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Abstract: Skeletal muscle aging, or sarcopenia, involves progressive muscle mass and function loss,
which limits mobility and independence in the aged populations. This decline is driven by chronic
inflammation, oxidative stress, and insulin resistance, all of which impair muscle regeneration and
accelerate protein breakdown. Mineralocorticoid receptors (MRs), known for roles in electrolyte
balance, have emerged as key regulators of these processes in skeletal muscle. MR activation
promotes inflammatory signaling, increases oxidative stress, and worsens insulin resistance,
accelerating sarcopenia progression. This review examines the impact of MRs on muscle health and
highlights the therapeutic potential of targeting these receptors to counteract age-related muscle loss.
MR antagonists, such as spironolactone, show promise in reducing inflammation and oxidative
damage, potentially slowing sarcopenia. Physical exercise, an established intervention for muscle
health, may enhance MR antagonism effects by improving insulin sensitivity and reducing
inflammation. However, more research is needed to determine the efficacy and safety of combined
MR antagonists and exercise protocols for preventing sarcopenia in older adults.

Keywords: elderly; mineralocorticoid; sarcopenia

1. Introduction

Maintaining muscle mass and functionality is essential during the aging process to avoid decline
in mobility, independence, and in the overall quality of life among older adults [1]. Aging naturally
leads to a progressive loss of muscle mass and strength that is highly influenced by lifestyle habits
and lead to a condition known as sarcopenia [2], which in its turn is associated with increased frailty,
a higher risk of falls and injuries, and slower recovery following trauma or surgical procedures [2,3].

Current literature highlights that, in addition to muscle mass loss, aging is linked to metabolic
alterations within muscle tissue [4]. These changes include elevated oxidative stress, inflammation
and insulin resistance along with impaired autophagy in skeletal muscle [4-6]. Such metabolic
disruptions impair the muscle's regenerative capacity and enhance the catabolism of muscle proteins,
resulting in reduced strength and functionality [4-6].

Consequently, practices aiming to maintain adequate muscle mass tend to enhance functional
independency so to alleviate the burden on healthcare systems [7]. Older individuals with preserved
musculature experience fewer complications related to mobility and metabolic health [1,7].
Furthermore, the preservation of muscle function directly influences the ability to perform physical
activities and maintain an active lifestyle, which is crucial for overall cardiovascular and metabolic
well-being [8].

In this context, mineralocorticoid receptors (MRs) play a pivotal role in muscle metabolism and
function [9-11]. MRs influence critical processes necessary for maintaining electrolyte balance,
modulating inflammatory responses, and regulating energy metabolism [12-15]. Traditionally
recognized for their role in maintaining sodium and potassium homeostasis and controlling water
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retention in the kidneys, recent studies have revealed that MRs are also present in the skeletal muscle
tissue and significantly contribute to muscle quality indexes [9,10].

2. Mineralocorticoid Receptors (MRs)

MRs exist as two distinct isoforms, MR-1a and MR-1f3, which are differentiated by their unique
promoter sequences, P1 and P2, respectively [16,17]. These isoforms share core functional domains
that exhibit distinct regulatory patterns and tissue-specific expression [16]. P1 is typically active in
classic MR-responsive tissues, such as the kidneys, where the receptor plays a pivotal role in blood
pressure regulation by electrolyte homeostasis [18]. In contrast, P2 drives expression in non-classical
tissues, including skeletal muscle, where MRs influence processes such as inflammation, oxidative
stress, and glucose metabolism [19,20]. Specifically, excessive activation of MRs induces insulin
resistance in skeletal muscle by impairing GLUT4 translocation to the cell membrane, which reduces
glucose uptake by muscle fibers [21]. This dysfunction results in reduced glucose availability for
anabolic processes, contributing to the catabolic state characteristic of sarcopenia [22]. Thus, the
effects of MRs on glucose metabolism are an extension of their ability to amplify inflammatory and
oxidative stress pathways, creating a deleterious cycle that exacerbates muscle atrophy. This duality
in promoter activity allows a fine-tuned regulation of MR expression, aligning receptor function with
the physiological demands of specific tissues. The differential expression and regulation of MR
isoforms may also underlie tissue-specific responses to mineralocorticoids, presenting a potential
therapeutic avenue to modulate age-related phenotypes as sarcopenia [23].

This review aims to elucidate the role of MRs in skeletal muscle aging and to explore the
therapeutic potential of targeting these receptors to promote healthy aging. By understanding the
molecular mechanisms through which MRs influence muscle physiology, we can identify novel
interventions to prevent or mitigate sarcopenia, thereby enhancing the quality of life and functional
independence of the aging population.

2.1. Skeletal Muscle Aging: Insights into the Drivers of Sarcopenia

Sarcopenia is marked by a systemic and progressive loss of muscle mass, quality, and strength,
which significantly impacts mobility and independence, especially among the aged [2]. This
degenerative process is driven by several key factors that collectively contribute to sarcopenia.
Chronic low-grade inflammation, characterized by elevated levels of pro-inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-a) and interleukins (IL-1§3, IL-6), accelerates muscle protein
degradation and impairs muscle regeneration [24,25]. Additionally, oxidative stress resulting from
increased production of reactive oxygen species (ROS) leads to damage in cellular proteins, lipids,
and DNA, further compromising muscle integrity [26]. Insulin resistance exacerbates this scenario by
reducing the energy available for anabolic processes, thereby promoting muscle atrophy [27]. Finally,
dysfunction of satellite cells, which play a crucial role in muscle regeneration, hampers the tissue's
ability to recover and adapt, intensifying the loss of muscle mass and strength [28]. As these factors
overlap in terms of signaling pathways throughout the aging process, skeletal muscle fibers (mainly
of the type II) undergoes a marked reduction in size and quantity, basically due to greater protein
degradation rates [29,30]. These changes collectively lead to the gradual loss of muscle mass and
strength that underlies the sarcopenic phenotype.

Emerging evidence highlights the intricate role of MRs in skeletal muscle homeostasis,
particularly under conditions of aging [31,32]. The interplay between MRs activation and key
catabolic processes creates an environment conducive to muscle degradation. This cascade of events
not only drives protein catabolism but also disrupts the regenerative capacity of muscle fibers,
compounding the loss of muscle mass and function characteristic of sarcopenia [31,32]. Refining our
understanding of these mechanisms can inform targeted interventions to disrupt this cycle, offering
a more nuanced approach to maintaining muscle health in the aged population.

2.2. MR Activation: Bridging lon Transport and Insulin Resistance
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Beyond their well-established roles in renal regulation [12,13,33], MRs have emerged as key
modulators of skeletal muscle physiology [9]. In muscle tissue, MRs influence ion distribution,
particularly sodium and potassium, which are critical for maintaining excitability and contractility
[23]. This ion balance is integral to muscle function and resilience, particularly under conditions of
metabolic stress or aging. By regulating these processes, MRs contribute to the broader homeostatic
mechanisms that sustain muscle performance and adaptability, as under conditions of excessive MR
activation, as observed in certain pathological states and with aging, an overload of sodium
accumulates within muscle cells, leading to intracellular ion imbalance and water retention [9,13,23].
This ionic disruption can cause edema and increased stress on muscle fibers, creating an unfavorable
environment for muscle contraction and regeneration, which may exacerbate the loss of muscle mass
and function due to atrophy [34,35].

Additionally, MRs influence glucose metabolism in skeletal muscle by modulating insulin
sensitivity and glucose uptake via GLUT4 [21,36]. Excessive MRs activation is associated with
increased insulin resistance, impairing glucose absorption by muscle cells and thereby reducing the
energy available for anabolic processes [21,36]. This effect disrupts muscle energy metabolism,
leading to a catabolic state that drives protein degradation and muscle mass loss—common
characteristics in aging individuals. Studies suggest that this insulin resistance, amplified by MRs
activation, also elevates the risk of related metabolic disorders, such as metabolic syndrome and type
2 diabetes [37-40].

These adverse effects of excessive MRs activation, including ionic imbalance and insulin
resistance, may further be exacerbated by aging, a period during which skeletal muscle naturally
experiences a decline in regenerative and functional capacity [41,42]. Prolonged MRs activation thus
contributes not only to muscle deterioration but also to metabolic dysfunction within skeletal muscle,
positioning MRs as a promising therapeutic target for interventions aimed at preserving muscle
metabolism in the elderly.

2.3. Linking MRs to Oxidative Stress and Inflammation

The activation of MRs leads to chronic inflammation and oxidative stress [32,43], processes that
accelerate muscle aging and drive the progression of sarcopenia [24-26]. In response to MRs
activation, a cascade of cellular events is triggered, leading to elevated production of pro-
inflammatory mediators and ROS [44]. These factors establish a persistent inflammatory
environment that may impair muscle regeneration and promote protein degradation [45]. In this
scenario, TNF-a plays a major role in driving muscle catabolism, primarily through its ability to
activate proteolytic pathways such as the ubiquitin-proteasome and autophagy-lysosome systems
[46]. Elevated TNF-a levels, often observed in chronic inflammation and aging, induce the expression
of E3 ubiquitin ligases like MuRF1 and Atrogin-1, which target myofibrillar proteins for degradation
[47]. Additionally, TNF-a impairs myogenesis by inhibiting myogenic regulatory factors such as
MyoD and myogenin by promoting mitochondrial dysfunction [48], which exacerbates oxidative
stress and further contributes to muscle atrophy.

MRs have been implicated in amplifying TNF-a signaling [49]. Thus, MRs activation enhances
the expression of inflammation-associated genes, including those encoding key mediators such as
pro-inflammatory cytokines and interleukins [50,51]. These pro-inflammatory mediators are known
to recruit immune cells and exacerbate tissue damage [52], particularly in aged muscle, where cellular
turnover is already limited. This creates a feedback loop where pro-inflammatory mediators, such as
TNF-a, induce a catabolic signaling which is sustained, perpetuating muscle protein degradation and
impairing regeneration. This chronic inflammatory state negatively impacts muscle function by
promoting muscle fiber degradation and inhibiting protein synthesis, processes essential for
maintaining muscle mass and strength [53]. Additionally, muscle-derived myokines play a pivotal
role in modulating systemic inflammation and metabolic processes, acting as signaling molecules
released during muscle contraction which are known to influence muscle regeneration [54,55].
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In addition to driving inflammation, excessive MRs activation increases ROS production [44],
which may contribute to oxidative stress in muscle tissue. The buildup of ROS inflicts damage on
cellular structures, including lipids, proteins, and DNA, compromising muscle cell integrity and
diminishing the tissue’s regenerative capacity [56]. With aging, the natural antioxidant defenses
become less effective, amplifying the detrimental effects of MRs-induced ROS. This sustained
oxidative stress accelerates muscle degeneration, creating a cycle of incomplete repair that
perpetuates sarcopenia [57]. This suggests a complex interaction where excessive MRs activation may
also alter the balance of myokine secretion, potentially amplifying muscle catabolism and impairing
regenerative processes. Thus, this pathological mechanism highlights MRs as a potential therapeutic
target for mitigating age-related muscle deterioration by reducing inflammation and oxidative stress,
with the goal of preserving muscle mass and function in the elderly.

2.4. Harnessing MR Antagonists for Therapy

The pathological activation of MRs contributes to molecular disturbances which suppress
anabolic pathways and enhances catabolic signaling, driving excessive protein degradation in
skeletal muscle (Figure 1). A key mechanism underlying this process is the suppression of
myogenesis, coupled with increased apoptosis of myocytes [58]. MRs activation directly impairs
myogenic differentiation by downregulating critical regulatory factors while increasing oxidative
stress that promotes mitochondrial dysfunction [61-63]. This dysfunction leads to the release of pro-
apoptotic factors, including cytochrome c, which activates caspase-mediated apoptotic pathways
[22,64]. These events result in myonuclear loss and a reduction in muscle cross-sectional area and
strength, hallmark features of sarcopenia.

Upregulation

Downregulation

' TNF-a, MuRF1 and Atrogin-1 ' Anaboli h
nabolic pathways

t Reactive Oxygen Species t
Antioxidant activity
‘ MyoD and Myogenin t
GLUT4 activity
l, GLUTA activity

Figure 1. The Role of MRs in Skeletal Muscle. Upregulation of MRs induces an increase in TNF-a levels,
creating a pro-inflammatory environment that damages muscle tissue and exacerbates catabolic pathways,
including the activation of MuRF1 and Atrogin-1. This process is further compounded by mitochondrial
dysfunction, which elevates reactive oxygen species (ROS). Additionally, MRs overactivation suppresses
myogenic regulatory factors such as MyoD and myogenin, impairing muscle regeneration, while also reducing
GLUT4 activity, leading to disrupted glucose metabolism. Conversely, MRs downregulation promotes the
maintenance or activation of anabolic pathways, enhances the activity of antioxidant enzymes, and supports
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glucose metabolism by increasing GLUT4 activity. This balanced state fosters a protective and regenerative
environment within skeletal muscle, counteracting the detrimental effects of MRs overactivation and preserving

muscle integrity.

MRs antagonists, such as spironolactone [50,59,65] and finerenone [66], show promise in
mitigating these effects by reducing ROS production, modulating inflammatory cytokine expression,
and limiting apoptosis. Additionally, these agents have been shown to promote anti-inflammatory
macrophage phenotypes, reduce muscle fibrosis, and enhance the regenerative capacity of muscle
tissue. These findings highlight the therapeutic utility of MRs antagonists in targeting the molecular
drivers of sarcopenia [23]. However, targeted clinical studies are still needed to confirm the efficacy
and safety of these antagonists in healthy older adults and in the early stages of muscle wasting.
Future research should focus on optimizing dosage and safety profiles to minimize adverse effects
while promoting muscle preservation. This approach could position MRs antagonists as a viable and
effective non-invasive therapy to counteract age-related muscle decline, supporting muscular health
and functionality in the aged population.

2.5. Exercise as a Modulator of MRs

Physical exercise plays a critical role in regulating the activity of MRs [65-67], and serves as an
effective adjunct in preventing sarcopenia associated with aging [68]. In this sense, exercise also acts
on counteracting the dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis [69,70],
particularly under conditions of sleep disruption [71], which may be associated with MRs activation
[72]. Sleep disturbances impair anabolic signaling pathways, including those mediated by IGF-1,
while enhancing catabolic processes such as the ubiquitin-proteasome and autophagy-lysosome
systems [73]. Regular physical activity restores this balance, reducing HPA axis-driven catabolism
and improving muscle health [74], which consequently may reduce MRs expression.

Physical exercise enhances energy metabolism and insulin sensitivity in skeletal muscle [75],
which counteracts the adverse effects of excessive MRs activation, avoiding muscle catabolism. By
reducing the production of pro-inflammatory mediators and ROS [56,76], exercise can limit the
harmful effects linked to MRs activation, thereby preserving muscle fiber integrity and improving
muscle functionality. In addition, studies suggest that regular exercise, particularly resistance
training [77], helps modulate skeletal muscle metabolism, fostering an environment less prone to
inflammation and oxidative stress, both of which are key factors in preserving muscle health during
aging.

Combining MRs antagonists with exercise interventions may provide a synergistic approach to
addressing the multifactorial nature of sarcopenia. This integrated strategy offers a comprehensive
framework for preserving muscle mass, strength, and functionality, ultimately improving the quality
of life in aged populations due to functional independence.

2.6. Future Perspectives

Our understanding of the specific role of MRs in the interplay between oxidative stress and
insulin resistance across different age groups remains incomplete. Although studies suggest that MRs
activation increases oxidative stress and disrupts insulin signaling [31,32], factors that contribute to
insulin resistance in skeletal muscle, these interactions have largely been explored in pathological or
animal models. How these mechanisms unfold across various aging stages and whether MRs
sensitivity to oxidative stress changes with age are still poorly understood. Addressing these gaps
requires future research to investigate the potential of antioxidant interventions and MRs antagonists
as modulators of insulin response in aging populations. Studies examining whether antioxidants
combined with MRs blockers can effectively reduce oxidative stress and restore insulin signaling in
healthy older adults and in early stages of insulin resistance could yield promising preventive and
therapeutic strategies, ultimately offering new avenues to slow metabolic decline and improve
quality of life in aging individuals. Additionally, future studies exploring the interplay between MRs
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and myokines could provide valuable insights into therapeutic strategies for mitigating muscle aging
and enhancing overall health outcomes in aged populations.

While MRs antagonists, such as spironolactone, have shown benefits in specific conditions like
heart failure and muscular dystrophies [78,79], data on their impact in healthy older adults is limited.
In particular, there is a pressing need for studies focusing on MRs antagonists in the context of
sarcopenia across age, which may be an essential factor in assessing the preventive and therapeutic
potential of these agents under the aging process. Given the role of MRs in driving inflammation and
oxidative stress [32,43], MRs antagonists may be valuable in mitigating age-related muscle mass and
strength loss. However, the absence of clinical trials targeting healthy aged individuals limits our
ability to fully understand the efficacy and safety of these antagonists in preventing muscle decline.
Furthermore, future clinical studies should also investigate aged populations without significant
comorbidities to evaluate whether MRs antagonists can serve as effective preventative strategies for
delaying muscle wasting progression and enhancing muscle function throughout aging.

Additionally, the combined effects of physical exercise and MRs antagonism on muscle function
in the elderly remain largely unexplored. Although the benefits of physical exercise in preserving
muscle mass and strength are well-established [68,77,80], and MRs antagonists have shown potential
to reduce catabolic signaling in skeletal muscle, the synergistic potential of these approaches has yet
to be fully investigated. Emerging evidence suggests that these interventions may complement each
other, with exercise potentially mitigating the adverse effects of MRs activation and fostering a more
favorable muscle environment in aging populations. To maximize muscle preservation, clinical trials
are needed to evaluate the efficacy of integrated protocols combining exercise and MRs antagonists
in aged populations. Such studies should aim to identify optimal dosages and frequencies for both
exercise and MRs antagonist use to enhance muscle strength, mass, and functionality, offering a
comprehensive approach to preventing sarcopenia and physical decline in older adults.

3. Conclusion

MRs are central to skeletal muscle aging, driving inflammation, oxidative stress, and insulin
resistance which are factors that contribute to sarcopenia. This review underscores the importance of
MRs as therapeutic targets, given their involvement in critical catabolic pathways. Specifically, MRs
activation enhances TNF-a signaling, which activates proteolytic systems such as the ubiquitin-
proteasome and autophagy-lysosome pathways, while suppressing myogenesis and promoting
myocyte apoptosis. These mechanisms collectively contribute to muscle protein degradation and the
progressive loss of muscle mass and function. Therapeutic interventions targeting MRs, such as
spironolactone, have demonstrated potential in mitigating these detrimental effects (Figure 2). When
combined with physical exercise, which enhances muscle integrity, MRs antagonism may offer an
effective approach to managing sarcopenia. However, further research is needed to clarify MRs
function across aging stages and to establish the safety and efficacy of combining MRs antagonists
with exercise in both healthy and sarcopenic aged populations. These findings highlight the central
role of MRs in muscle health and reinforce the need for innovative strategies to preserve muscle mass,
strength, and overall quality of life in older adults.
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Figure 2. Effects of MRs in healthy and sarcopenic skeletal muscle. The left panel illustrates a state of

homeostasis (yellow arrows) in MRs regulation, mitochondrial reactive oxygen species (ROS) production,
inflammatory mediators, and insulin sensitivity, all contributing to healthy muscle function. In the central panel,
increased activation and expression of MRs (red arrows) are depicted as driving factors for enhanced
mitochondrial ROS generation, elevated muscle inflammation, and insulin resistance. These processes lead to
reduced muscle cross-sectional area and diminished muscle strength, culminating in sarcopenia. The right panel
demonstrates the therapeutic potential of MRs antagonists, such as spironolactone, as well as regular physical
exercise. These interventions reduce (green arrows) MRs activation and expression, decrease ROS levels and
inflammatory mediators, and improve insulin sensitivity, thereby restoring muscle homeostasis and promoting

healthier muscle function.
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