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A B S T R A C T   

As people age, their skeletal muscle (SkM) experiences a decline in mitochondrial functionality and density, 
which leads to decreased energy production and increased generation of reactive oxygen species. This cascade of 
events, in turn, might determine the loss of SkM mass, strength and quality. Even though the mitochondrial 
processes dysregulated by aging, such as oxidative phosphorylation, mitophagy, antioxidant defenses and 
mtDNA transcription, are the same in both sexes, mitochondria age differently in the SkM of men and women. 
Indeed, the onset and magnitude of the impairment of these processes seem to be influenced by sex-specific 
factors. Sexual hormones play a pivotal role in the regulation of SkM mass through both genomic and non- 
genomic mechanisms. However, the precise mechanisms by which these hormones regulate mitochondrial 
plasticity in SkM are not fully understood. Although the presence of estrogen receptors in mitochondria is 
recognized, it remains unclear whether androgen receptors affect mitochondrial function. This comprehensive 
review critically dissects the current knowledge on the interplay of sex in the aging of SkM, focusing on the role 
of sex hormones and the corresponding signaling pathways in shaping mitochondrial plasticity. Improved 
knowledge on the sex dimorphism of mitochondrial aging may lead to sex-tailored interventions that target 
mitochondrial health, which could be effective in slowing or preventing age-related muscle loss.   

1. Introduction 

Aging could be accompanied by a progressive loss of skeletal muscle 
(SkM) mass, strength and quality, a condition known as sarcopenia [1]. 
This muscle disorder has a prevalence of 10–50 % among the aging 
population and affects both men and women [2,3]. However, the onset, 
duration, and magnitude of age-related muscle wasting may be sex- 
specific due, at least in part, to the role of sex hormones in the regula
tion of SkM homeostasis [4]. The anabolic effect of testosterone on SkM 
health has been extensively studied. Estrogens also play a protective role 
in SkM mass and function by decreasing inflammation. However, the 
mechanisms underlying estrogen effects on SkM are less well known 

than those of testosterone (reviewed by [3,5]). 
SkM fiber atrophy varies by fiber type, being type II more prone to 

age-related wasting [6]. This type of fiber is more susceptible to 
denervation [7], which seems to occur in aged muscles [8], following 
which reinnervation can take place. Nevertheless, reinnervated fibers 
within older SkMs adopt a distinct phenotype [7], which is characterized 
by the co-expression of multiple myosin heavy chain (MHC) isoforms 
and type I fiber grouping [9]. Type I fibers are highly oxidative, and so 
are more reliant on mitochondrial health status to support contraction 
[10]. However, age-related accumulation of dysfunctional mitochondria 
is an acknowledged contributor to SkM wasting, a process that typically 
initiates around the age range of 40 to 50 years [11,12]. Impaired ATP 
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generation and overproduction of reactive oxygen species (ROS) are 
associated with the loss of mitochondrial functionality, and trigger the 
activation of intracellular signaling pathways, such as those mediated by 
the Forkhead box O (FoxO) transcription factor family proteolytic 
pathway. These pathways might inhibit the Akt anabolic pathway, and 
stimulate the release of mitochondrial DNA (mtDNA) with consequent 
activation of the NLRP3 (NOD-, LRR- and pyrin domain-containing 
protein 3) inflammasome, and apoptosis. These events culminate in 
the loss of SkM mass and function [13]. Given that mitochondrial 
function and biogenesis are regulated by a variety of factors, including 
sex hormones [5], age-related SkM mitochondria remodeling is likely 
affected by sex hormones, contributing to the sexual dimorphism 
observed in age-related sarcopenia. Nonetheless, sex-specific SkM 
mitochondrial adaptations during aging are poorly understood. In the 
pursuit of understanding the impact of sexual dimorphism on mito
chondrial remodeling in the context of age-related SkM adaptation, 
VOSviewer tool was employed to visualize and analyze bibliometric 
data related to the concurrent terms “age,” “sex,” “skeletal muscle,” and 
“mitochondria”. The outcomes, as illustrated in Fig. 1, underscore that 
research on SkM wasting predominantly centers around mitochondrial 
remodeling. It is worth noting that a limited number of these studies 
delve into the influence of sex, or even employ female animal models of 

aging for their investigations. 
This review aims to critically examine the current knowledge on the 

impact of sex on SkM aging focusing on the role played by sex hormones 
and the corresponding mediated signaling pathways in shaping mito
chondrial plasticity. 

2. Sex differences in skeletal muscle aging: the molecular 
perspective 

The recognition of sex as a pivotal biological variable to take into 
consideration in wasting conditions is gaining momentum. Neverthe
less, experimental insights into sarcopenia are sometimes contradictory, 
which may be explained, at least in part, by the experimental models 
used for the study of this condition. Being a chronic disease of the 
elderly, sarcopenia takes years to develop in humans. Due to the 
extended time course and ethical concerns surrounding the acquisition 
of SkM biopsies from potentially frail patients, researchers have turned 
to experimental models, mainly rodents, to unravel the molecular 
mechanisms underlying SkM aging. Still, there are shortcomings in their 
application to the study of sarcopenia. For instance, rodents and humans 
are different in the fiber type composition of muscles with type IIb fibers 
being present in rodents SkM but absent in humans [14]. Unlike humans 

Fig. 1. Network analysis reveals common terms related to aging, sex, skeletal muscle adaptation, and mitochondrial remodeling. Node size corresponds to the term's 
frequency, while edges indicate co-occurring terms. Different colors represent clusters of associated terms. This co-occurrence network visualization map was 
generated using VOSviewer. 
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and rats, mice do not express aromatase in extragonadal tissues, which is 
a chief source of estrogen production in men and postmenopausal 
women [15]. Additionally, differences between human and rodent 
reproductive senescence are apparent. Unlike the occurrence of ovarian 
failure in women, adult neooogenesis has been observed in rodents 
(reviewed by [14]). These disparities should be considered when 
juxtaposing the physiological and molecular adaptations occurring in 
sarcopenia in humans and animal models. 

In their pioneer study, Coggan et al. [16] compared SkM aging across 
both sexes in humans. They found no significant differences in the 
proportion of different fiber types in the gastrocnemius or the activity of 
some enzymes, such as glycogen phosphorylase or lactate dehydroge
nase (LDH), between both young and old men, as well as between young 
and old women. Still, the cross-sectional area (CSA) of type I fibers be
comes larger while the CSA of IIa and IId/x fibers become significantly 
smaller with aging, in both men and women. Another study unveiled no 
differences in phosphofructokinase (PFK) activity in SkM due to aging; 
however, it was higher in women's SkM than in men's, suggesting a more 
glycolytic phenotype in women. Furthermore, significantly thinner 
gastrocnemius muscles were observed in aged women and men, as 
evaluated through ultrasound measurement, compared with their 
counterparts in the 20s; however, the age-related decline in gastrocne
mius muscle thickness initiated ten years earlier in men (in their 50s) 

than in women (in their 60s) [17]. 
In searching for the molecular basis underlying sex differences in 

age-related muscle wasting, sex hormones appear as the most probable 
candidates in the regulation of key molecular pathways of the SkM with 
an impact on its mass and functionality [18]. Testosterone is known to 
promote muscle protein synthesis and muscle regeneration through its 
androgen receptor (AR) [19]. The mechanisms of estrogen action are 
less well characterized in SkM but seem to involve the regulation of 
metabolism through the estrogen receptors (ER)α or ERβ. For instance, 
estrogen regulates the expression of the glucose transporter (GLUT)4 
through ERs, in particular ERα [20]. Androgens also regulate the 
expression of this transporter. Indeed, when testosterone and dehydro
epiandrosterone (DHEA) were added to cultured myotubes, GLUT4 
expression and translocation to the cell membrane increased [21] 
(Fig. 2). Alterations in glucose homeostasis with aging seem to be more 
pronounced in females than in males, despite the greater loss of SkM in 
males [20]. 

Overall, the effects of sex hormones on SkM are mediated by the 
activity of their receptors through genomic and non-genomic pathways, 
which have been found to be altered in age-related muscle wasting [22]. 

Fig. 2. Effects of sex hormones in skeletal muscle remodeling highlighting the signaling pathways modulated by 17β-estradiol (E2) and testosterone (T) on mito
chondrial sculpting and protein turnover. E2 and T boost the expression of PGC1α and NRF, consequently elevating Tfam expression. Within the mitochondria, this 
transcription factor governs the expression of OXPHOS subunits encoded by mtDNA. This promotes mitochondrial biogenesis and enhances antioxidant defenses. T 
also exerts control over mitochondrial dynamics by regulating the expression of genes encoding proteins involved in fusion, fission, and auto(mito)phagy. Moreover, 
E2 and T can directly modulate mtDNA replication and transcription by binding to their receptors located within the mitochondria. E2 and T regulate SkM 
metabolism by stimulating Glc uptake through GLUT4. Additionally, E2 enhances FAO, correlating with increased mitochondrial biogenesis. Furthermore, E2 and, 
eventually, T, can activate MAPK through a non-genomic pathway, reinforcing mitochondrial antioxidant defenses. T enhances SkM mass through mTOR pathway 
activation while inhibiting the UPP. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 
3.0 unported license. 
Abbreviations: ACOX2, peroxisomal acyl-coenzyme A oxidase 2; AR, androgen receptor; B4GALT, beta-1,4-galactosyltransferase 1; E2, eIF4E, eukaryotic translation 
initiation factor 4E; ER, estrogen receptor; FAO, fatty acid oxidation; Glc, glucose; GLUT4, glucose transporter 4; LC3, protein 1 light chain 3; MAPK, mitogen- 
activated protein kinase; MCAD, medium-chain acyl-CoA dehydrogenase; MFN2, mitofusin 2; MnSOD, manganese superoxide dismutase; mTORC1, mechanistic 
target of rapamycin complex 1; mtDNA, mitochondrial DNA; NRF, nuclear respiratory factor; OPA1, optic atrophy 1; OXPHOS, oxidative phosphorylation; PGC-1α, 
peroxisome proliferator-activated receptor-gamma coactivator-1 alpha; Tfam, mitochondrial transcriptional factor A; TMPRSS3, transmembrane protease serine 3; 
TnI, troponin I; UPP, ubiquitin-proteasome pathway; USP19, ubiquitin specific protease 19. 
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2.1. Androgen-centered pathways 

Testosterone circulates like a prohormone and can originate active 
hormones like dihydrotestosterone (DHT) and 17β-estradiol (E2). An
drogens can be converted into E2 and estrone (E1) by the enzyme aro
matase, which is expressed in humans and rats (but not in mice) SkM 
[5,23,24]. After binding to their receptor, androgens regulate the 
expression of proteins involved in glucose and protein metabolism 
(genomic pathway). Testosterone treatment of C2C12 cells (mouse 
myoblast line) was found to increase the mRNA expression of genes 
encoded by mtDNA like NADH dehydrogenase subunits 1 and 4 and to 
induce the expression of the nuclear respiratory factors 1 and 2 (Nrf-1 
and Nrf-2) and the mitochondrial transcription factors A (Tfam) and B2 
(TFB2M), which suggests that this hormone plays a role in the regulation 
of mitochondrial transcription and biogenesis in the SkM [25] (Fig. 2). 

Regarding protein synthesis, distinct roles of androgens have been 
reported. For instance, the administration of testosterone to male sub
jects (aged between 19 and 40 years) was reported to augment protein 
synthesis in the SkM [26]; however, this increase was not supported by 
an enhancement of amino acid transport into the SkM. Thus, protein 
synthesis can be conceivably upregulated through an efficient reutili
zation of amino acids coming from protein breakdown [27]. Also, an 
improvement in muscle anabolism and strength was induced by testos
terone administration in old men (≥60 years old) [28]. In vitro studies 
with C2C12 cells exposed to DHT and testosterone showed no response, 
probably due to their low concentration of AR [29]. When the same cell 
line was engineered to increase AR expression, an increase in total 
protein amount was observed in response to DHT and testosterone 
treatment, confirming the anabolic action of androgens on muscle fibers 
[29]. 

Testosterone also impacts protein synthesis in the SkM by inter
playing with the mammalian target of rapamycin complex 1 (mTORC1), 
a key factor in the regulation of protein synthesis and, thus, of muscle 
mass [30]. In mice gastrocnemius and cultured C2C12 myotubes, 
testosterone loss was found to reduce protein synthesis through down
regulation of Akt/mTORC1 signaling. Castrated mice exhibited reduced 
gastrocnemius muscle mass, body weight and strength [31]. mTORC1 is 
downregulated by Regulated in development and DNA damage response 
1 (REDD1) and AMP-activated protein kinase (AMPK), which is a key 
sensor of the cell metabolic state [32]. When phosphorylated, mTORC1 
modulates mRNA translation by acting on eukaryotic translation initi
ation factor (eIF)4E [33]. Androgens could also modulate mitogen- 
activated protein kinase (MAPK) signaling, another pathway involved 
in a wide variety of cellular processes, such as proliferation, differenti
ation, and stress response [34]. Steroid hormones can activate the MAPK 
pathway before exerting their action in the nucleus [35]. In fact, in rat 
myotubes, testosterone was found to enhance ERK1/2 phosphorylation 
on Thr202 and Tyr204 [36]. Conversely, underphysiological concentra
tions of testosterone (induced by castration) were associated with the 
increased content of atrogenes (MuRF1 and MAFbx), which are muscle- 
specific E3 ligases from the ubiquitin-proteasome pathway (UPP). 
Atrogenes are important regulators of the SkM mass and fiber size and 
higher expression of atrogenes has been reported during catabolic 
stimuli leading to muscle wasting [37]. 

Androgens-induced alterations in protein turnover were associated 
with changes in the SkM phenotype. For instance, the inhibition of the 
AR pathway in AR knockout mice led to the decrease of the protein 
levels of the troponin I specific for slow-twitch fibers and an increase of 
the troponin T specific for fast-twitch fibers in the quadriceps, showing 
the role of AR in SkM fiber types remodeling towards a more oxidative 
and mitochondria-dependent metabolism [38]. Treatment of isolated 
intact mammalian SkM fiber bundles with physiological concentrations 
of DHT was found to increase both twitch and tetanic contractions in 
fast-twitch fibers and decrease them in slow-twitch fibers. The authors 
proposed that DHT treatment activated the epidermal growth factor 
receptor (EGFR), leading to the switch-on of ERK1/2 function in both 

fiber types and, consequently, to phosphorylation of myosin light chain 
(MLC) kinase, which in turn phosphorylated the 20 kDa regulatory 
MLCs, culminating in the fiber type-specific outcomes. However, 
testosterone treatment did not affect force and increased ERK1/2 
phosphorylation in slow-twitch fibers [39]. 

Overall, androgens have a significant impact on SkM mass and force 
generation, which seems to be linked to enhanced glucose metabolism 
and protein synthesis while downregulating the UPP signaling. Both 
genomic and non-genomic pathways are involved in modulating these 
effects of androgens on SkM remodeling. 

2.2. Estrogen-centered pathways 

Estrogens control different cellular processes, such as differentiation 
and proliferation, similarly to androgens. These cholesterol-derived 
molecules, when unbound, are capable of diffusing across cell mem
branes directly into the cytoplasm and bind intracellular or membrane- 
linked receptors. There are three known estrogen receptors (ER), ERα, 
ERβ and G protein-coupled receptor (GPER), all present in the SkM [5]. 
After dimerizing, the estrogen-ER complex goes into the nucleus and 
regulates the transcription of estrogen-responsive genes, which encode 
for proteases, metabolic enzymes (e.g. peroxisomal acyl-coenzyme A 
oxidase 2 (ACOX2), transmembrane protease serine 3 (TMPRSS3), beta- 
1,4-galactosyltransferase 1 (B4GALT1)), among others. These data 
highlight the pivotal role of estrogens in regulating the expression of 
genes that encode proteins crucial for an array of cellular functions, 
spanning from metabolism to tumor suppression [40]. 

Estrogens can also act through a non-genomic pathway by binding to 
a membrane ER and activating signaling proteins [41] (Fig. 2). Like 
androgens, estrogens play a role in the regulation of protein synthesis in 
the SkM; however, the exact mechanisms by which these hormones 
operate are not clear. Changes in estrogen levels during the menstrual 
cycle do not seem to affect the rate of protein synthesis and muscle 
contractibility since during the luteal phase, when estrogen concentra
tion is higher than in the follicular phase, no changes in myofibrillar 
protein synthesis were observed [42]. During menopause, the decrease 
in E2 and progesterone (P4) concentrations was associated with an in
crease in the basal rate of muscle protein synthesis [43]. Some evidence 
suggests that hormone replacement therapy (HRT) may have small but 
significant benefits in preventing the loss of SkM mass and strength 
following menopause, but the data are scarce and sometimes contra
dictory, probably influenced by various factors such as HRT dosage, 
timing of therapy administration post-menopause, dietary factors, 
physical activity levels, age, and treatment durations (reviewed by 
[44]). 

Regarding protein breakdown, some studies support the role of es
trogens in the repression of atrogenes, thus preserving SkM mass 
[44,45]. In fact, a net negative protein balance was reported in the vastus 
lateralis of post-menopausal women, probably caused by an upregula
tion of catabolic genes like FOXO3A and MuRF1 [46]. Curiously, E2 
upregulated the deubiquitinating enzyme ubiquitin-specific peptidase 
19 (USP19) mRNA expression in the soleus and gastrocnemius muscles of 
female ovariectomized mice and decreased the ratio of muscle mass-to- 
body weight [47]. Also, an E2 dose-dependent increase in USP19 mRNA 
expression was observed in the myoblast cell line C2C12 [47]. Nuclear 
ERα was suggested to be involved in the upregulation of USP19 
expression in the presence of E2 [48]. Force impairment was found in 
the soleus muscle in female skmERαKO mice characterized by specific 
deletion of the ERα gene in the SkM. However, fiber type distribution did 
not differ between soleus and gastrocnemius muscles of skmERαKO and 
skmERαWT female mice, suggesting the involvement of other ER types 
[49]. Several studies confirm the positive role of E2 in the regulation of 
muscles' strength [50–52]. Furthermore, it has been suggested that the 
decrease in estrogen levels may be associated with an increase of pro- 
inflammatory cytokines, such as tumor necrosis factor-alpha (TNFα) 
and interleukin (IL)-6, which might contribute to sarcopenia 
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development [53]. Still, more studies are needed to clearly establish the 
role of E2 in the onset of age-related muscle wasting. 

3. Role of mitochondrial remodeling in skeletal muscle aging 

Experimental evidence highlights the key role of mitochondrial 
health in the preservation of SkM function during aging, to which the 
maintenance of mitochondrial integrity and dynamics (i.e., the balance 
between fusion and fission) contributes [13]. Mitochondrial protein 
quality control (mtPQC) is the first line for the upkeeping of mito
chondrial proteostasis [54]. Several proteases are involved in mtPQC, 
including the ATP-dependent mitochondrial protease LONP1. In LONP1 
knockout mice, severe mitochondrial dysfunction was reported and 
associated with reduced muscle fiber size and strength, a hallmark of an 
early aging phenotype [54], indicating a possible relation between 
LONP1 and sarcopenia. Other mtPQC proteins also impact SkM 
remodeling. For instance, mice lacking fusion proteins, such as mitofu
sin (Mfn)-1 and -2, display mitochondrial dysfunction, accumulation of 
mtDNA damage, and a severe deficit in growth. Deletion of both Mfn-1 
and -2 in adult mice SkM resulted in a decrease in exercise performance, 
indicating that mitochondrial fusion is essential for muscle functionality 
[55]. Accelerated sarcopenia was reported in mice lacking Mfn-2 [56]; 
however, it is still unclear if fusion proteins decrease during aging. 
Indeed, conflicting results have been reported, with some studies 
showing the upregulation of both fusion and fission-related proteins 
during aging and others reporting no changes in their expression levels 
[57,58]. 

In addition to fusion and fission, mitophagy, a fundamental mecha
nism conserved from yeast to humans, regulates mitochondrial quality 
and quantity [59], playing a key role in muscle aging with studies 
reporting a downregulation of mitophagy-related proteins in the SkM of 
old rodents [60,61]. In fact, the amount of the E3 ubiquitin ligase Par
kin, a key player in mitophagy, was reported to be lower in the tibialis 
anterior and gastrocnemius muscles of old mice (18 months; sex not 
specified) [62] and in the gastrocnemius of male rats (24 months) [63]. 
On the other hand, overexpression of Parkin was found to induce SkM 
mass and size gain, being associated with improved activity of the 
oxidative phosphorylation (OXPHOS) complexes II and IV [62]. 

These alterations in mitochondrial dynamics in aged SkM seem to be 
related to the loss of mtDNA-encoded proteins. Accumulation of mtDNA 
deletions was found to be comparable in old subjects with and without 
sarcopenia [64]. Nevertheless, the 12,175–13,708 bp deletion in the 
mitochondrially encoded ND5 region, which is a hotspot for mtDNA 
deletions and associated with aging and disease states, was observed 
only in old subjects with sarcopenia. However, this deletion encom
passing the coding region of the OXPHOS complex I subunits had no 
impact on the activity of this complex since no differences were 
observed between sarcopenic and non-sarcopenic old subjects. Curi
ously, significant differences were observed in OXPHOS complex IV 
activity, which was higher in the SkM of old sarcopenic subjects [64]. 

SkM fibers are rich in mitochondria, the primary producers of ROS 
particularly during resting periods. The deleterious consequences of 
increased ROS generation have been closely associated with SkM aging. 
Augmented ROS and/or reactive nitrogen species (RNS) production acts 
as a trigger for the oxidative damage of mitochondrial biomolecules 
[65]. The susceptibility of mitochondria to ROS-induced damage was 
found associated with enhanced mitochondrial protein carbonylation 
(marker of protein oxidation) in biopsies of the vastus lateralis of old non- 
sarcopenic and old sarcopenic subjects, as compared with younger ones. 
Moreover, this increased protein carbonylation was correlated with a 
reduction in muscle strength [66]. Elevated levels of protein carbonyl
ation have been consistently observed during the aging process across 
different muscles (e.g. external intercostal muscles, vastus lateralis, and 
gastrocnemius), in both animal models [67,68] and human studies 
[69,70]. The increase in mitochondrial protein carbonylation, primarily 
affecting crucial components of the citric acid cycle and OXPHOS, was 

reported to be closely associated with the reduced capacity for ATP 
production in the hind limb SkMs of aged mice [71]. The loss of activity 
of these proteins due to oxidation is expected to negatively impact SkM 
metabolism and, consequently, contraction, possibly contributing to the 
loss of muscle mass and strength. In addition, the age-related over
production of ROS has been associated with mtDNA damage, impaired 
mitochondrial biogenesis, and apoptosis [66]. 

ROS/RNS could be neutralized by several antioxidant systems to 
avoid their reaction with macromolecules, and consequent damage to 
the cell [72,73]. One of the main antioxidant systems in SkM is the 
mitochondrial superoxide dismutase (MnSOD) [72]. Higher levels of 
MnSOD were observed in the quadriceps and external intercostal muscles 
of old subjects (68 ± 5 years old) compared to young ones (25 ± 4 years 
old) [69]. These results might suggest a concerted effort to neutralize the 
heightened ROS levels. Indeed, the deficiency of this protein in type IIb 
fibers was associated with increased oxidative stress and reduced muscle 
mass, albeit in young adult mice [74]. When comparing the activity of 
MnSOD between women and men, both young (≤35 years old) and old 
(≥70 years old), no sex-related differences were found in the vastus 
lateralis [75]. However, higher levels of MnSOD were observed in the 
external intercostal muscles of elderly women in comparison with young 
women, a difference not found in the men groups [69]. Interestingly, 
higher levels of lipid peroxidation and oxidized glutathione (GSSG) were 
seen in SkM from men compared to women [76]. Another important set 
of antioxidant enzymes in SkM includes catalase and glutathione 
peroxidase (GPx), which catalyzes the breakdown of hydrogen peroxide 
(H2O2) in peroxisomes and mitochondria, respectively. Research on 
catalase activity has shown some variations based on muscle type and 
age. For instance, catalase activity was found unchanged in the vastus 
lateralis, rectus abdominis, and gluteus maximus of old individuals (65–90 
years old) compared to young counterparts (<65 years old) [73]. 
Nevertheless, the intercostal and quadriceps muscles of old humans (68 
± 5 years old) exhibited an increased catalase content compared with 
young ones (25 ± 4 years old) [69]. However, diminished levels of 
catalase, as well as reduced levels of GPx, were observed in the quadri
ceps of aged animals that presented increased H2O2 levels [77]. 
Recently, in a mouse model of accelerated sarcopenia, it was demon
strated that SkM overexpressing catalase targeting mitochondria effec
tively reduces ROS production in the gastrocnemius muscle, restoring 
ROS levels to those seen in control animals. This overexpression was 
associated with preserved SkM mass and force generation, as well as a 
partial inhibition of the decrease in fiber size [78], underscoring the 
potential pivotal role of mitochondrial catalase in preventing age- 
related muscle wasting. Peroxiredoxins (Prdx) also respond to H2O2, 
surpassing other antioxidant enzymes in reactivity to ROS. Within the 
Prdx family, Prdx3 stands out by eliminating approximately 90 % of 
H2O2 within mitochondria, playing a pivotal role in preserving mito
chondrial homeostasis. This, in turn, has significant implications for 
SkM contractile functions [79,80]. Indeed, the depletion of this anti
oxidant enzyme resulted in accelerated apoptosis [81]. Conversely, the 
overexpression of Prdx3 has been shown to rescue sarcopenic SkM by 
mitigating mitochondrial H2O2 generation and enhancing mitochon
drial function, counteracting the decline in both muscle quantity and 
quality [82]. 

Although all mitochondria serve a similar function in providing ATP 
to the SkM, their morphological and biochemical characteristics vary 
according to their location within the myofiber. Intermyofibrillar 
mitochondria (IMF), the ones embedded among the myofibrils, have 
higher OXPHOS complexes content and activity, and respiratory rates. 
Subsarcolemmal mitochondria (SS) present a higher content of chaper
ones [83,84]. Both these populations are impacted by aging. In the EDL 
of male rats, both IMF and SS volumes decrease with age [85]. However, 
in the gastrocnemius of 88–96-week-old mice, larger, less circular SS 
mitochondria and longer, more branched IMF mitochondria are 
described compared to young ones (8–12-week-old). These changes 
seem to result from a change in the fusion/fission balance towards 
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increased fusion, but its role in the regional adaptation of mitochondria 
to aging remains unexplored [86]. Moreover, citrate synthase activity 
has been reported to be 30–50 % higher in IMF than SS mitochondria, 
with no age-related differences. COX activity is also higher in IMF 
mitochondria, and aging has no noticeable effect [87]. Additionally, the 
increase in biogenesis in response to chronic electric stimulation is lower 
in old rats (36 months-old) compared to young rats (6 months-old). The 
adaptations of old mitochondria to chronic stimulation do not signifi
cantly differ based on fiber location [85]. 

Overall, the age-related decline in mitochondrial functionality is 
characterized by impaired OXPHOS activity, leading to excessive ROS/ 
RNS generation and, thus, to the damage of biomolecules and cellular 
structures, irrespective of mitochondria location within the muscle fiber. 
Aging muscles seem to have a reduced capacity to eliminate these 
damaged biomolecules, which become toxic thereby perpetuating a vi
cious cycle that ultimately determines the fate of muscle fibers. 

4. Skeletal muscle mitochondria age differently in men and 
women 

SkM aging is thought to be associated with reduced mitochondrial 
density and functionality, with an impact on fiber metabolic choices 
[13,88]; however, the aging-induced alterations on mitochondria 
appear to be distinct between sexes. While a decline in mitochondria 
content and an enlargement of intramyocellular lipid droplets have been 
documented in older adults (69–73 years) in comparison to their 
younger counterparts (21–25 years), the distribution of lipid droplets in 
contact with mitochondria diverges between sexes. This is lowest in the 
subsarcolemmal region among older men and extends throughout the 
entirety of the fiber area among older women [89], which might 
potentially mirror distinct metabolic adaptations of SkM to the aging 
process. Mitochondria from the gastrocnemius of female rats display a 
higher mtDNA and protein content per muscle mass compared to male 
ones [90]. Increased amount of antioxidant systems (MnSOD and GPx) 
in females' mitochondria was linked with a lower susceptibility to 
oxidative damage [91]. Moreover, older adults, particularly women, 
have a decreased IMF mitochondrial size (reported in vastus lateralis), 
which was inversely and directly related to isometric tension and 
myosin-actin cross-bridge kinetic, respectively [88]. 

The molecular process harbored at mitochondria and more suscep
tible to aging is the OXPHOS pathway [92,93]. Increased levels of 
complexes II and V were observed during aging in the quadriceps muscle 
but only in females. Moreover, the analysis of the respiratory function 
showed a decline in functionality in aged mice, with this decline being 
more pronounced in old females than in old males. In both sexes, there 
was an increase in the levels of certain markers of auto(mito)phagy, such 
as BNIP3, Parkin, Beclin-1, and ATG7 [94]. Nevertheless, conflicting 
data have been reported in other studies [60,61,63]. The findings from 
Triolo et al. [94] may indicate the presence of dysfunctional lysosomes, 
which could potentially limit the capacity for mitophagic breakdown. 
Noticeably, female mice exhibited a higher abundance of auto(mito) 
phagy proteins, as well as a greater index of basal SkM autophagosome 
clearance compared to male mice, potentially attributed to a higher 
mitochondrial density. This impaired auto(mito)phagy was associated 
with an age-related decline in the complex-I and complex-II active 
respiration, with a more pronounced effect observed in females than 
males. Therefore, compromised auto(mito)phagy may lead to the 
accumulation of dysfunctional organelles, contributing to the excessive 
production of ROS that characterizes sarcopenia [95]. Since ROS are key 
players in SkM aging and mitochondria their main producers, the ac
tivity of antioxidant systems from 120 muscle biopsies (vastus lateralis, 
rectus abdominis and gluteus maximus), 57 from men and 63 from women, 
was evaluated [76]. The authors reported an age-related increase in 
MnSOD activity in women and a decrease in total SOD activity in men, 
which was accompanied by an augmented protein carbonyl content in 
older men. These authors concluded that SkM from men appear to be 

more susceptible to age-related oxidative stress than those from women. 
Also, a decrease in catalase and glutathione S-transferase (GST) activ
ities was reported in vastus lateralis biopsies during aging [75]. While for 
GST sex differences were reported, with higher activity in old women 
than in men, no significant differences emerged for catalase activity. 
SOD and GPx activities were also evaluated, and no age- or sex-related 
differences were observed. However, the analyses were conducted in 
whole muscle and were not directly associated with mitochondrial 
number or volume. 

Generally, mitochondria age differently in men's and women's SkM; 
however, the mitochondrial processes dysregulated by aging in both 
sexes are mainly OXPHOS, mitophagy, antioxidant defenses and mtDNA 
transcription. The onset and severity of these processes' impairment 
distinguish the metabolic and functional alterations in SkM among sexes 
during aging (overviewed in Fig. 3). Despite these observed differences, 
robust data on the specific effects of sex on SkM mitochondrial aging are 
still lacking. 

5. Effects of sex hormones in mitochondrial remodeling 

The precise role of sex hormones in regulating mitochondrial func
tion is not well understood, particularly in the SkM. Genetic elements 
regulated by sex hormones were already discovered in mtDNA, for both 
ER and AR [96]. Moreover, ERα, ERβ, and AR have been detected in 
mitochondria using subcellular fractionation followed by immunoblot
ting and microscopy techniques in C2C12 cells and SkM tissue [97–99]. 
Mass spectrometry (MS)-based proteome analysis of mitochondria also 
confirmed the presence of ERβ in this organelle while data regarding 
localization of AR in mitochondria remain less clear [100]. Intriguingly, 
neither ERs or AR are included among the 1136 human and 1140 mouse 
genes encoding proteins with the strong support for mitochondrial 
localization (MitoCarta3.0; www.broadinstitute.org/mitocarta/mit 
ocarta30-inventory-mammalian-mitochondrial-proteins-and-pathways, 
assessed in September 2023). This may be due to either the lack of 
validation of MS data or the potential contamination of the mitochon
drial fractions obtained following subcellular fractionation with other 
cellular components. 

The presence of ERs and AR in mitochondria suggests the involve
ment of sex hormones in the regulation of different mitochondrial 
functions. Since they regulate the expression of mtDNA genes, sex hor
mones may influence the bioenergetics and remodeling of mitochondria. 
For instance, young women had higher SkM mitochondrial volume 
density and increased capacity for fatty acid and lactate oxidation than 
young men [101]. A higher mitochondrial calcium uptake capacity has 
been observed in female compared to male fast-twitch muscle. This 
difference may be attributed to the greater IMF mitochondrial volume 
density, at least in the tibialis anterior [102]. Additionally, the gastroc
nemius of female rats displayed higher mtDNA and Tfam levels, and 
OXPHOS complexes activities, per muscle mass, than male animals [90]. 
Several genes linked to mitochondrial function exhibited varying levels 
of expression in the human vastus lateralis concerning sex, including 
PGC-1α and citrate synthase. This finding is in line with the well- 
documented sex differences in muscle fiber composition, where fe
males typically possess a higher proportion of type I fibers, known for 
their more oxidative characteristics. In fact, over 5000 isoforms of gene 
products display differential expression between males and females, 
explaining differences in phenotype and susceptibility to age-related 
SkM mass loss [103]. From these, E2 upregulates the transcript levels 
of several mtDNA genes encoding for subunits from OXPHOS complexes 
with an impact on mitochondrial respiratory function [104]. This effect 
may entail the upregulation of PGC-1α and NRF1, which, in turn, pro
mote the transcription of Tfam. This transcription factor binds and en
hances the expression of mtDNA-encoded genes [105] (Fig. 2). These 
results suggest that SkM mitochondria exhibit a sexual dimorphism that 
might explain why females adapt more easily to altered metabolic en
ergy situations. 
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In muscle-specific ERα knockout (MERKO) mice, both impaired 
glucose homeostasis and diminished muscle oxidative metabolism and 
ROS scavenging capacity were observed. Mitochondria of these animals 
were less densely distributed in the subsarcolemmal compartment 
compared with control animals [106]. Moreover, a reduction in the 
soleus expression of mtDNA polymerase γ1 (Polγ 1) and mtDNA-directed 
RNA polymerase (Polrmt) was found in MERKO animals, indicating that 
ERα regulates mtDNA replication [106]. Nevertheless, ERβ has been 
reported as the prevailing isoform within mitochondria (reviewed by 
[96]). This receptor has been demonstrated to interact with Hsp27, a 
chaperone located within mitochondria, and to mediate the protective 
effects of E2 in C2C12 cells [107]. Another study demonstrated the 
presence of E2 within the mitochondrial membrane, where it directly 
modulates the biophysical properties and bioenergetic function of SkM 
mitochondria. E2 was found to decrease microviscosity of mitochondria 
membranes, independently of its receptor. This had significant conse
quences, as short-term ovariectomy decreased mitochondrial respira
tory function, cellular redox state, and insulin sensitivity [108]. 

Unlike estrogens, the knowledge about androgens and their effects 
on mitochondria is scarce. The overexpression of specific mtDNA genes, 
in particular those encoding COX2a and COX3a, the two mitochondrial 
subunits of COXIV, was observed in SkM after administration of 
testosterone at low physical activity levels. For the other OXPHOS 
complexes, an increase in activity was proven but it was not accompa
nied by the overexpression of their subunits as in the case of complex I 
[109]. These authors also showed that testosterone treatment influences 
mitochondrial fusion and fission by upregulating the expression of genes 
involved in the regulation of mitochondrial dynamics, such as MFN2 and 
OPA1, and by increasing the content of mitophagy proteins, such as 
LC3AII and LC3BII (Fig. 2). Likewise, in another study, testosterone 
administration increased PGC1α, ATP5B and COXIV protein content in 
the gastrocnemius muscle, and mRNA levels of genes involved in mito
chondrial biogenesis, namely PGC1α, NRF1, NRF2 and Tfam in C2C12 
myotubes [110]. Furthermore, young women exposed to testosterone 

presented increased capillary-to-fiber ratio, specific mitochondrial res
piratory flux activating complex I, linked complex I and II, uncoupled 
respiration and electron transport system capacity of the vastus lateralis 
muscle compared to the placebo group [111]. These data suggest that 
testosterone promotes mitochondrial biogenesis and functionality. 

Overall, sex hormones may impact mitochondrial morphology and 
functionality by acting directly or indirectly on this organelle; however, 
most of the evidence on the effects of sex hormones in mitochondria is 
circumstantial, particularly in SkM, and more experiments are needed. 
Moreover, it is not yet known whether the aforementioned alterations 
are due to differences in SkM composition in terms of oxidative vs. 
glycolytic fibers between male and female. 

6. Conclusions 

SkM does not age equally in men and women. Given the significant 
role of mitochondria in SkM aging, there is a need to pinpoint the role of 
sex in driving age-related mitochondrial remodeling. Experimental ev
idence supports sex specificity in this organelle's aging, due to direct and 
indirect effects of sex hormones. In fact, despite not being listed in 
MitoCarta, several studies place ERs and AR in mitochondria to mediate 
some of the effects of sex hormones on muscle fibers. Age-related 
decreasing levels of these hormones, mostly E2, promote mtDNA enco
ded OXPHOS complexes subunits' downregulation and activity, and 
increased susceptibility of mitochondrial biomolecules to oxidative 
damage. Mitochondrial subpopulations seem to be differently modu
lated by sex, and these subpopulations' specific adaptations trigger the 
age-related decline of muscle performance. Still, sex differences in SkM 
aging are poorly understood. Further research should integrate bio
energetic, structural and molecular data of SkM mitochondria from both 
sexes (including pre- and post-menopausal women) not only to get more 
insight into age-related sarcopenia but also to extend such knowledge to 
various wasting conditions, including cachexia. This multifaceted 
approach will prompt the development of therapeutic interventions 

Fig. 3. Overview of sex differences in mitochondrial remodeling during skeletal muscle aging. The impact of aging is highlighted, emphasizing the sex where these 
effects are more pronounced. The skeletal muscle phenotype in females exhibits greater oxidative characteristics than in males, owing to a higher mitochondrial 
density. IMF mitochondria appear to be more vulnerable to the effects of aging when compared to SS mitochondria, with a more pronounced reduction in size 
observed in females. Female exhibited an age-related lower respiratory function whereas male mitochondria demonstrate lower mtDNA content per muscle mass and 
lower PGC-1α and Tfam levels, potentially accounting for decreased mitochondrial biogenesis. Conflicting data regarding the contribution of mitophagy to mito
chondrial remodeling in SkM has been reported, with some studies suggesting an increase of this process, potentially related to dysfunctional lysosomes, which 
appear to be more prominent in females. The augmented content of antioxidant defenses renders female mitochondria less susceptible to the age-related increase of 
oxidative stress compared to their male counterparts. These mitochondrial alterations seem to mirror the direct and indirect effects of age-related fluctuations in the 
levels of sex hormones in both sexes. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 
3.0 unported license. 
Abbreviations: IMF, intermyofibrillar. 
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tailored to mitochondrial sex specificity. 
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[75] G. Fanò, P. Mecocci, J. Vecchiet, et al., Age and sex influence on oxidative 
damage and functional status in human skeletal muscle, J. Muscle Res. Cell Motil. 
22 (4) (2001) 345–351, https://doi.org/10.1023/a:1013122805060. 

[76] O. Pansarasa, L. Castagna, B. Colombi, J. Vecchiet, G. Felzani, F. Marzatico, Age 
and sex differences in human skeletal muscle: role of reactive oxygen species, 
Free Radic. Res. 33 (3) (2000) 287–293, https://doi.org/10.1080/ 
10715760000301451. 

[77] M.J. Sullivan-Gunn, P.A. Lewandowski, Elevated hydrogen peroxide and 
decreased catalase and glutathione peroxidase protection are associated with 
aging sarcopenia, BMC Geriatr. 13 (2013) 104, https://doi.org/10.1186/1471- 
2318-13-104. 

[78] H. Xu, R. Ranjit, A. Richardson, H. Van Remmen, Muscle mitochondrial catalase 
expression prevents neuromuscular junction disruption, atrophy, and weakness in 
a mouse model of accelerated sarcopenia, J. Cachexia. Sarcopenia Muscle 12 (6) 
(2021) 1582–1596, https://doi.org/10.1002/jcsm.12768. 

[79] N.A. Foreman, A.S. Hesse, L.L. Ji, Redox signaling and sarcopenia: searching for 
the primary suspect, Int. J. Mol. Sci. 22 (16) (2021), https://doi.org/10.3390/ 
ijms22169045. 

[80] K.-P. Lee, Y.J. Shin, S.C. Cho, et al., Peroxiredoxin 3 has a crucial role in the 
contractile function of skeletal muscle by regulating mitochondrial homeostasis, 
Free Radic. Biol. Med. 77 (2014) 298–306, https://doi.org/10.1016/j. 
freeradbiomed.2014.09.010. 

[81] T.S. Chang, C.S. Cho, S. Park, S. Yu, S.W. Kang, S.G. Rhee, Peroxiredoxin III, a 
mitochondrion-specific peroxidase, regulates apoptotic signaling by 
mitochondria, J. Biol. Chem. 279 (40) (2004) 41975–41984, https://doi.org/ 
10.1074/jbc.M407707200. 

[82] B. Ahn, R. Ranjit, P. Kneis, et al., Scavenging mitochondrial hydrogen peroxide by 
peroxiredoxin 3 overexpression attenuates contractile dysfunction and muscle 
atrophy in a murine model of accelerated sarcopenia, Aging Cell 21 (3) (2022), 
e13569, https://doi.org/10.1111/acel.13569. 

[83] R. Ferreira, R. Vitorino, R.M. Alves, et al., Subsarcolemmal and intermyofibrillar 
mitochondria proteome differences disclose functional specializations in skeletal 
muscle, Proteomics 10 (17) (2010) 3142–3154, https://doi.org/10.1002/ 
pmic.201000173. 

[84] M. Takahashi, D.A. Hood, Protein import into subsarcolemmal and 
intermyofibrillar skeletal muscle mitochondria. Differential import regulation in 
distinct subcellular regions, J. Biol. Chem. 271 (44) (1996) 27285–27291, 
https://doi.org/10.1074/jbc.271.44.27285. 

A. Nuccio et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.biochi.2019.07.014
https://doi.org/10.1016/j.biochi.2019.07.014
https://doi.org/10.1385/endo:25:1:27
https://doi.org/10.1113/jphysiol.2009.182162
https://doi.org/10.1113/jphysiol.2009.182162
https://doi.org/10.1371/journal.pone.0273164
https://doi.org/10.1371/journal.pone.0273164
https://doi.org/10.1016/j.envint.2015.05.012
https://doi.org/10.1016/j.envint.2015.05.012
https://doi.org/10.1152/ajpendo.00300.2005
https://doi.org/10.1152/ajpendo.00300.2005
https://doi.org/10.1210/jc.2013-2835
https://doi.org/10.1210/jc.2013-2835
https://doi.org/10.1007/s40279-022-01733-9
http://refhub.elsevier.com/S0024-3205(23)00959-1/rf0225
http://refhub.elsevier.com/S0024-3205(23)00959-1/rf0225
https://doi.org/10.1093/gerona/62.12.1407
https://doi.org/10.1093/gerona/62.12.1407
https://doi.org/10.1074/jbc.M111.276824
https://doi.org/10.1074/jbc.M111.276824
https://doi.org/10.1530/joe-15-0128
https://doi.org/10.1152/japplphysiol.00864.2017
https://doi.org/10.1152/japplphysiol.00864.2017
https://doi.org/10.2165/11319760-000000000-00000
https://doi.org/10.2165/11319760-000000000-00000
https://doi.org/10.2170/jjphysiol.51.753
https://doi.org/10.1152/japplphysiol.01029.2005
https://doi.org/10.1152/japplphysiol.01029.2005
https://doi.org/10.1016/j.maturitas.2011.01.014
https://doi.org/10.1016/j.maturitas.2011.01.014
https://doi.org/10.1038/s41467-022-28557-5
https://doi.org/10.1038/s41467-022-28557-5
https://doi.org/10.1016/j.cell.2010.02.026
https://doi.org/10.15252/embj.201593084
https://doi.org/10.15252/embj.201593084
https://doi.org/10.1093/gerona/glw102
https://doi.org/10.1093/gerona/glw102
https://doi.org/10.1152/ajpregu.00337.2011
https://doi.org/10.1152/ajpregu.00337.2011
https://doi.org/10.15252/embj.2020104705
https://doi.org/10.1038/nature16187
https://doi.org/10.1038/nature16187
https://doi.org/10.1371/journal.pone.0069327
https://doi.org/10.1371/journal.pone.0069327
https://doi.org/10.1113/jp277157
https://doi.org/10.1016/j.exger.2013.11.018
https://doi.org/10.1097/GIM.0b013e31819307a2
https://doi.org/10.1097/GIM.0b013e31819307a2
https://doi.org/10.1155/2012/830257
https://doi.org/10.1093/gerona/glu007
https://doi.org/10.1093/gerona/glu007
https://doi.org/10.3109/10715762.2015.1017477
https://doi.org/10.1093/gerona/63.11.1137
https://doi.org/10.1093/gerona/63.11.1137
https://doi.org/10.1016/j.freeradbiomed.2006.05.027
https://doi.org/10.1016/j.freeradbiomed.2006.05.027
https://doi.org/10.1016/j.exger.2004.06.002
https://doi.org/10.1093/gerona/glq081
https://doi.org/10.1093/gerona/glq081
http://refhub.elsevier.com/S0024-3205(23)00959-1/rf0360
http://refhub.elsevier.com/S0024-3205(23)00959-1/rf0360
https://doi.org/10.1016/s0531-5565(02)00085-2
https://doi.org/10.1016/s0531-5565(02)00085-2
https://doi.org/10.1111/j.1474-9726.2011.00695.x
https://doi.org/10.1111/j.1474-9726.2011.00695.x
https://doi.org/10.1023/a:1013122805060
https://doi.org/10.1080/10715760000301451
https://doi.org/10.1080/10715760000301451
https://doi.org/10.1186/1471-2318-13-104
https://doi.org/10.1186/1471-2318-13-104
https://doi.org/10.1002/jcsm.12768
https://doi.org/10.3390/ijms22169045
https://doi.org/10.3390/ijms22169045
https://doi.org/10.1016/j.freeradbiomed.2014.09.010
https://doi.org/10.1016/j.freeradbiomed.2014.09.010
https://doi.org/10.1074/jbc.M407707200
https://doi.org/10.1074/jbc.M407707200
https://doi.org/10.1111/acel.13569
https://doi.org/10.1002/pmic.201000173
https://doi.org/10.1002/pmic.201000173
https://doi.org/10.1074/jbc.271.44.27285


Life Sciences 336 (2024) 122324

10

[85] V. Ljubicic, A.M. Joseph, P.J. Adhihetty, et al., Molecular basis for an attenuated 
mitochondrial adaptive plasticity in aged skeletal muscle, Aging (Albany NY) 1 
(9) (2009) 818–830, https://doi.org/10.18632/aging.100083. 

[86] J.P. Leduc-Gaudet, M. Picard, F. St-Jean Pelletier, et al., Mitochondrial 
morphology is altered in atrophied skeletal muscle of aged mice, Oncotarget 6 
(20) (2015) 17923–17937, https://doi.org/10.18632/oncotarget.4235. 

[87] B. Chabi, V. Ljubicic, K.J. Menzies, J.H. Huang, A. Saleem, D.A. Hood, 
Mitochondrial function and apoptotic susceptibility in aging skeletal muscle, 
Aging Cell 7 (1) (2008) 2–12, https://doi.org/10.1111/j.1474-9726.2007.00347. 
x. 

[88] D.M. Callahan, N.G. Bedrin, M. Subramanian, et al., Age-related structural 
alterations in human skeletal muscle fibers and mitochondria are sex specific: 
relationship to single-fiber function, J. Appl. Physiol. 116 (12) (2014) 
1582–1592, https://doi.org/10.1152/japplphysiol.01362.2013. 

[89] J.D. Crane, M.C. Devries, A. Safdar, M.J. Hamadeh, M.A. Tarnopolsky, The effect 
of aging on human skeletal muscle mitochondrial and intramyocellular lipid 
ultrastructure, J. Gerontol. A Biol. Sci. Med. Sci. 65 (2) (2010) 119–128, https:// 
doi.org/10.1093/gerona/glp179. 

[90] B. Colom, M.P. Alcolea, A. Valle, J. Oliver, P. Roca, F.J. García-Palmer, Skeletal 
muscle of female rats exhibit higher mitochondrial mass and oxidative- 
phosphorylative capacities compared to males, Cell. Physiol. Biochem. 19 (1–4) 
(2007) 205–212, https://doi.org/10.1159/000099208. 

[91] J. Viña, C. Borrás, J. Gambini, J. Sastre, F.V. Pallardó, Why females live longer 
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