on
public health. Sarcopenia, also known as mus-
cle attenuation syndrome, is a progressive, sys-
temic skeletal muscle disorder characterized
by age-related musculoskeletal decline [1]. Sar-
copenia was defined by Rosenberg in 1989 as
a loss of muscle mass, derived from the Greek
words Sarx (meat) and Penia (loss), after com-
paring lean mass in the thighs of older and
younger women [2]. Loss of skeletal muscle
function is unavoidable in the normal aging pro-
cess and increases the risk of falls, fractures,
disability, and even death. According to a recent

lence in nursing homes was 26.3% and 33.7%,
respectively [3]. Despite the high incidence of
sarcopenia, researchers have begun only to
recognize its importance in recent years. Sar-
copenia was defined as a disease in 2016,
according to the 10th edition of the Interna-
tional Statistical Classification of Diseases and
Related Health Problems, bearing the code
M62.84 [4].

Due to the high prevalence of sarcopenia,
numerous studies on the pathophysiology of
musculoskeletal aging have been performed.
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Mild inflammation and apoptosis may be in-
volved in the pathogenesis of musculoskeletal
aging. Under normal circumstances, immune
cells infiltrate skeletal muscle, eliminate necrot-
ic and apoptotic cells in muscle tissue, and
secrete growth factors necessary for satellite
cell proliferation and differentiation [5]. How-
ever, high levels of pro-inflammatory mediators
are considered to be one of the diagnostic hall-
marks of musculoskeletal aging as chronic
inflammatory responses increase with age [6].
Therefore, musculoskeletal aging is associated
with immunosenescence caused by pro-inflam-
matory cytokines and oxidative stress, promot-
ing immune cell infiltration into damaged mus-
cles [7]. Immunosenescence refers to the age-
related disruption and decline of immune sys-
tem function, which is a major contributor to
the pathogenesis of musculoskeletal aging [8].
Moreover, the imbalance of apoptosis and re-
generation is believed to be one of the molecu-
lar mechanisms of musculoskeletal aging [9].
Furthermore, mitochondria that induce apopto-
sis by releasing apoptosis-inducing factors and
endonuclease G are involved in the endoge-
nous apoptotic pathway [10], and mitochondri-
al dysfunction may participate in promoting
musculoskeletal aging [11]. According to a new
study published in Science, cuproptosis refers
to a unique type of cell death caused by intra-
cellular copper buildup that leads to the accu-
mulation of lipidated mitochondrial proteins
and the destabilization of iron-sulfur cluster
proteins [12]. However, the link between cu-
proptosis and musculoskeletal aging remains
unelucidated. Based on the above findings, we
speculate that oxidative stress caused by im-
mune dysfunction and intracellular copper load
accumulation leads to mitochondrial dysfunc-
tion, a critical factor in the pathogenesis of age-
related sarcopenia.

In recent years, microarray technology has
been widely used in genetic engineering to
identify new biomarkers and their roles in vari-
ous diseases and possible treatments. None-
theless, finding the signature genes of sarcope-
nia through microarray gene expression data
remains a major challenge in developing pre-
dictive diagnostic models. Furthermore, a pre-
dictive model based on the signature of cupro-
ptosis-related genes (CRGs) in musculoskeletal
aging is currently unavailable. Therefore, based
on the CRGs associated with immunity, a novel
diagnostic nomogram model for musculoskele-
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tal aging was constructed using microarray
gene expression data from the Gene Expre-
ssion Omnibus (GEO) database.

Materials and methods
Research design

Three microarray expression datasets (GSE-
8479, GSE1428, and GSE38718) from the GEO
database were merged and batch corrected for
larger sample sizes. The differentially express-
ed genes (DEGs) in the merged dataset were
then identified. Meanwhile, functional enrich-
ment and gene set enrichment analysis (GSEA)
was performed on the merged dataset to in-
vestigate the potential roles of DEGs and
immune infiltration in the pathogenesis of sar-
copenia. Then, the expression levels of CRGs
and immune infiltration levels of 16 immune
cell types were quantified in older and young
skeletal muscles. Furthermore, the correlation
between CRG expression matrices and immune
cell infiltration and function levels was analyz-
ed to identify key CRGs associated with im-
munity. Finally, a novel diagnostic nomogram
model was constructed based on key CRGs
associated with immunity to screen and predict
sarcopenia. Additionally, the GSE28422 datas-
et was used as the validation dataset to test
the diagnostic performance of the model.

Differentially expressed gene (DEG) analysis

The merged dataset, consisting of 50 young
healthy samples and 45 senile samples, was
utilized to analyze mRNA expression in muscu-
loskeletal aging. All muscle biopsy specimens
were obtained from the vastus lateralis muscle.
The DEGs in the merged dataset was analyzed
with the “limma” package in R software [13]. In
this research, genes satisfying double filtering
criteria were considered DEGs: absolute log2
fold change > 0.5 and Benjamini-Hochberg
false discovery rate (FDR)-adjusted P-value <
0.05. The “ggplot2” and “pheatmap” packages
in R software were used to visualize the DEGs
[14, 15], generating volcano distribution maps
and heatmaps, respectively.

Functional enrichment analysis and GSEA

Functional enrichment analysis was performed
to further investigate the characteristic biologi-
cal properties of DEGs, including cellular com-
ponent (CC), molecular function (MF), and bio-
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logical process (BP). In the meantime, Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was also performed. Terms
with the corrected threshold of adjusted p value
< 0.05 were considered significantly enriched
by DEGs. The circular visualization plots for GO
terms and KEGG pathways were created using
the following R packages: clusterProfiler, circli-
ze, dplyr, RColorBrewer, and ComplexHeatmap
[16-18]. GSEA is an enrichment analysis meth-
od based on one or more functional gene sets
[19]. GSEA was used to determine whether any
immune-related gene sets were significantly
enriched in the sarcopenia group.

Evaluation of CRG expression profiles and
calculation of immune score

The CRGs were obtained from a previous stu-
dy [20]. Then, the gene expression profiles of
CRGs were extracted from the older and young
healthy groups. Additionally, the ssGSEA meth-
od was used to analyze the per-sample infiltra-
tion levels of 16 immune cell types and 13
immunological functions in the Gene Set
Variation Analysis (GSVA) and GSEABase pack-
ages [21]. The correlation between infiltrating
immune cells and immune functions was deter-
mined and visualized using the Corrplot R pack-
age. Subsequently, the R packages ggpubr and
Reshape2 were used to detect and visualize
the differences in 16 immune cells and 13
immune functions between older and young
healthy samples.

Link between CRGs and immune cell and func-
tion

To identify key CRGs, a correlation analysis was
performed between 12 CRG expression matri-
ces and immune cell infiltration and function
levels. The hub CRGs with the highest associa-
tion with immune cell infiltration levels were
selected as candidate biomarkers of musculo-
skeletal aging to construct a novel diagnostic
nomogram model. The R packages psych and
ggcorrplot were employed to analyze and visu-
alize the link between CRGs and immune cells
and function.

Development of the novel diagnostic nomo-
gram model

Based on the selected candidate biomarkers
of musculoskeletal aging, the R package “rms”
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was used to predict the prevalence of sarcope-
nia and construct the novel diagnostic nomo-
gram model. The model was based on a logistic
regression model, and the gene scores assess-
ment could predict the probability of sarcope-
nia. A calibration curve was plotted for the
nomogram model, and the consistency of the
predicted values was evaluated against the
actual values. Decision curve analysis (DCA)
was performed to assess the clinical utility of
the nomogram model, and the clinical impact
curve was plotted to determine the benefits of
the model-based decisions to patients.

Evaluation and verification of nomogram
model

The receiver operating characteristic (ROC)
curve plot was drawn by using the R package
“pROC”, and the area under the curve (AUC) of
the ROC curve was calculated to evaluate the
diagnostic performance of the novel model. To
validate the diagnostic model, an external data-
set (GSE28422) was used as a test dataset. In
addition, the AUC and confidence limit (Cl) were
used to validate the model efficiency.

Statistical analysis

All statistical analyses were performed using R
software (R version 4.1.3). The infiltration lev-
els of 16 immune cell types and 13 immune
functions between the sarcopenia group and
the normal group were compared with the
Wilcoxon rank-sum test. Linear regression anal-
ysis was performed to examine the correlation
between two continuous variables. The corre-
sponding 95% Cls were estimated using confi-
dence intervals. In this study, P < 0.05 was con-
sidered significant.

Results

Identification of differentialy expressed genes
(DEGS)

A total of 141 DEGs were identified in the
merged dataset using the R software’s “limma”
package. The DEGs included 54 lowly express-
ed genes and 87 highly expressed genes. The
genes TPPP3, MYH8, CDKN1A, SLC38A1, and
SLPI demonstrated log FC > 1. The DEG results
were visualized in the volcano map and heat
map (Figure 1).
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Figure 1. A. Volcano plot of differentially expressed genes (DEGs). The red dots in the upper right part represent up-regulated DEGs. The blue dots in the upper left
part represent down-regulated DEGs. The middle black dots represent the remaining stable genes. B. Heatmap of the top 100 DEGs. The colors from red to blue in
the figure represent the expression of DEGs from high to low.
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Table 1. Results of each biologic process, cellular component and molecular function from GO-term

analysis of DEGs

GO term Gene Ratio  Count p value q value
Biologic process
generation of precursor metabolites and energy 15/131 15 1.77E-06 0.004176101
regeneration 9/131 9 1.07E-05 0.011680966
energy derivation by oxidation of organic compounds  11/131 11 1.48E-05 0.011680966
cellular respiration 9/131 9 3.52E-05 0.011711402
response to metal ion 11/131 11 6.36E-05 0.012530442
Cellular component
collagen-containing extracellular matrix 16/134 16 3.67E-08 7.37E-06
mitochondrial inner membrane 12/134 12 0.000156477 0.015730074
apical dendrite 3/134 3 0.000238281 0.015969
blood microparticle 6/134 6 0.000512869 0.025778431
platelet alpha granule lumen 4/134 4 0.001158048 0.046565731
Molecular function
extracellular matrix structural constituent 8/134 8 3.84E-05 0.008865167
NAD binding 5/134 5 5.43E-05 0.008865167

DEGs, Differentially Expressed Genes; GO, Gene Ontology.

Functional enrichment analysis and GSEA

According to the screening criteria of adjusted
p value < 0.05, GO enrichment analysis of
DEGs yielded 38 enriched annotations, includ-
ing 31 BPs, 5 CCs, and 2 MFs (see Table 1).
BP analysis revealed that DEGs were mainly
enriched in the generation of precursor metab-
olites and energy, regeneration, energy deriva-
tion by oxidation of organic compounds, cellular
respiration, and response to metal ions. In the
CC category, DEGs were involved in the colla-
gen-containing extracellular matrix, mitochon-
drial inner membrane, apical dendrite, blood
microparticle, and platelet alpha granule lu-
men. In the MF category, DEGs were enriched
in extracellular matrix structural constituent
and NAD binding. The KEGG pathway enrich-
ment analysis results revealed that DEGs were
mainly enriched in the alcoholic liver disease,
AMPK signaling pathway, complement and co-
agulation cascades, transcriptional misregula-
tion in cancer, carbon metabolism, FoxO signal-
ing pathway, and insulin signaling pathway (see
Table 2 for details). Figure 2 shows the most
significant GO terms and KEGG pathways in the
circle charts. Moreover, Figure 3 illustrates the
top five immune-related gene sets most signifi-
cantly enriched in the sarcopenia and normal
groups, respectively. These findings suggest
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that the development of musculoskeletal aging
may be mediated by molecular mechanisms of
immune-related genes.

Infiltration proportion of immune cells and
functions

ssGSEA was performed to acquire the propor-
tions of 16 immune cell types and 13 immune
functions in each sample to identify the propor-
tion of immune infiltration in the pathology of
musculoskeletal aging. The infiltration level of
T-regulatory cells was significantly lower in ol-
der muscle tissues compared with normal mus-
cle tissues. In contrast, dendritic cells (DCs)
and mast cells were relatively higher (Figure
4A). In terms of immune function, a significant-
ly greater proportion of Type_ll_IFN_Reponse
was observed in sarcopenia muscle tissues
than in young muscle tissues (Figure 4B). An
immune cell and function correlation analysis
was conducted. As shown in Figure 5A, tumor
infiltrating lymphocytes (TIL) and neutrophils
exhibited the strongest positive association
(Pearson coefficient = 0.68). In the immune
cell function correlation analysis, Type_I_IFN_
Reponse and parainflammation exhibited the
strongest positive association, with a Pear-
son’s correlation coefficient of 0.74 (Figure
5B).
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KEGG pathway Gene Ratio Count p value q value
Alcoholic liver disease 10/69 10 2.67E-07 3.62E-05
AMPK signaling pathway 8/69 8 6.93E-06 0.000470346
Transcriptional misregulation in cancer 8/69 8 0.000208346 0.006294444
Complement and coagulation cascades 6/69 6 7.66E-05 0.003465422
Carbon metabolism 6/69 6 0.00040373 0.007831754
FoxO signaling pathway 6/69 6 0.000806608 0.011852299
Insulin signaling pathway 6/69 6 0.001019432 0.011852299
Colorectal cancer 5/69 5 0.000771346 0.011852299
Adipocytokine signaling pathway 5/69 5 0.000278127 0.006294444
Longevity regulating pathway 5/69 5 0.000901519 0.011852299
Thyroid cancer 4/69 4 0.000252224 0.006294444
Small cell lung cancer 5/69 5 0.001047412 0.011852299
Staphylococcus aureus infection 5/69 5 0.001268377 0.013248639
Citrate cycle (TCA cycle) 3/69 3 0.002004852 0.019445556
Non-small cell lung cancer 4/69 4 0.003145963 0.028068911
p53 signaling pathway 4/69 4 0.003307345 0.028068911
Pertussis 4/69 4 0.003825222 0.030554407
Apelin signaling pathway 5/69 5 0.006309847 0.047600603

DEGs, Differentially Expressed Genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Correlation between CRGs and immune cell
infiltration and function

The correlation between 12 CRGs and the lev-
els of immune cells and functions was analyz-
ed in order to identify candidate CRGs closely
associated with immune infiltration. Among
these CRGs, seven (PDHA1, PDHB, DLAT, DLST,
DLD, FDX1, and LIAS) were associated with 16
immune cells and 13 immune-related func-
tions. As shown in Figure 6, significant nega-
tive correlations were observed between all
CRGs and immune cells and functions. Notably,
Type_ll_IFN_Reponse was correlated with al-
most all seven CRGs.

Development and validation of the model for
sarcopenia

A nomogram model based on the seven candi-
date CRGs was established to predict the prev-
alence of sarcopenia (Figure 7A). The calibra-
tion curves (Figure 7B) demonstrated the
reliability of the nomogram model prediction.
The red line in the DCA curve (Figure 7C) re-
mained above the gray and black lines from O
to 1, indicating that the model-based decisions
may have additional benefits for sarcopenia
patients. Furthermore, the clinical impact curve
(Figure 7D) showed the significant predictive
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power of the nomogram model. Moreover, the
ROC curve (AUC = 0.954) was generated to
evaluate the diagnostic performance of the
nomogram model (Figure 8A). Besides, the sar-
copenia nomogram model was validated using
an external dataset (GSE28422) to determine
whether the model could discriminate between
sarcopenia and normal specimens. As shown
in Figure 8B, the AUC value of the diagnostic
model for the validation dataset was 0.856,
indicating the high diagnostic accuracy of the
model for sarcopenia.

Discussion

Sarcopenia has become a major public health
problem with the increase in the global elderly
population, imposing a significant social and
economic burden. Therefore, the early screen-
ing and diagnosis of sarcopenia in community
areas or nursing homes should be improved.
However, sarcopenia screening is hindered by
the lack of a generally accepted and actionable
“gold standard”. In recent years, new diagnos-
tic and predictive options for sarcopenia have
been proposed by making use of gene expres-
sion data from public databases. Early genetic
diagnosis of sarcopenia through community
screening may allow for timely and appropriate
intervention.

Am J Transl Res 2022;14(12):8523-8538
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Figure 2. Functional and pathway enrichment analyses of DEGs. A. Circle plot showing gene ontology (GO) terms. B. Circle plot showing Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment results.
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Figure 3. Results of the gene set enrichment analysis (GSEA) analysis. A. Enrichment results of the top five immune-
related gene sets in the normal group; B. Enrichment results of the top five immune-related gene sets in the sarco-
penia group.

Although the pathogenesis of musculoskeletal multicellular organisms, such as apoptosis,
aging is unclear, skeletal muscle apoptosis and necroptosis, pyroptosis, and ferroptosis. Re-
immune infiltration are believed to play essen- cent studies have shown that copper ions in the
tial roles in its molecular mechanism. Many tricarboxylic acid cycle directly bind to fatty acid
kinds of programmed cell death are regularly acylated components, resulting in the abnor-
and precisely controlled in the development of mal aggregation of fatty acid acylated proteins
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Figure 7. Nomogram model of sarcopenia. A. Construction of the nomogram model based on the seven cuproptosis-
related genes. B. Predictive ability of the nomogram model as shown by the calibration curve. C. Decisions based
on the nomogram model may benefit sarcopenia patients. D. Clinical impact of the nomogram model as evaluated
by a clinical impact curve.
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Figure 8. A. Receiver operating characteristic (ROC) curve of the nomogram diagnostic model of sarcopenia. B. ROC
curve of the nomogram diagnostic model in the verification cohort.

and loss of iron-sulfur cluster proteins [12, 20].
Furthermore, cells that depended on mitochon-
drial respiration were about 1,000 times more
sensitive to copper ionophores than those that
depended on glycolysis. Mitochondrial respira-
tion in skeletal muscles is the major contributor
to systemic aerobic capacity [22]. Thence, we
supposed that copper-induced cell death might
be a crucial mechanism for musculoskeletal
aging. Nevertheless, no study has investigated
cuproptosis in musculoskeletal aging.

In this research, CRGs specifically expressed in
the samples and immune analysis were innova-
tively combined to construct a stable diagnos-
tic nomogram model of musculoskeletal aging,
integrating seven candidate CRGs using logis-
tic regression. In addition, the calibration curve
and ROC curve were used to evaluate the pre-
dictive efficiency of the diagnostic model. To
our knowledge, this is the first study to report
the establishment of a nomogram model for
sarcopenia.

At the beginning of the study, 141 DEGs were
screened from 95 muscle samples in the GEO
database, and GO and KEGG analyses were
performed. As shown in Table 1, BP analysis
showed that these DEGs were mainly involved
in energy metabolism, cellular respiration, and
response to metal ions. CC analysis revealed
that DEGs were mainly involved in the mito-
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chondrial inner membrane. In the molecular
function, these DEGs were enriched in NAD
binding, which participates in electron transfer
in the tricarboxylic acid cycle of mitochondrial
respiration. According to the KEGG pathway
enrichment analysis (Table 2), these DEGs we-
re also enriched in the citrate cycle (TCA cycle)
and p53 signaling pathway, which is closely
related to the pathogenesis of musculoskeletal
aging. Therefore, the mitochondrial respiratory
function might be affected by excessive accu-
mulation of metal ions in skeletal muscle cells
of elderly patients, causing copper death in
skeletal muscles.

To further investigate the role of immune cell
infiltration in the pathogenesis of musculoskel-
etal aging, ssGSEA was performed to assess
the relative percentage of immune cell infiltra-
tion in each specimen. In the present study, we
found increased infiltration of DCs and mast
cells, while decreased infiltration of T-regulatory
cells might be associated with musculoskeletal
aging. With immune aging, muscle wasting may
contribute to the pathogenesis of musculoskel-
etal aging [5]. DCs are involved in the matura-
tion and differentiation of immune cells. During
aging, DCs severely affect the differentiation of
CD4+ Tcellsinto Thl1and Th2 cells and increase
the release of inflammatory cytokines [23].
These findings are reflected by the significantly

Am J Transl Res 2022;14(12):8523-8538



Diagnostic model for musculoskeletal aging (sarcopenia)

higher infiltration levels of DCs in older speci-
mens compared to young, healthy specimens.
This suggests that DCs may promote an inflam-
matory environment by stimulating muscle in-
flammatory cell infiltration during immunose-
nescence and ultimately impair the prolifera-
tion and regeneration of skeletal muscle. Mast
cells are a common type of granulocyte that
contain many mediators such as heparin, hista-
mine, and serotonin. After activation, mast cells
rapidly trigger an inflammatory response in the
tissue, lysing and releasing inflammatory medi-
ators that can attract more immune cells [24].
Thus, an excess of mature mast cells is found
between skeletal muscle fibers in sarcopenia
muscle tissues, which may be a major cause of
inflammatory cell infiltration. Moreover, Widner
et al. [25] reported a higher number of activat-
ed skeletal muscle-resident mast cells in the
mouse model of cachexia, indicating that skel-
etal muscle-resident mast cells may be used as
a biomarker for the development and progres-
sion of cachexia-induced muscle atrophy. Con-
versely, skeletal muscle-resident T-regulatory
cells can promote muscle tissue regeneration
in an acute or chronic injury. This study also
found a significantly lower level of T-regulatory
cell infiltration in older muscle tissue than in
young muscle tissue. T-regulatory cells respond
to specific inflammatory factors during muscle
aging or muscle injury, which accumulate in
skeletal muscle cells, releasing growth factors
that promote muscle repair and regeneration
[26]. Additionally, T-regulatory cells can also
exert anti-inflammatory effects by secreting
anti-inflammatory cytokines, including I1L-10
and TGF-B, and promote muscle regeneration
by modulating the phenotype and function of
macrophages [27]. Therefore, DCs, mast cells,
and T-regulatory cells may be applied for diag-
nosing sarcopenia as immune biomarkers and
mediators.

The diagnostic novel model based on seven
cuproptosis-related genes CRGs (PDHA1,
PDHB, DLAT, DLST, DLD, FDX1 and LIAS) could
accurately predict the incidence of sarcopenia
by calculating the AUC value. Among the seven
CRGs, the proteins encoded by PDHA1, PDHB,
DLAT, and DLD participate in the formation of
the pyruvate dehydrogenase complex (PDC),
which is closely related to mitochondrial respi-
ration. PDC is a multiprotein gatekeeper com-
plex composed of three major catalytic sub-
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units, pyruvate dehydrogenase (PDH), dihydro-
lipoamide acetyltransferase (DLAT), and dihy-
drolipoamide dehydrogenase (DLD). It regulates
mitochondrial function by catalyzing the con-
version of pyruvate to acetyl coenzyme A [28,
29]. The primary components of PDH are PDH«
and PDHP subunits encoded by PDHA1 and
PDHB. These may be dephosphorylated by the
Pdpl and Pdp2 pyruvate dehydrogenase phos-
phatases (PDPs) and phosphorylated by the
pyruvate dehydrogenase kinases (PDKs) [30].
In general, the metabolic capacity of mitochon-
dria determines the ability of the skeletal mus-
cle to maintain muscle strength during exer-
cise, especially in high-intensity exercise [31].
Mitochondrial metabolism produces energy
and metabolic intermediates involved in vari-
ous activities such as redox homeostasis,
anabolism, and epigenetics. Recent studies
have shown that mitochondrial dysfunction
may play a central role in the development and
progression of sarcopenia [32]. In this study,
significantly lower expression levels of PDHAL,
PDHB, DLAT, and DLD were observed in the
older group compared to the younger group.
Therefore, the proteins encoded by these
CRGs might regulate the activity of PDCs and
affect the mitochondrial tricarboxylic acid cycle.
However, no study has investigated the involve-
ment of the four CRGs in the pathogenesis of
musculoskeletal aging.

The alpha-ketoglutarate dehydrogenase com-
plex (KGDHC) catalyzes the oxidative decar-
boxylation of a-ketoglutarate to succinyl-CoA,
which is a mitochondrial enzyme [33]. Dihydro-
lipoamide succinyltransferase (DLST) is the pri-
mary component of KGDHC and it is responsi-
ble for the succinylation of vital mitochondrial
enzymes. The DLST gene was also found to
encode a novel protein that may be involved in
the construction of myofibril structure in skele-
tal muscle [34]. This finding is aligned with our
results, indicating that targeting DLST may be a
viable approach for sarcopenia treatment.

Ferredoxin 1, encoded by FDX1, is a mitochon-
drial reductase involved in forming iron-sulfur
(Fe-S) clusters, which is critical for mitochon-
drial function [35]. In addition, Ferredoxin 1
also acts as a novel substrate to promote a
unique form of copper-dependent cell death
upon binding to copper [36]. Loss of FDX1
activity has been shown to interfere with intra-
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cellular iron-sulfur carboxylase activity and iron
stability, resulting in mitochondrial iron over-
load and cytoplasmic iron deficiency [37]. This
is the first study to show a strong association
between FDX1 and musculoskeletal aging, pro-
viding unique information for diagnosis and
treatment.

Lipoic acid (LA) is synthesized in mitochondria
by lipoic acid synthase (LIAS). It is a crucial
cofactor of KGDHC, which plays a vital role in
energy metabolism. In addition, LA is also a
powerful mitochondrial antioxidant capable of
removing reactive oxygen species (ROS) and
nitrogen species in tissues [38]. Therefore,
increasing the expression of the LIAS gene
could promote the accumulation of LA within
the mitochondria, resulting in reduced oxida-
tive stress in musculoskeletal aging. This new
therapeutic strategy offers a promising method
to decrease oxidative stress in muscle aging.
Precise localization to the skeletal muscle mi-
tochondria ensures that ROS can be cleared in
situ as they are produced by mitochondria.

To the best of our knowledge, this research is
the first to use the molecular signature of
cuproptosis-related genes (CRGs) to classify
sarcopenia. However, this study also has some
limitations and deficiencies. Some clinical data,
such as grip strength and gait speed, were dif-
ficult to integrate into the nomogram model
due to a lack of available data. Also, this
research is solely based on bioinformatic find-
ings. Because of the difficulty in obtaining
human muscle specimens, the evidence level
of the findings from this research is limited by
the lack of experimental verification. Further
studies are needed to elucidate the molecular
mechanisms of the seven cuproptosis-linked
genes in sarcopenia.

Conclusion

In this research, seven cuproptosis-related
genes or CRGs (PDHA1, PDHB, DLAT, DLST,
DLD, FDX1, and LIAS) closely associated with
musculoskeletal aging were identified. A novel
nomogram model for sarcopenia was con-
structed based on these CRGs, demonstrating
high diagnostic performance. Moreover, skele-
tal muscle-resident immune cells, including
DCs, mast cells, and T-regulatory cells, may
serve as potential biomarkers and mediators
for the development and progression of muscu-
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loskeletal aging. In summary, this research
clarified the role of cuproptosis and immunity in
musculoskeletal aging and offered a new strat-
egy for the future exploration of the molecular
mechanism and early diagnosis of sarcopenia.
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