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Significance

 Maintaining functional capacity is 
a cornerstone of geriatric 
medicine and a central goal of 
aging research. Although human 
lifespan has increased, frailty and 
disability remain highly prevalent 
in older adults. Exercise benefits 
both cellular and systemic health, 
but the underlying molecular 
mechanisms are not fully 
understood, and its role in 
preserving mitochondrial 
integrity during aging remains 
debated. Our study provides 
direct evidence, in mouse 
models, that age-related decline 
in muscle function and frailty 
depend on mitochondrial 
dysfunction and demonstrates 
the potential of exercise to 
reverse these impairments. 
Habitual physical activity is 
associated with structural, 
functional, and enzymatic 
remodeling of skeletal muscle 
mitochondria in aging mice and 
humans, highlighting its 
therapeutic potential for 
preserving muscle health and 
promoting healthy aging.
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Loss of skeletal muscle mass and strength are common manifestations of frailty in older 
people and are linked to reduced quality of life. However, whether mitochondria are mecha-
nistically linked to frailty and how physical activity, or lack thereof, is involved in age-related 
functional decline are still unknown. We report that exercise-induced improvements in 
functional capacity, including reduced frailty in old mice, are dependent on mitochon-
drial adaptations in skeletal muscle at structural, enzymatic, and functional levels. Our 
preclinical study included a healthy aging mouse line, a transgenic model of robustness, 
and a muscle-specific mitochondrial-deficient mutant mice, allowing us to assess both 
mitochondrial plasticity with aging and the necessity of intact mitochondrial function for 
exercise-induced adaptations. These findings were corroborated by a cross-sectional human 
study examining the relationship between skeletal muscle mitochondrial function, age, and 
physical capacity. We analyzed biopsies from 30 donors (men and women, aged 17 to 99 y) 
stratified into young and older adults with varying functional statuses. Our results indicate 
that mitochondrial dysfunction in skeletal muscle is associated with the decline in loco-
motor muscle function in the elderly, highlighting the potential role of exercise or habitual 
physical activity in mitigating this phenotype. Notably, we demonstrate that skeletal muscle 
mitochondria maintain plasticity during aging in mice and humans, and that this preserved 
adaptability can be leveraged to improve muscle performance and overall functional capacity.

frailty | sarcopenia | proteomics | health span | mitochondrial function

 Frailty, defined by diminished physiological reserves, is associated with adverse outcomes in 
older people, including disability, hospitalization, and increased mortality (1). While early 
detection and targeted interventions are crucial, significant research gaps remain in understand-
ing the underlying molecular mechanisms of frailty. Regardless of its causes, skeletal muscle is 
the primary organ affected, as it undergoes structural (atrophy) and functional (weakness) 
deterioration (2) that drives the progression of frailty and its clinical consequences (3).

 Mitochondrial dysfunction is a central hallmark of aging (4). Skeletal muscle cells, 
which have high energy demands, are susceptible to the age-related bioenergetic decline 
caused by the accumulation of defective mitochondria during aging (5). We recently 
generated the first single-cell/single-nucleus transcriptomic and chromatin accessibility 
map of human skeletal muscle from individuals with distinct frailty levels and have shown 
an age-associated accumulation of defective mitochondria in myofibers (6).

 Limited data link the accumulation of defective mitochondria to phenotypic and patho-
logical changes in aging. Indeed, not all studies have reported decreases in markers of 
mitochondrial content and respiratory function with aging (7), likely due to participant 
variability in physical activity and/or training status (8, 9). Furthermore, the difficulties 
in accessing human skeletal muscle biopsies in well-characterized aging cohorts have 
limited the scope of research in this field.

 In this study, we use preclinical and clinical studies to address whether mitochondria are 
mechanistically linked to the functional decline associated with aging and whether muscle 
oxidative capacity inevitably decreases with age, independently of habitual physical activity. 

Results and Discussion

 To study whether the skeletal muscle of old animals retains mitochondrial plasticity, we 
trained a group of 20-mo-old wild-type (WT) C57BL/6 J mice (n = 20, 13 males and 7 
females) for 10 wk, 5 d per week, following a high-intensity multicomponent interval D
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training (HIMIT) Regimen. The training protocol included motor 
coordination, resistance, and high-intensity cardiorespiratory exer-
cises (Fig. 1A). Following this late-onset exercise intervention, we 
assessed its effectiveness in reversing frailty and modulating mito-
chondrial function in skeletal muscle. Additionally, we included 
20-mo-old G6PD-Tg mice (n = 20, 9 males and 11 females), 
which is an established mouse model of robustness and healthy 
aging that exhibits increased expression of mitochondrial com-
plexes II to V in skeletal muscle and improved functional perfor-
mance in older animals (10, 11). Nontrained WT old mice were 
used as controls (n = 21, 12 males and 9 females).          

 Body weight, energy intake, and water consumption, through-
out the intervention, are shown in SI Appendix, Fig. S1 A and B. 
At baseline (preintervention), the G6PD-Tg old mice performed 
better in maximal running time, grip strength, and ladder-climbing 
force (Fig. 1 B–E). Postintervention measurements, 48 h after the 
final exercise session, revealed significant improvements in all tests, 
including motor coordination, for the trained WT mice compared 
to the sedentary WT ones. These old, trained mice matched the 
performance of the old, robust G6PD-Tg mice (Fig. 1 B–E). 
Furthermore, old mice in the trained group exhibited a reduced 
percentage of frailty (12) and increased VO2max , which is a 
well-known marker of exercise capacity and a strong predictor of 
reduced mortality (13) (Fig. 1 F and G; see also accessory func-
tional measurements, SI Appendix, Fig. S1 C–E).

 As aging and lifestyle factors influence the energetic cost of 
movement and substrate utilization, we measured in vivo meta-
bolic function and free-living activity using indirect calorimetry 
in metabolic cages at the end of the intervention (23-mo-old 
mice). Old, untrained mice had a higher respiratory exchange 
ratio (RER) and rearing activity (indicative of anxiety) compared 
to trained or G6PD-Tg old mice (Fig. 1 H and K). In turn, the 
trained mice had significantly lower ambulatory activity than the 
sedentary or G6PD-Tg mice yet maintained a high energy expend-
iture (Fig. 1 I and J). We also recorded the voluntary running 
activity of the mice by giving them free access to a running wheel 
placed in their home cage. We found increased running activity 
in all experimental groups during the dark (e.g., active) cycle, with 
no significant differences between interventions (SI Appendix, 
Fig. S1F). We previously reported that old mice trained with a 
high-intensity exercise protocol were significantly less active than 
the sedentary ones and that this difference may be related to the 
loss of body weight associated with the intervention (14).

 Training significantly improved body composition in the old 
WT mice, increasing lean mass (Fig. 1L) with no changes in fat, 
bone area, or bone volume (SI Appendix, Fig. S1G). Hindlimb 
muscle weights were also recorded in both sexes (Fig. 1 M and N 
and SI Appendix, Fig. S1H), and the weights of the extensor dig-
itorum longus and gastrocnemius muscles (normalized to body 
weight) were higher in both WT trained and G6PD-Tg old mice 
(Fig. 1 M and N). Improvements in muscle mass are associated 
with improved glucose regulation (15). We found a significant 
decrease in fasting glycemia in the old G6PD-Tg mice compared 
to the old WT sedentary ones, even though the interventions did 
not affect glucose tolerance (SI Appendix, Fig. S1 I and J). To 
determine whether the increase in skeletal muscle mass was accom-
panied by changes in fiber cross-sectional area we analyzed both 
parameters in the soleus muscle. We found a training-induced 
enlargement of fiber cross-sectional area in old animals compared 
with the other experimental groups (SI Appendix, Fig. S1K). 
Consistent with previous knowledge (6), aging induces a general 
decrease in the cross-sectional area of the muscle fibers which 
translates into functional changes. These results indicate that exer-
cise training can partially counteract age-related alterations in 

muscle fiber morphology, contributing to the preservation of 
muscle function in old mice.

 We observed a significant increase in citrate synthase activity, 
a well-known marker of mitochondrial mass, in quadriceps 
homogenates from trained and G6PD-Tg old animals (Fig. 2A). 
Greater NADH-TR staining intensities in exercised and 
G6PD-Tg mice also demonstrate an enhanced capacity for oxi-
dative metabolism in these experimental groups (16) (Fig. 2B). 
This increase was accompanied by a significant decrease in blood 
lactate concentration following an incremental treadmill test, 
despite increased running distances in the same experimental 
groups (Fig. 2C). These results suggest a mitochondrial-mediated 
reduction in the rates of muscle glycogen depletion and lactic 
acid accumulation during submaximal exercise (17) in the 
trained and G6PD-Tg old mice. Next, we isolated mitochondria 
from the quadriceps muscle and found that G6PD-Tg and 
trained WT mice exhibited a higher CII and CIV-dependent 
State 3 respiration (Oxygraph-2k), compared to sedentary con-
trols (Fig. 2D). This improvement was accompanied by an 
increase in CI, CIII, and CIV spectrophotometric maximal 
activities in both groups (i.e., trained and G6PD-Tg) (Fig. 2E). 
Increased CI+III and CII+III activities were only evident in the 
old, trained mice, as compared to the other experimental groups 
(SI Appendix, Fig. S2A). Although complex V activity remained 
unchanged (SI Appendix, Fig. S2 A, Right  panel), maximal mito-
chondrial respiration stimulated by the uncoupler FCCP was 
significantly improved in the trained and G6PD-Tg old mice 
(Fig. 2F). We also found a significant decrease in the H2 O2  pro-
duction during maximal respiration, as measured using the 
fluorogenic probe Amplex Red (Fig. 2 F, Right  panel) in the 
trained and in the G6PD-Tg mice. CI and CII dependent H2 O2  
production was not different between the experimental groups 
in the isolated mitochondria (SI Appendix, Fig. S2 B and C). 
However, we also found a higher mitochondrial membrane 
potential (ΔΨm) in the old trained and G6PD-Tg groups using 
the complex II substrate succinate (CII-dependent respiration) 
(SI Appendix, Fig. S2C) that was not evident when we analyzed 
the complex I-dependent respiration (SI Appendix, Fig. S2B). 
Notably, ΔΨm plays an essential role in energy storage during 
oxidative phosphorylation and in mitochondrial homeostasis 
through selective elimination of dysfunctional mitochondria 
(18). Our results are consistent with previous reports (19) and 
show that HIMIT reverses the age-associated decline in mito-
chondrial respiration and membrane potential in the skeletal 
muscle of old mice. Our finding that the H2 O2  emission 
decreases after a training period agrees with some previous stud-
ies (20) but not with all (21). Dysfunctional mitochondria, 
characterized by reduced oxidative phosphorylation efficiency 
and excessive production of reactive oxygen species (ROS), con-
tribute to oxidize and damage macromolecules (22). We, there-
fore, analyzed different redox markers to test the antioxidant 
effects of our training protocol (23). We found that the muscle 
specimens of both trained and G6PD-Tg mice had significantly 
higher activities of G6PD, an enzyme located at the core of the 
antioxidant defense (24), and decreased levels of malondialde-
hyde (MDA), a marker of lipid peroxidation (Fig. 2G). These 
findings indicate that exercise training enhanced G6PD activity 
and protects against oxidative stress and macromolecular damage 
by reducing the accumulation of oxidized lipids.          

 Aging has a widespread impact on many muscle proteins (25). 
However, the regulation of transcription and translation in this 
context remains controversial (26). We, therefore, performed 
high-throughput skeletal muscle protein profiling to detect 
 differentially expressed proteins across the experimental groups D
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Fig. 1.   Impact of high-intensity multicomponent training and G6PD overexpression on whole-body physiology and in vivo metabolism in old mice. (A) Schematic 
representation of the experimental protocol. (b-g) Physical and functional performance before and after the intervention. Maximal running time during the 
incremental treadmill test (B), motor coordination assesed by rotarod (C), grip strenght (D), maximal carrying load in the ladder-climbing test (E), maximal 
exercise capacity (VO2max) (F), and percentage of frail mice per group (G). (H–K) In vivo metabolic assessment in female mice. Respiratory Exchange Ratio (H), 
energy expenditure (I), activity (J), and rearing (K) over time (48 h). Data represent the area under the curve and the average per light/dark cycle across two 
complete 24-h periods. Zeitgeber Time (ZT) was used to align data with the light/dark cycle, where ZT0 corresponds to lights on (08:00) and ZT12 to lights off 
(20:00). (L) Lean mass assessed through dual-energy X-ray absorptiometry. (M and N) Skeletal muscles weights. Open triangles represent data from male mice, 
and filled circles represent data from female mice. Baseline measurements (preintervention) are represented by empty boxes. Postintervention measurements 
conducted 48 h after the final exercise session are represented inside the yellow boxes. Comparisons between “Post” intervention groups (i.e., 23 mo old) 
and comparisons between total areas under curves were performed using a one-way ANOVA. Comparisons between “Pre” and “Post” intervention groups 
(i.e., 20 mo- old and 23 mo-old, respectively) were conducted using a two-way ANOVA (*** Differences pre–post, P < 0.0001; * Differences pre–post, P < 0.05). 
Comparisons between groups in the light and dark cycles were conducted using a two-way ANOVA (** Differences light vs dark, P < 0.001; * Differences light vs 
dark, P < 0.05). Abbreviations: HIIT = high intensity interval training.D
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Fig. 2.   An exercise intervention can rescue the age-associated decrease in mitochondrial-dependent respiration and activity in skeletal muscle. Proteomic 
and supercomplexes analyses in mice. (A) Citrate synthase activity in skeletal muscle homogenate. (B) Mitochondrial oxidative capacity in mouse soleus muscle 
sections assessed by NADH staining intensity. (C) Change (Δ) in peripheral blood lactate concentration and maximal running distance after an incremental 
running test. (D) High-resolution respirometry (Oxygraph-2k) in isolated mitochondria from quadriceps muscle showing Complexes I, II, and IV dependent 
respiration). (E) Mitochondrial enzymatic activities of Complexes I, III, and IV in isolated mitochondria from quadriceps muscle. (F) Maximal respiration and 
maximal respiration dependent H2O2 production (Oxygraph-2k) in isolated mitochondria from quadriceps muscle. (G) G6PD activity and malondialdehyde levels 
in skeletal muscle. (H and I) Chord diagrams representing selected significant gene signatures from mitocarta 3.0 in a GSEA, comparing (H) WT trained vs WT 
untrained, and (I) G6PD-Tg untrained vs WT untrained. The width of each arrow represents the magnitude of the association (scaled to one SD), while the color 
represents the direction of the effect. (J) Bubble plot showing selected significant gene sets from GSEA for Mitocarta 3.0 signatures comparing all groups. Dot 
color represents the normalized enrichment score (NES), dot size indicates the ratio (number of peptides weighted in the analysis/total number of peptides in 
the proteome set), and the x-axis corresponds to the NES, illustrating the direction and magnitude of enrichment. (K) Relative abundance of OxPhos complex 
subunits assessed by western blotting and normalized to SDHA in isolated mitochondria from quadriceps muscle. (L) Blue native gel electrophoresis of skeletal 
muscle digitonin-solubilized mitochondria and immunodetection of the indicated proteins. (M) In-gel activity of quadriceps femoris muscle mitochondria for 
Complex IV. (N) In-gel activity for Complex I (purple bands) and Complex IV (brown bands). Open triangles represent data from male mice, and filled circles 
represent data from female mice. Baseline measurements (preintervention) are represented by empty boxes. Postintervention measurements conducted  
48 h after the final exercise session are represented inside the yellow boxes. Comparisons between “Post” intervention groups were performed using a one-
way ANOVA. Comparisons between “Pre” and “Post” intervention were done using a two-way ANOVA. ** Differences pre–post (P < 0.001). The chord diagrams 
correlate differential peptide expression expressed as log(FC) with the NES. Selected mitocarta terms were identified through exploratory Gene Set Enrichment 
Analysis (GSEA), applying an FDR threshold of q-value < 0.25. The effect size and direction of the selected gene sets are represented by the NES. No differences 
between WT trained and G6PD-Tg control were found.D
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(See Dataset S1 and SI Appendix, Fig. S2D for information on the 
experimental protocol). Analysis of the MitoCarta proteome using 
Gene Set Enrichment Analysis (GSEA) demonstrated that exercise 
training and G6PD overexpression in old mice both promoted 
enrichment of mitochondrial OxPhos pathways (Fig. 2 H–J). We 
validated this finding by assessing mitochondrial OxPhos complex 
levels in skeletal muscle via western blotting. As shown in Fig. 2K, 
protein levels of complexes I and IV were significantly increased 
in old mice following either training or G6PD overexpression.

 We also performed an RNA-seq analysis that confirmed the 
proteomic results, highlighting mitochondrial-based metabolic 
processes, such as enhanced OxPhos activity and increased cristae 
formation in the trained and G6PD-Tg groups. According to 
these data, we also found an upregulation of ROS detoxification 
and glutathione metabolism genes in both the trained and the 
G6PD-Tg groups (SI Appendix, Fig. S2E and Dataset S2).

 Aging is closely linked to mitochondrial complex enzyme 
assembly defects, which hold significant biological and biomedical 
importance (27). To investigate for differences in mitochondrial 
complex organization, we next examined the structural and func-
tional assembly of mitochondrial complexes and supercomplexes 
using Blue Native gel electrophoresis followed by immunodetec-
tion of proteins (Fig. 2L) and in-gel activity (Fig. 2 M and N) 
assays (28). Our findings revealed increased formation of mito-
chondrial respiratory supercomplexes in trained and G6PD-Tg 
old mice. Therefore, the HIMIT protocol promoted favorable 
adaptations in WT mice by enhancing supercomplex assembly. 
These results indicate that exercise training improves mitochon-
drial adaptability at the molecular, cellular, and metabolic levels 
in old skeletal muscle, highlighting that mitochondria retain a 
remarkable degree of plasticity during aging in mice.

 To test whether these mitochondrial adaptations are functionally 
required for exercise-induced benefits per se, we next limited mito-
chondrial OxPhos capacity in skeletal muscle using a muscle-specific 
﻿Usmg5  knockout model. Usmg5  encodes DAPIT , a mitochondrial 
ATP synthase subunit essential for efficient oxidative phosphoryla-
tion. Muscle-specific deletion of Usmg5  enables genetic testing of 
the role of mitochondrial function in exercise-induced adaptations 
(29). In contrast to WT mice, Usmg5 mKO trained animals failed 
to elicit the expected enhancement of mitochondrial oxidative capac-
ity (SI Appendix, Fig. S2F), exhibited increased reliance on fermen-
tative metabolism during exercise, and did not improve physical 
performance following training Fig. 2G. These findings indicate 
that intact mitochondrial OxPhos capacity is an important deter-
minant for the physiological and functionally meaningful benefits 
of exercise in mice.

 To investigate the relationship between physical performance and 
mitochondrial function in human aging, we recruited a cohort of 
30 adults (13 males and 17 females) divided into two age groups: 
younger adults [n = 8; 5 men and 3 women; 37.3 (10.6) y], and 
older adults [n = 22; 8 men and 14 women; 86.7 (9.7) y]. Participants 
were characterized based on anthropometric data, self-reported lev-
els of physical activity, and three geriatric scales: Barthel (30), 
Charlson (31), and the modified 5-item Frailty Index (32) (Fig. 3 
A and B and SI Appendix, Fig. S3 A and B). The younger adults 
outperformed the older groups in all the geriatric scales (Fig. 3 B; 
﻿Left  segment of the heatmap). We then divided the older adults into 
two functionally different groups: older with poor physical function 
(OPF) [n = 11; 4 men and 7 women; 86.7 (9.7) y], who performed 
poorly across most tests (middle of the heatmap); and older with 
good physical function (OGF) [n = 11; 4 men and 7 women; 84.7 
(7.2) y], who performed significantly better than the OPF group 
(right segment of the heatmap). Both older groups were matched 

for age, sex, and BMI (Fig. 3A and SI Appendix, Fig. S3A). Thus, 
our experimental conditions were ideal for studying the role of 
mitochondria in age-related physical performance decline.          

 We collected skeletal muscle biopsies from all participants from 
the hip muscles, which are clinically important due to their role in 
pelvic stabilization, postural control, and fall prevention [as falling 
can lead to severe complications in older adults (33)] (see Fig. 3C 
for information on the experimental protocol). Using the muscle 
specimens, we first confirmed the age-associated skeletal muscle 
atrophy (SI Appendix, Fig. S3C). Histochemical SDH staining 
revealed a decrease in the myofiber respiration capacity in the OPF 
group compared to the age-matched OGF group (SI Appendix, 
Fig. S3D). This finding was supported by a significant reduction 
in citrate synthase activity, a marker of mitochondrial mass (34), 
in the OPF group as compared to the other groups (Fig. 3D). Using 
isolated mitochondria from muscle specimens, we found that com-
plex I and II-dependent respiration (Oxygraph-2k) and maximal 
activities were significantly higher in the OGF group compared to 
the OPF one. Furthermore, mitochondria from the OPF group 
showed a significant decrease in complex IV-dependent respiration 
and maximal activity compared to the younger group. However, 
this age-associated trend in complex IV was not statistically signif-
icant in the OGF group (Fig. 3 E and F). Greater NADH-TR 
staining intensity in the OGF group compared with the OPF group 
also indicates an enhanced oxidative metabolic capacity in old indi-
viduals who maintained their physical function (Fig. 3G).

 We then assessed cellular oxidative stress and damage in skeletal 
muscle. As a marker of oxidation products, we quantified the lipid 
peroxidation markers (MDA and 4-HNE) and protein carbonyls 
(Fig. 3H and SI Appendix, Fig. S3 E and F). Although the results 
showed high variability, the OGF group maintained lower levels 
of oxidative damage, comparable to those of young adults. 
Additionally, we found a significant decrease in the activity of 
G6PD (a central antioxidant enzyme (10) in the OPF group when 
compared to the young and OGF groups.

 We performed a factor analysis of mixed data (FAMD) with the 
functional, anthropometric, mitochondrial, and redox measure-
ments to explain the dataset’s variance and to analyze individual 
similarities. Our results clearly show three differentiated groups. 
The two main dimensions (x-axis = Dim1, and y-axis = Dim2) of 
the FAMD explained more than 50% of the variability in the data 
(54.4%) (Fig. 4A; see also information shared between the variables 
and the main dimensions, SI Appendix, Fig. S4 A and B). Physical 
activity was one of the main contributing functional variables to 
Dim1. Strikingly, the main contributing biochemical variables to 
this dimension were the G6PD and CII activities (SI Appendix, 
Fig. S4A). CIV-dependent respiration contributed most to Dim2 
(SI Appendix, Fig. S4B). A correlation heatmap revealed significant 
associations between all the measurements (Fig. 4B). A relevant 
aspect of our study is that CII activity and physical activity exhibited 
the strongest associations with the rest of the variables, followed by 
the Barthel index and G6PD activity (Fig. 4B and SI Appendix, 
Fig. S4C). In particular, physical activity correlated significantly 
with improvements in functional parameters (Frailty, Barthel, and 
Charlson indices), mitochondrial volume, and respiratory capacity 
(i.e. complex I–IV dependent respiration and complex I and II 
activities). Likewise, the G6PD and CII activities were strongly 
associated with all functional parameters, as their increase was asso-
ciated with a significant decrease in frailty, dependency, and comor-
bidities (see SI Appendix, Fig. S4D and Dataset S3 for Pearson 
correlation coefficients (r) between the analyzed variables).          

 Finally, we performed a high-throughput protein profiling in 
skeletal muscle extracts enriched in mitochondria to better 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 S
A

IN
T

 M
IC

H
A

E
L

'S
 C

O
L

L
E

G
E

; L
IB

R
A

R
Y

 S
E

R
IA

L
S 

L
IB

R
A

R
IA

N
 o

n 
A

pr
il 

26
, 2

02
6 

fr
om

 I
P 

ad
dr

es
s 

24
.1

47
.6

2.
20

0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2508286123#supplementary-materials


6 of 11   https://doi.org/10.1073/pnas.2508286123� pnas.org

A B C

D E

F

H

G

Fig. 3.   Mitochondrial-dependent respiration and activity in human skeletal muscle decline with age and are influenced by the individual’s functional status. (A) 
Age, and body mass index of the donors. (B) Sample characterization. The heatmap represents the performance in the indexes/scales included in the functional 
characterization. In the color scale, blue and red represent excellent and poor performance, respectively, with the transition (white) at the overall mean. (C) 
Representation of the muscles collected based on age and sex, sample processing, and the analyses performed. (D) Citrate synthase activity as a marker of 
mitochondrial mass. (E) Mitochondrial respiration (Oxygraph-2k) through Complexes I, II, and IV in a mitochondria-enriched muscle fraction following three 
freeze-thaw cycles. (F) Mitochondrial enzymatic activities of Complexes I, II, and IV in a mitochondria-enriched muscle fraction. (G) Mitochondrial oxidative 
capacity in mouse soleus muscle sections assessed by NADH staining intensity. (H) Skeletal muscle oxidative damage markers (MDA and protein carbonyls, 
normalized to total proteins) and G6PD activity. Open triangles represent data from men, and filled circles represent data from women donors. All comparisons 
between groups were performed using the Kruskal–Wallis test.D
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A B

C D

E F

Fig. 4.   Association between quantitative and qualitative variables in the human study and proteomic analysis in mitochondrial enriched fractions from human 
skeletal muscles. (A) Factor analysis of mixed data (FAMD). Individuals are plotted in a two-dimensional PCA space, with groups clustered based on the first two 
principal components (Dim1 and Dim2): pink (Y), blue (OPF), and green (OGF). Percentages indicate the variance explained by each dimension, and confidence 
ellipses illustrate group variance. (B) Pearson correlation coefficients (r) computed in a correlation matrix. Positive correlations are displayed in red, and 
negative ones in blue. The symbols inside the boxes indicate the P-value of the corresponding correlation: *P < 0.05; **P < 0.01; ***P < 0.001; †P < 0.1. (C–E) 
Chord Diagrams representing the differentially regulated proteins in our experimental groups using GO terms and GSEA comparing: (C) OGF vs OPF, (D) Y vs 
OGF, and (E) Y vs OPF. (F) Bubble plot showing selected significant GO Biological Process gene sets from GSEA of MitoCarta 3.0 signatures comparing all groups. 
Dot color represents the NES, dot size indicates the proportion of peptides contributing to each term relative to the total proteome set, and the x-axis shows 
NES, illustrating the direction and magnitude of enrichment. Abbreviations: Y = Young, OGF = Old good physical function, OPF = Old poor physical function.D
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understand which mitochondrial proteins were associated with 
the maintenance of skeletal muscle function during aging (see 
SI Appendix, Fig. S4E for details). We quantified 877 proteins, 
among which we found overexpression of those related to OxPhos 
in the OGF group, consistent with an increase in mitochondrial 
volume and improved respiratory capacity (Fig. 4C and 
Dataset S4). Consistent with previously reported results on oxi-
dative damage markers, proteins involved in H2 O2  metabolic 
processes were downregulated in the OGF compared to the OPF 
group. Additionally, in line with the inefficient compensation for 
increased ROS production, the inflammatory response was acti-
vated in the OPF group (Fig. 4C). During normal aging, the pri-
mary energy source shifts from increased glucose consumption to 
enhanced fatty acid oxidation (Fig. 4 D and E). This shift aligns 
with the general decrease in type II fibers and the relative increase 
in type I fibers, as we recently reported (6).

 Notably, the most activated process in the OPF compared to 
the young group was the regulation of immune effector processes 
while muscle energy metabolism (including pyruvate and glucose 
metabolism) was downregulated (Fig. 4E). Blood analyses revealed 
alterations in immune cell-type composition (including total 
monocyte counts, hemoglobin, hematocrit, and platelets) in old 
﻿vs  young groups, reaching statistical significance in OPF, suggest-
ing age-related inflammatory changes in the circulation, which 
may impact peripheral tissues and contribute to chronic low-grade 
inflammation (35, 36) (SI Appendix, Fig. S4F). Finally, the pro-
teomic results were consistent with phenotypic and molecular 
signatures indicating respiratory-competent mitochondria in the 
young and OGF vs OPF groups (Fig. 4F).

 In both mice and humans, pathways related to oxidative phospho-
rylation and lipid/fatty acid metabolism were enriched in the older 
higher fitness groups (OGF, G6PD-Tg, and WT trained), suggesting 
a conserved mitochondrial and metabolic remodeling, with notable 
similarities between the OGF humans and G6PD-Tg animals, our 
mouse model of healthy aging. In contrast, glycolytic pathway enrich-
ment showed a divergent pattern: in humans, higher glycolytic activ-
ity was observed in the OPF group, while in mice this shift was less 
prominent. Notably, we have recently reported that, in old humans, 
type I myonuclei undergo metabolic reprogramming toward a more 
glycolytic phenotype, probably counterbalancing the loss of oxidative 
capacity in type I myofibers. This adaptive shift may represent a 
compensatory mechanism to sustain ATP production when mito-
chondrial oxidative phosphorylation becomes compromised in the 
OPF group (6). Furthermore, inflammatory and immune-related 
processes were selectively enriched in older humans with poor func-
tion but not in the mouse study, indicating that chronic low-grade 
inflammation may be a more dominant driver of functional decline 
in humans than in the controlled murine environment.

 While accumulating evidence supports the beneficial effects of 
exercise on cellular and organismal health, the underlying molec-
ular mechanisms remain largely speculative, particularly regarding 
its role in preserving mitochondrial integrity during aging. Our 
study establishes a link between the decline in locomotor muscle 
function and frailty in older individuals and mitochondrial dys-
function. It underscores the significant impact of regular physical 
activity on functional capacity and mitochondrial adaptability in 
aging. These findings provide compelling evidence that mitochon-
dria retain plasticity throughout aging, both in mice and humans.  

Materials and Methods

Study Population and Donor Sample Ethics. Thirty patients (8 young adults 
and 22 older adults) undergoing trauma or orthopedic surgery participated in this 
study from whom muscle biopsy samples were taken during the surgery. Their 

functional states were assessed to classify the old group into older adults with 
good physical function (n = 11) or older adults with poor physical function (n = 
11). We used the Barthel Index (30) (to estimate the degree of dependency from 
0: dependent to 100: independent), the Charlson Index (31) (to classify the grade 
of comorbidities from 0: without comorbidity to 6: the individual with a higher 
number of comorbidities), and the modified 5-item Frailty Index (32). A physician 
reviewed each patient’s clinical history and assessed preoperative physical activity 
using a 4-point scale: 1, sedentary and dependent; 2, wheelchair user with partial 
independence; 3, ambulatory with assistance; and 4, independently ambulatory 
and physically active.

Exclusion criteria included myopathy, hemiplegia or hemiparesis, autoim-
mune connective tissue disorders, inability to consent, recent hospitalization, or 
major surgery within the previous three months. All participants provided written 
informed consent, and the study was approved by the Ethical Committee of the 
Department of Health Arnau de Vilanova-Liria, Spain (CEIm 28/2019).

Experimental Models and Ethics. Cohorts of 20-mo-old C57BL/6 J (wild-type, 
WT) and G6PD-Tg mice, both females and males, were used to study the effects 
of a HIMIT program on physical function, mitochondrial parameters, and molec-
ular determinations. Twenty-five male C57BL/6 J mice were randomized into 
untrained (n = 12) or trained (n = 13) groups and compared with 9 untrained 
G6PD-Tg male mice. Sixteen female C57BL/6 J mice were randomized into 
untrained (n = 9) or trained (n = 7) groups and compared with 11 untrained 
G6PD-Tg female mice. In addition, muscle-specific Usmg5 knockout mice 
(Usmg5fl/fl; MCK-Cre), generated in the laboratory of JA Enriquez on a C57BL/6 
J-OlaHsd background, were used to study whether intact mitochondrial function 
is required for exercise-induced functional benefits. Six-month-old Usmg5 mKO 
mice (n = 5; 3 males, 2 females) underwent a 4-wk HIIT treadmill protocol and 
were compared with age-matched trained WT mice (n = 5; 3 males, 2 females).

All animals were housed in groups on 12-h light/dark cycles at 24 ± 2 °C, 
and food and water were provided ad libitum. Mice were fed the Teklad Global 
14% Protein Rodent Maintenance Diet. This diet has an energy density of 2.9 
kcal/g corresponding to an energy distribution of 20% protein, 13% fat, and 67% 
carbohydrate.

The study followed EU guidelines for the ethical care of experimental animals 
and was approved by the University of Valencia Ethics Committee for Research 
and Animal Welfare (license 2022 VSC PEA 0035, type 2).

Exercise Training Protocol. The HIMIT protocol included strength, motor coor-
dination, and cardiorespiratory training (Fig. 1A). Mice trained five days per week 
for 10 wk, performing strength training three days per week on an 80° inclined 
ladder (1 × 0.18 m, 1 cm grid), completing six climbs per session with a 1:3 
work-rest ratio. Loads attached to the tail were progressively increased from 75 
to 200% of the individual maximal carrying capacity. Motor coordination was 
trained twice per week using a rotarod (3 trials/session, 4 to 40 rpm over 5 min), 
and cardiorespiratory fitness was trained on a treadmill (5° incline) using a HIIT 
protocol consisting of a 12-min warm-up followed by six 1-min intervals at 100% 
vVO2max interspersed with 1-min recovery at 50% vVO2max.

In a second study, mice performed treadmill HIIT three days per week for 
four weeks (5° incline), with each session consisting of 15 bouts of 2 min at 75% 
of maximal running velocity separated by 2 min of passive recovery; intensity 
was readjusted after two weeks. All training sessions and functional assessments 
were conducted between 9:00 and 11:00 a.m. to minimize circadian variability.

Assessment of Physical and Functional Status in Mice. All animals were 
evaluated before and after the intervention and were acclimated to all the tests 
performed with two habituation sessions before the evaluation.

Frailty Assessment: Valencia Score. Frailty was assessed in mice using the 
“Valencia Score” (12), which is based on the human frailty criteria developed by 
Linda Fried and coworkers (37).
Body weight. Body weight was recorded weekly using a PB3002 Delta Range 
balance (Mettler Scales, Toledo, OH).
Grip strength. Maximal grip strength was evaluated by using the Grip Strength 
Meter (Panlab, Harvard Apparatus). Relative grip strength was determined by 
dividing grip strength by the animal’s weight.
Motor coordination. We used the rotarod (Panlab, Harvard Apparatus) to evaluate 
the animals’ motor coordination. Each animal performed three attempts with five D
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minutes of rest between them. The final data recorded were the maximal time 
achieved in any of the tests.
Maximal oxygen consumption. Maximal oxygen consumption (VO2max) was 
measured using a motorized mouse treadmill coupled to an indirect calorimetry 
system (Panlab, Harvard Apparatus; Oxylet Pro LE405) during an incremental exer-
cise test (38). Blood lactate levels were measured before and 5 min after the test.

Maximal Carrying Load: Ladder-Climbing Test. Maximal carrying load was 
assessed using a modified ladder-climbing test (39). Mice climbed an inclined 
ladder (80°) with progressively increasing tail-attached loads starting at 75% of 
body weight and increasing by 25% until failure (three unsuccessful attempts to 
climb two-thirds of the ladder). The highest successful load was recorded as a 
percentage of body weight.

Grid-Hanging Test. Muscle strength and hanging endurance were assessed 
using a 30 cm2 grid, recording latency to fall in three trials with 5-min rests; the 
longest time was used for analysis.

Endurance Capacity: Continuous Treadmill Test. From the maximal run-
ning speed with VO2max (vVO2max) obtained in the incremental treadmill test, 
mice performed a continuous running treadmill test to evaluate their endur-
ance. After an incremental warm-up period of seven minutes, each mouse 
ran at 75% of its vVO2max. Total running distance to exhaustion (in meters) was 
registered.

In Vivo Metabolic Assessment. Indirect calorimetry was performed using the 
OxyletPro System (Panlab, Harvard Apparatus). Data acquisition and analysis 
were conducted using the METABOLISM software. The following parameters 
were quantified: RER, EE, spontaneous physical activity, and rearing events. Mice 
were single-housed under controlled conditions (12-h light/dark cycle, lights on 
08:00-20:00; ambient temperature 24 ± 2 °C) with ad libitum access to food and 
water. Prior to data collection, animals were acclimated to the metabolic cages for 
24 h. Measurements were recorded every 12 min over a 48-h period. Zeitgeber 
Time (ZT) was used to align data with the light/dark cycle, where ZT0 corresponds 
to lights on (08:00) and ZT12 to lights off (20:00).

Basal Glycemia and Glucose Tolerance Test. Basal glycemia and glucose 
tolerance were assessed after 6 h of fasting. Basal blood glucose was measured 
with a glucometer, followed by intraperitoneal injection of 20% glucose (2 g/kg) 
and serial blood glucose measurements up to 180 min.

Body Composition: Dual X-Ray Absorptiometry. Mouse body composition 
was assessed by DEXA (InAlyzer, Medikors) under isoflurane anesthesia.

Human Skeletal Muscle and Blood Samples Processing. Muscle biopsies 
were obtained during surgery from healthy, noncontused areas using scalpel 
dissection along fiber orientation without electrocautery. Samples were either 
fixed in 2% paraformaldehyde, cryoprotected, embedded in OCT, and frozen for 
immunohistochemistry, or snap frozen in liquid nitrogen. Fasting blood sam-
ples were collected by antecubital venipuncture and analyzed using standardized 
automated procedures in the hospital’s clinical laboratory.

Mice Muscle Sample Processing. Mice were killed by cervical dislocation, and 
hind limb skeletal muscles were dissected and weighed. Muscles were snap 
frozen in liquid nitrogen, except for one soleus fixed in 2% paraformaldehyde 
and one quadriceps preserved at 4 °C for assessment of coupled mitochondrial 
oxidative phosphorylation.

Glucose 6-Phosphate Dehydrogenase Activity. G6PD activity was studied 
in homogenates from human muscle biopsies and mouse gastrocnemius, as 
described by Waller and coworkers (40).

Oxidative Damage Markers.
Malondialdehyde levels. Lipid peroxidation was determined as malondialde-
hyde (MDA) in homogenates from human muscle biopsies and mouse gastroc-
nemius using HPLC as described previously (11).
Carbonylated proteins. Protein carbonylation in homogenates from human 
muscle biopsies was assessed using the Oxyblot Protein Oxidation Detection Kit 
(Millipore, USA) as previously described (11).

Mitochondria Analysis. Mitochondria were isolated from 70 mg of human 
muscle biopsy tissue and from the entire quadriceps femoris muscle of each 
mouse. The mouse muscle was immediately cooled to 4 °C in Frezza medium 
(67 mM Sucrose, 50 mM KCl, 50 mM Tris-HCl, 10 mM EDTA, 1 mg/mL BSA pH 
7.4). The samples were mechanically disaggregated with a scalpel in a Petri dish, 
trypsinized for 30 min at 4 °C (0.05% Trypsin, 10 mM EDTA in PBS, pH 7.4) and 
homogenized in Frezza medium with a glass tissue grinder using a motor-driven 
Teflon pestle (Heidolph RZR 2041) with 20 strokes at 600 rpm. Then, the samples 
were centrifuged for 5 min at 4 °C and 1,000×g, and the resulting supernatant 
was centrifuged for 10 min at 4 °C and 10,000×g. Finally, the mitochondria-
containing pellets were resuspended with Frezza medium.

In the human samples, mitochondria were isolated from frozen skeletal mus-
cle (41). We followed the protocol described in the previous paragraph but used 
A medium (0.32 M Sucrose, one mM EDTA, ten mM Tris-HCl, pH 7.4) instead of 
the Frezza medium. Moreover, isolated mitochondria were frozen and thawed 
three times for all the mitochondrial analysis.

High-Resolution Respirometry.
Mitochondrial respiration. Mitochondrial respiration was assessed using 40 µg 
of mouse mitochondrial extract per chamber in an Oxygraph-2k (Oroboros) with 
MiR05 at 37 °C under normoxic conditions, following the SUIT 8 protocol (11).

For human samples, 6 µg of freeze–thawed mitochondrial extract were ana-
lyzed in duplicate in an O2k respirometer with MiR05 at 37 °C.

Complex I activity was measured with NADH and cytochrome c and corrected 
for rotenone inhibition, followed by assessment of complex II (succinate) and com-
plex IV activities (TMPD/ascorbate), with antimycin A and azide used for inhibition.

Median oxygen flow levels for each measurement were collected using DatLab 
4 software (Oroboros Instruments).
Hydrogen peroxide production. The measurement of the hydrogen peroxide pro-
duction was simultaneous with respiration in fresh mice isolated mitochondria in 
the O2k-FluoRespirometer. It was measured fluorometrically after adding dieth-
ylenetriaminepentaacetic acid (DTPA) (15 µM), superoxide dismutase (SOD) (5 μ/
mL) and horseradish peroxidase (HRP) (1 μ/mL) and doing a calibration standard 
of hydrogen peroxide (step increase of 0.1 µM) by using Amplex UltraRed (AmR) 
(10 µM) and the Fluorescence-Sensor Green (O2k-Series D-G: O2k-Fluo LED2-
Module). We followed a modified SUIT 8 protocol since colored substances may 
influence the fluorescence signal of AmR when injected into the O2k-Chamber.
Mitochondrial membrane potential. The measurement of the mitochondrial 
membrane potential was simultaneous with respiration in fresh mice isolated 
mitochondria in the O2k-FluoRespirometer. It was measured fluorometrically 
after calibrating the raw fluorescence signal expressed as [V] and converted to 
µM by using the fluorophore tetramethylrhodamine methyl ester (TMRM) and 
the Fluorescence-Sensor Green (O2k-Series D-G: O2k-Fluo LED2-Module). We 
followed a modified SUIT 8 protocol as previously mentioned.

Citrate Synthase Activity. Citrate synthase activity was determined spectro-
photometrically as a marker of mitochondrial mass as previously described (42).

Activities of the OxPhos Complexes. The activities of the five OxPhos enzymes 
and the mitochondrial glycerol-3-phosphate dehydrogenase (GPDH) activity were 
measured spectrophotometrically in isolated mitochondria from mice using a 
total of 5 to 20 µg of mitochondrial protein to determine the activity of each 
complex (43). Complex II and IV activities were also studied in 20 to 30 µL of 
muscle homogenate from the same extract used to isolate mitochondria (before 
performing the last spin).

Blue Native PAGE. Supercomplex levels and composition were studied in 
isolated mitochondria from skeletal muscle (20 µg) by blue native electropho-
resis as described previously (28). Membranes were sequentially probed with 
primary antibodies to complex I (anti-NDUFA9, Abcam), complex II (anti-SDHA, 
ThermoFisher), complex III (anti-UQCRC2, ProteinTech), and complex IV (anti-COI, 
Invitrogen). VDAC1 (abcam) was used as a loading control.

Enzymatic In-Gel Activity. Determination of the enzymatic in-gel activity of 
different OxPhos complexes was conducted as previously reported (44). We fol-
lowed the same protocol as for Blue Native PAGE, but without transferring the 
proteins to a membrane.
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Western Blotting of Mitochondrial OxPhos Complexes. To assess the relative 
abundance of OxPhos proteins, SDS-PAGE and western blotting were performed 
in mitochondrial fractions (20 μg of protein per lane) (11).

Proteomics.
Sample Preparation. Muscle protein extracts from mouse gastrocnemius and 
mitochondria-enriched human samples were prepared by bead-based homog-
enization in CS buffer supplemented with protease and phosphatase inhibitors. 
Proteins (~200 µg) were reduced, alkylated, and digested overnight with trypsin 
using a filter-aided protocol. Peptides were desalted, quantified by Direct Detect 
IR, and TMT-labeled according to the manufacturer’s instructions (45).
Liquid Chromatography–Tandem Mass Spectrometry (LC–MS/MS). Labeled 
peptides were separated on an Evosep One HPLC using Evotips and an Endurance 
column, and analyzed on an Orbitrap Eclipse Tribrid mass spectrometer. MS data 
were acquired in TopSpeed mode with Orbitrap MS (60,000 resolution) and HCD 
MS/MS (30,000 resolution), with dynamic exclusion set to 20 s.
Protein identification and quantification. For peptide identification, MS/MS 
spectra were searched using the SEQUEST HT algorithm implemented in Proteome 
Discoverer 2.1 (Thermo Scientific) (46) against a UniProt (47) database compris-
ing mouse protein sequences (mouse_202105_sw.target-decoy.fasta, 185234 
sequences in total) concatenated with decoy sequences generated using DecoyPyrat 
(48). Trypsin digestion was set with a maximum of 2 missed cleavages. Cys carba-
midomethylation (57.021464 Da) and TMT labeling at the N-terminal end and Lys 
(304.2071 Da) were set as fixed modifications and Met oxidation (15.994915 Da) 
as dynamic modifications. Precursor mass tolerance was set at 800 ppm, fragment 
mass tolerance was at 0.03 Da, and precursor charge ranged from 2 to 4. The false 
discovery rate (FDR) was calculated using the corrected Xcorr score (cXcorr) (49) 
and the target/decoy competition strategy applying the picked FDR method at the 
peptide level (50), with an additional filter for precursor mass tolerance of 15 ppm 
(51). A 1% FDR was employed as the criterion for peptide identification.

The quantitative information derived from TMT reporter intensities was inte-
grated from the spectrum level to the peptide level and subsequently to the 
protein level, according to the WSPP model (52) and the Generic Integration 
Algorithm (53), using the iSanXoT program (54). In this model, quantitative pro-
tein values are expressed using the standardized variable Zq (i.e., normalized 
log2-ratios expressed in SD units according to the estimated variances).

RNA-seq. Total RNA from mouse gastrocnemius muscle was extracted with TRIzol 
and purified using RNeasy columns. RNA integrity and quantity were assessed 
with an Agilent 2100 Bioanalyzer. RNA-seq libraries were prepared from 50 ng 
RNA using the NEBNext Ultra II Directional kit, including poly(A)+ selection, 
fragmentation, cDNA synthesis, adaptor ligation, and PCR amplification, and 
sequenced at the CNIC Genomics Unit.

Library size and concentration were assessed using an Agilent 2100 
Bioanalyzer and Qubit fluorometer. Libraries were sequenced on a NextSeq 2000 
(Illumina) to generate 61-bp single-end reads. FASTQ files were generated with 
bcl2fastq v2.20, adapter-trimmed with Trim Galore v0.6.6, and aligned to the 
mouse genome and transcriptome (Ensembl GRCm38.v91) using STAR v2.5.1. 
(55) and RSEM v1.3.1 (56). Genes with less than ten counts per million in the 
sample were filtered out. Then, expected counts were TMM-normalized using 
edgeR v-3.36.0. (57). Differentially expressed genes between groups were iden-
tified using the limma v-3.50.3 bioconductor package (58). Functional analysis 
was performed as GSEA using ClusterProfiler v-4.2.2 bioconductor package (59). 
GSEA for mitopathways, based on information retrieved from Mitocarta v3, was 
done using DOSE v-3.20.1 (60).

Histology and Histochemical Analysis. Transverse serial cryosections were 
obtained from skeletal muscle samples of both mice (soleus) and human biop-
sies using a cryostat (Microm HM 505 N) maintained at −25 °C. Cryosections 
were stained with hematoxylin/eosin (H&E) to evaluate muscle fiber mor-
phology and measure cross-sectional area (CSA). NADH-tetrazolium reduc-
tase and succinate dehydrogenase staining were performed using standard 
protocols (6).

Statistical Analysis. All experiments and analyses were performed blinded. 
Sample size was calculated with G*Power (power = 0.8, α = 0.05), and mice 
were pair-matched to ensure baseline equivalence. Analyses were conducted 
using SPSS 27, with data visualization in GraphPad Prism 10 and R 4.5.0. Data 
are presented as mean ± SD, with P < 0.05 considered significant.

Normality and homoscedasticity were assessed using Kolmogorov–Smirnov 
and Levene’s tests, respectively. Parametric or nonparametric tests (Kruskal–
Wallis) were applied as appropriate. Comparisons used t-tests, one-way ANOVA, 
or two-way ANOVA (group × time), followed by Bonferroni-corrected post hoc 
tests. Sexes were analyzed separately.

Correlations were assessed using Pearson’s r, frailty scores with chi-squared tests, 
and multivariate analyses by FAMD. Functional enrichment was performed by GSEA 
using Mitocarta 3.0 gene sets on proteomic and RNA-seq data (FDR q < 0.25).

Data, Materials, and Software Availability. The RNA-seq data have been 
deposited in the NCBI Gene Expression Omnibus (GEO) under accession number 
GSE325919 (61). The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE partner repository with the 
dataset identifier PXD076192 (62). All other data are included in the article and/
or supporting information.
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