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Altered mitochondrial 
microenvironment at the spotlight 
of musculoskeletal aging 
and Alzheimer’s disease
Panagiotis Giannos1,2,7*, Konstantinos Prokopidis1,3,7, Stuart M. Raleigh4, Eirini Kelaiditi5 & 
Mathew Hill6

Emerging evidence has linked Alzheimer’s disease (AD) onset with musculoskeletal aging via a 
muscle-brain crosstalk mediated by dysregulation of the mitochondrial microenvironment. This study 
investigated gene expression profiles from skeletal muscle tissues of older healthy adults to identify 
potential gene biomarkers whose dysregulated expression and protein interactome were involved 
in AD. Screening of the literature resulted in 12 relevant microarray datasets (GSE25941, GSE28392, 
GSE28422, GSE47881, GSE47969, GSE59880) in musculoskeletal aging and (GSE4757, GSE5281, 
GSE16759, GSE28146, GSE48350, GSE84422) in AD. Retrieved differentially expressed genes (DEGs) 
were used to construct two unique protein–protein interaction networks and clustering gene modules 
were identified. Overlapping module DEGs in the musculoskeletal aging and AD networks were ranked 
based on 11 topological algorithms and the five highest-ranked ones were considered as hub genes. 
The analysis revealed that the dysregulated expression of the mitochondrial microenvironment genes, 
NDUFAB1, UQCRC1, UQCRFS1, NDUFS3, and MRPL15, overlapped between both musculoskeletal 
aging and AD networks. Thus, these genes may have a potential role as markers of AD occurrence in 
musculoskeletal aging. Human studies are warranted to evaluate the functional role and prognostic 
value of these genes in aging populations with sarcopenia and AD.

Sarcopenia is primarily a geriatric disease characterized by the progressive decrease of muscle mass, muscle func-
tion, and physical performance during aging1. Globally, the prevalence of sarcopenia in older adults (≥ 60 years 
of age) is estimated at 8–13% with increasingly poor health outcomes, including disability, dependency, and 
reduced quality of life, as a result of the rise in aging population2. Interestingly, there is emerging evidence 
of prominent associations between low handgrip strength and slow gait speed with cognitive dysfunction3–6. 
These alterations may be explained by altered neural signals during aging such as denervated muscle fibers in 
the neuromuscular junction, impaired motor coordination, dopaminergic neuron downregulation, and subse-
quent loss of gray matter volume7,8. Considering that fluctuations in physical performance and muscle function 
correspond to changes in brain macrostructure, the muscle-brain crosstalk may underpin a common source of 
perturbations during aging.

Similar to sarcopenia, neurodegenerative disorders are a major cause of disability and dependency that mark-
edly increases with aging9. Recent epidemiological evidence suggests a possible association between sarcopenia 
and incidence of Alzheimer’s disease (AD), one of the most prevalent causes of late-life cognitive impairment10. 
Indeed, it is now becoming recognized that exercise, which can prevent sarcopenia11 and musculoskeletal aging12, 
is also protective against memory decline and AD13. Increased oxidative stress and dysregulation of endogenous 
antioxidant mechanisms, neuroinflammatory responses, mitochondrial dysfunction, and impaired proteosta-
sis, are commonly described factors underpinning both AD and sarcopenia14. Presently, pharmacological (i.e. 
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cholinesterase inhibitors, n-methyl d-aspartate receptor antagonists) and non-pharmacological (i.e. photobio-
modulation, physical activity, nutritional interventions, cognitive remediation) treatments have been utilized 
to alleviate cognitive and musculoskeletal impairment in individuals with AD, however, these are accompanied 
by limited efficacy and often considerable side effects15. Hence, a greater understanding of the muscle-brain 
crosstalk at the genetic and epigenetic level may aid in the development of targeted therapies to counteract both 
musculoskeletal and neurological repercussions during aging.

In this study, we utilized an in silico approach to investigate gene expression profiles from skeletal muscle 
tissues of older adults and brain tissues of patients with AD. This is the first study aimed at unveiling potential 
gene markers whose dysregulated expression and protein interactome were involved in both musculoskeletal 
aging and AD.

Methods
Collection of microarray datasets.  Searching of the literature was performed from inception until 
November 2021, by screening the National Center for Biotechnology Information (NCBI) Gene Expression 
Omnibus (GEO) using the following terms: (aging OR old* OR sarcopenia AND skeletal muscle OR musculo-
skeletal) and (Alzheimer’s disease OR AD). A further search was ensued using the National Library of Medicine 
(NLM) PubMed following the search terms: (differentially expressed genes OR DEGs). Authors (PG and KP) 
created the search strategy and conducted the screening of the retrieved datasets.

Datasets were filtered based on organism type (Homo sapiens), expression profiling (microarray), sample 
type (skeletal muscle or brain tissue) and condition (aging and AD). No further exclusion criteria pertained to 
language, geographic region, and baseline characteristics of patients from which tissue sections were retrieved, 
were applied. Datasets lacking control expression data were excluded.

Identification of differentially expressed genes.  Musculoskeletal samples from older adults 
(≥ 60 years of age) were compared to those from healthy young adults (≤ 30 years of age), while brain tissues from 
patients with AD were compared to those from healthy age-matched individuals. Retrieval of DEGs in musculo-
skeletal aging was performed using ImaGEO via the random effect model for the integration of differential gene 
expression16. In this case, genes with the strongest average effect across all eligible datasets were selected. DEGs 
following P < 0.05 corrected by the Benjamini–Hochberg False Discovery Rate were retrieved as significant and 
those with Z score > 1.96 were classified as upregulated, while those with Z score < 1.96 as downregulated (both 
corresponding to a 5% significance level). Retrieval of DEGs in AD was ensued using GEO2R according to the 
linear models for microarray analysis. Overlapping DEGs following a P < 0.05 were classified as significant, and 
those with a positive log Fold Change (FC) as upregulated and a negative log FC as downregulated17. This col-
lective approach was employed to amplify the inclusion of DEGs and their interactions in musculoskeletal aging 
while attenuating their by-lack association when compared to those retrieved in AD. The heterogeneity magni-
tude of  DEGs was expressed using Cochran’s Q test and Tau squared.

Construction of protein–protein interaction networks.  DEGs from musculoskeletal aging and AD 
samples were employed to construct two unique networks of encoded proteins using The Search Tool for the 
Retrieval of Interacting Genes (STRING)18. The protein–protein interactions (PPI) within the two networks 
were inferred using a medium probabilistic confidence score of > 0.4 and predicted with Cytoscape19. The use of 
a moderate cut-off was ensued to increase the coverage of all possible protein interactions without overestimat-
ing their precision. Non-interacting proteins were excluded from the networks.

Identification of clustering modules and hub genes.  Highly clustered DEGs or modules in the two 
PPI networks were identified using the Molecular Complex Detection (MCODE)20. Threshold selection was 
followed by manual inspection of clusters and a cut off resulting in partition of clusters into distinct groups, was 
considered. Clusters with MCODE score > 15 were classified as significant modules.

The interactome of module DEGs unique to each PPI network was examined using CytoHubba through the 
convergence of 11 topological algorithms as proposed by Chin et al.21, including: Degree, Closeness, Between-
ness, Radiality, Stress, EcCentricity, BottleNeck, Edge Percolated Component (EPC), Maximum Neighborhood 
Component (MNC), Density of Maximum Neighborhood Component (DMNC) and Maximal Clique Central-
ity (MCC). The top five module DEGs which overlapped in the musculoskeletal aging and AD networks, were 
considered as hub genes and presented as potential markers of AD occurrence in musculoskeletal aging.

Consent for publication.  Not applicable.

Results
Overview of microarray datasets.  The literature search using the GEO and PubMed databases yielded 
12 microarray datasets (GSE2594122, GSE2839222, GSE2842222, GSE4788123,24, GSE4796924,25, GSE5988025–27 in 
musculoskeletal aging and GSE475728, GSE528129–32, GSE1675933, GSE2814634, GSE4835035–40, GSE8442241 in 
AD). The former datasets included skeletal  muscle tissues  (vastus lateralis) from healthy young participants 
(n = 96) and healthy older adults (n = 110). The latter datasets included brain tissues (medial temporal lobe 
(entorhinal cortex), parietal lobe, primary visual cortex, medial temporal gyrus, superior frontal gyrus, postcen-
tral gyrus, hippocampus, amygdala and nucleus accumbens) from healthy controls (n = 204) and patients with 
AD (n = 290) (Table S1).
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Differentially expressed genes in musculoskeletal aging and AD.  A sum of 1960 musculoskeletal 
DEGs were retrieved in older adults when compared to younger counterparts (Table S2). Of these, 1262 upregu-
lated and 698 downregulated DEGs were identified. By contrast, a sum of 3837 DEGs were retrieved in AD 
patients when compared to healthy counterparts, of which 1855 were upregulated and 1982 were downregulated 
(Table S3). Between these expression profiles, 406 overlapping DEGs were revealed, 1554 being unique to mus-
culoskeletal aging samples and 3431 to AD ones (Table S4).

Protein–protein interaction networks and modules in musculoskeletal aging and AD.  Two PPI 
networks derived from DEGs of musculoskeletal aging and AD were constructed, containing a sum of 1763 and 
3492 DEGs along 13,436 and 48,892 interactions, respectively. Two highly clustered gene modules were retrieved 
in the musculoskeletal aging network and two in the AD one (Tables S5 and S6). The top five hub module DEGs 
that overlapped between both networks, were identified: NDUFAB1 (NADH:ubiquinone oxidoreductase subu-
nit AB1), UQCRC1 (ubiquinol-cytochrome c reductase core protein 1), UQCRFS1 (ubiquinol-cytochrome c 
reductase, Rieske iron-sulfur polypeptide 1), NDUFS3 (NADH:ubiquinone oxidoreductase core subunit S3), 
MRPL15 (mitochondrial ribosomal protein L15) (Table 1, Table S7, Fig. 1).

Table 1.   The top five ranked and overlapping hub genes according to 11 topological algorithms in the protein–
protein interaction networks of musculoskeletal aging and Alzheimer’s disease differentially expressed genes. 
FC Fold change.

Gene ID Gene name

Musculoskeletal 
aging Alzheimer’s disease

P value Z-Score P value logFC

NDUFAB1 NADH:ubiquinone oxidoreductase subunit AB1 3.14E−02 − 3.04 3.59E−16 1.34

UQCRC1 ubiquinol-cytochrome c reductase core protein 1 4.65E−02 − 2.86 1.10E−11 1.64

UQCRFS1 ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 1.31E−06 − 5.88 9.91E−15 1.36

NDUFS3 NADH:ubiquinone oxidoreductase core subunit S3 3.08E−03 − 3.88 8.30E−10 1.09

MRPL15 mitochondrial ribosomal protein L15 9.93E−04 − 4.23 3.71E−07 1.40

Figure 1.   The top five overlapping hub genes of clustering modules in the protein–protein interaction 
network of differentially expressed genes from (A) musculoskeletal aging and (B) Alzheimer’s disease. Yellow 
nodes constitute hub genes. MRPL15 Mitochondrial ribosomal protein L15, NDUFAB1 NADH:ubiquinone 
oxidoreductase subunit AB1, NDUFS3 NADH:ubiquinone oxidoreductase core subunit S3, UQCRC1 
Ubiquinol-cytochrome c reductase core protein 1, UQCRFS1 Ubiquinol-cytochrome c reductase, Rieske iron-
sulfur polypeptide 1.
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Discussion
Our analysis on differentially expressed genes of musculoskeletal tissue from older adults and brain tissue sam-
ples from patients with AD, revealed two gene clusters in the musculoskeletal aging network and two in the AD 
network. Multi-algorithmic topological analysis identified five hub genes, NDUFAB1, UQCRC1, UQCRFS1, 
NDUFS3, and MRPL15, whose dysregulated expression and protein interaction interference overlapped in mus-
culoskeletal aging and AD. A dysregulated opposite tissue expression between the two states was revealed, which 
hints that musculoskeletal aging genes which might possibly be linked with AD likely acquire aberrations that 
lead to deranged and opposing expression. These genes may have a potential role as markers of AD occurrence 
in musculoskeletal aging (Fig. 2).

NDUFAB1 and NDUFS3 are subunits of the NADH dehydrogenase enzyme and constitute central modulators 
of mitochondrial metabolism in skeletal muscle42,43 and the brain44. Preliminary research has revealed that abla-
tion of NDUFAB1 in skeletal muscle is linked with dysregulated glucose homeostasis, leading to skeletal muscle 
insulin resistance45. Conversely, increased pyruvate dehydrogenase activity and hence, increased power output 
via higher adenosine triphosphate (ATP), are all associated with overexpression of NDUFAB146. NDUFAB1 and 
NDUFS3 have also shown to coordinate mitochondrial respiratory complexes and supercomplexes that enhance 
ATP synthesis, via the facilitation of electron transfer efficiency and reduction of reactive oxygen species45,47,48. 
Restored NDUFS3 levels in mouse skeletal muscle has equally led to myopathy reversion via mitochondrial 
complex I regeneration49. Interestingly, gene expression analysis from AD profiles has revealed NDUFAB1 and 
NDUFS3 dysregulation as predictors of AD occurrence and development50. Moreover, a positive association 
between early onset AD with NDUFAB1 and NDUFS3 downregulation has also been suggested with disruption 
of mitochondrial complex I in brain mitochondria51,52. Therefore, the role of NDUFAB1 in skeletal muscle and 
its connection with brain mitochondrial metabolism may be a key bidirectional association in musculoskeletal 
aging and AD occurrence53.

UQCRC1, UQCRFS1, and MRPL15 are also mitochondrial complex subunits with a prominent role in mito-
chondrial metabolism54–56. Particularly, evidence from in vitro studies has shown that overexpression of UQCRC1 
leads to higher phosphorylation of the PI3K/Akt signaling pathway in parallel with cell apoptosis decline via 
decreased caspase-3 activation57. PI3K/Akt is a regulator of muscle hypertrophy, inducing protein synthesis 

Figure 2.   Dysregulated expression of mitochondrial microenvironment genes, NDUFAB1, UQCRC1, 
UQCRFS1, NDUFS3, and MRPL15, as marker of perturbed muscle-brain crosstalk between musculoskeletal 
aging and Alzheimer’s disease.
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and inhibiting transcriptional mediators of muscle atrophy58, whereas caspace-3 has been shown to promote 
muscle proteolysis via systemic inflammation and activation of the ubiquitin–proteasome system59. Muscle 
disuse and musculoskeletal diseases are both linked with mitochondrial protein expression changes, including 
UQCRC1 dysregulation60,61. Specifically, decreased UQCRC1 content in skeletal muscle is linked with reduced 
mitochondrial oxidative capacity in a peroxisome proliferator-activated receptor gamma co-activator 1-alpha-
dependent manner, leading to muscle fibre atrophy62. Moreover, dysfunctions in UQCRC1 and UQCRFS1 are 
associated with reduced mitochondrial complex III respiratory chain and brain mitochondrial content56, leading 
to disruption of brain mitochondrial bioenergetics63–65. Indeed, dysregulation of UQCRC1 and UQCRFS1 are 
linked with prefrontal cortex degeneration66, as shown in blood tissue of patients with AD67,68, while recently, 
a link between MRPL15 with AD diagnosis was revealed69. Hence, these alterations imply a potential role of 
UQCRC1, UQCRFS1, and MRPL15 in molecular modifications underpinning musculoskeletal dysfunction and 
AD occurrence during aging that warrant further investigation in humans.

Strengths and limitations.  This is the first study to evaluate the possible association of DEGs and their 
interactome as markers between musculoskeletal aging and AD, using 12 publicly available datasets with a total 
of 700 tissue samples. In this way, we utilised a multi-algorithmic protein-interaction approach to ensure the 
subsequential fulfilment of multiple filtering criteria, beyond just gene expression.

Our study is also prone to some limitations. In our analysis, datasets with heterogeneous platforms were 
not considered, attenuating the broader detection of possible DEGs involved between the two states. However, 
expression profiling using similar array platforms, as ensued in our study, was employed with a focus on more 
robust DEGs detection. Moreover, the presence of lab effects has been described to coincide with a known 
impact in gene profiling through varying array scales which unavoidably underestimates the number of inte-
grated DEGs70. Indicative of such phenomenon underlies the contrasting number in DEGs retrieved between 
the musculoskeletal aging and AD datasets, deferring by 51% in the number total DEGs. Nevertheless, this is 
a common obstacle observed in the literature and discrepancies in experimental acquisition between labs may 
predominate, even after normalization71–74. This phenomenon was more profound in the AD dataset where the 
overlap of DEGs was ensued without further batch processing, as to amplify the inclusion of potential DEGs and 
their interactions in musculoskeletal aging. Moreover, controlling for hidden confounders in modelling gene 
expression such as demographic traits (sex, age, race), medical comorbidities (i.e., diabetes mellitus, stroke), 
prescription history (e.g. cholinesterase inhibitors, which are known to modulate mitochondrial function), 
onset of AD disease and diagnostic modality or evaluation of RNA integrity and post-mortem interval in the 
included datasets was not possible, based on the lack of availability of such data in the gene expression datasets 
and their respective individual samples. Likewise, gene expression from different brain regions in the AD group 
was integrated since there was a scarcity of sufficient data on any a particular brain region. The rationale behind 
this was to avoid the amplification of detection of differences, which could emphasise statistical differences that 
may not be clinically relevant (i.e., by chance).

Overall, we identified markers at a transcriptomic level  that may modulate the muscle-brain crosstalk and 
perhaps link age-related musculoskeletal decline and increased occurrence of AD. However, to unveil the under-
lying molecular mechanisms of these markers and how these could translate to exercise science and sarcopenia 
in the broader AD field, further bioinformatic confirmation (such as gene co-expression network analysis) and 
experimental validation are required.

Conclusions
Age-related musculoskeletal decline and increased occurrence of AD are a global challenge. Studies focusing 
on the identification of key genetic markers that modulate the muscle-brain crosstalk could provide valuable 
insight on the relationship between musculoskeletal aging and AD, which could potentiate the development of 
effective pharmacological therapies or non-pharmacological interventions such as personalised exercise. Our 
findings revealed that the dysregulated expression of overlapping hub genes, NDUFAB1, UQCRC1, UQCRFS1, 
NDUFS3, and MRPL15 signified multi-algorithmic topological significance among DEGs from musculoskeletal 
aging and AD samples, suggesting a prominent link of the mitochondrial microenvironment between these two 
states. Future experimental human studies are warranted to validate the functional role and the prognostic value 
of these genes in musculoskeletal aging and AD occurrence.

Data availability
Publicly available datasets were analyzed in this study, and these can be found in the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus (GEO) using the accession codes: GSE25941, GSE28392, 
GSE28422, GSE47881, GSE47969, GSE59880, GSE4757, GSE5281, GSE16759, GSE28146, GSE48350, GSE84422.
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