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Abstract

Skeletal muscle is traditionally viewed as the organ of locomotion, posture, and physical strength. Yet
converging evidence from physiology, endocrinology, and gerontology demonstrates that muscle is also
a central metabolic and endocrine organ. It accounts for approximately 40—50% of body mass, disposes
of most postprandial glucose, and secretes myokines that influence whole-body homeostasis (Schnyder
& Handschin, 2015; Hoffmann & Weigert, 2017). Age-related loss of muscle mass and strength, known
as sarcopenia, begins in midlife and can progress to a loss of up to 50% of total muscle mass by age 80
(Volpi et al., 2004). This loss is accompanied by greater fat infiltration, insulin resistance, and
heightened risk for type 2 diabetes, cardiovascular disease, disability, and mortality (Volpi et al., 2004;

De Carvalho et al., 2020; Saner et al., 2023).

Despite this, public health messaging has focused heavily on aerobic activity, while participation in
resistance training and adequate protein intake, both of which are essential for preserving muscle
remains low (Bhattacharyya et al., 2024; Statistics Canada, 2024). This paper synthesizes evidence on:
(1) skeletal muscle as the primary “sponge” for blood glucose and a key endocrine organ; (2) how
sarcopenia and “anabolic resistance” drive insulin resistance and cardiometabolic disease; and (3) why
resistance training plus sufficient dietary protein are non-negotiable for metabolic health across the
lifespan (Merz & Thurmond, 2021; Hodson et al., 2019; Breen & Phillips, 2011). We argue that muscle

loss is not an inevitable, benign feature of aging but a modifiable driver of metabolic dysfunction.



Finally, we outline practical, non-prescriptive educational guidance to support individuals and

practitioners in prioritizing muscle mass and strength as core targets for healthy aging.

Introduction

Many adults believe they are “doing everything right” for their health because they meet aerobic
activity guidelines, logging steps, completing 150 minutes of weekly walking, or attending spin classes
(Garber et al., 2011; Bhattacharyya et al., 2024). Yet a parallel and largely silent epidemic of sarcopenia

(age-related muscle wasting) is unfolding.

Skeletal muscle mass begins to decline in midlife, decreasing approximately 3—8% per decade
after age 30, with the rate of loss accelerating after age 60 (Volpi et al., 2004). Longitudinal and
cross-sectional data suggest that by the eighth decade of life, cumulative losses can reach
approximately 50% of total muscle mass in the absence of targeted countermeasures (Volpi et al., 2004;
Leon, 2015). This is not merely an aesthetic or “strength” issue. Skeletal muscle is the body’s largest
metabolic organ and the primary site of insulin-stimulated glucose disposal (Merz & Thurmond, 2021;

Sjeberg et al., 2021).

Thus, progressive muscle loss represents an erosion of our capacity to store and use glucose
safely. In practical terms, the metabolic engine is shrinking even while the cardiovascular “pump” may
be well-trained. Aerobic exercise remains crucial for cardiorespiratory health, but without resistance
training and adequate protein, the body’s main buffer for blood sugar, skeletal muscle is slowly

dismantled (Leon, 2015; Breen & Phillips, 2011).

National surveillance data from the most recent cycles of the Canadian Health Measures Survey
(CHMS), as summarized by both Statistics Canada and ParticipACTION, provide a clear snapshot of

how adults in Canada are performing relative to national physical activity guidelines, and they reveal a



consistent pattern: Canadians are doing substantially better on aerobic activity than on strength training,
yet both are under-utilized relative to their importance for metabolic health (ParticipACTION, n.d.;
Statistics Canada, 2025). Objectively measured accelerometer data show that roughly half of adults
aged 18—79 accumulate at least the recommended 150 minutes per week of moderate-to-vigorous
physical activity, meaning that a substantial minority engage in little or no higher-intensity movement
beyond incidental daily tasks (ParticipACTION, n.d.; Statistics Canada, 2025). When these data are
broken down by sex, a clear disparity emerges: men are more likely than women to reach the aerobic
target, a pattern that appears consistently in both CHMS technical releases and public-facing
summaries (ParticipACTION, n.d.; Statistics Canada, 2025). However, when we shift focus from “how
much we move” to “how we move”, that is, whether our activity actually loads skeletal muscle, the
national picture becomes more concerning. Only 39% of adults reported engaging in muscle-
strengthening activities at least twice per week. The CHMS includes self-reported questions on
muscle-strengthening activity, and these indicate that fewer than half of Canadian adults perform
strength or resistance exercise (such as lifting weights, using resistance bands, heavy yard work, or
body-weight exercises) on at least two days per week, the minimum frequency recommended in
national guidelines (Statistics Canada, 2025). In practice, this means that even among those who do
meet the aerobic standard, a large proportion are not providing the specific mechanical stimulus
required to preserve muscle mass, strength, and metabolic function, despite skeletal muscle being the
primary site for insulin-stimulated glucose disposal and an important endocrine organ through its
secretion of myokines (Merz & Thurmond, 2021; Schnyder & Handschin, 2015). The CHMS also
documents the other side of the energy-balance equation and that is adults in Canada spend, on average,
the majority of their waking hours in sedentary postures, with sitting, reclining, and screen-based
behaviors occupying much of the day, and this high sedentary load co-exists with only moderate

adherence to both aerobic and resistance-training recommendations (Statistics Canada, 2025).
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In the United States, recent data from the 2022 National Health Interview Survey reveal that
adherence to physical activity guidelines remains below public health targets, with only 24.3% of
adults successfully meeting the combined requirements for both aerobic and muscle-strengthening
activities (Bhattacharyya et al., 2024). While approximately 47.2% of U.S. adults perform sufficient
aerobic activity to gain health benefits, only 30.6% meet the recommended frequency of at least two
sessions of muscle-strengthening exercise per week, a participation rate notably lower than the 39%
recently reported for Canada (Bhattacharyya et al., 2024; Statistics Canada, 2025). Furthermore, nearly
half of the U.S. adult population (46.5%) fails to meet either aerobic or strengthening
recommendations, highlighting a widespread gap in engaging the specific stimulus required for long-

term muscle preservation, glycemic control, and metabolic health (Bhattacharyya et al., 2024).

Skeletal Muscle as a Central Integrator of Metabolic and Systemic Health

Skeletal Muscle as the Dominant Site of Glucose Disposal

Skeletal muscle constitutes approximately 40-50% of total body mass in healthy adults and
represents a major contributor to resting energy expenditure (Volpi et al., 2004; Leon, 2015). Beyond
its structural and mechanical roles, it serves as the principal site of insulin-mediated glucose uptake and
storage. In the postprandial state, an estimated 70-80% of circulating glucose is cleared by skeletal
muscle, primarily through glycogen synthesis and oxidative metabolism (Merz & Thurmond, 2021;

Sjeberg et al., 2021).

Following uptake, glucose is either stored as glycogen or oxidized to generate ATP. Although the
liver also contributes to glycogen storage, the substantially greater mass of skeletal muscle confers a far
larger total storage capacity. Consequently, skeletal muscle functions as the body’s primary metabolic

reservoir for glucose. When muscle mass or functional quality declines, this reservoir is diminished,



resulting in reduced glycogen storage capacity and prolonged elevation of circulating glucose
concentrations. In response, pancreatic B-cells increase insulin secretion to maintain glycemic control,
establishing a compensatory hyperinsulinemic state that can, over time, contribute to the development

of insulin resistance and type 2 diabetes (Merz & Thurmond, 2021; Shou et al., 2020).

In a metabolically healthy state, skeletal muscle efficiently sequesters glucose following nutrient
intake, maintaining blood glucose within tightly regulated physiological limits. However, in conditions
such as sarcopenia or physical inactivity, this capacity is significantly impaired. Reduced muscle mass,
combined with diminished insulin sensitivity, limits glucose uptake and storage, forcing the pancreas to
sustain elevated insulin output. While initially effective in preserving euglycemia, this compensatory
mechanism ultimately becomes insufficient as the capacity of skeletal muscle to accommodate

incoming substrates is exceeded (Shou et al., 2020).

As glucose disposal becomes impaired, excess energy substrates, including both glucose and fatty
acids, are redirected toward ectopic storage sites such as the liver, visceral adipose tissue, and
intramuscular lipid depots. This process promotes lipid accumulation in non-adipose tissues,
contributing to inflammation, lipotoxicity, and further impairment of insulin signaling pathways (Hong
& Choi, 2020; Merz & Thurmond, 2021). This phenomenon, often described as “energy spillover,”

represents a critical transition from localized metabolic dysfunction to systemic disease.

The downstream consequences of chronic hyperglycemia extend beyond metabolic
dysregulation. Persistently elevated glucose levels promote non-enzymatic glycation reactions, leading
to the formation of Advanced Glycation End-products (AGEs), which accumulate in long-lived
structural proteins such as collagen (Shou et al., 2020). This accumulation reduces tissue elasticity and
contributes to the stiffening of tendons, ligaments, and joint structures. Simultaneously, vascular

endothelial cells are exposed to sustained metabolic stress, resulting in oxidative damage,



inflammation, and impaired nitric oxide production, which compromises vascular function (Hong &
Choi, 2020). Over time, these vascular changes impair microcirculatory supply to peripheral nerves,
contributing to the development of neuropathy commonly observed in metabolic disease (Shou et al.,

2020).

Collectively, these processes illustrate that the failure of skeletal muscle to function as an
effective metabolic sink initiates a cascade of systemic pathophysiological changes. Maintenance of
muscle mass and function is therefore not merely relevant to locomotion or physical performance, but
is fundamental to preserving metabolic stability and structural integrity across multiple organ systems

(Liu & Zhu, 2023; Merz & Thurmond, 2021).

Skeletal Muscle as an Endocrine Signaling Hub

In addition to its metabolic functions, skeletal muscle is now recognized as a dynamic endocrine
organ that secretes a diverse array of signaling molecules, collectively termed myokines. These
contraction-induced cytokines and peptides exert autocrine, paracrine, and endocrine effects, enabling
skeletal muscle to communicate with distant tissues including adipose tissue, liver, bone, brain, and

immune cells (Schnyder & Handschin, 2015; Hoffmann & Weigert, 2017).

Through these signaling pathways, skeletal muscle actively regulates systemic processes such as
lipolysis, hepatic glucose production, inflammation, and neuroplasticity. Myokines including
interleukin-6 (IL-6), irisin, and brain-derived neurotrophic factor (BDNF) have been implicated in
enhancing insulin sensitivity, promoting anti-inflammatory responses, and supporting cognitive

function and neural adaptation (Hoffmann & Weigert, 2017; Sandoval & Duenas Gomez, 2024).

Importantly, skeletal muscle is not merely a passive recipient of hormonal signals but acts as an

active regulator of whole-body metabolic homeostasis, particularly during and following exercise. The



endocrine function of muscle allows it to coordinate energy distribution, substrate utilization, and
adaptive responses across multiple organ systems. Consequently, loss of muscle mass or function
results not only in impaired glucose handling but also in diminished endocrine signaling capacity,
amplifying vulnerability to metabolic and chronic disease (Leon, 2015; Sarcopenic Obesity Working

Group, 2020).

Loss of Muscle as Loss of Metabolic and Structural Capacity

The progressive deterioration of skeletal muscle associated with aging or disuse extends far
beyond reductions in visible mass and strength. It represents the loss of several critical physiological
reservoirs, including the body’s largest glycogen store, its primary amino acid reserve, and a substantial

portion of its oxidative machinery.

Skeletal muscle normally serves as the principal storage site for glycogen and provides a readily
mobilizable pool of amino acids during periods of fasting, illness, injury, or insufficient dietary intake.
This makes it central to both energy homeostasis and nitrogen balance (Merz & Thurmond, 2020;
McKendry et al., 2023). As muscle mass declines, these reservoirs are progressively diminished,

reducing the body’s capacity to buffer metabolic stress.

At the cellular level, aging and inactivity are associated with marked reductions in mitochondrial
content, mitochondrial DNA copy number, and the activity of oxidative and -oxidative enzymes.
Studies indicate that mitochondrial oxidative capacity can decline by approximately 30—40% in older
adults compared with younger individuals (Short et al., 2005; Petersen et al., 2003). This reduction
impairs the muscle’s ability to oxidize fatty acids and generate ATP efficiently through oxidative

phosphorylation.



As oxidative capacity diminishes, there is a concomitant accumulation of intramyocellular lipids
and lipid intermediates such as diacylglycerols and ceramides. These metabolites are strongly linked to
impaired insulin signaling and the development of insulin resistance (Bonnard et al., 2008; Shou et al.,
2020). In parallel, the reduced capacity for B-oxidation further limits the muscle’s ability to utilize fatty

acids as a fuel source.

Under these conditions, skeletal muscle becomes increasingly reliant on glycolysis to meet
energy demands, particularly during physical activity. While glycolysis provides a rapid source of ATP,
it is less efficient than oxidative metabolism and is associated with increased lactate production. This
metabolic shift contributes to earlier fatigue, reduced endurance, and diminished metabolic flexibility

(Short et al., 2005; Miotto et al., 2018).

In practical terms, the deterioration of skeletal muscle involves a simultaneous loss of glycogen
storage capacity, amino acid reserves, and mitochondrial function. This leaves the organism
increasingly dependent on less efficient energy pathways and less capable of responding to metabolic
challenges such as physical exertion, excess caloric intake, or acute illness (McKendry et al., 2023;

Merz & Thurmond, 2020).

Exercise Modality and the Myokine-Mediated Adaptation Response

The endocrine function of skeletal muscle is highly responsive to the nature of contractile
activity, with distinct myokine profiles emerging in response to different forms of exercise. Endurance
exercise, characterized by sustained, moderate-to-vigorous activity, promotes a myokine profile
associated with metabolic regulation and mitochondrial adaptation. A central mediator of these
adaptations is peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), which
drives mitochondrial biogenesis and enhances oxidative capacity. This pathway also stimulates the

expression of fibronectin type III domain-containing protein 5 (FNDCS5), leading to the secretion of
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irisin, which contributes to the browning of white adipose tissue and increased thermogenesis.
Endurance exercise also induces substantial increases in IL-6, which acts systemically to enhance
insulin sensitivity, stimulate lipolysis, and promote anti-inflammatory signaling. Additionally, exercise-

induced increases in BDNF support neurogenesis, synaptic plasticity, and cognitive function.

Beyond classical myokines, metabolites such as lactate play a significant signaling role. Lactate,
produced during periods of increased glycolytic flux, functions as a signaling molecule capable of
crossing the blood—brain barrier, where it contributes to the upregulation of BDNF and other genes

associated with neuroplasticity.

In contrast, resistance training elicits a myokine profile more closely associated with tissue
remodeling and structural adaptation. Mechanical loading stimulates the release of IL-7 and IL-15,
which are involved in satellite cell activation, muscle repair, and the maintenance of type II muscle
fibers. Resistance exercise also promotes the expression of SPARC, a protein associated with bone

formation and potential anti-tumor effects.

Although distinct patterns exist, there is considerable overlap between exercise modalities. Both
endurance and resistance training stimulate the release of key myokines such as IL-6, IL-15, and
BDNF. Endurance exercise primarily enhances mitochondrial and metabolic adaptations, whereas
resistance training drives hypertrophy and structural integrity. Together, these modalities provide

complementary benefits, supporting both metabolic health and musculoskeletal resilience.

Aging, Sarcopenia, and the Collapse of Glucose Disposal Capacity

The trajectory of muscle and strength loss

Human skeletal muscle mass and strength peak in early adulthood, then decline progressively.

Average muscle mass decreases by 3—8% per decade after age 30, with losses accelerating after age 60



(Volpi et al., 2004). Strength declines even more steeply than mass, estimates suggest approximately
1.5% per year after age 50, with further acceleration in later decades (Natgcz-Luta et al., 2024; Leon,

2015).

Sarcopenia is not merely low muscle mass It combines reduced mass, diminished strength, and
impaired physical performance (Volpi et al., 2004; Natgcz-Luta et al., 2024). These deficits translate
into slower gait speed, reduced balance, increased fall risk, loss of independence, and higher mortality

(LaMonte et al., 2026; Leong et al., 2015).

Progressive loss of skeletal muscle mass and quality means not only that you have less contractile
tissue, but also that you lose a substantial fraction of the body’s glycogen storage, amino acid reservoir,
and oxidative machinery. Skeletal muscle is the principal site for postprandial glucose disposal and a
major regulator of fat oxidation. When mitochondrial content and B-oxidative enzyme capacity decline
with aging and disuse, the muscle’s ability to oxidize incoming fatty acids is markedly reduced. The
excess lipid load is then preferentially stored as triglyceride in adipose tissue and as ectopic fat within
myocytes and hepatocytes, where accumulation of intermediates such as diacylglycerols and ceramides
activates stress kinases and impairs insulin receptor substrate—PI3K—Akt signaling, promoting insulin
resistance, hyperglycemia, and further fat gain (Hwang & Choi, 2020; Merz & Thurmond, 2020; Shou
et al., 2020). In this setting, “overnutrition” simply means that habitual energy intake chronically
exceeds what a shrunken, mitochondrially compromised muscle mass can oxidize; once limited
glycogen stores are replete and oxidative capacity is saturated, additional carbohydrate is increasingly
diverted to de novo lipogenesis and dietary fat is stored directly, lowering the caloric threshold at which

ectopic fat and metabolic disease develop (Merz & Thurmond, 2020; Short et al., 2005).

Importantly, these deficits are not immutable: moderate-intensity endurance training,

conceptually similar to “Zone II” work, robustly increases mitochondrial respiratory capacity, improves
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fatty acid oxidation, and preserves or restores mitochondrial function across the adult lifespan, even in
older men (Cefis et al., 2025; Gouspillou et al., 2014; Menshikova et al., 2006). Regular aerobic
training upregulates PGC-1a-driven programs of mitochondrial biogenesis and oxidative remodeling in
skeletal muscle and, when combined with resistance exercise and adequate protein intake, improves
insulin sensitivity and attenuates the adverse effects of aging on muscle metabolism (Leon, 2015;

Schnyder & Handschin, 2015; Volpi et al., 2014).

Therefore, deterioration of muscle implies a shift toward greater reliance on glycolytic ATP
production, earlier fatigue, and a narrower metabolic “buffer” for surplus energy, but these changes can
be meaningfully countered by structured endurance and resistance training that expand and enhance the

remaining mitochondrial network.
Sarcopenic obesity and insulin resistance

In many older adults, loss of muscle mass is accompanied by an increase in fat mass, especially
ectopic fat infiltrating muscle and liver, a condition termed sarcopenic obesity. Myosteatosis (fat
infiltration within muscle) is associated with mitochondrial dysfunction, oxidative stress, and impaired
insulin signaling, further promoting anabolic resistance and metabolic inflexibility (Shin & Choi, 2020;

Shou et al., 2020).

Multiple cohort studies demonstrate that low skeletal muscle mass and its progressive loss are
associated with higher incidence of type 2 diabetes. In a population-based Chinese cohort, lower
baseline muscle mass and greater decline over time were each independently associated with increased
diabetes risk, even after adjusting for adiposity and other risk factors (Xue et al., 2023). Similar
cross-sectional data in men show that lower skeletal muscle indices are inversely associated with a

metabolically unhealthy phenotype, irrespective of BMI (De Carvalho et al., 2020).
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Mechanistically, insulin resistance in aging muscle is characterized by impaired insulin signaling
(e.g., reduced IRS—PI3K—Akt activation), diminished GLUT4 translocation, mitochondrial dysfunction,
and increased intramuscular lipid intermediates such as diacylglycerols and ceramides (Merz &
Thurmond, 2021; Shou et al., 2020). These changes blunt muscle protein synthesis (MPS) in response
to both insulin and amino acids a phenomenon termed anabolic resistance (Breen & Phillips, 2011;

Wall et al., 2015).

In essence, as muscle mass and quality decline, the body’s largest “sponge” for glucose shrinks
and stiffens. The same carbohydrate load that was handled easily at age 30 becomes progressively more

toxic at 60 or 70, not because the food changed, but because the storage organ did.

Protein, Anabolic Resistance, and the “Self-Cannibalization” of Muscle

No dedicated protein storage—and why muscle is the reservoir

Unlike fat and glycogen, which are stored in relatively inert depots such as adipose tissue and
hepatic or myocellular glycogen granules, the human body maintains no dedicated storage form for
amino acids. Instead, all body protein is structurally or functionally active, incorporated into enzymes,
immune system, contractile elements, transporters, receptors, and the collagen-rich architecture of

connective tissues and vascular structures.

Within this context, skeletal muscle comprising approximately 40—-50% of total body mass serves
as the body’s principal reservoir of amino acids. During periods of fasting, acute illness, injury, or
inadequate dietary intake, muscle protein is mobilized to sustain essential physiological processes,
including gluconeogenesis and the maintenance of vital organ function (Breen & Phillips, 2011; Volpi

et al., 2004).
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When dietary protein is insufficient or physiological demand is elevated, the body does not
reduce its functional requirements. Instead, it prioritizes critical systems, such as the gut epithelium,
immune cell proliferation, and hepatic acute-phase protein synthesis, by increasing proteolysis within
skeletal muscle (Breen & Phillips, 2011; Kilroe et al., 2023). This process represents a form of
metabolic triage, redistributing amino acids to preserve survival at the expense of contractile tissue

(Aragon et al., 2022).

This hierarchical allocation ensures that essential processes, including collagen synthesis for
tissue repair, neurotransmitter production for cognitive function, and enzymatic activity for metabolic
and vascular regulation, are maintained even under conditions of limited dietary supply (Aragon et al.,
2022). However, sustained reliance on this mechanism results in a chronic negative net protein balance,
contributing to sarcopenia, reduced metabolic capacity, and diminished resilience to physiological

stress.

Anabolic Resistance and the Inadequacy of Conventional Protein Targets

The current Recommended Dietary Allowance (RDA) for protein (0.8 g-kg'-day '), derived from
nitrogen balance studies in younger, sedentary individuals, reflects a minimal requirement to prevent
deficiency rather than an optimal intake for maintaining muscle mass and function. In contrast, stable
isotope and kinetic studies demonstrate that older adults exhibit a blunted muscle protein synthetic
response to typical mixed meals and modest protein intakes, a phenomenon termed anabolic resistance

(Aragon et al., 2022; Wall et al., 2015).

To overcome this reduced anabolic sensitivity and maintain a neutral or positive net protein
balance, higher protein intakes are required. Current evidence-based recommendations suggest 1.2—1.6

g-'kg'-day! for community-dwelling older adults, with intakes of up to 2.0 g-kg™'-day' often
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necessary in the context of acute or chronic illness, frailty, or rehabilitation (Deutz et al., 2014;

Layman, 2024).

Importantly, these higher intakes should not be interpreted as performance-oriented targets, but
rather as physiological requirements that account for age-related anabolic resistance and the increased
catabolic burden associated with illness and inactivity. When protein intake remains insufficient, the
body’s hierarchical prioritization of amino acid allocation ensures that the needs of the gut, immune

system, liver, brain, and cardiovascular system are met at the continued expense of skeletal muscle.

Over time, this results in the progressive erosion of muscle tissue, compromising not only
mechanical function, but also metabolic health. As the primary site of insulin-stimulated glucose
uptake, skeletal muscle plays a central role in glycemic regulation (Merz & Thurmond, 2021).
Consequently, the loss of muscle mass links inadequate protein intake to impaired metabolic control,

increased insulin resistance, and heightened vulnerability across multiple organ systems.

Anabolic Resistance and Elevated Protein Requirements with Aging

Per-Meal Protein Requirements and Muscle Activation Thresholds

Aging skeletal muscle exhibits a reduced sensitivity to anaboli ¢ stimuli, including dietary protein
intake and exercise. Controlled tracer studies demonstrate that, compared with younger adults, older
individuals require a higher per-meal dose of high-quality protein to maximally stimulate muscle
protein synthesis (MPS), approximately 0.4 g-kg™' per meal versus approximately 0.24 g-kg™' in

younger populations (Wall et al., 2015; Zaromskyte et al., 2021).

This difference reflects a higher “muscle activation threshold,” often attributed to a greater
leucine requirement needed to sufficiently activate mTORCI signaling and initiate protein synthesis in

older muscle (Zaromskyte et al., 2021).
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In line with these findings, expert groups such as PROT-AGE and ESPEN recommend daily
protein intakes of 1.0-1.2 g-kg™* for healthy older adults, increasing to 1.2—1.5 g-kg™*, and up to 1.6—
2.0 g'kg™" in cases of illness, frailty, or high physiological stress (Bauer et al., 2013; Deutz et al., 2014).
These values substantially exceed the legacy RDA of 0.8 g-kg'-day!, which was designed to prevent
deficiency rather than preserve muscle mass and functional capacity (Volpi et al., 2013; Martinez et al.,

2023).

Importantly, protein distribution across the day appears to be a critical determinant of MPS. Older
adults benefit from consuming approximately 0.4 g-kg™' of high-quality protein at least three to four
times daily to repeatedly stimulate anabolic signaling (Breen & Phillips, 2011; Zaromskyte et al.,

2021).

Anabolic Resistance: Mechanistic Characteristics

In sedentary older adults, skeletal muscle exhibits a blunted increase in MPS following feeding
and acute exercise. Notably, basal (fasted) MPS rates are generally comparable between young and
older individuals; the age-related effect emerges primarily as a diminished post-prandial response

(Breen & Phillips, 2011; Wall et al., 2015).

For example, Wall et al. (2015) reported approximately 16% lower post-prandial MPS rates in
older men following ingestion of a 20 g protein bolus, despite a higher relative intake per unit of lean
mass. This phenomenon has been described as anabolic inflexibility, wherein aging muscle requires
larger amino acid stimuli, typically approximately 30—40 g of high-quality protein (~0.4 g-kg' and

~2.8-3.0 g leucine), to achieve near-maximal MPS (Aragon et al., 2022; Moore et al., 2015).
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Disuse as a Primary Driver of Anabolic Resistance

Crucially, anabolic resistance is not an immutable consequence of chronological aging, but is
strongly influenced by physical activity levels. Periods of reduced activity, including bed rest, limb
immobilization, or even short-term step reduction, rapidly impair MPS and induce anabolic resistance

in both young and older adults.

For instance, reducing daily activity for as little as two weeks can decrease post-prandial MPS by
approximately 25% in older adults, with incomplete recovery upon resumption of habitual activity
(Breen et al., 2013). These findings suggest that sedentarism is a major driver of anabolic resistance,

with aging increasing susceptibility rather than acting as the sole cause.

Exercise as a Restorative Anabolic Signal

In contrast, regular physical activity, particularly resistance exercise, can substantially restore
anabolic sensitivity. Acute exercise performed prior to protein ingestion enhances amino acid

incorporation into muscle, effectively “sensitizing” skeletal muscle to nutrient availability.

Studies demonstrate that older adults consuming rapidly digested protein (e.g., whey) after
exercise can achieve MPS responses comparable to younger individuals (Pennings et al., 2011). Over
longer time frames, resistance training induces hypertrophy, strength gains, and protein turnover
patterns that resemble those of younger, trained individuals rather than sedentary, age-matched peers

(Deutz et al., 2014; Morton et al., 2018).

Integrated Perspective

Taken together, these findings indicate that anabolic resistance is best understood as a context-
dependent physiological state, driven by the interaction between aging, inactivity, and insufficient

protein intake. While advancing age increases vulnerability to anabolic resistance, it is the combination
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of sedentarism and inadequate nutrition that accelerates muscle loss. Without sufficient protein intake
and regular mechanical loading, the body increasingly relies on endogenous muscle proteolysis to meet
systemic amino acid demands. Over time, this contributes to the progressive decline in muscle mass,

metabolic health, and functional capacity.

Why Resistance Training Is Non-Negotiable for Metabolic Health

Resistance exercise is one of the most potent stimuli for muscle protein synthesis (MPS) across
the lifespan. Even in very old or frail individuals, including nonagenarians, high-intensity resistance
training has been shown to induce muscle hypertrophy, increase strength, and significantly improve

functional capacity (Melov et al., 2007; Brooks et al., 2007).

Beyond structural adaptations, resistance training exerts profound metabolic effects. It enhances
insulin sensitivity, improves glycemic control, and partially reverses anabolic resistance through
improvements in muscle perfusion, mitochondrial function, and intracellular signaling pathways,
including mTORC1 (Hodson et al., 2019; Shou et al., 2020). In older adults with type 2 diabetes,
strength training interventions have demonstrated meaningful improvements in muscle quality and
insulin sensitivity, reinforcing the concept that skeletal muscle remains highly plastic even in the

presence of metabolic disease (Brooks et al., 2007).

Muscle Mass as Metabolic Infrastructure (“Mitochondrial Real Estate”)

A critical but often overlooked concept is that muscle mass itself represents metabolic
infrastructure. Because mitochondria reside within muscle fibers, total mitochondrial capacity is partly

determined by the amount of muscle tissue available.

With aging, reductions in muscle cross-sectional area are often accompanied by declines in total

mitochondrial volume. However, this is largely a consequence of disuse and fiber atrophy rather than
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an inevitable effect of chronological aging (Short et al., 2005; Johnson et al., 2013). In physically
active older adults, mitochondrial respiration and oxidative capacity are remarkably similar to those
observed in younger individuals, indicating that mitochondrial function can be largely preserved when

activity is maintained (Distefano et al., 2017; Cefis et al., 2025).

Thus, resistance training plays a foundational role in preserving what can be conceptualized as
“mitochondrial real estate”, the total volume of metabolically active tissue capable of glucose disposal

and oxidative metabolism.

Endurance Training as a Complementary Mitochondrial Stimulus

While resistance training is the primary driver of muscle hypertrophy and strength, endurance-
type exercise is the dominant stimulus for mitochondrial biogenesis. Moderate-intensity continuous
exercise (“Zone II”’) and high-intensity interval training (HIIT) both robustly activate PGC-1a and
related transcriptional pathways, leading to increases in mitochondrial density, oxidative enzyme
activity, and fatty acid oxidation capacity (Schnyder & Handschin, 2015; Cefis et al., 2025). In older
adults, endurance training increases mitochondrial DNA content, respiratory chain activity, and overall
oxidative capacity to levels approaching those seen in younger individuals (Menshikova et al., 2006;

Grevendonk et al., 2021).

Resistance training also contributes to mitochondrial health, particularly when performed with
sufficient volume, by enhancing mitochondrial protein turnover, reducing oxidative stress, and
improving mitochondrial efficiency, although its primary effect remains on myofibrillar protein

synthesis and type II fiber hypertrophy (Holloway et al., 2018; McKendry et al., 2024).
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Disuse, Not Age, as the Primary Driver of Mitochondrial Decline

Sedentary aging is consistently associated with reduced mitochondrial volume, impaired
oxidative phosphorylation, and increased mitochondrial DNA damage. However, when physical
activity levels are matched, many of these differences between young and older individuals diminish
substantially (Distefano et al., 2017). Long-term endurance-trained older adults (“master athletes™)
maintain high mitochondrial content and oxidative enzyme activity, demonstrating that mitochondrial
decline is largely preventable (Hawkins et al., 2003; Coggan et al., 1992). Although some loss of
muscle fibers and type II fiber size occurs with age, even in active individual, the majority of
mitochondrial decline observed in typical aging populations is attributable to inactivity rather than

aging per se (Nilwik et al., 2013; Narici & Maffulli, 2010).

Integrated Perspective: Resistance Training as the Foundation

Taken together, resistance training is non-negotiable because it preserves the structural and
metabolic foundation upon which all other adaptations depend. By maintaining muscle mass, it sustains
the body’s primary glucose sink, preserves amino acid reserves, and maximizes total mitochondrial

capacity.

Endurance exercise enhances the quality and efficiency of this system, but without sufficient
muscle mass, the overall capacity for glucose disposal and oxidative metabolism remains limited. In
practical terms, while aging may reduce absolute muscle mass compared to youth, regular resistance
and endurance training can maintain high mitochondrial density within existing muscle tissue and
preserve metabolic function. Thus, the goal is not merely to slow decline, but to actively maintain both

the quantity (muscle mass) and quality (mitochondrial function) of skeletal muscle across the lifespan.
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Muscle as a modifiable predictor of morbidity and mortality

Low muscle strength and mass predict disability, falls, hospitalization, and all-cause mortality,
independent of body weight (LaMonte et al., 2026; Leong et al., 2015). Observational data suggest that
older adults with higher muscle mass and strength have lower rates of diabetes, cardiovascular disease,
and mortality, even when adjusted for adiposity (LaMonte et al., 2026; Xue et al., 2023). This

underscores that muscle is not merely “nice to have” but a critical determinant of healthspan.

Resistance training 2—3 times per week, targeting major muscle groups, is consistently
recommended by expert bodies for older adults, alongside aerobic activity and balance training (Deutz
et al., 2014; Leon, 2015). While “heavy” lifting can be intimidating, effective resistance work can be
achieved with bodyweight, resistance bands, free weights, or functional tasks (e.g., loaded carries,

gardening) scaled to individual capacity.

Practical Implications and Educational Guidance

From the evidence above, three educational messages emerge:

1. Muscle is a metabolic organ, not just a mechanical one.

» It is the primary sink for postprandial glucose and a major endocrine organ via myokine
secretion (Merz & Thurmond, 2021; Schnyder & Handschin, 2015; Hoffmann & Weigert,

2017).

* Preserving muscle mass and function is central to preventing insulin resistance, type 2 diabetes,
and related cardiometabolic diseases (Shin & Choi, 2020; Xue et al., 2023; De Carvalho et al.,

2020).
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2. Muscle loss is modifiable.

* Sarcopenia is common but not inevitable; resistance training and adequate protein can
substantially attenuate or reverse age-related declines in muscle mass and strength (Volpi et al.,

2004; Breen & Phillips, 2011; Melov et al., 2007).

* Even in older or frail adults, relatively short interventions (12—-24 weeks) of progressive
resistance training improve muscle size, strength, and quality (Brooks et al., 2007; Melov et al.,

2007). 29 28

3. Protein and resistance training must be aligned with age-related physiology.

* Older adults generally require higher daily protein intakes (>1.0-1.2 g/kg/day, often 1.2—1.6
g/kg/day) and higher per-meal doses (~0.4 g/kg) to overcome anabolic resistance (Bauer et al.,

2013; Deutz et al., 2014; Wall et al., 2015; Zaromskyte et al., 2021).

*  Whole foods should provide the majority of protein; supplemental protein powders are tools for
convenience and gap-filling, not stand-alone solutions (Breen & Phillips, 2011; Martinez et al.,

2023).

Any educational tools derived from this evidence, such as calculators that estimate daily protein
targets from height (as a proxy for lean mass), age, and activity level, and provide per-meal “muscle
activation” targets, should be framed carefully. They can raise awareness of how muscle mass, protein
intake, and resistance training interact, but they are not medical or dietary prescriptions. Individual
needs vary based on health status, medications, comorbidities, and personal goals. Accordingly, any
such tool is for educational purposes only and does not constitute medical or nutrition advice.

Individuals, especially those with chronic diseases (e.g., diabetes, kidney disease, cardiovascular
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disease), should consult a physician or registered dietitian before making substantial changes to diet or

exercise.

Conclusion: Protecting the Metabolic Engine

Skeletal muscle is more than a structure that moves us; it is a central regulator of energy balance,
glucose handling, and systemic health (Merz & Thurmond, 2021; Sjeberg et al., 2021). As we age,
failing to protect and stimulate this tissue through resistance training and sufficient protein intake leads
to a progressive loss of our primary glucose “sponge” and amino acid reservoir. The consequences,
insulin resistance, sarcopenic obesity, frailty, and cardiometabolic disease, unfold over decades, often
silently, until they manifest as disability or a chronic diagnosis (Volpi et al., 2004; Shin & Choi, 2020;

Xue et al., 2023).

Reframing muscle as a metabolic and endocrine organ shifts the focus from cardio-only
approaches to a more comprehensive view of movement and nutrition. Walking for the heart remains
important; but without sufficient muscle, the heart pumps into a metabolically compromised system.
Resistance training, scaled appropriately, and age-appropriate protein intake are therefore not optional
add-ons but foundational components of metabolic health and healthy aging (Leon, 2015; Breen &

Phillips, 2011; Deutz et al., 2014). 12 11 25

The best time to invest in muscle was decades ago; the second-best time is now.
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