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ABSTRACT

Healthy longevity depends on preserving functional capacity and resilience across the life course.
Although physical activity is consistently associated with favourable health outcomes, the physiological
system through which repeated activity produces coordinated, organism-wide adaptations requires more
precise synthesis. This narrative review examines the evidence that skeletal muscle is a central,
modifiable regulator of healthy longevity. Skeletal muscle is not only the principal organ for locomotion
but also a major site of glucose disposal, amino-acid turnover, metabolic flexibility, and contraction-
induced inter-organ signalling. Age-related reductions in muscle strength, quality, mass, and physical
performance are associated with disability, falls, cardiometabolic disease, frailty, and mortality;
contemporary sarcopenia consensus criteria accordingly prioritise low muscle strength as a key clinical
characteristic (Cruz-Jentoft et al., 2019). Mechanistically, repeated contraction initiates structural,
metabolic, vascular, immune, neural, and endocrine responses, including signalling through myokines and
other exerkines (Pedersen & Febbraio, 2012; Severinsen & Pedersen, 2020). These responses may
influence several biological processes implicated in ageing, although direct causal evidence for the
regulation of individual hallmarks remains uneven. We argue that skeletal muscle should be understood
neither as the sole driver of healthy longevity nor merely as an effector of exercise, but as a highly
modifiable physiological hub whose preservation is likely to support multisystem function. The review
identifies priorities for longitudinal, mechanistic, and intervention research, including multidomain
phenotyping of muscle health and the testing of muscle-targeted interventions against clinically

meaningful healthy-ageing outcomes.
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1. Introduction

1.1 Healthy longevity as a functional

objective

Increasing life expectancy is one of the
major achievements of modern public
health and medicine. Yet, longevity
measured solely as years lived does not
capture whether those years are
accompanied by preserved mobility,
cognitive capacity, autonomy, and
participation. In many populations, gains
in life expectancy have been
accompanied by a substantial burden of
chronic disease, multimorbidity, frailty,
and disability. Consequently, the central
objective of contemporary ageing
research has increasingly shifted from
prolonging lifespan per se to extending
healthy longevity: the preservation of
functional ability and the capacity to do
what people value throughout later life
(Beard et al, 2016; World Health
Organization [WHO], 2020).

This shift is scientifically consequential.
Healthy longevity is not a single
biological trait, nor can it be inferred
from one molecular marker or one
disease outcome. It emerges from
interactions among molecular and
cellular

processes, organ-system

function, physical and cognitive
performance, behaviour, environmental
exposures, and social conditions. The
Hallmarks of Aging framework has
provided an influential account of the

interconnected molecular and cellular

processes associated with ageing,
whereas geroscience has emphasised the
possibility that targeting fundamental
ageing mechanisms may delay multiple
chronic  conditions  simultaneously
(Kennedy et al., 2014; Lopez-Otin et al,,
2013, 2023). Complementary public-
health frameworks emphasise intrinsic
capacity and functional ability as the
outcomes that matter to individuals and
societies (Beard et al.,, 2016). Together,
these perspectives make clear that a
complete account of healthy longevity
requires both biological mechanisms and
the physiological systems through which
everyday behaviours are translated into

maintained function.

1.2 Physical activity, exercise, and the

unresolved physiological question

Regular physical activity is consistently
associated with lower risk of major non-
communicable diseases, better physical
function, and improved survival.
Conversely, physical inactivity is a major,
modifiable contributor to chronic disease
burden (Booth et al., 2012; Bull et al,
2020). Exercise interventions can induce
broad adaptations in cardiorespiratory
fitness, insulin sensitivity, vascular
function, body composition,
neuromuscular  performance, and
psychological well-being. These benefits
are often discussed as if they arise from a
unitary “exercise effect.” However,
exercise is not a single stimulus: its
physiological consequences depend on

modality, intensity, volume, timing,
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training status, nutritional state, age, sex,
disease burden, and recovery. The
relevant biological question is therefore
not simply whether exercise is beneficial,
but how repeated activity is sensed,
integrated, and propagated across the

organism over time.

Skeletal-muscle contraction is a plausible
starting point for this question. During
voluntary movement, skeletal muscle is
exposed simultaneously to mechanical
loading, changes in energy demand,
altered substrate flux, neural activation,
haemodynamic stress, and local
inflammatory and regenerative signals.
Repeated exposure to these stimuli
produces structural and metabolic
remodelling within muscle and may
initiate responses in distant tissues.
Nonetheless, it  would be an
overstatement to equate all benefits of
physical activity with muscle contraction
alone. Cardiovascular, neural, immune,
hepatic, adipose, and psychosocial
pathways are also indispensable. The
task is therefore to determine whether
skeletal muscle occupies a distinctive
position within this network and, if so,
what the strength and limits of the

evidence are.

1.3 Skeletal muscle: more than an

organ of locomotion

Skeletal muscle is commonly understood
as the organ that generates movement.
That function is fundamental, but it is
biologically incomplete. Skeletal muscle

is also a major site of insulin-stimulated

glucose disposal, amino-acid storage and
turnover, lipid oxidation, and metabolic
flexibility. Its structural and metabolic
properties are highly responsive to
activity, disuse, nutrition, ageing, and
disease (Egan & Zierath, 2013; Frontera
& Ochala, 2015). This responsiveness
makes skeletal muscle both vulnerable to
adverse exposures and accessible to
behavioural intervention across the life

course.

The clinical relevance of muscle health is
reflected in the modern understanding of
sarcopenia. The revised European
consensus defines sarcopenia as a
progressive and generalised skeletal-
muscle disorder associated with adverse
outcomes and places low muscle
strength at the centre of case finding and
diagnosis; low muscle quantity or quality
confirms the diagnosis, and impaired
physical performance denotes severity
(Cruz-Jentoft et al, 2019). This
framework importantly distinguishes
muscle mass from muscle function.
Muscle mass alone does not determine
strength, and strength alone does not
fully represent power, endurance,
balance, mobility, or resilience.
Nevertheless, the emphasis on function is
well supported by observational
evidence: higher muscular strength is
associated with lower all-cause mortality
in large prospective datasets, although
such associations cannot, by themselves,
establish causality (Garcia-Hermoso et

al, 2018).
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A muscle-centred approach to healthy
longevity should therefore not reduce
muscle health to a single measurement. It
should consider a  multidomain
phenotype  that includes  mass,
composition and quality, strength,
power, endurance, neuromuscular
control, and physical performance. These
domains are interrelated but not
interchangeable. Their relative
importance also changes across the life
course and across clinical contexts. Such
differentiation is essential if skeletal
muscle is to be evaluated as a regulator of
healthy longevity rather than treated
merely as a proxy for habitual activity or

overall health.

1.4 The endocrine and communicative

functions of skeletal muscle

A second reason for examining skeletal
muscle in the context of healthy longevity
is its capacity for inter-organ
communication. Contracting muscle
releases a diverse set of peptides,
proteins, metabolites, and other
signalling entities that can actlocally and,
in some cases, at distant sites. The
recognition of skeletal muscle as a
secretory organ helped establish the
concepts of myokines and, more broadly,
exerkines (Pedersen, 2013; Pedersen &
Febbraio, 2012). Muscle-derived signals
have been implicated in communication
with adipose tissue, liver, bone, the
vasculature, pancreas, brain, and

immune cells, linking activity to systemic

metabolic and inflammatory responses
(Severinsen & Pedersen, 2020).

This literature is scientifically promising
but requires careful interpretation. The
origin, magnitude, duration, and
functional consequences of putative
muscle-derived signals are affected by
exercise mode, tissue cross-talk,
circulating clearance, disease state, and
measurement methodology. A circulating
factor that changes after exercise is not
necessarily muscle-derived, and a
mechanistic effect observed in cell
culture or animal models is not
automatically demonstrated in humans.
Accordingly, the purpose of a muscle-
centred review should not be to
catalogue individual molecules as
independent “longevity factors.” Rather,
it should evaluate whether the
contraction-responsive muscle
secretome and associated organ

crosstalk provide a coherent
physiological basis for multisystem

adaptation.

1.5 Muscle health and the biology of

ageing

The biology of ageing provides an
additional lens through which to
examine skeletal muscle. Hallmark-
related processes—including
mitochondrial dysfunction, deregulated
nutrient sensing, impaired proteostasis
and autophagy, chronic inflammation,
cellular senescence, stem-cell
dysfunction, and altered intercellular

communication—are relevant to both
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systemic ageing and age-related changes
in human muscle (Lopez-Otin etal., 2023;
Nederveen et al, 2023). Exercise and
habitual activity have been associated
with favourable changes in several of
these processes. Yet the evidence differs
markedly  across pathways and
experimental systems. Some findings
derive from controlled human training
studies; others are  based on
observational associations, animal
experiments, or cellular models. A
rigorous synthesis must preserve these

distinctions.

In particular, the observation that
exercise or muscle contraction influences
a hallmark-related pathway does not
demonstrate that skeletal muscle
directly regulates the hallmark at the
level of the whole organism, nor does it
establish an effect on human healthspan.
Such claims require longitudinal and
intervention evidence linked to clinically
meaningful outcomes. At the same time,
the convergence of functional, metabolic,
endocrine, and molecular observations
suggests that skeletal muscle may be
more than a passive target of ageing. It
may be a modifiable physiological hub
through which repeated behavioural
stimuli contribute to the maintenance of
organism-wide function. This
proposition is biologically plausible, but
it remains a proposition to be evaluated

rather than an established fact.

1.6 Aim and scope of this review

This narrative review evaluates the
evidence that skeletal muscle is a central,
modifiable regulator of healthy longevity.
It has four objectives. First, it defines the
multidimensional components of muscle
health and their relationship to clinically
meaningful outcomes. Second, it reviews
the metabolic, endocrine, and inter-
organ functions through which skeletal
muscle may influence  systemic
physiology. Third, it critically maps
muscle-related evidence onto biological
processes implicated in ageing, explicitly
distinguishing  human intervention
evidence from observational, animal, and
cellular findings. Fourth, it identifies
translational implications and research
priorities for preserving muscle health

across the life course.

The review does not argue that skeletal
muscle is the sole determinant of healthy
longevity, nor does it claim that all
benefits of physical activity are muscle-
mediated. Instead, it tests a more limited
and clinically useful thesis: because
skeletal muscle is highly modifiable,
functionally indispensable, metabolically
active, and extensively connected to
other organs, its preservation is likely to
be a central component of strategies
designed to sustain healthy longevity. By
making the evidentiary boundaries
explicit, the review aims to provide a
foundation for mechanistic, clinical, and
preventive research on muscle-centred

approaches to healthy ageing.
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2. Skeletal Muscle as a Modifiable

Metabolic and Functional Organ

2.1 From locomotor tissue to a

multidomain physiological system

Skeletal muscle is indispensable for
locomotion, posture, ventilation, and the
execution of activities of daily living. Yet,
defining its contribution to healthy
longevity solely through movement
would overlook its broader physiological
roles. Skeletal muscle constitutes a large
proportion of fat-free mass and is a major
site of substrate turnover, insulin-
stimulated glucose disposal, amino-acid
storage, and energy expenditure. Its
phenotype is continuously shaped by
mechanical loading, neural activation,
substrate availability, endocrine signals,
inflammation, disuse, ageing, and disease
(Frontera & Ochala, 2015; Egan &
Zierath, 2013). These features make
muscle biologically consequential in two
directions: it is susceptible to the
accumulated exposures that accompany
ageing, and it remains responsive to
behavioural and clinical interventions

across much of the life course.

The concept of muscle health is therefore
necessarily multidimensional. Muscle
mass, fibre type, architecture,
intramuscular adipose tissue, fibrosis,
mitochondrial properties, contractile
function, strength, power, fatigability,
and physical performance each capture
different aspects of the muscle

phenotype. They are related, but they

should not be treated as interchangeable.
In particular, a larger muscle is not
inevitably a stronger, more metabolically
flexible, or more functional muscle.
Conversely, changes in strength may
reflect neural adaptation, coordination,
pain, or task familiarity in addition to
changes in muscle tissue. A review
concerned with healthy longevity must
preserve these distinctions, because
reducing muscle health to any one
dimension risks mischaracterising both

the biology and the intervention targets.

2.2 Muscle mass: necessary, but not

sufficient

Muscle mass provides the structural
substrate for force generation, mobility,
protein reserve, and metabolic activity.
With ageing, periods of immobilisation,
inadequate nutrition, chronic
inflammation, and many chronic
diseases, muscle mass may decline. Such
losses can contribute to reduced reserve
and vulnerability to stressors. However,
the relationship between muscle mass
and clinically relevant function is neither
linear nor complete. Individuals with
similar muscle mass may differ
substantially in force production, power,
mobility, fatigability, and metabolic
health. This reflects differences in neural
drive, muscle architecture, tendon
properties, fibre composition, motor-
unit remodelling, intramuscular fat,

fibrosis, and mitochondrial function.

The clinical evolution of sarcopenia

definitions illustrates this point. The
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revised European Working Group on
Sarcopenia in Older People consensus
identifies low muscle strength as the
primary characteristic of probable
sarcopenia, with low muscle quantity or
quality used to confirm the diagnosis and
low physical performance used to
identify severe sarcopenia (Cruz-Jentoft
et al., 2019). This framework does not
imply that muscle mass is unimportant.
Rather, it recognises that quantity alone
has limited capacity to represent the
functional consequences of adverse
muscle changes. For a healthy-longevity
perspective, muscle mass should thus be
considered a necessary component of
muscle health, but not a stand-alone

endpoint.

This distinction is also relevant to

intervention research. Resistance
training, aerobic exercise, nutritional
strategies, and multimodal rehabilitation
may alter muscle mass, strength,
metabolic  function, and physical
performance to different degrees and on
different time scales. An intervention
that produces only a small change in lean
mass may still improve strength or
mobility; conversely, a measurable
increase in mass may not translate into
patient-important  functional gains.
Accordingly, studies should report a
sufficiently broad set of outcomes to
determine whether a change in tissue
quantity is accompanied by improved
muscle function and broader health-

relevant capacity.

2.3 Muscle quality: composition,
architecture, and force-generating
capacity

Muscle quality is an umbrella term for
the properties that determine function
relative to muscle quantity. It includes
macroscopic features such as
intramuscular adipose tissue and
connective-tissue accumulation, as well
as microscopic and molecular features
including fibre morphology, contractile
protein integrity, mitochondrial function,
capillarisation, and motor-unit
behaviour. Although no single measure
captures the full construct, imaging-
based estimates of myosteatosis,
strength relative to muscle mass, and
measures of tissue composition are often
used as partial indicators. Their
interpretation requires caution because
the method used, the anatomical site
measured, and the clinical population

can materially influence the result.

The importance of muscle quality
becomes especially apparent in ageing
and metabolic disease. Accumulation of
lipid within and around skeletal muscle
has been associated with impaired
insulin action and lower physical
function, although the direction and
mechanisms of these associations are
complex (Goodpaster et al, 2001).
Muscle quality may also be affected by
reduced capillary density, altered
mitochondrial turnover, chronic low-
grade inflammation, and impaired

regenerative capacity. These alterations
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can coexist with stable or even high
muscle mass, particularly in obesity. As a
result, body size or lean mass should not
be interpreted as a direct measure of

functional reserve.

For this review, the central implication is
methodological as well as conceptual.
Evidence on muscle health should be
interpreted according to the phenotype
being measured. Lean mass measured by
dual-energy X-ray absorptiometry, cross-
sectional area measured by imaging,
handgrip strength, knee-extensor torque,
and gait speed do not answer the same
question. Combining them
indiscriminately under the label “muscle”
can exaggerate apparent consistency or
conceal clinically important
heterogeneity. A multidomain approach
is more demanding, but it more closely
reflects the system that is proposed to

influence healthy longevity.

2.4 Muscle strength, power, and

physical performance

Muscle strength is a central functional
expression of the neuromuscular system
and has clear clinical relevance. It reflects
not only the contractile capacity of
muscle tissue but also neural activation,
coordination, joint mechanics, and
motivation. In large prospective cohorts,
higher muscular strength—often
assessed with handgrip dynamometry—
has been associated with lower all-cause
mortality (Garcia-Hermoso et al.,, 2018).
Such findings support the value of

strength assessment for risk

stratification, but they do not establish
that increasing a strength score
independently causes longer life or
better healthspan. Reverse causation and
shared determinants, including disease
burden, nutrition, socioeconomic
conditions, and habitual activity, remain

important considerations.

Power, the ability to generate force
rapidly, may be particularly important
for mobility tasks such as rising from a
chair, climbing stairs, and preventing a
fall. Age-related losses in power can
exceed losses in maximal strength, and
impairments in power may be closely
related to reduced mobility. Endurance
and fatigability = provide further
information about the capacity to sustain
activity and recover from physiological
stress. These domains are relevant to the
lived experience of ageing because daily
function rarely consists of one maximal
contraction. It depends on repeated,
coordinated, and context-specific

performance across a range of

intensities.
Physical performance measures,
including  gait speed, chair-rise

performance, the Short Physical
Performance Battery, and timed walking
tests, integrate muscle function with
balance,

cardiopulmonary  reserve,

sensory input, cognition, and
environmental context. They should not
be interpreted as muscle-specific
biomarkers. Their value is precisely that

they capture functional capacity at the
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organismal level. In a healthy-longevity
framework, the most informative
approach is not to choose between
muscle-specific and performance-based
outcomes, but to examine their
relationship: whether changes in muscle
structure and function are accompanied
by changes in the ability to move, remain

independent, and tolerate stressors.

2.5 Skeletal muscle as a major

metabolic organ

Skeletal muscle has a major role in
whole-body metabolic homeostasis. In
the postprandial state, it accounts for a
substantial proportion of insulin-
mediated glucose uptake; impairments
in muscle insulin action are therefore
relevant to the pathophysiology of
insulin resistance and type 2 diabetes
(DeFronzo & Tripathy, 2009). During
exercise, muscle increases energy
turnover and adjusts substrate use in
response to intensity, duration, training
availability.

status, and nutrient

Repeated  activity can  promote
mitochondrial biogenesis, oxidative
capacity, capillary adaptations, and
improved metabolic flexibility, although
the magnitude and durability of these
responses vary substantially among

individuals (Egan & Zierath, 2013).

This metabolic role provides one route
through which muscle health may
influence healthy longevity. Impaired
muscle insulin sensitivity, low oxidative
capacity, inactivity, and accumulation of

intramuscular lipid may coexist with

cardiometabolic risk factors and reduced
physical function. However, it would be
inappropriate to infer a simple one-way
causal pathway from muscle phenotype
to  systemic  disease. Metabolic
dysfunction can adversely affect muscle
through inflammation, vascular disease,
neuropathy, hormonal changes, and
reduced  activity, = while  muscle
impairment can in turn limit activity and
worsen metabolic control. The relevant
model is reciprocal interaction rather

than a single-direction mechanism.

Muscle also represents a dynamic
protein reservoir and a site of substantial
amino-acid turnover. During acute
illness,  prolonged inactivity, or
inadequate dietary intake, rapid changes
in muscle protein balance may
contribute to loss of function and delayed
recovery. This is clinically relevant
because resilience to illness,
hospitalisation, and immobilisation
depends partly on the capacity to
preserve or restore muscle function.
These  observations support the
importance of muscle in maintaining
reserve, but they also reinforce the need
to integrate nutrition, disease
management, and rehabilitation rather
than treating exercise as an isolated

intervention.

2.6 Plasticity and modifiability across

the life course

A defining property of skeletal muscle is
plasticity. Mechanical, metabolic, neural,

and nutritional stimuli can induce
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remodelling from the molecular level to
whole-muscle performance. Resistance
exercise can increase strength and, under
appropriate conditions, hypertrophy;
endurance-oriented training can
improve oxidative capacity and fatigue
resistance; combined approaches may
address multiple components of the
muscle-health phenotype. Conversely,
bed rest, step reduction, injury, and
hospitalisation can rapidly impair muscle
function and metabolic regulation. The
speed of decline during disuse
underlines the clinical importance of
preserving activity and restoring

function after health setbacks.

Plasticity should not be confused with

unlimited reversibility. Training
responses vary with baseline function,
age, sex, comorbidities, medication use,
nutritional status, sleep, psychosocial
factors, and programme adherence. The
presence of heterogeneity does not
diminish the relevance of muscle-
targeted interventions; rather, it makes
individualisation = and  appropriate
outcome selection essential. For older
adults and clinical populations, the most
meaningful goal may not be maximal
hypertrophy. It may be an improvement
in strength, power, confidence, walking
ability, metabolic control, or the capacity

to recover from a stressor.

The modifiability of skeletal muscle is
particularly important from a preventive
perspective. Unlike many non-modifiable

risk factors, muscle function can be

assessed repeatedly and targeted
through activity, exercise, rehabilitation,
nutrition, and treatment of underlying
disease. Whether changes in muscle
health  translate into  sustained
improvements in healthy longevity
remains an empirical question that
requires long-term trials and cohort
studies. Nevertheless, the combination of
accessibility, functional necessity, and
metabolic integration makes skeletal
muscle a plausible priority for

intervention across the life course.

2.7 Synthesis

Skeletal muscle should be understood as
a multidomain metabolic and functional
organ rather than a passive source of
movement or a single proxy measure.
Muscle mass provides essential
structural capacity, but quality, strength,
power, endurance, neuromuscular
control, and physical performance
determine how that capacity is
expressed. Its roles in glucose disposal,
substrate turnover, protein metabolism,
and adaptive remodelling connect
muscle health to broader physiology. At
the same time, these connections are
reciprocal and context-dependent. The
available evidence supports skeletal
muscle as a highly modifiable contributor
to function and metabolic health; it does
not support the claim that any individual
muscle measure alone determines
healthy longevity. This nuanced
interpretation provides the basis for

examining, in the following sections, how
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skeletal muscle communicates with
other organs and how muscle-related
processes may intersect with the biology

of ageing.

3. Muscle Health and Clinically

Meaningful Outcomes

3.1 From physiological measures to

outcomes that matter

The clinical relevance of skeletal muscle
lies not only in its measurable properties
but in the outcomes those properties
may help to preserve. Healthy longevity
concerns the ability to move safely,
remain independent, recover from
illness, participate in social life, and avoid
preventable disability. Muscle mass,
quality, strength, power, and physical
performance are therefore  best
understood as candidate determinants,
markers, or mediators of these
outcomes—not as  outcomes in
themselves. The central question is
whether variation in muscle health
predicts meaningful differences in
disability, falls, hospitalisation, frailty,
and survival, and whether improving

muscle health changes those trajectories.

The available literature provides

substantial prognostic evidence.
Sarcopenia and low muscle function are
consistently associated with adverse
health outcomes in older adults, while
muscle strength and physical
performance are useful risk-
stratification measures in many settings.

However, this evidence should not be

interpreted as a simple causal chain. Low
muscle strength can arise from
underlying disease, undernutrition,
inflammation, pain, neurological

impairment, cognitive decline,
depression, and reduced physical
activity; each of these factors may also
influence the clinical outcomes under
study. Thus, a muscle measure may
represent a modifiable target, a marker
of accumulated vulnerability, or both. A
rigorous synthesis must retain that

uncertainty.

3.2 Disability, loss of independence,
and frailty

Loss of independence is among the most
important adverse outcomes of ageing. It
is commonly expressed as new difficulty
with activities of daily living, slower
mobility, reduced ability to rise from a
chair or climb stairs, or dependence on
support from others. These outcomes are
inherently multisystem. They depend on
muscle  function but also on
cardiovascular and respiratory reserve,
balance, sensory function, cognition,
pain, motivation, the built environment,
and social support. Accordingly, a strong
relationship between low muscle
function and disability is expected, but it
does not make disability a muscle-

specific outcome.

Evidence syntheses nevertheless
indicate that sarcopenia is associated
with a markedly higher risk of functional
decline and disability. In an umbrella

review of observational evidence, the
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associations  of  sarcopenia  with
mortality, disability, and falls were rated
as highly suggestive, while the authors
also emphasised that the effect of
interventions on these outcomes
requires further study (Veronese et al,,
2021). This distinction is essential. The
prognostic association supports clinical
attention to muscle health and early
identification of people at risk; it does
not, by itself, show that increasing
muscle mass or strength will prevent

every case of disability.

Frailty provides a related but distinct
framework. Frailty describes increased
vulnerability to stressors and often
includes weakness, slowness, low
physical activity, exhaustion, and weight
loss. Muscle impairment can contribute
to this phenotype, but sarcopenia and
frailty are not synonymous. Treating
them as interchangeable can obscure
both clinical assessment and
mechanisms. In the context of healthy
longevity, muscle health may be one
important component of resilience: a
person with greater strength, power, and
metabolic reserve may better tolerate
acute illness or temporary inactivity. Yet
resilience also depends on other organ
systems, psychological resources, and
social conditions. The paper should
therefore position muscle as a plausible
contributor to resilience rather than a

complete explanation of frailty.

3.3 Falls and

multifactorial outcome

fractures: a

Falls and fractures exemplify the
importance—and the limits—of a
muscle-centred interpretation. Lower-
limb strength, power, and rapid postural
responses  contribute to  balance
recovery, gait stability, and the ability to
avoid a fall. At the same time, falls are
influenced by vision, vestibular function,
medications, cardiovascular instability,
cognition, environmental hazards,
footwear, and risk-taking behaviour.
Fracture risk adds bone density, bone
geometry, and the mechanics of the fall. A
clinically useful account of muscle health
should therefore recognise that muscle is
relevant to falls and fractures without

treating it as the only modifiable factor.

A systematic review and meta-analysis
including more than 45,000 older adults
found that sarcopenia was associated
with higher odds of both falls and
fractures; prospective analyses also
showed positive associations (Yeung et
al, 2019). The breadth of this evidence
supports muscle assessment as part of
fall-risk evaluation. However, diagnostic
definitions of sarcopenia, recruitment
settings, and confounder adjustment
varied across studies. The pooled
estimates should consequently be read
as evidence of an important association,
not as a precise, universal risk estimate
or proof that a muscle-targeted
intervention alone will prevent falls or

fractures.
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The translational implication is that
prevention needs a multimodal design.
Resistance and balance-focused exercise
may be combined with assessment of
medications, vision, cardiovascular
status, home hazards, nutrition, and bone
health according to individual risk. Such
an approach is consistent with the
paper’s central argument: skeletal
muscle is a modifiable and clinically
consequential system, but its benefits are
expressed through interaction with other
physiological and environmental

systems.

3.4 Hospitalisation, acute illness, and

recovery

Hospitalisation is both an outcome and a
stressor for muscle health. Acute illness,
bed rest, inflammation, inadequate
dietary intake, and immobility can
rapidly impair strength, functional
capacity, and metabolic regulation.
Conversely, pre-existing low muscle
function may identify people with lower
reserve who are more likely to
experience adverse hospital-related
outcomes. This bidirectional relationship
makes temporal interpretation
especially difficult: sarcopenia may
increase vulnerability to hospitalisation,
while hospitalisation may accelerate the
development or  progression  of

sarcopenia.

Meta-analyses of prospective cohorts
have reported associations between
sarcopenia and subsequent

hospitalisation, but the magnitude and

consistency of the association vary by
setting and definition. For example,
Zhang et al. (2018) reported a pooled
association between sarcopenia and
hospitalisation in older adults, whereas a
separate  synthesis found  more
consistent evidence for readmission
among older inpatients than for
hospitalisation or length of stay in
community-dwelling populations (Zhao
et al, 2019). These differences are
informative rather than contradictory.
They suggest that baseline health status,
care setting, follow-up duration, and the
outcome definition materially shape

observed associations.

For healthy-longevity research, the
relevant concept is recovery capacity.
Studies should examine whether
measures of muscle health predict not
only hospital use but also recovery of
mobility, return to wusual activities,
discharge destination, and subsequent
participation. Likewise, interventions
should assess whether early
mobilisation, rehabilitation, nutrition,
and resistance exercise improve patient-
important recovery outcomes. Such
designs would move the literature
beyond the identification of low muscle
function as a risk marker toward testing

its role as an intervention target.

3.5 Mortality and the interpretation of

prognostic associations

Associations between muscle health and
mortality are among the most widely

cited findings in this field. A systematic
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review and meta-analysis of
approximately two million adults
reported that higher muscular strength
was associated with lower all-cause
mortality, based on measures including
handgrip and knee-extension strength
(Garcia-Hermoso et al., 2018). Similarly,
meta-analytic and umbrella-review
evidence links sarcopenia with higher
mortality in older populations (Beaudart
etal.,, 2017; Veronese et al,, 2021). These
data make a strong case for including
muscle function in risk assessment and
for considering muscle health within

strategies for healthy ageing.

Mortality, however, is a distal and non-
specific outcome. Low strength may
precede death because it reflects
subclinical disease, accumulated
adversity, socioeconomic disadvantage,
malnutrition, or reduced activity.
Statistical adjustment can attenuate but
cannot eliminate all such confounding,
particularly when exposures and
outcomes change over time. It is
therefore inaccurate to infer from
prognostic associations that increasing
handgrip strength in isolation will
necessarily reduce mortality. Nor should
a single measurement be presented as a
biological-age test. Its practical value lies
in  contributing to  multidomain
assessment, identifying vulnerability,
and prompting evaluation of potentially

reversible causes.

The distinction between prediction and

causation is not merely methodological.

[t directs research priorities. Prospective
cohorts should use repeated measures of
strength, body composition, physical
performance, morbidity, nutrition, and
activity to clarify trajectories.
Randomised trials should test whether
interventions that preserve or improve
muscle function also improve outcomes
such as mobility, independence, falls,
hospital recovery, and quality of life.
Mortality may remain an important long-
term endpoint, but most trials will be
more informative when they focus on
outcomes that are both patient-
important and plausibly responsive

within the intervention period.

3.6 Clinical

interpretation

measurement and

No single measure is sufficient for clinical
or research interpretation. Handgrip
strength is inexpensive, practical, and
prognostically informative, but it does
not directly represent lower-limb power,
balance, or habitual mobility. Measures
such as chair-rise time, gait speed, and
the Short Physical Performance Battery
capture function at a broader level but
are influenced by multiple non-muscular
systems. Imaging and body-composition
measures provide information about
muscle quantity and composition, yet
their availability, standardisation, and
clinical interpretation vary.
Contemporary sarcopenia guidance
appropriately combines these domains
rather than relying on mass alone (Cruz-
Jentoft et al.,, 2019).
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For the present review, this has two
consequences. First, claims about
“muscle health” should state which
domain was measured. Second, evidence
should be organised around clinically
meaningful outcomes while retaining the
difference between a predictor, a
diagnostic criterion, a mechanistic
mediator, and a treatment target. This
approach avoids a false choice between
biological detail and clinical relevance. It
allows skeletal muscle to be recognised
as central to function and risk without
overstating the certainty of causal

inference.

3.7 Synthesis

Low muscle function and sarcopenia are
consistently associated with disability,
falls, hospital-related outcomes, and
mortality. The evidence is strongest for
their value as markers of vulnerability
and predictors of adverse trajectories. It
supports early assessment and the
integration of muscle health into
multidomain prevention and clinical
care. It does not establish that every
association is causal or that a change in a
single muscle metric will translate
directly into longer healthspan. The
clinical importance of muscle is best
understood in a systems context:
preserving muscle strength, quality, and
functional capacity is likely to support
healthy longevity, particularly when
combined with interventions that

address the wider determinants of

mobility, disease burden, recovery, and

resilience.

4. Skeletal Muscle as an Endocrine

and Inter-Organ Signalling Organ

4.1 From contractile tissue to a

signalling organ

The recognition of skeletal muscle as an
endocrine organ has substantially
broadened the physiological
interpretation of exercise. Skeletal
muscle does not respond to contraction
exclusively through local structural and
metabolic  adaptations.  Contractile
activity is accompanied by the release
and modulation of a complex array of
peptides, proteins, metabolites, lipids,
extracellular vesicles, and other
signalling entities that may act locally or
influence distant tissues. The concepts of
myokines and exerkines were introduced
to describe components of this broader
communication network, although their
definitions and biological boundaries
remain heterogeneous (Pedersen, 2013;
Pedersen & Febbraio, 2012; Severinsen &

Pedersen, 2020).

The endocrine function of muscle should
therefore not be interpreted as a simple
system in which individual molecules are
released by muscle and subsequently
produce isolated effects in specific
organs. Contemporary evidence
increasingly supports a network model

in which the biological consequences of
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contraction depend on the intensity and
duration of exercise, the metabolic state
of the individual, the tissue of origin,
secretion kinetics, circulating clearance,
receptor expression, and the
simultaneous release of multiple signals.
Recent work has consequently proposed
that the physiological information
conveyed by contracting muscle may be
better understood as a context-
dependent signalling pattern rather than
as a collection of independent “exercise

factors” (Severinsen & Pedersen, 2020).

This distinction is important for the
healthy-longevity hypothesis. If skeletal
muscle is considered a central regulator,
its potential systemic influence should
not depend on the existence of a single
dominant myokine. Rather, muscle may
contribute to organism-wide adaptation
through the coordinated integration of
mechanical, metabolic, neural, vascular,
endocrine, and secretory signals. The
resulting effects may differ according to
the tissue exposed and the physiological

context.

4.2 Muscle-liver and muscle-adipose

tissue communication

One important component of muscle-
organ communication involves the
regulation of substrate metabolism.
During physical activity, contracting
muscle substantially alters glucose and
lipid utilisation, amino-acid turnover,

and energy demand. These local changes

interact with hepatic and adipose
metabolism to maintain systemic energy
homeostasis. Muscle contraction
therefore functions not only as a local
metabolic event but also as a
perturbation of whole-body substrate

flux.

The interaction between skeletal muscle
and adipose tissue is particularly
relevant because both tissues are major
determinants of systemic metabolic
health. Exercise can alter adipose tissue
lipolysis, insulin sensitivity,
inflammatory signalling, and substrate
availability, = while  adipose-derived
factors can influence muscle metabolism
and function. Such interactions are
bidirectional and cannot be reduced to a
single muscle-derived endocrine signal
(Pedersen & Febbraio, 2012; Severinsen

& Pedersen, 2020).

The liver similarly participates in the
metabolic response to exercise by
regulating glucose production, lipid
metabolism, and substrate distribution.
Muscle activity changes the demand for
circulating substrates, while hepatic
metabolism adapts to maintain energy
availability. The resulting muscle-liver
interaction  provides a  plausible
physiological mechanism through which
repeated physical activity can influence
systemic metabolic flexibility.
Nevertheless, the existence of this
interaction does not establish that

muscle is the primary upstream
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regulator of hepatic ageing or metabolic
disease. The relationship is reciprocal
and highly dependent on nutritional
state, exercise intensity, disease status,

and overall energy balance.

4.3 Muscle-bone and muscle-vascular

communication

The relationship between skeletal
muscle and bone illustrates that
mechanical and endocrine
communication may coexist. Muscle-
generated forces provide mechanical
loading to the skeleton, while muscle-
derived signalling molecules may also
influence bone cells. Conversely, bone-
derived signals have been proposed to
influence muscle metabolism and
adaptation. The resulting muscle-bone
relationship is  therefore  better
characterised as a functional axis than as

a one-directional endocrine pathway.

The vascular system represents another
important interface. Skeletal muscle has
a high metabolic demand during
exercise, requiring rapid changes in local
blood flow, oxygen delivery, and
substrate transport. Repeated exercise
stimulates vascular adaptations within
and beyond skeletal muscle, while
endothelial function and vascular health
in turn influence muscle perfusion and
exercise capacity. Consequently, the
preservation of muscle function cannot
be considered independently from

cardiovascular reserve.

These examples illustrate a broader
principle: muscle-organ communication
is not limited to classical endocrine
signalling. Mechanical forces,
metabolites, haemodynamic changes,
neural activation, and secreted factors
operate simultaneously. The biological
effect of exercise is therefore likely to
emerge from their interaction rather

than from any isolated pathway.

4.4 Muscle-brain

immune communication

and muscle-

The brain is another major target within
the exercise-responsive network.
Physical activity has been associated
with changes in neurotrophic, metabolic,
vascular, and inflammatory pathways
relevant to brain function. Some of these
responses may involve muscle-derived
factors, whereas others arise from
increased cerebral perfusion, autonomic
activity, systemic metabolic changes, or
direct neural mechanisms. Consequently,
evidence that exercise influences
cognition or brain health should not
automatically be interpreted as evidence

for a muscle-mediated mechanism.

The immune system similarly interacts
extensively with skeletal muscle.
Exercise produces transient immune
responses involving leukocyte
redistribution, cytokine signalling, and
changes in inflammatory activity.
Skeletal muscle itself contains immune

cells and participates in tissue repair and
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remodelling. Chronic physical inactivity
and ageing, in contrast, are associated
with a state of low-grade inflammation
and impaired tissue regenerative
capacity. Muscle and immune function
therefore form another reciprocal axis
that may contribute to resilience across

the life course.

The relevance to healthy longevity lies
less in identifying a single anti-

inflammatory muscle signal than in

understanding  whether  preserved
muscle  activity  helps  maintain
appropriate responsiveness to

physiological stress. This distinction is

particularly important because
inflammation is neither uniformly
harmful nor uniformly beneficial. Acute
inflammatory responses are integral to
adaptation and repair, whereas
persistent dysregulated inflammation
may contribute to chronic disease. A
muscle-centred framework must
therefore distinguish adaptive signalling

from chronic inflammatory pathology.

4.5 Myokines, exerkines, and the

problem of attribution

The increasing number of molecules
associated with exercise has generated
considerable enthusiasm for the concept
of “exercise factors.” However, the
interpretation of circulating molecules
requires methodological caution. A factor
that increases in plasma after exercise is

not necessarily secreted predominantly

by skeletal muscle. It may originate from
liver, adipose tissue, immune cells,
vascular tissue, or other organs

responding to the exercise stimulus.

Similarly, demonstrating that a molecule
changes after exercise does not establish
that the molecule mediates the clinical
benefits of exercise. Stronger evidence
requires several steps: identification of
the source tissue, demonstration of
exercise-responsive secretion,
identification of relevant receptors or
target cells, mechanistic validation, and
ideally confirmation that manipulation of
the pathway alters a clinically

meaningful outcome.

This hierarchy of evidence is particularly
relevant to healthy longevity. Changes in
a circulating exerkine may provide
mechanistic insight into exercise
adaptation, but they should not be
described as evidence that ageing has
been slowed or healthspan extended. At
present, the strongest case for skeletal
muscle as a signalling organ arises from
the convergence of physiological and
mechanistic evidence rather than from
proof that one or several myokines
independently determine human

longevity.
4.6 Synthesis

Skeletal muscle is appropriately
considered an endocrine and inter-organ
signalling organ. Contraction alters local

and systemic metabolism and is
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associated with communication
involving adipose tissue, liver, bone,
vasculature, brain, and immune systems.
However, this communication is
network-based, reciprocal, and context-

dependent.

The evidence therefore supports a model
in which skeletal muscle contributes to
systemic adaptation through multiple
interacting signals rather than through a
single molecular pathway. This provides
an important mechanistic basis for
considering muscle a central
physiological hub, while simultaneously
placing clear limits on causal claims. The
translational importance of muscle-
organ communication will ultimately
depend on demonstrating that specific
pathways contribute to sustained
improvements in human function and

clinically meaningful outcomes.

5. Muscle Activity and Biological

Processes Implicated in Ageing

5.1 From the Hallmarks of Aging to a

muscle-centred evidence map

The Hallmarks of Aging framework
provides a useful organising structure for
examining how skeletal muscle activity
may intersect with biological ageing
(Lopez-Otin et al., 2013, 2023). Human
skeletal muscle exhibits alterations
across several hallmark-related

processes, including mitochondrial

dysfunction, deregulated  nutrient

sensing, impaired proteostasis, altered
intercellular communication, cellular
senescence, and stem-cell dysfunction
(Nederveen et al., 2023).

However, the use of the Hallmarks
framework requires methodological
restraint. The fact that exercise affects a
pathway associated with a hallmark does
not demonstrate that skeletal muscle
hallmark

systemically. Nor does a molecular

directly = regulates that
change establish delayed biological
ageing. The evidence must therefore be
considered according to its experimental

level.

5.2 Mitochondrial function and

metabolic plasticity

Mitochondrial function is central to
skeletal-muscle performance because
ATP production, substrate oxidation, and
metabolic flexibility are closely linked to
the ability of muscle to respond to
changing energetic demands. Ageing is
alterations in

quality,
turnover, and function, although the

associated with
mitochondrial quantity,
extent and biological significance of these
changes vary between tissues and
individuals (Nederveen et al., 2023).

Exercise provides a strong physiological
stimulus for mitochondrial adaptation.
Repeated endurance and mixed-mode
exercise can increase oxidative capacity
and stimulate pathways involved in

mitochondrial biogenesis and turnover.
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Resistance exercise also produces
metabolic adaptations, although the
molecular profile differs from endurance
training (Egan & Zierath, 2013).

The evidence is therefore strongest for
the proposition that habitual physical
activity preserves or improves aspects of
skeletal-muscle metabolic plasticity.
Whether these changes constitute a
systemic slowing of mitochondrial
ageing remains less certain. Human
intervention studies generally
demonstrate changes over weeks or
months, whereas claims about healthy
longevity require trajectories extending

over years or decades.

5.3 Nutrient sensing and metabolic

regulation

Age-related changes in nutrient sensing
are relevant to both muscle anabolism
and systemic metabolic health. Insulin,
amino acids, cellular energy status, and
mechanistic target of rapamycin
signalling influence muscle protein
synthesis and adaptation. At the same
time, insulin resistance and altered
nutrient partitioning may contribute to
impaired muscle quality and metabolic

disease.

Physical activity repeatedly challenges
these regulatory systems. Muscle
contraction can stimulate glucose uptake
through mechanisms that are partly
independent of insulin, while resistance

exercise increases the demand for

protein remodelling. These effects
provide a plausible mechanism through
which muscle activity can improve

metabolic flexibility.

Nevertheless, nutrient-sensing pathways
are systemic. Their regulation involves
liver, adipose tissue, pancreas, brain, and
immune systems in addition to skeletal
muscle. The appropriate conclusion is
therefore that muscle activity
contributes to the maintenance of
metabolic adaptability rather than that
muscle independently controls systemic

nutrient sensing.
5.4 Proteostasis and autophagy

Maintenance of protein quality is
essential for muscle function. Skeletal
muscle is continuously exposed to
processes of  protein  synthesis,
degradation, repair, and remodelling.
With ageing, disturbances in proteostasis
and  autophagic  processes  may
contribute to accumulation of damaged
cellular components and impaired

adaptation.

Exercise stimulates protein turnover and
activates cellular pathways involved in
repair and remodelling. Resistance
exercise in particular provides a
repeated stimulus for protein synthesis
and structural adaptation. However, the
relationship between acute activation of
autophagy-related pathways and long-
term health is complex. Greater

activation of a molecular pathway at one
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time point does not necessarily

correspond to better long-term function.

The evidence therefore supports exercise
as aregulator of muscle protein turnover
and cellular adaptation, while the extent
to which this translates into systemic
preservation of proteostasis remains an

important research question.

5.5 Inflammation and cellular

senescence

Chronic low-grade inflammation and
cellular senescence are increasingly
recognised as components of age-related
pathology. Skeletal muscle itself can
develop inflammatory and senescence-
associated changes, particularly in the
context of ageing, obesity, chronic
disease, and inactivity (Nederveen et al,,
2023).

Regular physical activity is associated
with a more favourable inflammatory
profile, although acute exercise itself
induces transient inflammatory
responses. This apparent paradox
reflects the difference between an
adaptive acute response and chronic
dysregulated inflammation. Repeated
exercise may improve the ability of
tissues to respond to physiological stress
while reducing persistent inflammatory

burden.

Evidence linking exercise directly to the
elimination of senescent cells in humans

remains substantially less mature than

the evidence for improvements in
physical function and metabolic health.
Senescence-related molecular findings
should therefore be  considered
mechanistic or hypothesis-generating
unless linked to robust human

intervention outcomes.

5.6 Stem-cell function and

regenerative capacity

Skeletal muscle regeneration depends
substantially on satellite cells and their
interaction with the local tissue
environment. Ageing can impair satellite-
cell function and alter the extracellular
and inflammatory environment required
for efficient regeneration. These changes
may contribute to reduced recovery
following injury or disuse (Nederveen et
al.,, 2023).

Exercise can influence the regenerative

environment  through mechanical
loading, metabolic stress, vascular
adaptations, and inflammatory

signalling. Resistance exercise in
particular provides a repeated stimulus
for muscle remodelling. However,
evidence for a direct preservation of
regenerative capacity in humans remains
more limited than evidence for

functional adaptations.

This distinction illustrates the broader
evidence hierarchy of the present review.
Mechanistic changes in muscle stem-cell
biology may help explain why muscle

remains adaptable, but they should not
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be interpreted as direct evidence that

exercise has slowed organismal ageing.

5.7 Intercellular communication as an

integrative process

Intercellular communication provides a

particularly relevant connection
between skeletal muscle and the broader
biology of ageing. Exercise alters
communication through soluble factors,
metabolites, extracellular  vesicles,
neural pathways, and mechanical signals.
This communication may contribute to
coordinated adaptation across several

organs.

At present, however, the complexity of
these networks makes it difficult to
assign specific clinical outcomes to
individual =~ pathways. © The  most
defensible interpretation is that skeletal
muscle forms one important node within
an adaptive network. Its repeated
activation may influence the systemic
environment, but the  resulting
phenotype depends on interactions with
immune,

cardiovascular, nervous,

endocrine, hepatic, and adipose systems.

5.8 Evidence

interpretation

hierarchy and

Taken together, the evidence can be

organised into four broad levels.

First, human intervention evidence is
strongest for changes in muscle strength,
metabolic

physical performance,

function, and selected molecular

adaptations following exercise.

Second, human observational
evidence supports associations between
physical activity, muscle function, and
favourable health outcomes but remains
vulnerable to confounding and reverse

causation.

Third, animal evidence provides
important mechanistic insight into
pathways that may be difficult to
investigate in humans, but translation

across species cannot be assumed.

Fourth, cellular and molecular
evidence can identify candidate
mechanisms but is inherently

hypothesis-generating when isolated

from organism-level outcomes.

This hierarchy should remain explicit
throughout the interpretation of muscle
and ageing biology. The current evidence
supports the proposition that muscle
activity interacts with multiple ageing-
related processes. It does not yet
establish that skeletal muscle directly
controls the Hallmarks of Aging or that
modification of individual molecular

pathways will extend human healthspan.
5.9 Synthesis

Skeletal muscle activity intersects with
several biological processes implicated
in ageing, particularly mitochondrial
metabolic

function, regulation,
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proteostasis, inflammation, and

intercellular communication. The
strength of evidence varies considerably

dCross processes.

The strongest evidence concerns the
capacity of exercise to preserve adaptive
and metabolic function within skeletal
muscle. Evidence for broader modulation
of ageing biology is mechanistically
compelling in several areas but remains
heterogeneous in  humans. The
Hallmarks framework is therefore most
useful as an interpretive map rather than
as evidence that muscle directly

regulates each hallmark.

6. Loss and Preservation of Muscle

Health Across the Life Course

6.1 Muscle decline as a cumulative and

heterogeneous process

Muscle ageing should not be understood
as a single event occurring at an arbitrary
chronological threshold. Declines in
muscle quantity, quality, strength,
power, and physical performance
emerge from the cumulative interaction
of ageing, physical inactivity, disease,
nutrition, injury, hormonal changes, and

environmental factors.

The trajectory is therefore

heterogeneous. Some individuals
maintain relatively high functional
capacity into advanced age, whereas
others experience substantial decline

earlier in life. This variability reinforces

the importance of considering muscle
health as a dynamic phenotype rather
than as an inevitable consequence of

chronological age.

Periods of acute stress may accelerate
this trajectory. Bed rest, hospitalisation,
injury, and severe illness can produce
rapid reductions in muscle function.
Consequently, healthy longevity depends
not only on maintaining baseline muscle
capacity but also on preserving the
ability to recover after physiological

perturbations.
6.2 Physical inactivity and disuse

Physical inactivity represents one of the
most important modifiable threats to
muscle health. Reduced mechanical
loading decreases the stimulus for
maintaining muscle protein synthesis,
neuromuscular function, oxidative
capacity, and metabolic flexibility. Even
relatively short periods of reduced
activity can lead to measurable

functional deterioration.

The clinical relevance of disuse lies partly
in the interaction between muscle loss
and reduced activity. Weakness makes
movement more difficult, while inactivity
further reduces muscle capacity. This
creates a potential downward spiral in
which loss of function produces

additional loss of activity and reserve.

Breaking this cycle requires early

mobilisation and appropriately
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progressive loading. The appropriate
intervention depends on baseline
function, disease status, injury, and
tolerance. The principle is nevertheless
consistent: preserving exposure to
meaningful  physical loading s
fundamental to maintaining muscle

adaptability.

6.3 Resistance exercise as a primary

stimulus

Resistance exercise provides the most
direct  behavioural stimulus for
increasing or preserving muscle strength
and, under appropriate conditions,
muscle size. Its effects involve neural
adaptation, muscle protein synthesis,
structural remodelling, and changes in

muscle architecture.

Evidence from systematic reviews and
meta-analyses demonstrates that
resistance exercise can improve strength
and functional capacity in older adults.
Importantly, the dose-response
relationship is not wuniform across
outcomes. Recent evidence suggests that
relatively modest resistance-training
volumes can improve functional
outcomes and lean mass, whereas
greater volumes may provide additional
benefits for strength in some populations

(Marques et al., 2023).

These findings support a principle of
sufficient rather than universally
maximal training. For healthy longevity,

the relevant objective is not necessarily

maximal hypertrophy. It is the
preservation of sufficient strength and
functional

reserve to support

independence and resilience.

High-velocity resistance exercise may
provide additional benefits for tasks
requiring rapid force production. A
network meta-analysis of 79 trials found
that high-velocity resistance exercise
was particularly effective for several
functional measures, including fast
walking speed, timed up-and-go, and
although

five-times sit-to-stand,

traditional resistance exercise
performed better for some other

functional outcomes (Lopez et al., 2023).

This reinforces the importance of
matching exercise modality to the
desired phenotype. Strength, power,
endurance, and mobility are related but

distinct targets.
6.4 Aerobic and multimodal exercise

Aerobic exercise provides adaptations
that resistance training alone cannot

fully reproduce. Improvements in

cardiorespiratory  fitness,  vascular
function, mitochondrial oxidative
capacity, and exercise tolerance

contribute directly to the ability to
sustain movement and recover from

physiological stress.

For older adults, multimodal training
may therefore be particularly relevant

because healthy longevity requires more
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than maximal force production. Balance,
mobility, aerobic capacity, coordination,
and strength interact during everyday

activities.

Recent meta-analytic evidence indicates
that multicomponent exercise can
improve physical performance in older
adults, including strength, walking speed,
and aerobic capacity. In frail populations,
multicomponent interventions have also
been associated with improvements in
frailty status, strength, gait speed,
balance, and functional performance
(Yang et al., 2024).

The implication is not that every
individual requires the same
programme. Rather, exercise should be
viewed as a multidimensional stimulus
that can be configured according to the
functional demands and vulnerabilities

of the individual.

6.5 Nutrition as a complementary

input

Muscle adaptation requires both an
appropriate stimulus and adequate
substrate availability. Protein and energy
intake therefore interact with exercise to
influence muscle protein turnover and

functional adaptation.

The PROT-AGE

proposed an average protein intake of

recommendations

approximately 1.0-1.2 g/kg/day for
healthy older adults, with higher intakes

often appropriate during illness or

increased physiological demand, subject
to clinical context (Bauer et al., 2013).
Protein intake should not, however, be
interpreted as a substitute for

mechanical loading.

Recent intervention evidence supports
the potential benefit of combining
protein supplementation with resistance
exercise in older adults with sarcopenia.
Meta-analyses have reported
improvements in muscle mass and
strength with combined interventions,
although effects on physical performance
are less uniform (Whaikid & Piaseu,

2024).

This distinction is important for
translation. Nutrition may create a more
favourable substrate environment for
adaptation, while exercise provides the
directional stimulus. The two should
therefore be regarded as complementary
inputs rather than interchangeable

interventions.
6.6 Recovery, sleep, and adaptation

Adaptation does not occur during the
stimulus alone. Recovery is required for
the remodelling processes initiated by
exercise. Sleep, nutritional adequacy,
inter-session recovery, and management
of disease burden may therefore
influence the capacity to respond to

training.

Evidence regarding recovery from

resistance exercise in older adults
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remains heterogeneous. A systematic
scoping review highlighted substantial
variation in study protocols and
considerable gaps in the evidence,
particularly regarding women (Hayes et
al., 2023). This reinforces the importance
of individualising training rather than
assuming that chronological age alone

determines recovery requirements.

For healthy longevity, recovery should be
understood as part of the adaptive
process. Excessive loading without
sufficient  recovery may  reduce
adherence or increase injury risk,
whereas insufficient loading may fail to

provide an adequate adaptive stimulus.
6.7 Response heterogeneity

A major limitation of the exercise
literature is the tendency to describe
mean responses as if they represent all
individuals equally. Training adaptation
varies according to baseline muscle
status, age, sex, disease, medication,
nutritional status, sleep, genetics,

adherence, and programme design.

Recent work examining muscle-specific
hypertrophy in older adults illustrates
this heterogeneity. Exercise-induced
changes differ between muscle groups,
while evidence regarding optimal
training modes and doses across very old
populations remains

(Schoenfeld et al., 2025).

incomplete

This variability should not weaken the
argument for exercise. It should instead
shift the emphasis from universal
prescriptions toward adaptive and
individualised intervention. The
clinically relevant question is not simply
whether an intervention works on
average, but for whom, under what

conditions, and against which outcome.

6.8 Preservation rather than

restoration as a life-course principle

The life-course perspective changes the
conceptual objective from treating
muscle decline after it becomes clinically
evident to preserving functional reserve
before substantial impairment develops.
Maintaining strength and physical
capacity in midlife may provide greater
resilience when illness, injury, or

inactivity occurs later.

At the same time, meaningful adaptation
remains possible in later life. Evidence
from resistance and multicomponent
training demonstrates that older adults,
including frail individuals, can improve
strength and functional performance.
The existence of age-related plasticity
therefore argues against viewing muscle

decline as entirely irreversible.

The most defensible position is
consequently one of preservation with
continued adaptability. Muscle health
should be maintained where possible,
but interventions should also aim to

restore function after periods of decline.
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6.9 Synthesis

Muscle health is shaped by a dynamic
balance between loading and unloading,
substrate availability and deficit,
adaptation and recovery, disease burden
and resilience. Resistance exercise
provides a particularly strong stimulus
for strength and muscle adaptation,
while aerobic and multicomponent
exercise address additional dimensions
of physical capacity. Nutrition supports
the adaptive process, and recovery

determines the ability to sustain it.

The evidence supports an integrated
strategy rather than a  single
intervention. The central translational
objective is not maximal muscle mass but
sufficient functional reserve to maintain
independence, mobility, = metabolic
health, and recovery capacity throughout

the life course.

7. Translational Implications and

Research Agenda

7.1 From muscle biology to clinically

actionable phenotyping

If skeletal muscle is to be considered a
central modifiable contributor to healthy
longevity, the concept of “muscle health”
must be translated into measurable and
clinically meaningful domains. A single
biomarker or measurement cannot

adequately capture this phenotype.

A multidomain muscle-health phenotype
should include at least five domains:
quantity, quality, strength and power,
physical performance, and metabolic or
functional reserve. The relative
contribution of each domain will vary
according to age, disease status, and

clinical context.

Muscle quantity may be assessed using
imaging or body-composition
techniques, whereas quality may
incorporate measures of  tissue
composition, architecture, or strength
relative to muscle size. Strength can be
measured through handgrip or lower-
limb dynamometry, while power
requires assessment of rapid force
production. Physical performance can be
evaluated through gait speed, chair-rise
tests, the Short Physical Performance

Battery, or related measures.

This multidomain approach reflects the
central argument of the present review:

muscle is a system, not a single number.

7.2 Linking muscle phenotypes to

patient-important outcomes

Research should increasingly distinguish
between surrogate outcomes and
outcomes that matter directly to patients.
Increases in lean mass or circulating
exercise-responsive molecules may be
biologically interesting, but they are not
equivalent to improved independence or

healthspan.
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Future studies should therefore
prioritise outcomes such as mobility,
activities of daily living, falls, recovery
following hospitalisation, quality of life,
physical resilience, and sustained
participation. Mortality remains
important, but its long latency and
multifactorial determinants make it
difficult to use as the sole endpoint for

many interventions.

A particularly relevant outcome is
recovery capacity: how rapidly an
individual returns to baseline function
following illness, immobilisation,
surgery, or another physiological
stressor. This concept may capture the
relationship between muscle reserve and
resilience more directly than static

measures of muscle mass.
7.3 Longitudinal phenotyping

Cross-sectional studies cannot
adequately distinguish ageing from
cohort effects or determine whether
changes in muscle precede or follow
declines in health. Longitudinal studies
should therefore repeatedly measure
muscle structure, strength, physical
performance, activity, nutrition, disease
burden, and relevant environmental

factors.

Trajectory-based analysis could identify
distinct patterns of muscle ageing. Some
individuals may exhibit relatively stable
strength with declining mass, others may

maintain mass but lose power, and

others may experience simultaneous

deterioration across multiple domains.

Such trajectories may be more
informative than single thresholds. They
could also help identify periods during
which intervention is most likely to

preserve function.

7.4 Mechanistic trials with clinically

meaningful anchors

Mechanistic studies should connect
molecular observations to functional
outcomes. For example, a trial
investigating mitochondrial adaptations
should simultaneously = determine
whether these changes correspond to
improved exercise capacity or physical

performance.

Similarly, studies of exerkines should
include rigorous source attribution and
target-tissue validation. Changes in
circulating concentrations should not be
interpreted as mechanistic proof unless
their origin and functional significance

are demonstrated.

This approach would help prevent a
recurring problem in exercise biology:
the generation of increasingly detailed
molecular data without corresponding
evidence that the pathways influence

clinically relevant outcomes.

7.5 Intervention studies and precision

exercise
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Future trials should move beyond the
question of whether exercise works and
increasingly investigate which exercise
stimulus is most appropriate for which

phenotype.

Individuals with substantial weakness
may require progressive resistance
training. Those with impaired mobility
may require strength combined with
balance and gait training. Those with
preserved strength but low aerobic
capacity may require greater emphasis
on endurance. Individuals  with
multimorbidity may require carefully

integrated multimodal programmes.

Such precision does not necessarily
require complex technology. It requires
appropriate baseline assessment, explicit
treatment targets, progressive dosing,

and repeated reassessment.

7.6 Exercise, nutrition, and the

adaptive environment

The evidence reviewed here supports a
broader concept of an adaptive
environment. Exercise provides the
primary physical stimulus, nutrition
supplies substrates and supports
recovery, and sleep and other recovery
processes influence adaptation. Disease
management, medication, psychological
factors, and social conditions can either

facilitate or constrain the response.

This perspective is particularly relevant

for older adults, in whom insufficient

protein intake, chronic disease,
inactivity, and social isolation may
coexist. A muscle-centred intervention
should therefore not become a muscle-

isolated intervention.

7.7 Biomarkers and the risk of

premature translation

The growing interest in exerkines and
molecular markers creates opportunities
for improved phenotyping but also risks
premature clinical translation.
Biomarkers may eventually help identify
quantify
adaptation, or stratify risk. At present,

responders, physiological
however, few candidate biomarkers can
be considered validated measures of

healthy longevity.

The field should therefore prioritise
analytical reproducibility, tissue
attribution, longitudinal stability, and
demonstrated relationships with
patient-important  outcomes  before
adopting  biomarkers as clinical

endpoints.
7.8 A proposed research framework

Future research can be organised around

a sequence of questions:

1. Phenotype: Which dimensions of
muscle health are changing?

2. Trajectory: When do these
changes occur, and at what rate?

3. Mechanism: Which biological
pathways accompany the change?
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4. Modifiability: Can the phenotype
be altered by a targeted
intervention?

5. Function: Does the intervention
improve physical capacity?

6. Resilience: Does it improve
recovery from  physiological
stress?

7. Healthspan: Does preserved
function translate into longer
periods of independent and
healthy living?

This sequence prevents mechanistic
enthusiasm from becoming disconnected
from clinical relevance. It also creates a
bridge between molecular exercise
biology and the functional objectives of

healthy longevity.
7.9 Synthesis

The translational case for skeletal muscle
is strongest when muscle is assessed as a
multidimensional, dynamic phenotype
and when interventions are evaluated
against clinically meaningful outcomes.
Future research should integrate
molecular, physiological, functional, and
patient-reported measures rather than

treating them as competing approaches.

The central research challenge is
therefore not to prove that muscle is “the
organ of longevity,” but to determine
which aspects of muscle health are
causally modifiable, at what stages of life,
through which interventions, and with
what consequences for long-term

functional capacity.

8. Discussion and Conclusion

8.1 The central proposition

The evidence synthesised in this review
supports the proposition that skeletal
muscle is a central and highly modifiable
contributor to healthy longevity. This
conclusion rests on the convergence of
several lines of evidence rather than on a

single biological mechanism.

First, skeletal muscle is functionally
indispensable. Strength, power, mobility,
and physical performance contribute
directly to independence and the ability
to respond to everyday physical
demands. Second, muscle is
metabolically important, contributing
substantially to glucose disposal,
substrate turnover, energy expenditure,
and metabolic flexibility. Third, muscle is
highly plastic and remains responsive to
mechanical and metabolic stimuli across
the life course. Fourth, skeletal muscle
participates in extensive communication
with other organs through mechanical,
neural, metabolic, endocrine, and

immune pathways.

These characteristics distinguish skeletal
muscle from a passive tissue and provide
a biologically coherent explanation for
why its preservation may be important

for healthy longevity.

8.2 What the evidence demonstrates

most convincingly
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The strongest evidence concerns the
relationship between muscle function
and clinically meaningful outcomes. Low
strength, sarcopenia, and poor physical
performance are associated with
disability, falls, hospital-related
outcomes, frailty, and mortality
(Beaudartetal. 2017; Garcia-Hermoso et
al,, 2018; Veronese et al.,, 2021; Yeung et

al, 2019).

Importantly, these associations are not
sufficient to establish causality. Muscle
weakness may be both a cause and a
consequence of disease. [t may also act as
a marker of accumulated exposure to
inactivity, undernutrition, inflammation,
socioeconomic disadvantage, or

multimorbidity.

Nevertheless, the consistency of the
associations, combined with the
demonstrated modifiability of muscle
through exercise and rehabilitation,
provides a strong clinical rationale for
treating muscle health as an important

component of preventive medicine.
8.3 What remains uncertain

The evidence becomes less definitive
when the proposition is extended from
function and clinical risk to the direct

regulation of biological ageing.

Exercise influences mitochondrial

function, nutrient sensing, proteostasis,
cellular

inflammatory signalling,

communication, and other processes

associated with ageing. Human skeletal
muscle itself exhibits alterations across
these domains with age. Yet the evidence
does not demonstrate that skeletal
muscle independently controls the
Hallmarks of Aging or that manipulation
of a specific muscle-related pathway

necessarily extends human healthspan.

This distinction is central to the
interpretation of the present review. The
molecular evidence provides biological
plausibility for a muscle-centred model,
but it should not be confused with proof

of systemic longevity effects.

8.4 Muscle as a hub rather than a

master regulator

The most appropriate conceptual
interpretation is therefore that skeletal
muscle functions as a physiological hub

within a larger healthy-longevity system.

The term “hub” is preferable to “master
regulator.” A master regulator implies
hierarchical control, whereas the
evidence indicates reciprocal
interactions among muscle, brain,
cardiovascular system, liver, adipose
tissue, bone, immune system, nutrition,

behaviour, and environment.

Muscle is central because it is
simultaneously exposed to behavioural
stimuli, required for physical function,
metabolically active, highly adaptable,

and connected to multiple organ systems.
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Its importance is therefore relational

rather than absolute.

8.5 From exercise benefits to muscle-

mediated adaptation

One of the implications of this
interpretation is a refinement of how
exercise should be conceptualised. The
literature frequently describes an overall
“exercise effect,” but exercise is a
complex systemic stimulus. Skeletal-
muscle contraction is one major
component, alongside cardiovascular
stress, neural activation, haemodynamic
changes, metabolic perturbation,
psychological effects, and environmental

context.

The present review does not support the
proposition that all benefits of exercise
are muscle-mediated. Instead, it
proposes that muscle represents one of
the principal biological interfaces
through which repeated physical activity
is translated into structural, metabolic,

functional, and systemic adaptation.

This distinction preserves the centrality
of muscle without reducing exercise

physiology to muscle biology.
8.6 Clinical implications

Clinically, the evidence supports more
systematic assessment of muscle health,
particularly in populations at risk of
decline.

functional Importantly,

assessment should not be limited to

muscle mass.

Strength, physical performance, mobility,
and functional reserve may provide more
direct information about clinically
relevant vulnerability than lean mass
alone. Contemporary sarcopenia
definitions already reflect this principle
by placing low strength at the centre of
case identification (Cruz-Jentoft et al,

2019).

Intervention  should likewise be
multidimensional. Resistance exercise is
fundamental for strength and muscle
adaptation, while aerobic, balance, and
multicomponent  training  address
complementary components of physical
capacity. Adequate nutrition and

recovery support the adaptive response.

The objective should therefore not be to
maximise a single muscle parameter but
to maintain sufficient functional capacity

to preserve independence and resilience.

8.7 Implications for healthy longevity
research

The next stage of research should move
from association toward causally
informative intervention studies.
Repeated measures of muscle phenotype
should be combined with longitudinal
assessment of physical function, disease

burden, nutrition, activity, and recovery.
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Trials should increasingly prioritise
outcomes such as mobility,
independence, falls, recovery from
hospitalisation, quality of life, and
resilience. Molecular endpoints remain
valuable, but primarily when they are

connected to these functional outcomes.

This research strategy would also allow
the field to identify whether specific
muscle phenotypes represent
particularly important intervention
targets. It may be that strength, power,
muscle quality, metabolic flexibility, or
different

recovery capacity have

relationships  with  healthspan at

different stages of life.

8.8 Relationship to the Adaptive

Muscle Longevity Framework

The evidence reviewed here is
compatible  with the conceptual
proposition underlying the Adaptive
Muscle Longevity Framework (AMLF):
that skeletal muscle adaptation may
represent an important interface
between repeated physiological stimuli

and the preservation of healthy function.

However, the present review does not
establish AMLF as an empirically
validated theory. The framework should
instead be viewed as one possible
synthesis of the evidence and,
importantly, as a source of testable

hypotheses.

The distinction matters. A review should
not use the framework to confirm itself.
Rather, the framework should generate
predictions that can subsequently be
tested in longitudinal and interventional
research. Such predictions could include
whether multidomain muscle health
trajectories predict resilience, whether
preservation of adaptive capacity
mediates functional outcomes, and
whether interventions that improve
muscle adaptability produce measurable
benefits beyond conventional muscle

mass or strength endpoints.
8.9 Limitations of the evidence base

Several limitations constrain the

conclusions of this review.

First, much of the epidemiological
evidence is observational and therefore
vulnerable to confounding and reverse
causation. Second, definitions and
measurements of sarcopenia, muscle
quality, and physical performance differ
studies.  Third,

interventions vary substantially in

between exercise
modality, intensity, volume, duration,
adherence, and

Fourth,

participant
characteristics. molecular
studies often use short intervention
periods and surrogate outcomes that
cannot establish long-term effects on

ageing.

Fifth, older adults are underrepresented
in many mechanistic studies, despite

being the population in whom
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preservation of function may be most
clinically relevant. Sex-specific responses
also remain insufficiently characterised

in several areas.

These limitations do not invalidate the
central proposition. They define the
boundaries within which it should

currently be interpreted.
8.10 Conclusion

Skeletal muscle should neither be
regarded as the sole determinant of
healthy longevity nor be reduced to a
passive effector of exercise. The available
evidence supports a more nuanced
interpretation: skeletal muscle is a highly
modifiable physiological hub positioned
at the intersection of physical function,

capacity,
endocrine signalling, and inter-organ

metabolism, adaptive

communication.

The strongest evidence concerns the
importance of muscle function for
clinically meaningful outcomes and the
capacity of exercise and related
interventions to modify muscle strength
and physical performance. Evidence
connecting muscle activity to broader
ageing biology is biologically plausible
and increasingly sophisticated, but
remains heterogeneous and
substantially less conclusive at the level

of human healthspan.

Healthy longevity is therefore best

approached as a multisystem outcome in

which skeletal muscle represents one
particularly accessible and functionally
consequential  intervention  target.
Preserving muscle health may help
preserve mobility, metabolic resilience,
independence, and the capacity to

recover from physiological stress.

The central proposition emerging from
the evidence is consequently not that
muscle determines longevity, but that
maintaining the adaptive and
functional capacity of skeletal muscle
is likely to be an important
component of maintaining healthy

longevity.

Future research should now determine
which dimensions of muscle health are
most causally relevant, how their
trajectories interact with other organ

systems, and  whether targeted

preservation of muscle adaptability
translates into sustained improvements

in human healthspan.
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