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A B S T R A C T   

Sarcopenia is associated with reduced quality of life and premature mortality. The sex disparities in the processes 
underlying sarcopenia pathogenesis, which include mitochondrial dysfunction, are ill-understood and can be 
decisive for the optimization of sarcopenia-related interventions. To improve the knowledge regarding the sex 
differences in skeletal muscle aging, the gastrocnemius muscle of young and old female and male rats was 
analyzed with a focus on mitochondrial remodeling through the proteome profiling of mitochondria-enriched 
fractions. To the best of our knowledge, this is the first study analyzing sex differences in skeletal muscle 
mitochondrial proteome remodeling. Data demonstrated that age induced skeletal muscle atrophy and fibrosis in 
both sexes. In females, however, this adverse skeletal muscle remodeling was more accentuated than in males 
and might be attributed to an age-related reduction of 17beta-estradiol signaling through its estrogen receptor 
alpha located in mitochondria. The females-specific mitochondrial remodeling encompassed increased abun-
dance of proteins involved in fatty acid oxidation, decreased abundance of the complexes subunits, and enhanced 
proneness to oxidative posttranslational modifications. This conceivable accretion of damaged mitochondria in 
old females might be ascribed to low levels of Parkin, a key mediator of mitophagy. Despite skeletal muscle 
atrophy and fibrosis, males maintained their testosterone levels throughout aging, as well as their androgen 
receptor content, and the age-induced mitochondrial remodeling was limited to increased abundance of pyruvate 
dehydrogenase E1 component subunit beta and electron transfer flavoprotein subunit beta. Herein, for the first 
time, it was demonstrated that age affects more severely the skeletal muscle mitochondrial proteome of females, 
reinforcing the necessity of sex-personalized approaches towards sarcopenia management, and the inevitability 
of the assessment of mitochondrion-related therapeutics.  
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1. Introduction 

The world undergoes a sustained transformation in the age organi-
zation of the population driven by increasing life expectancy and 
decreasing fertility levels, with the global population aged 65 years or 
older being expected to increase from 9.3% in 2020 to 16.0% by 2050 
[1]. This event is accompanied by diverse diseases namely sarcopenia, 
which is a muscle disease defined by low levels of muscle strength, 
muscle quantity or quality and physical performance that develops 
gradually throughout lifetime [2]. Sarcopenia is related to an increased 
risk of disability and consequent hospitalization, a higher hospital stay 
length, an increased risk of postoperative complications, frailty, 
mobility limitations, and premature mortality [3]. The pathogenesis of 
sarcopenia is multifactorial and may involve systemic changes like 
hormonal alterations and chronic inflammation, and local alterations 
such as neuromuscular junction (NMJ) degeneration, muscle fat infil-
tration, mitochondrial dysfunction, and oxidative stress [4]. Nonethe-
less, the precise role and contribution of each one of these processes to 
sarcopenia development and progression are not yet entirely recognized 
[5], making sarcopenia management challenging. 

Mitochondrial dysfunction is advocated as a central factor associated 
with skeletal muscle aging with a growing body of evidence provided by 
both animal and human studies as elegantly reviewed by Bellanti and 
collaborators [6]. Besides energy production, the mitochondrion per-
forms essential functions in skeletal muscle fibers, namely the regulation 
of intracellular calcium homeostasis and apoptotic signaling [4]. It is 
believed that the age-related decline of skeletal muscle quality is asso-
ciated with a reprogramming of the skeletal muscle metabolism that 
results in an impaired uptake and utilization of glucose, fat and proteins, 
and a defective production of energy [6]. Aging also appears to induce a 
shift in the redox status towards oxidation, which is accompanied by 
overwhelmed or dysfunctional antioxidant defense mechanisms, 
ensuing an amplified susceptibility of cellular and subcellular environ-
ments to damage [7]. Along with mitochondrial remodeling, an 
age-related decrease in the levels of sex steroid hormones in both women 
and men has been proposed as an important driver of sarcopenia [8,9]. 
In fact, these hormones can modulate via their receptors distinct 
signaling pathways in skeletal muscle, but the precise outcomes and sex 
disparities are not completely acknowledged, principally in skeletal 
muscle aging [10]. In mitochondrion, this sex specificity seems to be also 
present, with the suggestion that old females have lower function of the 
oxidative phosphorylation (OXPHOS) complexes than old males [11, 
12]. To date, the mechanisms behind the effect of sex on sarcopenia 
development and on age-related mitochondrial remodeling in the skel-
etal muscle are yet to be fully uncovered. Coupled with this gap are the 
equivocal data retrieved from clinical studies on the effect of sex on 
skeletal muscle remodeling, probably due to different selection criteria 
that can bias the results, such as physical status and comorbidities. In 
this regard, the use of preclinical models allows the control of not only 
physical activity but also nutritional status, both of which can influence 
the outcomes of the studies. The recognition of sex-specific players 
involved in age-related skeletal muscle impairment will enable the 
development of preventive and therapeutic interventions tailored to the 
sex of each patient towards improved chances of survival and quality of 
life. 

Hence, the overarching goal of this study was to investigate the effect 
of sex on age-related skeletal muscle wasting with a focus on mito-
chondrial remodeling. Specifically, we examined the per se effect of sex 
and aging and their interplay on the gastrocnemius muscle mass, fiber 
cross-sectional area (CSA) and fibrosis, and its association with the 
circulating levels of sex hormones and the muscle content of their re-
ceptors. Mass-spectrometry (MS) profiling of mitochondria-enriched 
fractions was performed to uncover the age-induced skeletal muscle 
mitochondrial remodeling, comprising the identification of mitochon-
drial proteins more prone to posttranslational modifications (PTMs) that 
may contribute to the aging phenotype. The use of rats in this study was 

a well thought-through choice based on the chronic nature of sarcopenia 
that takes years to develop in humans and the consequent extended time 
course and ethical concerns surrounding the invasive acquisition of 
skeletal muscle biopsies from potentially frail individuals and also from 
healthy ones. Rats were selected based on evidence reporting that the 
pattern of skeletal muscle impairment in the rat (vs. mice) seems to be 
more representative of the human [13]. The gastrocnemius muscle was 
elected because it is believed to be affected by aging, it is fundamental 
for lower limb activities [14], for comparative proposes with other 
studies [13,14] and its thickness was proposed as a muscle mass index 
for sarcopenia diagnosis [15]. 

2. Materials and methods 

2.1. Animal protocol 

Female and male Wistar rats were obtained from the Charles River 
Laboratories (FR) at four (young groups) or twelve (old groups) weeks. 
Before the initiation of the experiments, all rats were acclimatized to the 
handler and the experimental protocol for one week and then randomly 
distributed (three to four rats per cage; 1500U Eurostandard Type IV S 
cages, Tecniplast, Varese, IT) into the experimental groups: young fe-
male (n = 7), old female (n = 13), young male (n = 8), and old male (n =
11). The rats were housed at controlled temperature (22 ± 2 ◦C) and 
relative humidity (50 ± 5%) with a 12:12 h light-dark cycle with ad 
libitum food (standard diet 4RF21, Mucedola, Milan, IT) and water ac-
cess. To mimic young adult and middle-age humans, the rats from the 
young groups were sacrificed at 6 months old (corresponds to approxi-
mately 18 years in humans [16]) and the rats from the old groups at 19 
months old (corresponds to approximately 45–50 years in humans [16]) 
by an intraperitoneal overdose of ketamine (75 mg kg− 1, Imalgene 1000, 
Merial SAS, Lyon, FR) and xylazine (10 mg kg− 1, Rompun 2 %, Bayer, 
Kiel, DE) followed by exsanguination as indicated by the Federation of 
European Laboratory Animal Science Associations [17]. Blood was 
collected from the heart, and the two gastrocnemius muscles of each rat 
were collected and weighed (vide infra for sample-specific processing). 
The right and left tibiae were dissected to determine tibia length, which 
is an indicator of animal body size that is independent of alterations in 
muscle and fat masses [18]. All the procedures were approved by the 
University of Trás-os-Montes and Alto Douro Ethics Review Body 
ORBEA (Orgão Responsável pelo Bem-Estar e Ética Animal, reference 
424-e-DCV-2016) and by the Portuguese Competent Authority DGAV 
(Direção Geral de Alimentação e Veterinária, license numbers 021326 
and 004583), according to the European Guidelines, and following the 
Portuguese law (decree-law number 113/2013) on animal protection for 
scientific purposes. 

2.2. Serum samples preparation and analyses 

The blood collected from the heart during the necropsy was allowed 
to clot and then centrifuged at 4 ◦C for 15 min at 3000 g. The obtained 
serum was stored at − 80 ◦C for the biochemical analyses that follow. 

The serum levels of cholesterol, triglycerides, fasting glucose, and 
lactate were measured on an AutoAnalyzer (PRESTIGE 24i, Cormay PZ, 
Diamond Diagnostics, MA, US). Enzyme-linked immunosorbent assays 
(ELISA) were performed to determine the serum levels of 17beta 
(β)-estradiol (ab108667, abcam, Cambridge, UK) and testosterone 
(E− 39, InterMedical Diagnostics, Naples, IT). 

2.3. Histological analyses of the gastrocnemius muscle 

Half of one gastrocnemius muscle (n = 5 per group) was fixed in 4% 
paraformaldehyde and embedded in paraffin to prepare paraffin blocks, 
which were sectioned (3 μm of thickness) using a microtome and 
mounted on silane-coated slides. After deparaffinization through incu-
bation at 60 ◦C for 30 min and with xylol for 10 min, the slides were 
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hydrated in 5-min incubations with decreasing concentrations of 
ethanol aqueous solutions (100%, 90% and 70%, v/v) and water. The 
slides were then stained with hematoxylin and eosin (H&E; Hematoxylin 
H and Eosin Y 1%, BioGnost, Zagreb, HR) or Sirius Red (Direct Red 80, 
Sigma Aldrich, Missouri, US) to analyze the CSA and fibrosis area, 
respectively. Skeletal muscle images were acquired with a microscope 
(Olympus XC30 Digital Color Camera, Olympus, Tokyo, JP) and 
analyzed at 400x (CSA) or 200x (fibrosis) magnification with Cell^B 
(version 5.1.0.2640, Olympus Soft Imaging Solutions, Tokyo, JP) and 
Image Pro Plus (version 6.0) software. 

2.4. Preparation of gastrocnemius muscle homogenates and 
mitochondria-enriched fractions 

Approximately 50 mg of the other half of the gastrocnemius muscle 
was homogenized with a Teflon® pestle in a motor-driven Potter- 
Elvehjem glass homogenizer at 0–4 ◦C in a lysis buffer (0.5 mM EGTA, 
10 mM HEPES, NaOH pH 7.4, 0.1% Triton X-100, 1:1000 PMSF and 
1:400 protease inhibitor cocktail (P8340, Sigma-Aldrich, Missouri, US)) 
in the proportion of 50 mg of muscle to 1 mL of lysis buffer. The protein 
content of the muscle homogenates (henceforward named “total ho-
mogenate”) was assessed using the commercial kit DC™ Protein Assay 
(Bio-Rad, CA, US), according to the manufacturer’s instructions and 
using bovine serum albumin (BSA) as standard. Then, the total ho-
mogenates were preserved at − 80 ◦C for the biochemical analyses 
described in subsections 2.5 and 2.6. 

The other gastrocnemius muscle was used for mitochondria isolation 
based on Padrão and collaborators [19] with modifications. For MS 
analyses pooled tissue samples were considered (n = 6 per group). 
Briefly, muscles were finely minced in isolation buffer (20 mM MOPS, 1 
mM EGTA, KOH pH 7.5, 110 mM KCl, and 2 mM PMSF) and incubated in 
0.25 mg mL− 1 of trypsin (Sigma-Aldrich, Missouri, US). After removing 
the supernatant, the muscles were suspended in isolation buffer with 
0.1% fatty acid-free BSA and homogenized with a motor-driven Teflon® 
Potter-Elvehjem homogenizer, followed by a centrifugation at 1000 g for 
5 min. The collected supernatant was centrifuged at 12500 g for 10 min, 
followed by pellet resuspension in washing medium (10 mM HEPES, 
KOH pH 7.4, 250 mM sucrose, and 1:1000 PMSF) and centrifuged at 
12500 g for 10 min, followed by new pellet resuspension and centrifu-
gation. Lastly, the obtained pellet, which contained the mitochondrial 
fraction, was resuspended in washing medium supplemented with 1:400 
of protease inhibitor cocktail (P8340, Sigma-Aldrich, Missouri, US) and 
stored at − 80 ◦C for the biochemical analyses described in subsections 
2.5 and 2.6. Regarding the pooled samples, the described procedure was 
equally implemented, with the exception that the final pellet containing 
the mitochondrial fraction was resuspended in 10 mM HEPES, KOH pH 
7.4 (without protease inhibitors) and stored at − 80 ◦C for the 
biochemical analyses described in subsection 2.7. All the procedures 
were performed at 0–4 ◦C. The protein content of the 
mitochondria-enriched fractions was assessed using the commercial kit 
RC-DC™ Protein Assay (Bio-Rad, CA, US), according to the manufac-
turer’s instructions and using BSA as standard. The purity of the 
mitochondria-enriched fractions was evaluated by immunoblotting, as 
described in subsection 2.6, with the use of sarcoplasmic/endoplasmic 
reticulum calcium ATPase 2 (SERCA2) as a cytoplasmic marker and 
adenosine triphosphate subunit beta (ATPB) as a mitochondrial marker 
and based on the results (Fig. S1) the mitochondria-enriched fractions 
were analyzed. 

2.5. Enzymatic assays in total homogenates and mitochondria-enriched 
fractions 

Citrate synthase (CS) activity was assessed in total homogenates 
based on the method described by Coore and collaborators [20]. Briefly, 
5,5′-dithiobis-(2-nitrobenzoic acid) reacted with the thiol groups of co-
enzyme A, previously released by the reaction of acetyl-CoA with 

oxaloacetate, which was spectrophotometrically measured at 412 nm 
(molar extinction coefficient of 13.6 mM− 1 cm− 1). The activity of CS was 
expressed in μmol per minute per milligram of gastrocnemius total 
protein. 

Lactate dehydrogenase (LDH) activity was evaluated in total ho-
mogenates according to Šimaga and collaborators [21]. Concisely, the 
reduction of pyruvate to lactate was followed spectrophotometrically by 
the measurement of the decrease in the absorbance of nicotinamide 
adenine dinucleotide (NADH), due to its oxidation, at 340 nm (molar 
extinction coefficient of NADH 6.21 mM− 1 cm− 1). The specific activity 
of LDH was expressed in units per milligram of gastrocnemius total pro-
tein. One unit of enzyme activity was defined as the amount of enzyme 
that transforms 1 μmol of substrate in 1 min at room temperature and pH 
7.0. 

Adenosine triphosphate (ATP) synthase activity was evaluated in 
mitochondria-enriched fractions according to Morin and collaborators 
[22]. Succinctly, the reaction of phosphate, previously produced by the 
hydrolysis of ATP, with ammonium molybdate resulted in the formation 
of a complex that was reduced in the presence of the reducing agent 
ferrous sulfate, originating a colored complex (molybdenum blue), 
which was spectrophotometrically measured at 610 nm. Potassium 
dihydrogen phosphate was used as standard. The activity of ATP syn-
thase was expressed in μmol per minute per milligram of gastrocnemius 
total protein. 

2.6. Immunoblot analyses in total homogenates and mitochondria- 
enriched fractions 

To determine the content of protein carbonyls in mitochondria- 
enriched fractions, the samples were derivatized before the immuno-
blot analyses, as previously described [19]. Briefly, a certain volume (V) 
of the mitochondria-enriched fraction correspondent to 20 μg of protein 
was mixed with 1 V of SDS 12% and 2 V of 10 mM dinitrophenylhy-
drazine in 10% trifluoroacetic acid (TFA), followed by 30 min of dark 
incubation. After this, 1.5 V of a solution constituted by 30% of glycerol 
and 18% of β-mercaptoethanol in Tris 2 M was added. The derivatized 
samples were electrophoresed on a 12.5% SDS-PAGE gel according to 
Laemmli [23] and then blotted onto a nitrocellulose membrane 
(Amersham™, Protan®, GE Healthcare, Illinois, US) for 2 h at 200 mA. 
The immunodetection was made using an anti-dinitrophenol (DNP) 
antibody (vide infra). 

Regarding the remaining Western blot analyses, equivalent volumes 
to 50 μg of protein of total homogenate or mitochondria-enriched 
fraction were electrophoresed on a 12.5% SDS-PAGE gel according to 
Laemmli [23] and then blotted onto a nitrocellulose membrane 
(Amersham™, Protan®, GE Healthcare, Illinois, US) for 2 h at 200 mA. 
Protein loading was controlled by Ponceau S staining, since most of the 
housekeeping markers used can be affected by stressful stimuli in the 
skeletal muscle [24]. 

Nonspecific binding was blocked by the incubation of the mem-
branes in a 5% (w/v) solution of non-fat dry milk in Tris-buffered saline 
(TBS) with Tween 20 (TBST) for 1 h at room temperature and with 
agitation. Then, each membrane was incubated with the corresponding 
primary antibody: anti-ATPB (ab14730), anti-6-phosphofructokinase 
muscle type (PFKM, ab154804), anti-estrogen receptor alpha (ERα, 
ab32063), anti-peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PGC1α, ab191838), anti-mitochondrial encoded 
ATP synthase membrane subunit 6 (MT-ATP6, ab192423), anti- 
mitochondrial encoded cytochrome B (MT-CYB, ab81215), and anti- 
SERCA2 (ab2861) from Abcam (Cambridge, UK); anti-estrogen-related 
receptor alpha (ERRα, 07–662), anti-androgen receptor (AR, 06–680), 
and anti-DNP (MAB2223) from Sigma-Aldrich (Missouri, US); anti- 
PTEN-induced kinase 1 (PINK1, sc517353), and anti-Parkin (sc-32282) 
from Santa Cruz Biotechnology (Texas, US); and anti-ubiquitin (AUB01) 
from Cytoskeleton Inc. (Colorado, US). This incubation was followed by 
three 10-min washes with TBST, incubation with the corresponding 
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secondary antibody (anti-rabbit (NA934V) or anti-mouse (NA931V) 
from GE Healthcare, Illinois, US) and new washes. Both primary and 
secondary antibodies were diluted 1:1000 in 5% (w/v) non-fat dry milk 
in TBST. The primary antibody was incubated overnight at 4 ◦C, and the 
secondary antibody during 2 h at room temperature and with agitation. 
Immunoreactive bands were detected with enhanced chem-
iluminescence reagents (Clarity Max, Bio-Rad, CA, US) according to the 
manufacturer’s procedure. Images were acquired using ChemiDoc Im-
aging System (Bio-Rad, CA, US) and analyzed using Image Lab software 
(version 6.0.0., Bio-Rad, CA, US). The optical density (OD) values were 
expressed in arbitrary units. 

2.7. LC-MS/MS of mitochondria-enriched fractions 

Mitochondria-enriched fractions were incubated with 50 mM 4-eth-
ylmorpholine buffer (pH 8.5) supplemented with 6 M guanidine-HCl 
and 15% acetonitrile (ACN) in the ratio 1:5 (v/v). After sonication for 
30 s and incubation on ice for 30 min, the samples were centrifuged at 
10000 g for 5 min and the supernatant was collected. Total protein 
concentration was measured using the commercial kit BCA Protein 
Assay (Thermo Fisher Scientific, Massachusetts, US). An aliquot con-
taining 10 μg of total protein was diluted with 10 mM 4-ethylmorpholine 
(pH 8.5) to a final volume of 20 μL. Samples were reduced and alkylated 
by adding 10 mM Tris(2-carboxyethyl)phosphine and 30 mM 2-chloroa-
cetamide, followed by incubation at 70 ◦C for 5 min. A two-step diges-
tion was performed. Firstly, LysC (Promega, Wisconsin, US) was added 
to the samples in the ratio 1:10 and incubated at 37 ◦C for 1 h. Secondly, 
trypsin (Promega, Wisconsin, US) was added in the ratio 1:10 and 
incubated at 37 ◦C for 2 h. The digestion process was terminated by the 
addition of TFA to a final concentration of 0.5% (v/v). 

For MS and MS/MS analyses, peptides were desalted using the 
StageTip approach [25] and dried in SpeedVac concentrator. Prior to the 
MS analyses, the samples were dissolved in 20 μL of 2% ACN and 0.1% 
formic acid. 

LC-MS/MS analyses were performed by using Vanquish Neo UHPLC 
system (Thermo Fisher Scientific, Massachusetts, US) coupled with 
timsTOF SCP mass spectrometer equipped with Captive spray (Bruker 
Daltonics, Massachusetts, US). Spectra were collected in a positive data 
dependent acquisition mode. Peptides were trapped onto C18 trap col-
umn (PepMap Neo C18 5 μm, 300 μm × 5 mm, Thermo Scientific, 
Massachusetts, US) for 3 min and then eluted to C18 analytical column 
(DNV PepMap Neo 75 μm × 150 mm, 2 μm, Thermo Scientific, Massa-
chusetts, US). Both columns were heated to 50 ◦C. Peptide separation 
was carried out using a linear gradient of 5%–35% ACN over 35 min at a 
flow rate of 350 nL/min. Standard proteomics PASEF method was 
applied for data acquisition. The scan range was set from 0.6 to 1.6 V s/ 
cm2 and ramp time was 100 ms. A total of 10 PASEF MS/MS scans were 
performed. Precursor ions selected for fragmentation were in the m/z 
range of 100–1700 with charge states ≥2+ and ≤6+. Active exclusion 
was enabled for 0.4 min to prevent repeated selection of the same pre-
cursor ions. The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE [26] partner repository with 
the dataset identifier PXD048802. 

Proteins were identified using MaxQuant software (version 1.6.5.0, 
Max Planck Institute of Biochemistry, Planegg, DE). MS data were 
analyzed for quantitative comparisons using the Perseus software 
(version 2.0.11.0, Max Planck Institute of Biochemistry, Planegg, DE). 
Principal component analysis (PCA) and partial least squares discrimi-
nant analysis (PLS-DA) were applied to examine proteome dynamics 
between groups (the raw data were log-transformed for these analyses). 
Volcano plots were used to annotate proteins that were present in 
significantly different amounts between groups. These analyses were 
performed using the MetaboAnalyst web portal (version 5.0, www.meta 
boanalyst.ca, accessed in July 2023). We also sought for specific PTMs 
that were searched in MaxQuant and then further confirmed by manual 
inspection of MS spectra. Oxidations at methionine (Met), histidine 

(His), phenylalanine (Phe), tyrosine (Tyr) and tryptophane (Trp) were 
searched, given that these amino acids are generally most prone to 
oxidation due to the high reactivity of their side chains (e.g., sulfur- 
containing side chain and aromatic rings) towards various reactive ox-
ygen species (ROS) [27]. Acetylation at lysine (Lys) was also searched 
since it is the most reported [28]. Only modifications with confidence 
levels higher than 95% and a false discovery rate (FDR) of 1% were 
considered. 

2.8. Statistical analyses 

Data normality was evaluated by the Shapiro-Wilk test, except for 
CSA data where the Kolmogorov-Smirnov test was employed. For 
immunoblotting, CSA and fibrosis data, the significant differences 
among groups were determined by performing the two-way analysis of 
variance (ANOVA) followed by Tukey’s multiple comparisons post-hoc 
test, and the values are present as mean ± standard deviation (SD). 
When statistically significant, the results from the two-way ANOVA are 
given below the corresponding graphic or in the last column in the table. 
Pearson correlations were also performed, when considered relevant. 
Gastrocnemius muscle mass values were normalized to body weight and 
tibia length. These statistical analyses were performed using the 
GraphPad Prism software for Windows (version 6.01, California, US). 
For MS data, independent samples t-test analyses were employed in 
MetaboAnalyst web portal (version 5.0, www.metaboanalyst.ca, 
accessed in July 2023) to compare young female vs. old female, young 
male vs. old male, young female vs. young male and old female vs. old 
male. All the results were considered significantly different when 
p<0.05. 

3. Results 

3.1. Characterization of the sex-specific systemic alterations and muscle 
morphological remodeling in response to aging 

Table 1 shows that the body weight increased with age in both fe-
male and male rats with males having a higher body weight than females 
independently of age. To eliminate variations due to body weight 
changes with aging, the gastrocnemius muscle mass was normalized to 
body weight and a decrease in both old female and male rats was 
observed, indicative of age-related skeletal muscle wasting. To eliminate 
variations due to animal size changes with aging, the gastrocnemius 
muscle mass was normalized to tibia length and a sex-related increase of 
the ratio value in males compared to females was observed, which may 
be explained by the fact that male rats are usually larger than female rats 
due to a persistent difference in their growth curve [29]. 

To explore the effect of sex hormones on the age-induced skeletal 
muscle wasting observed, the serum levels of 17β-estradiol, which is the 
most potent estrogen that can also be produced by aromatization in the 
skeletal muscle [4], and testosterone were evaluated (Table 1). Old fe-
male rats had an approximately 79% decrease of the 17β-estradiol levels 
compared to young female rats and unchanged testosterone levels. No 
differences were observed in old male rats for either hormone. 

Conventional biochemical analyses of serum samples were per-
formed, where a typical aging phenotype [30] was observed with an 
age-induced increase of cholesterol and triglycerides levels in both sexes 
(Fig. S2). An age-induced increase in lactate serum levels was also 
present in both sexes (Fig. S2), which jointly with unchanged muscle 
PFKM levels and LDH activity with aging (Fig. S3) indicates an impaired 
lactate clearance due to, for instance, decreased hepatic gluconeogenesis 
or uptake into skeletal muscle, as suggested by the literature [31,32]. 

The observed age-induced loss of skeletal muscle mass in both sexes 
was allied to a decrease of the CSA of the gastrocnemius muscle fibers, 
which was higher in female rats (age-induced decrease of approximately 
19% and 15% in, respectively, females and males; Fig. 1A). In accor-
dance, old rats had a higher percentage of muscle fibers with inferior 
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CSA, varying from 676 to 5357 μm2 and 793–7117 μm2 in, respectively, 
old female and male rats compared to 1082–7510 μm2 and 1372–6996 
μm2 in, respectively, young female and male rats (Fig. 1B). In contrast, 
old rats had increased fibrosis area, which was higher in females 
(approximately 3.4-fold and 3.0-fold age-induced increase in, respec-
tively, females and males; Fig. 1C). In female rats, the fibers CSA was 
positively correlated with the serum levels of 17β-estradiol and testos-
terone, whereas the fibrosis area was negatively correlated with the 
serum levels of 17β-estradiol (Fig. 1F). For male animals, no correlation 
was found between histological findings and the circulating levels of sex 
hormones (Fig. S4). 

3.2. Characterization of the sex-specific mitochondrial remodeling in 
response to aging 

The assessment of the age-related mitochondrial remodeling was 
initiated by a general analysis in the total homogenate of common 
mitochondrial turnover-related proteins. The activity of CS was main-
tained throughout aging in both sexes but the levels of PGC1α increased 

with age in females, which was accompanied by decreased Parkin levels 
(Fig. 2A). 

Given the sex viewpoint of this study, the levels of ERα, ERRα (due to 
its possible contribution to mitochondrial function and skeletal muscle 
regeneration [33,34]) and AR were analyzed. Aging had no effect on the 
levels of these receptors when total homogenate was evaluated 
(Fig. 2A); however, aging affected the ERα mitochondrial pool of fe-
males, which was correlated with the decreased 17β-estradiol serum 
levels observed in these rats (Fig. 2B and C). In addition, mitochondrial 
density (given by CS activity) was positively correlated to whole muscle 
AR levels in both sexes, indicating that AR mitochondrial pool impacts 
whole muscle levels (Fig. 2C). 

The mitochondrial proteome was then thoroughly explored by LC- 
MS/MS profiling of mitochondria-enriched fractions and consolidated 
with the analysis by immunoblotting of some specific protein markers 
performed in mitochondria-enriched fractions, as follow. 

LC-MS/MS identified 445 distinct proteins with at least two unique 
peptides and a false discovery rate (FDR) of 1%. From these, 44% (196 
proteins) were assigned as mitochondrial proteins according to Mito-
Carta3.0 [35]. However, data from Rattus norvegicus is not included in 
this inventory, and so, the comparison was made with data from Mus 
musculus. In addition, some of the identified proteins may be moon-
lighting proteins, thus having more than one location not yet validated 
and considered in MitoCarta3.0. Among the biological processes iden-
tified, the most predominant were maintenance of mitochondria loca-
tion, metabolism, and regulation of skeletal muscle contraction. From 
the identified proteins, 364 were common to all groups, as demonstrated 
in the Venn diagram (Fig. S6). 

Unsupervised PCA and supervised PLS-DA were performed to visu-
alize group separation based on proteome datasets by means of 
dimensionality reduction. PCA analyses showed no clustering of prote-
ome data per group (Fig. 3A), with a higher heterogeneity noticed in old 
male and young female rats. PLS-DA showed group separation being the 
age effect more prominent (Fig. 3B). To gain a better insight into the per 
se effect of sex and age, pairwise PCA and PLS-DA were performed. 
While PCA analyses showed no clustering of the proteome data, PLS-DA 
analyses demonstrated a similar separation between ages and between 
sexes, in an independent manner (Fig. 3C to J). 

To identify proteins with statistically significant changes between 
groups, volcano plot analyses, which show log2 of fold-change vs. log10 
of the p-value, were conducted, which resulted in the identification of 41 
proteins (Fig. S7). Approximately 80.5% (33 proteins) of these proteins 
are localized in the mitochondrion of Rattus norvegicus (according to 
UniProt Knowledgebase (UniProtKB) [36] and Gene Ontology (GO)), 
and their details can be observed in Table 2. These proteins were 
included in a protein-protein interaction (PPI) analysis in STRING that 
demonstrated the interaction of trifunctional enzyme subunit beta 
(HADHB) with ERα and of CS with ERRα, whereas no interactions with 
AR were found (Fig. S8). 

The mitochondrial proteome of females was more susceptible to age- 
related alterations, which will be briefly described. Increased amounts 
of HADHB, hydroxyacyl-coenzyme A dehydrogenase (HADH), enoyl- 
CoA delta isomerase (ECI1), and electron transfer flavoprotein subunit 
beta (ETFB) were observed, pointing towards an escalated fatty acid 
oxidation (FAO) in old female rats. Specific subunits of the OXPHOS 
complexes were also affected by aging in females, namely, decreased 
abundance of NADH dehydrogenase [ubiquinone] flavoprotein 2 
(NDUFV2) from complex I, and increased and decreased abundance of, 
respectively, cytochrome b-c1 complex subunit 8 (UQCRQ) and cyto-
chrome b-c1 complex subunit 1 (UQCRC1) of complex III. Following 
these results, immunoblot analyses of mitochondrial deoxyribonucleic 
acid (mtDNA)-encoded proteins, which are essential for the function of 
the OXPHOS system, were performed (Fig. 4). While the levels of the 
subunit MT-ATP6 of ATP synthase were decreased in old female rats (vs. 
young females) and correlated with reduced ATP synthase activity, the 
levels of subunit MT-CYB of complex III were not modulated by age in 

Table 1 
Anthropometric data given by body weight (BW), tibia length (TL), and 
gastrocnemius (GS) muscle mass in young female (n = 7), old female (n = 13), 
young male (n = 8), and old male (n = 11) rats. The gastrocnemius muscle mass 
normalized to body weight and tibia length is also depicted. The serum levels of 
17β-estradiol and testosterone of young female (n = 5), old female (n = 10), 
young male (n = 5) and old male (n = 10) rats analyzed by ELISA are also 
displayed.   

Young 
Female 

Old 
Female 

Young 
Male 

Old Male % of total 
variation 

BW (g) 278.71 ±
10.47****, 

# 

405.93 
± 38.60 

328.75 
±

20.24 

638.64 ±
33.01****, 

#### 

Interaction: 
10.07, 
p<0.0001 
Sex: 24.12, 
p<0.0001 
Age: 57.66, 
p<0.0001 

TL (cm) 3.6 ±
0.2***, 

#### 

4.0 ±
0.1 

4.3 ±
0.1 

4.7 ±
0.1****, 

#### 

Sex: 66.02, 
p<0.0001 
Age: 20.94, 
p<0.0001 

GS mass (g) 3.21 ±
0.21#### 

3.30 ±
0.10 

4.58 ±
0.31 

5.23 ±
0.35****, 

#### 

Interaction: 
2.11, 
p<0.01 
Sex: 73.97, 
p<0.0001 
Age: 3.87, 
p<0.001 

GS mass/BW 
(%) 

1.15 ±
0.09****, 

#### 

0.82 ±
0.07 

1.40 ±
0.08 

0.81 ±
0.04#### 

Interaction: 
6.26, 
p<0.0001 
Sex: 5.35, 
p<0.0001 
Age: 80.24, 
p<0.0001 

GS mass/TL 
(g.cm− 1%) 

89.7 ±
3.1#### 

83.1 ±
2.0 

108.8 
± 6.1 

111.9 ±
8.2**** 

Interaction: 
2.71, 
p<0.05 
Sex: 65.35, 
p<0.0001 

17β-estradiol 
serum 
levels (pg. 
mL− 1) 

60.34 ±
1.74****, 

#### 

12.55 
± 7.89 

6.11 ±
2.88 

11.06 ±
5.93 

Interaction: 
47.00, 
p<0.0001 
Sex: 52.46, 
p<0.0001 
Age: 31.00, 
p<0.0001 

Testosterone 
serum 
levels (pg. 
mL− 1) 

0.06 ±
0.05 

0.00(4) 
± 0.00 
(1) 

2.13 ±
4.17 

0.05 ±
0.01  

****p<0.0001 vs. old female, ***p<0.001 vs. old female, ####p<0.0001 vs. 
young male, and #p<0.05 vs. young male. 
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either sex. 
Regarding males, the age-related alterations of the mitochondrial 

proteome were circumscribed to an increased abundance of pyruvate 
dehydrogenase E1 component subunit beta (PDHB) and ETFB. 

The effect of sex at young and old ages was also noticed with, for 
instance, females having a higher abundance of proteins involved in 
tricarboxylic acid (TCA) cycle and amino acid catabolism at young age, 
and decreased abundance of proteins involved in ion transport at old 
age, compared to males. Of note, the abundance of phosphoglycerate 
kinase 1 (PGK1), which under stress stimuli translocates to the mito-
chondrion, was increased in old females compared to old males, which 
might have contributed to the increased lactate serum levels in old fe-
males (vs. old males) due to the PGK1-mediated inhibition of the py-
ruvate metabolism [37]. 

To further understand the effect of age and/or sex on mitochondrial 
proteome remodeling, we sought for specific PTMs. Table 3 lists the 
mitochondrial proteins identified as being more prone to oxidation and 
acetylation. Anew, the mitochondrial proteome of old female rats had a 
higher susceptibility to oxidation than the one of males. Indeed, only 

ATP synthase subunit alpha (ATP5A1) was found oxidized at Met51 in 
old male rats. In old female rats, the proteins more prone to oxidation 
are involved in TCA cycle, including isocitrate dehydrogenase [NADP] 
(IDH2) and isocitrate dehydrogenase [NAD] subunit alpha (IDH3A) at, 
respectively, Met411 and Met206, and in OXPHOS, namely subunits 
ATP5A1 and ATP5MPL from ATP synthase at, respectively, Met189 and 
Met1. The higher susceptibility of OXPHOS proteins to oxidation is well 
known given the proximity of the complexes to mitochondria-generated 
ROS [38]. Some oxidative PTMs were found in both young and old fe-
male rats, but their levels were unchanged in response to aging. Malate 
dehydrogenase (MDH2), which is involved in TCA, was the only protein 
found to be acetylated. This PTM occurred at Lys307 in young female 
rats, and it is believed to enhance the enzyme activity by 3.9-fold 
without any other noteworthy reported effects [39]. 

Thenceforth the PTMs identified, ROS-induced carbonylation and 
the levels of total ubiquitination were examined by immunoblotting and 
no age-related alterations were noticed (Fig. 5). In addition, no differ-
ences were observed in the bands profile between groups in the DNP 
blot. Concerning the analysis of protein ubiquitination, only one band 

Fig. 1. (A) Cross-sectional area (CSA) of the gastrocnemius muscle fibers, (B) fiber CSA distribution of the gastrocnemius muscle, and (C) fibrosis area of the 
gastrocnemius muscle (n = 5 per group in each analysis; ****p<0.0001). Representative photomicrographs of (D) H&E-stained and (E) Sirius Red-stained gastrocnemius 
muscle sections. The bar scale represents 50 μm. (F) Pearson correlations were performed for an in-deep understating of the results. 
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between 50 and 75 kDa was detected in the blot, which may correspond 
to PINK1 or Parkin given their molecular weight, presence on mito-
chondria and known susceptibility to this PTM [40,41]. Ubiquitination 
of PINK1 ensures PINK1 homeostasis and function as a mitochondrial 
quality control factor [41] and ubiquitination of Parkin inhibits 
mitophagy [40]. The negative correlation between ubiquitinated and 
DNP-labeled proteins also indicates that low ubiquitin-dependent 
degradation contributes to the accretion of mitochondrial proteins 
damaged by carbonylation. 

4. Discussion 

Data from the present study highlight the higher susceptibility of 
females to age-induced atrophy and fibrosis of the gastrocnemius muscle 
than males, which was associated with decreased 17β-estradiol levels. In 
agreement, the mitochondrial proteome of female rats was more prone 
to the effects of aging than the one of male rats and included a potential 
increase in FAO and impairment of OXPHOS function accompanied by a 
higher susceptibility to oxidative modifications. These data propose a 

Fig. 2. The effect of aging and sex on the levels of PGC1α, PINK1, Parkin, ERα, ERRα and AR levels evaluated by immunoblotting in young female (YF), old female 
(OF), young male (YM) and old male (OM) rats in the (A) total homogenate (YF n = 6, OF n = 7, YM n = 7 and OM n = 7) or (B) mitochondria-enriched fractions 
(MEF; YF n = 6, OF n = 7, YM n = 6 and OM n = 7). (A) CS activity was spectrophotometrically evaluated in the total homogenate (YF n = 6, OF n = 7, YM n = 7 and 
OM n = 7). Representative immunoblot images are displayed. (C) Pearson correlations were performed for an in-deep understanding of the results (refer to Fig. S5 for 
non-significant correlations; ***p<0.001, **p<0.01, and * p<0.05). 
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sex-specificity in the process of aging of the skeletal muscle mitochon-
drial proteome that may support sex disparities in age-related skeletal 
muscle wasting, which will be now dissected. 

Both old female and male rats presented atrophy of the gastrocnemius 
muscle (Table 1), substantiated by decreased relative gastrocnemius 
muscle mass and fibers CSA, which was accompanied by an increased 
fibrosis (Fig. 1). Both histopathological modifications have been linked 
with impaired skeletal muscle functionality [42]. This adverse 
age-induced remodeling of the muscle was more accentuated in females, 
which was associated to their diminished 17β-estradiol serum levels 
(Fig. 1F; being 19 months old, these rats were expected to be in repro-
ductive senescence, mimicking women menopause [43]). Low levels of 
this sex hormone may hamper skeletal muscle regeneration given its role 
in the activation and proliferation of satellite cells and in the down-
regulation of inflammation (after muscle damage) and oxidative stress 
[44]. In agreement, the mitochondrial pool of ERα was reduced in old 
female rats (Fig. 2B) and its correlation with the decreased 17β-estradiol 
levels (Fig. 2C) insinuates an age-related dwindled signaling of this sex 
hormone through mitochondrial ERα. The idea of a modulation of 
mitochondrial functionality by this sex hormone was previously hy-
pothesized [45]. In skeletal muscle, a diminished ERα signaling might 
impair mitophagy and mtDNA replication and increase the production 
of ROS [46]. Our findings substantiate an impaired mitophagy, evi-
denced by diminished levels of Parkin (Fig. 2A), and a decreased content 
of the ATP synthase subunit MT-ATP6 originated from mtDNA (Fig. 4), 
in the muscle of old females compared to their young counterparts. 

Age-related skeletal muscle impairment is also vastly associated to 
reduced testosterone levels, particularly in men. Herein, testosterone 
levels, as well as AR levels, remained unchanged from young to old ages 
in male and female rats despite gastrocnemius muscle atrophy and 
fibrosis (Figs. 1, 2A and 2B). These results emphasize the magnitude of 
the non-generalization of the association between reduced skeletal 
muscle mass and strength and low testosterone levels [47], which can 
ensue the non-diagnosis of more than 80% of men that preserve normal 
levels throughout life [48]. To reinforce with a clinical viewpoint, sar-
copenia was formerly diagnosed in older men with normal testosterone 
levels [49]. Still, in female rats, low testosterone levels seem to 
contribute to gastrocnemius muscle atrophy given the significant corre-
lation observed (Fig. 1F). 

Mitochondrial remodeling, the hub of this study, was initially 
perceived by the analysis of commonly analyzed markers of mitochon-
drial turnover. To start, age appeared to trigger mitochondrial biogen-
esis in female rats due to their elevated PGC1α levels (Fig. 2A), which 
might reflect an endeavor to replace dysfunctional non-intact mito-
chondria, resulting in the unchanged CS activity observed. Nonetheless, 
an age-related decline in mitochondrial density due to a reduced 
biogenesis is pointed out by the literature [50]. 

Subsequently, the mitochondrial proteome was more exhaustively 
investigated by means of MS-based proteomics. The results revealed that 
females are more prone to age-induced mitochondrial alterations than 
males, with age simply increasing the abundance of PDHB and ETFB in 
male rats, vaguely suggesting an enhanced aerobic metabolism. 

Fig. 3. (A, C, E, G, and I) PCA and (B, D, F, H, and J) PLS-DA analyses of the mitochondrial proteome data (YF, young female; OF, old female; YM, young male; OM, 
old male). 
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In contrast, categorical processes were found altered in old female 
rats, which will be now looked over. An age-induced escalated FAO was 
discerned in females that presented higher abundance of HADHB (also 
known as 3-ketoacyl-CoA thiolase, specific for long-chain fatty acid in-
termediates), HADH (also known as short-chain (S)-3-hydroxyacyl-CoA 
dehydrogenase, SCHAD, highly specific to short-chain fatty acid in-
termediates) and ECI1 (involved in the degradation of mono- and poly- 
unsaturated fatty acids) (Table 2) [51]. It is worth noting that HADHB is 
believed to be negatively modulated by 17β-estradiol and tamoxifen 
(which can also function as an agonist) [52], possibly enlightening, at 
least in part, why HADHB levels were elevated in old female rats that 
had low 17β-estradiol levels. This age-related higher dependance on 
FAO of females may reflect the age-related remodeling of the muscle 
phenotype that comprises an increase in the number of slow-twitch fi-
bers [53]. Data also uncovered a likely age-induced dysregulation of the 

OXPHOS system in females noticed by, for example, the downregulation 
of the core subunit NDUFV2 from complex I as well of the subunit 1 
(UQCRC1) from complex III, which was accompanied by an upregula-
tion of subunits 7 (LOC685596) and 8 (UQCRQ) also from complex III 
(Table 2). Since complexes I and III constitute the main sites of super-
oxide generation, their faulty function may ensue ROS production [54]. 
With regard to ATP synthase, an age-related increase in its subunit 
epsilon (ATP5E) was perceived in females (Table 2), as well as an 
age-related decrease in its mtDNA-encoded subunit 6 (MT-ATP6) that 
was correlated with low ATP synthase activity (Fig. 4), which can 
contribute to a weakened skeletal muscle contractility. Of note, most of 
disease-causing mutations in ATP synthase are located in the MT-ATP6 
gene, reflecting the importance of this subunit in proton translocation, 
and have muscle weakness as one of the clinical manifestations [55]. 
The levels of MT-ATP6 appear to be positively modulated by 

Table 2 
List of mitochondrial proteins, identified by LC-MS/MS, whose abundance, given by the fold change (log2), was significantly different (p<0.05) between groups in 
mitochondria-enriched fractions. Description of each protein including the accession number (AC) and the main biological process(es) are also present (according to 
UniProtKB database and GO for Rattus norvegicus).  

AC UniProt Protein name Gene name Fold change (log2) Main biological process(es) 

OF vs. 
YF 

OM vs. 
YM 

YF vs. 
YM 

OF vs. 
OM 

Q60587 Trifunctional enzyme subunit beta, mitochondrial Hadhb 1.40   1.31 Fatty acid metabolism 
Q9WVK7 Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial Hadh 1.21    Fatty acid metabolism 
P23965 Enoyl-CoA delta isomerase 1, mitochondrial Eci1 1.49    Fatty acid metabolism 
Q704S8 Carnitine O-acetyltransferase Crat   1.38  Fatty acid metabolism 
P08461 Dihydrolipoyllysine-residue acetyltransferase component of 

pyruvate dehydrogenase complex, mitochondrial 
Dlat 1.30    Carbohydrate/glucose 

metabolism 
Tricarboxylic acid cycle 

P49432 Pyruvate dehydrogenase E1 component subunit beta, 
mitochondrial 

Pdhb  1.57  − 0.81 Carbohydrate/glucose 
metabolism 
Tricarboxylic acid cycle 

P16617 Phosphoglycerate kinase 1 Pgk1    1.57 Glucose metabolism 
Q01205 Dihydrolipoyllysine-residue succinyltransferase component of 

2-oxoglutarate dehydrogenase complex, mitochondrial 
Dlst    − 0.87 Tricarboxylic acid cycle 

P13086 Succinate-CoA ligase [ADP/GDP-forming] subunit alpha, 
mitochondrial 

Suclg1    1.69 Tricarboxylic acid cycle 

P56574 Isocitrate dehydrogenase [NADP], mitochondrial Idh2   0.98  Tricarboxylic acid cycle 
Q8VHF5 Citrate synthase, mitochondrial Cs   1.05  Tricarboxylic acid cycle 
P10860 Glutamate dehydrogenase 1, mitochondrial Glud1   1.14  Tricarboxylic acid cycle 

Regulation insulin secretion 
Glutamate catabolism 

P12007 Isovaleryl-CoA dehydrogenase, mitochondrial Ivd   1.23  Leucine catabolism 
Q5I0C3 Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial Mccc1   1.49  Leucine catabolism 
P07633 Propionyl-CoA carboxylase beta chain, mitochondrial Pccb   1.58  Amino acid catabolism 

Fatty acid catabolism 
P51650 Succinate-semialdehyde dehydrogenase, mitochondrial Aldh5a1 1.21    Gamma-aminobutyric acid 

catabolism 
Q02253 Methylmalonate-semialdehyde dehydrogenase [acylating], 

mitochondrial 
Aldh6a1   2.13  Beta-alanine, thymine and valine 

catabolism 
Q68FU3 Electron transfer flavoprotein subunit beta Etfb 1.13 1.17   Electron transport 
F7FFF0 Cytochrome b-c1 complex subunit 7 LOC685596 1.63    Electron transport 
Q7TQ16 Cytochrome b-c1 complex subunit 8 Uqcrq 1.31    Electron transport 
Q68FY0 Cytochrome b-c1 complex subunit 1, mitochondrial Uqcrc1 − 1.00   − 0.98 Electron transport 
P19234 NADH dehydrogenase [ubiquinone] flavoprotein 2, 

mitochondrial 
Ndufv2 − 1.88    Electron transport 

A9UMV9 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 
7 

Ndufa7l 2.36   1.96 Electron transport 

B2RZD6 NDUFA4, mitochondrial complex associated Ndufa4 1.61  − 1.22  Positive regulation of 
cytochrome c oxidase activity 

P29418 ATP synthase subunit epsilon, mitochondrial Atp5e 3.39    ATP synthesis 
P85834 Elongation factor Tu, mitochondrial Tufm    1.01 Protein biosynthesis 
P16036 Solute carrier family 25 member 3 Slc25a3 − 1.74    Phosphate ion transmembrane 

transport 
F1LX07 Electrogenic aspartate/glutamate antiporter SLC25A12, 

mitochondrial 
Slc25a12 − 1.19    Aspartate and l-glutamate 

transmembrane transport 
P81155 Voltage-dependent anion-selective channel protein 2 Vdac2    − 0.83 Ion transport 
Q9R1Z0 Voltage-dependent anion-selective channel protein 3 Vdac3    − 1.80 Ion transport 
P09605 Creatine kinase S-type, mitochondrial Ckmt2    1.12 Phosphocreatine biosynthesis 
A0A8I5ZLF3 AFG3 like matrix AAA peptidase subunit 2 Afg3l2 1.19    Proteolysis 
P48721 Stress-70 protein, mitochondrial Hspa9 1.18    Protein refolding 
P26772 10 kDa heat shock protein, mitochondrial Hspe1 1.05    Protein refolding 

Abbreviations: OF, old female; YF, young female; OM, old male; YM, young male. 
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mitochondrial ERα given the correlation noticed (data not shown; 
p<0.05 and r = 0.71), which is in line with previous findings [45]. 
Decreased abundance of solute carrier family 25 member 3 (SLC25A3, 
Table 2) might also contribute to a deficient OXPHOS-mediated ATP 
production in old female rats given its function in the transport of 
inorganic phosphate across the mitochondrial membrane for the final 
step of OXPHOS. As a matter of a fact, reduced SLC25A3 levels were 
previously associated with muscle weakness, exercise intolerance and 
lactic acidosis (also noticed in old females), and the downregulation of 
SLC25A3 gene was reported in old sarcopenic women compared to old 
non-sarcopenic ones [56,57]. The decreased abundance of the electro-
genic aspartate/glutamate antiporter SLC25A12 (SLC25A12) present in 
old females (Table 2) might also adversely influence ATP production due 
to its role in the malate-aspartate shuttle [58]. Its gene was found 
downregulated in the skeletal muscle of old women (vs. young women) 
[59], and gene mutations that cause reduced activity of the protein were 
associated with decreased ATP production [60]. 

The outcomes of age-related mitochondrial dysfunction ramify to an 
exacerbated production of ROS, primarily by the organelle itself, which 
can culminate in oxidative stress and severe damage to the cell, organ-
elle membranes, DNA, lipids and proteins [61]. The evaluation of the 
susceptibility to oxidation, which is frequently a protein inactivating 
PTM [62], of skeletal muscle mitochondrial proteins revealed a higher 
proneness of the proteome of old females than the one of old males 
(Table 3), as suggested by the literature [63,64]. The opposite, however, 
was also reported [65]. Case in point, the subunits ATP5MPL and 
ATP5A1 of ATP synthase were found oxidized at, respectively, Met1 and 
Met189 in old females. The subunit ATP5A1 experienced dissimilar 
oxidations in all groups, but no significant differences between them 
were observed. Oxidation of the TCA cycle enzymes IDH2 and IDH3A at, 
respectively, Met411 and Met206 was also noticed in old females 
(Table 3), and IDH3A was previously found to be carbonylated in the 
gastrocnemius muscle of old female rats [66]. By being oxidatively 
modified, proteins can partially unfold, which is in line with the upre-
gulation of the chaperones stress-70 protein (HSPA9) and 10 kDa heat 
shock protein (HSPE1), and of the protease AFG3 like matrix AAA 
peptidase subunit 2 (AFG3L2) in old females (Table 2). These proteins 
are involved in the mechanisms of protein quality control of mito-
chondria, namely the mitochondrial unfolded protein response 
(mtUPR), with the main aim of maintain proper folding and remove 
damaged proteins [67]. In the particular context of the data obtained in 
this study, the protease AFG3L2 may modulate MT-ATP6 processing, as 
previously reported [68], and the overexpression of PGC1α was reported 
to stimulate the mtUPR in the form of an adaptative response of the 
skeletal muscle to acute exercise and in the context of Parkinson’s 

disease [69,70] in a non-sustained form. However, when persistently 
activated during adulthood, the mtUPR is believed to contribute to 
age-related muscle diseases like sarcopenia [71,72]. One alleged trigger 
of this activation is a defective mitophagy [71], which was implied to be 
present in old females given the reduced Parkin levels observed 
(Fig. 2A), since Parkin functions as a signal amplifier crucial for the 
assembly of ubiquitin chains on mitochondrion [73]. This low levels of 
Parkin in old females may vindicate the unchanged levels of ubiquiti-
nated proteins in response to aging that, and in agreement with the 
negative correlation observed (Fig. 5), might contribute to the 
age-related accumulation of oxidatively modified mitochondrial pro-
teins in female rats. Data concerning the age-related alterations in the 
content of ubiquitinated proteins is still open to questions given the 
higher or unchanged levels noticed in age-related studies as reviewed 
elsewhere [74]. A compromised mitophagy has being mentioned as one 
of the main culprits of the age-related accumulation of dysfunctional 
mitochondria, a famed hallmark of aging believed to be involved in 
skeletal muscle wasting and functional impairment [6,75–77]. 

Overall, this study endorses that the aging of the skeletal muscle and 
mitochondrion is sex-dependent. In females, the skeletal muscle was 
more affected by the age-induced remodeling of the mitochondrial 
proteome than in males. Specifically, in females occurred an age-related 
increase in the levels of proteins involved in FAO, decrease in the levels 
of subunits from complexes I, III and V, where low levels of the subunit 
MT-ATP6 were correlated with low ATP synthase activity, pointing to-
wards an impaired ATP generation. In addition, a higher proneness to 
oxidative modifications of mitochondrial proteins involved in TCA and 
OXPHOS was observed in old females comparatively to old males. These 
specific age-induced effects in females were possibly prompted by an 
age-related decline in the levels of 17β-estradiol and of its receptor ERα 
in mitochondrion, highlighting a key role of 17β-estradiol signaling 
through mitochondrial ERα. This adverse females-specific remodeling 
probably contributed to their exacerbated skeletal muscle atrophy and 
fibrosis. The data from this study shed light on the significant role of sex 
disparities in skeletal muscle aging, particularly by underscoring that 
mitochondrion aging is a sex-specific process possibly modulated by 
mitochondrial ERα signaling. Importantly, this study strengthens the 
foundations of the urgent need of the inclusion of both sexes in skeletal 
muscle aging research to better understand the full spectrum of age- 
induced alterations and enable the sex-specific diagnostic and man-
agement of skeletal muscle diseases such as sarcopenia. 
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Table 3 
List of mitochondrial proteins more prone to oxidation or acetylation in mitochondria-enriched fractions, including their accession number (AC). The amino acid (AA) 
and the position of the modification (PM) are depicted. The group(s) where the modification was found is(are) also shown and, when possible, the comparison of the 
abundance between groups. The main biological process(es) of each protein is(are) described (according to UniProtKB database and GO for Rattus norvegicus).  

AC 
Uniprot 

Protein name Gene 
name 

AA PM Sequence Identified 
in 

OF 
vs. 
YF 

YF 
vs. 
YM 

Main biological 
process(es) 

OXIDATION 

P56574 Isocitrate dehydrogenase 
[NADP], mitochondrial 

Idh2 M 411 QTLEKVCVQTVESGAMTKDLAGCIHGLSNVK OF   Tricarboxylic acid 
cycle 

P56574 Isocitrate dehydrogenase 
[NADP], mitochondrial 

Idh2 M 293 FDKNKIWYEHRLIDDMVAQVLKSSGGFVWAC YF   Tricarboxylic acid 
cycle 

Q99NA5 Isocitrate dehydrogenase 
[NAD] subunit alpha, 
mitochondrial 

Idh3a M 206 HRSNVTAVHKANIMRMSDGLFLQKCREVAEN OF   Tricarboxylic acid 
cycle 

P04636 Malate dehydrogenase, 
mitochondrial 

Mdh2 M 266 MAYAGARFVFSLVDAMNGKEGVIECSFVQSK YM   Tricarboxylic acid 
cycle 

P21913 Succinate dehydrogenase 
[ubiquinone] iron-sulfur 
subunit, mitochondrial 

Sdhb M 73 PRMQTYKVDLNKCGPMVLDALIKIKNEIDST YF 
YM  

= Tricarboxylic acid 
cycle 
Electron transport 

D3ZS58 NADH dehydrogenase 
[ubiquinone] 1 alpha 
subcomplex subunit 2 

Ndufa2 M 89 NVSLNNLSAAEVTKAMENVLSGKA OF YM   Electron transport 

P32551 Cytochrome b-c1 complex 
subunit 2, mitochondrial 

Uqcrc2 M 217 EELHYFVQNHFTSARMALVGLGVSHSILKEV YF   Electron transport 

P32551 Cytochrome b-c1 complex 
subunit 2, mitochondrial 

Uqcrc2 M 437 DVVKAAKKFVSGKKSMTASGNLGHTPFLDEL YM   Electron transport 

P11240 Cytochrome c oxidase 
subunit 5 A, mitochondrial 

Cox5a M 70 YFNKPDIDAWELRKGMNTLVGYDLVPEPKII OF YF 
YM 

= = Electron transport 

P12075 Cytochrome c oxidase 
subunit 5 B, mitochondrial 

Cox5b M 64 REIMIAAQRGLDPYNMLPPKAASGTKEDPNL YM   Electron transport 

P11951 Cytochrome c oxidase 
subunit 6C-2 

Cox6c2 M 12 MSSGALLPKPQMRGLLAKRLRVHIVGA OF YM   Electron transport 

P35171 Cytochrome c oxidase 
subunit 7A2, mitochondrial 

Cox7a2 M 41 NKVPEKQKLFQEDNGMPVHLKGGTSDALLYR YF   Electron transport 

A0A8I6AES7 NADH dehydrogenase 
[ubiquinone] iron-sulfur 
protein 7, mitochondrial 

Ndufs7 F 115 HMAAPRYDMDRFGVVFRASPRQADVMIVAGT YM   Electron transport 

P15999 ATP synthase subunit alpha, 
mitochondrial 

Atp5a1 M 189 LKAPGIIPRISVREPMQTGIKAVDSLVPIGR OF   ATP synthesis 

P15999 ATP synthase subunit alpha, 
mitochondrial 

Atp5a1 M 324 IIYDDLSKQAVAYRQMSLLLRRPPGREAYPG YF   ATP synthesis 

P15999 ATP synthase subunit alpha, 
mitochondrial 

Atp5a1 M 51 LHASNTRLQKTGTAEMSSILEERILGADTSV OM 
YF   

ATP synthesis 

P15999 ATP synthase subunit alpha, 
mitochondrial 

Atp5a1 Y 311 MGEYFRDNGKHALIIYDDLSKQAVAYRQMSL YF 
YM  

= ATP synthesis 

P10719 ATP synthase subunit beta, 
mitochondrial 

Atp5b M 145 APIKIPVGPETLGRIMNVIGEPIDERGPIKT OF YF 
YM 

= = ATP synthesis 

P10719 ATP synthase subunit beta, 
mitochondrial 

Atp5b M 408 GIYPAVDPLDSTSRIMDPNIVGSEHYDVARG YF 
YM  

= ATP synthesis 

P10719 ATP synthase subunit beta, 
mitochondrial 

Atp5b M 113 EVAQHLGESTVRTIAMDGTEGLVRGQKVLDS YF 
YM  

= ATP synthesis 

D3Z9R8 ATP synthase subunit 
ATP5MPL, mitochondrial 

Atp5mpl M 1 MLQSFIKKVWVPMKPY OF   ATP synthesis 

Q6P9Y4 ADP/ATP translocase Slc25a4 W 275 KIARDEGGKAFFKGAWSNVLRGMGGAFVLVL OF   ADP/ATP 
transmembrane 
transport 

P09605 Creatine kinase S-type, 
mitochondrial 

Ckmt2 M 64 PPSADYPDLRKHNNCMAECLTPTIYAKLRNK YM   Phosphocreatine 
biosynthesis 

P09605 Creatine kinase S-type, 
mitochondrial 

Ckmt2 M 213 GLKGDLAGRYYKLSEMTEQDQQRLIDDHFLF YM   Phosphocreatine 
biosynthesis 

ACETYLATION 
P04636 Malate dehydrogenase, 

mitochondrial 
Mdh2 K 307 LLLGKKGLEKNLGIGKITPFEEKMIAEAIPE YF   Tricarboxylic acid 

cycle 

Abbreviations: YF, young female; OF, old female; YM, young male; OM, old male; M, methionine; F, phenylalanine; Y, tyrosine; W, tryptophane; K, lysine. 
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