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ABSTRACT

Healthy longevity has become a central objective of contemporary ageing research, shifting scientific
attention from extending lifespan to preserving functional capacity throughout life. Although influential
frameworks such as the Hallmarks of Aging, the Geroscience Hypothesis, and the World Health
Organization's Healthy Ageing framework have substantially advanced our understanding of the
molecular mechanisms, biological drivers, and functional outcomes of ageing, a physiological framework
explaining how lifestyle-derived stimuli are continuously translated into coordinated organism-wide
adaptation remains lacking.

This review introduces the Adaptive Muscle Longevity Framework (AMLF), a conceptual and
hypothesis-generating framework that identifies skeletal muscle as the central modifiable physiological
system linking lifestyle behaviour with healthy longevity. Drawing on evidence from skeletal muscle
biology, exercise physiology, geroscience, and systems biology, the AMLF proposes that repeated skeletal
muscle contraction activates lifelong adaptive capacity, initiating coordinated structural, metabolic,
endocrine, immune, and neural adaptations that extend beyond skeletal muscle through extensive inter-
organ communication. Rather than introducing a new molecular theory of ageing, the AMLF complements
existing conceptual frameworks by providing a systems-level physiological perspective that explains how
repeated lifestyle-derived stimuli may contribute to the preservation of functional capacity across the
lifespan.

The framework further proposes that healthy longevity emerges from the cumulative effects of lifelong
adaptive processes continuously reinforced by skeletal muscle activity. As a biologically plausible and
experimentally testable framework, the AMLF generates falsifiable hypotheses, integrates established
knowledge across multiple disciplines, and provides a foundation for future mechanistic, translational,
and clinical research investigating the role of skeletal muscle adaptive capacity in promoting healthy
longevity.

Keywords: Healthy longevity; skeletal muscle; Adaptive Muscle Longevity Framework (AMLF); adaptive
capacity; exercise physiology; systems biology; geroscience; functional capacity; inter-organ
communication; healthy ageing.

1. Introduction modern medicine and public health.

Advances in medical care, sanitation,
1.1 - Healthy Longevity as the Central nutrition, and socioeconomic
Challenge of the 21st Century development have substantially

increased life expectancy worldwide
Increasing life expectancy represents over the past century (United Nations,
one of the greatest achievements of 2023; World Health Organization [WHO],
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2020). However, these gains have not
been accompanied by a proportional
increase in years lived in good health.
Instead, population ageing is associated
with a growing prevalence of chronic
diseases, frailty, multimorbidity,
functional decline, and disability,
imposing major challenges on healthcare
systems and society (Beard et al., 2016;
WHO, 2020). Consequently, extending
healthy longevity—rather than lifespan
alone—has become a central objective of
contemporary biomedical research.

This paradigm shift reflects a
fundamental change in our
understanding of ageing. Rather than
considering ageing as an inevitable
chronological process, it is increasingly
viewed as a dynamic and modifiable
biological process that can be
influenced through preventive and
therapeutic interventions (Kennedy et
al, 2014; Lopez-Otin et al, 2023).
Accordingly, healthy longevity has
evolved from a public health aspiration
into one of the central scientific
questions of contemporary ageing
research. Understanding how biological
systems maintain functional integrity
through continuous adaptation across
the lifespan has therefore become one of
the defining challenges of modern ageing
research.

1.2 - Current Frameworks and the
Remaining Knowledge Gap

During the past decade, several
influential conceptual frameworks have
fundamentally reshaped ageing research.
The Hallmarks of Aging established an
integrative framework describing the
principal molecular and cellular
mechanisms that drive biological ageing
(Lopez-Otin etal., 2013; Lopez-Otin et al,,
2023). In parallel, the Geroscience
Hypothesis proposed that targeting
fundamental ageing mechanisms may
simultaneously delay the onset and

progression of multiple chronic diseases,
thereby extending healthspan rather
than treating individual diseases in
isolation (Kennedy et al, 2014).
Complementing these biological
concepts, the World Health
Organization introduced the concept of
Healthy Ageing, emphasizing the
preservation of functional ability and
intrinsic capacity as the primary goals of
ageing societies (Beard etal., 2016; WHO,
2020).

Collectively, these frameworks have
profoundly advanced our understanding
of the biology of ageing and have
provided a robust conceptual foundation
for contemporary longevity research.
Nevertheless, an important conceptual
gap remains. Existing models primarily
identify the molecular mechanisms of
ageing or define the functional outcomes
of successful ageing, but they do not
explicitly explain how physiological
responses to lifestyle-derived stimuli
are integrated across different levels
of biological organisation throughout
life. Increasing evidence suggests that
ageing is a systems-level process
emerging from continuous interactions
among molecular, cellular, tissue, organ,
and organismal networks rather than
from isolated biological pathways alone
(Lopez-Otin et al,, 2023). Consequently,
there remains a need for an integrative
physiological framework that explains
how modifiable physiological systems

coordinate these organism-wide
adaptive  processes and thereby
contribute to  healthy longevity.

Identifying such a physiological system
represents the central conceptual
objective of the present review.

1.3 - Skeletal Muscle as the
Physiological Candidate

Among the various modifiable
physiological systems that influence
health across the lifespan, skeletal
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muscle occupies a unique biological
position. Accounting for approximately
40% of total body mass, skeletal muscle
is the largest organ of the human body
and plays a fundamental role in
locomotion, energy metabolism, glucose
homeostasis, amino acid turnover, and
whole-body metabolic regulation
(Frontera & Ochala, 2015; Pedersen &
Febbraio, 2012). During the past two
decades, however, its biological
significance has expanded considerably.
Skeletal muscle is now widely recognized
as an endocrine organ that actively
communicates with virtually every major
organ system through a diverse
repertoire of  contraction-induced
signaling molecules, including myokines
and, more broadly, exerkines (Pedersen
& Febbraio, 2012; Pedersen, 2013;
Severinsen & Pedersen, 2020). These
signaling molecules mediate extensive
inter-organ communication involving the
brain, liver, adipose tissue, bone,
pancreas, vasculature, and immune
system, thereby coordinating systemic
metabolic, immune, vascular,
regenerative, and  neurobiological
adaptations to physical activity.

Beyond its endocrine function, skeletal
muscle possesses an exceptional capacity
for lifelong adaptation. Repeated cycles
of contraction and recovery induce
coordinated structural, metabolic,
molecular, and functional remodeling,
enabling skeletal muscle to respond
dynamically to environmental and
behavioural stimuli throughout life.
Importantly, these adaptive responses
extend beyond the muscle itself and are
increasingly recognized to influence
multiple biological processes implicated
in ageing, including mitochondrial
function, nutrient sensing, chronic
inflammation, proteostasis, cellular
senescence, and inter-organ
communication (Lopez-Otin et al., 2023;
Severinsen & Pedersen, 2020).

Taken together, these characteristics
distinguish skeletal muscle from most
other organs. Rather than functioning
solely as an organ of locomotion, skeletal
muscle  represents a  uniquely
modifiable physiological system that
continuously integrates mechanical,
metabolic, endocrine, and neural stimuli
while coordinating adaptive responses
across multiple organ systems. This
unique biological profile identifies
skeletal muscle as a plausible
physiological candidate for addressing
the conceptual gap outlined above and
provides the biological rationale for the
Adaptive Muscle Longevity Framework
(AMLF) developed in the following
sections.

1.4 - Objective of the Present Review

The present review addresses this
conceptual gap by proposing the
Adaptive Muscle Longevity
Framework (AMLF). Rather than
introducing a new molecular theory of
ageing or replacing existing conceptual
models, the AMLF provides a
physiologically grounded integrative
framework that positions skeletal
muscle as the central modifiable
physiological system through which
lifestyle-derived stimuli are translated
into coordinated organism-wide
adaptation (Kennedy et al., 2014; Lopez-
Otin et al., 2023). Existing frameworks
successfully describe the molecular
mechanisms of ageing, the biological
drivers of age-related diseases, and the
functional goals of healthy ageing;
however, they do not explicitly identify
the physiological system responsible for
integrating lifestyle-derived stimuli into
coordinated multisystem adaptation
throughout life. The AMLF is intended to
complement these established concepts
by  addressing  this  unresolved
physiological dimension.
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The framework integrates current
evidence from skeletal muscle biology,
exercise physiology, geroscience,
systems biology, and healthy longevity
research into a unified conceptual model.
Within the AMLF, repeated skeletal
muscle contraction represents the
primary biological stimulus initiating
adaptive processes that extend beyond
the musculoskeletal system and
contribute to the maintenance of
physiological function across multiple
organs through metabolic, endocrine,
immune, and neural signaling pathways
(Pedersen & Febbraio, 2012; Pedersen,
2013; Severinsen & Pedersen, 2020).
Consequently, the framework provides a
mechanistic perspective explaining how
regular physical activity and other
modifiable lifestyle factors may promote
healthy longevity through coordinated
organism-wide adaptation.

Importantly, the AMLF should be
understood as a testable conceptual
framework rather than a definitive
biological model. It does not propose that
skeletal muscle is the sole determinant of
healthy longevity, nor does it seek to
replace existing ageing frameworks.
Instead, it advances the hypothesis that
skeletal muscle functions as the principal
modifiable physiological system
through which lifestyle-derived stimuli
are integrated into coordinated
organism-wide adaptation. This central
proposition generates experimentally
testable hypotheses and provides a
conceptual foundation for future
mechanistic, translational, and clinical
research (Kennedy et al,, 2014; Sierra &
Kohanski, 2017).

1.5 - Scope and Structure of the
Present Review

The remainder of this review is
organized to develop the Adaptive
Muscle Longevity Framework (AMLF) in
a stepwise and evidence-based manner.

First, the major conceptual frameworks
of healthy longevity are critically
examined to establish the current
scientific landscape and identify the
remaining conceptual gap. Subsequently,
the biological properties of skeletal
muscle are reviewed, with particular
emphasis on its metabolic, endocrine,
and adaptive functions that support its
role as a central modifiable
physiological system (Lopez-Otin et al.,
2023; Pedersen & Febbraio, 2012).

Building upon this foundation, the
Adaptive Muscle Longevity Framework
is introduced as an integrative
conceptual model that synthesizes
current evidence from skeletal muscle
biology, exercise physiology,
geroscience, and systems biology. The
framework is subsequently discussed
with regard to its biological rationale,
clinical relevance, translational
implications, limitations, and future
research perspectives (Kennedy et al,
2014; Beard et al., 2016).

By integrating established evidence into
a coherent physiological framework, this
review seeks to advance the conceptual
understanding of healthy longevity while
generating experimentally testable
hypotheses. Rather than replacing
existing ageing concepts, the AMLF is
intended to complement them by
providing a mechanistic perspective on
how lifestyle-derived stimuli may be
translated into coordinated organism-
wide adaptation through skeletal muscle.
In doing so, the framework aims to
facilitate future experimental validation
and to stimulate interdisciplinary
research at the interface of skeletal
muscle biology, geroscience, exercise
physiology, and preventive medicine
(Kennedy et al., 2014; Lopez-Otin et al,,
2023).

2. Current Conceptual Frameworks
of Healthy Longevity
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2.1 Healthy Longevity: From Disease
Prevention to Systems Biology

The scientific understanding of healthy
longevity has undergone a profound
transformation over the past two
decades. Historically, biomedical
research focused primarily on the
prevention and treatment of individual
age-related diseases. This disease-
centered paradigm has progressively
evolved toward a broader perspective
recognizing ageing itself as the principal
biological risk factor underlying most
chronic disorders. Consequently, the
objective of contemporary longevity
research is no longer merely to extend
lifespan but to preserve functional
capacity, physiological integrity, and
long-term health throughout life (Beard
et al., 2016; Kennedy etal., 2014).

This conceptual evolution has been
driven by several complementary
scientific frameworks. The World Health
Organization's Healthy Ageing initiative
emphasizes the maintenance of
functional ability through the interaction
of intrinsic capacity and environmental
factors (Beard et al, 2016). The
Geroscience Hypothesis proposes that
targeting fundamental mechanisms of
biological ageing may simultaneously
delay multiple chronic diseases rather
than  treating them  individually
(Kennedy et al, 2014). Likewise, the
Hallmarks of Aging framework
provides a comprehensive description of
the molecular and cellular mechanisms
collectively driving biological ageing
(Lopez-Otin etal., 2013, 2023). Together,
these concepts have fundamentally
reshaped longevity research by shifting
attention from individual diseases
toward the biological processes that
determine health across the lifespan.

Although these frameworks differ in
their primary objectives, they share
several fundamental principles. First,

ageing is increasingly understood as a
dynamic and modifiable biological
process rather than an unavoidable
consequence of chronological time.
Second, ageing emerges from continuous
interactions among molecular, cellular,
tissue, organ, and organismal levels of
biological organization, highlighting the
importance of systems-level
perspectives. Third, maintaining
functional capacity has become the
principal objective of healthy longevity,
replacing lifespan extension as the
primary endpoint of ageing research.
Collectively, these conceptual advances
provide a robust scientific foundation for
contemporary longevity science. At the
same time, they reveal an important
unresolved question: Which central
modifiable physiological system
continuously integrates lifestyle-
derived adaptive responses across
these biological levels throughout
life?

2.2 The Hallmarks of Aging as a
Biological Framework

The publication of The Hallmarks of
Aging in 2013 represented a major
milestone in contemporary ageing
research by providing the first
comprehensive framework that
systematically organized the principal
biological = mechanisms  underlying
ageing (Lopez-Otin et al., 2013). Inspired
by the conceptual success of the
Hallmarks of Cancer, the framework
identified a set of fundamental biological
processes that collectively drive the
progressive decline in physiological
integrity associated with ageing. Rather
than proposing a single cause of ageing,
the Hallmarks framework established
ageing as the consequence of multiple
interacting molecular and cellular
mechanisms, thereby fundamentally
changing how ageing is conceptualized
and investigated. Since its publication,
the Hallmarks framework has become
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one of the most influential conceptual
models in biogerontology and has
profoundly shaped experimental,
translational, and clinical ageing
research worldwide (Lopez-Otin et al,,
2023; Tartiere et al., 2024).

The revised framework, published in
2023, further strengthened this systems
perspective by incorporating three
additional hallmarks—disabled
macroautophagy, chronic inflammation,
and dysbiosis—and by emphasizing the
extensive interactions among all
hallmarks rather than considering them
as independent biological entities
(Lopez-Otin et al,, 2023). Consequently,
ageing is increasingly understood as an
interconnected biological network in
which disturbances within one hallmark
propagate across multiple physiological
systems through complex feedback
mechanisms. This conceptual evolution
has shifted the field further away from
reductionist explanations toward an
integrated understanding of organismal
ageing.

Despite its transformative impact, the
Hallmarks framework was not designed
to explain how physiological
adaptation is continuously generated
and coordinated throughout life. Its
primary objective is to identify and
classify the biological processes that
characterize ageing while providing a
common conceptual language for ageing
research. Accordingly, the framework
successfully describes what changes
during ageing and which biological
mechanisms contribute to these
changes, but it does not explicitly
identify a central  modifiable
physiological system through which
adaptive responses are integrated across
multiple hallmarks under physiological
conditions. This distinction is
fundamental. Understanding the
molecular architecture of ageing does not
necessarily explain how organism-wide

adaptive processes are coordinated or
why lifestyle interventions—particularly
regular physical activity—produce broad
protective effects across numerous
hallmarks simultaneously.

From this perspective, the Hallmarks of
Aging should not be regarded as a
competing framework to the Adaptive
Muscle Longevity Framework (AMLF),
but rather as its essential biological
foundation. The AMLF fully adopts the
molecular architecture described by the
Hallmarks while addressing a
complementary scientific question:
Which central modifiable
physiological system continuously
translates lifestyle-derived stimuli
into coordinated adaptive responses
capable of influencing multiple
hallmarks throughout the lifespan? By
focusing on this integrative physiological
dimension, the AMLF seeks to
complement existing ageing frameworks
rather than replace them.

2.3 Geroscience, Functional Capacity,
and the Need for Physiological
Integration

The emergence of geroscience has
fundamentally transformed the scientific
perspective on ageing by proposing that
ageing itself constitutes the primary
biological risk factor for most chronic
diseases. Rather than addressing
cardiovascular disease, cancer,
neurodegeneration, sarcopenia, or type 2
diabetes as independent clinical entities,
the Geroscience Hypothesis suggests that
these  conditions share common
biological mechanisms associated with
the ageing process. Consequently,
interventions targeting the underlying
biology of ageing may simultaneously
delay the onset or progression of
multiple age-related diseases, thereby
extending healthspan rather than
merely increasing lifespan (Kennedy et
al, 2014; Sierra, 2016). This paradigm
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has shifted biomedical research from a
disease-oriented = approach  toward
interventions that target the biological
processes of ageing themselves.

A closely related conceptual
development has been the growing
emphasis on functional capacity as the
principal outcome of healthy longevity.
In contrast to traditional disease-
oriented medicine, contemporary ageing
research increasingly recognizes that
preserving  physiological  function,
mobility, cognitive performance,
resilience, and independence represents
a more meaningful objective than
preventing individual diseases in
isolation. This perspective is reflected in
the World Health Organization's concept
of Healthy Ageing, which defines
healthy ageing as the maintenance of
functional ability through the interaction
of intrinsic capacity and environmental
factors (Beard et al., 2016; World Health
Organization, 2020).  Accordingly,
physiological geroscience increasingly
emphasizes the preservation of
functional capacity throughout life as a
central objective of preventive and
translational medicine (Seals et al,
2016).

Despite these important conceptual
advances, a critical scientific question
remains unresolved. Geroscience
successfully explains why ageing should
be targeted, while the Hallmarks of
Aging describe which molecular
mechanisms contribute to biological
ageing. Likewise, the Healthy Ageing
framework defines what should
ultimately = be  preserved—namely
functional ability and independence.
However, these complementary
frameworks do not explicitly explain
which central modifiable
physiological system continuously
integrates lifestyle-derived adaptive
responses across multiple biological
levels throughout life. In other words,

although  ageing is  increasingly
understood as a  systems-level
phenomenon, a corresponding

physiological framework explaining how
lifestyle-related stimuli are translated

into coordinated organism-wide
adaptation remains insufficiently
developed.

This unresolved question forms the
conceptual starting point of the Adaptive
Muscle Longevity Framework (AMLF).
Rather than proposing additional
molecular mechanisms of ageing, the
AMLF seeks to identify the physiological
system capable of integrating adaptive
responses across multiple levels of
biological organization. We propose that
skeletal muscle, owing to its exceptional
adaptive plasticity and its central role in
metabolic, endocrine, immune, neural,
and mechanical regulation, represents a
biologically plausible candidate for this
integrative function. In doing so, the
AMLF complements existing conceptual
frameworks by linking molecular ageing
biology with whole-organism
physiological adaptation and thereby
provides a systems biology perspective
on healthy longevity.

2.4 The Remaining Conceptual Gap:
Toward a Physiological Integration
Framework

Although the current conceptual
frameworks have fundamentally
advanced ageing research, an important
scientific question remains insufficiently
addressed. The Hallmarks of Aging
describe the principal molecular and
cellular mechanisms that drive biological
ageing, the Geroscience Hypothesis
explains why these mechanisms should
be therapeutically targeted, and the
Healthy Ageing framework defines the
preservation of functional ability as the
ultimate objective of healthy longevity.
Collectively, these models provide a
comprehensive understanding of ageing
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biology and its clinical relevance.
However, none of them was specifically
developed to explain how lifestyle-
derived physiological responses are
continuously integrated across the
entire organism throughout life.

This distinction is more than semantic.
Biological adaptation does not occur
within isolated molecular pathways but
emerges from  the  coordinated
interaction of multiple physiological
systems operating across different

hierarchical levels of biological
organization. Mechanical loading,
metabolic regulation, endocrine

signaling, immune modulation, neural
communication, vascular adaptation, and
tissue remodeling are continuously
integrated to maintain physiological
homeostasis and functional integrity.
Consequently, understanding healthy
longevity requires not only the
identification of ageing mechanisms but
also an explanation of how these
diverse adaptive processes are
physiologically coordinated across
the organism. This systems-level
perspective is increasingly recognized as
essential for understanding complex
physiological regulation.

From a systems biology perspective, this
represents a critical conceptual gap.
Although  ageing is increasingly
understood as an emergent property of
complex biological networks
characterized by dynamic interactions,
feedback regulation, and continuous
adaptation, current conceptual
frameworks provide only limited insight
into which central modifiable
physiological system serves as the
primary interface through which
lifestyle-derived stimuli are translated
into coordinated organism-wide
adaptive responses. Addressing this
unresolved question provides the central
scientific rationale for the Adaptive
Muscle Longevity Framework (AMLF).

Rather than introducing additional
molecular hallmarks or redefining
existing ageing concepts, the AMLF
complements current frameworks by
focusing on the  physiological
integration of adaptive processes.
Specifically, we propose that skeletal
muscle possesses a unique combination
of structural, metabolic, endocrine,
immune, neural, and regenerative
properties that enables it to function as
the central modifiable physiological
system linking lifestyle-derived stimuli
with coordinated organism-wide
adaptation. Within this framework,
repeated skeletal muscle contraction is
conceptualized as the  primary
physiological stimulus initiating adaptive
responses across multiple biological
systems, thereby contributing to the
preservation of functional capacity and
healthy longevity.

2.5 Why Skeletal Muscle? A
Physiological Rationale

The conceptual gap identified in the
preceding sections inevitably raises a
fundamental question: Which
physiological system is most likely to
integrate lifestyle-derived stimuli into
coordinated organism-wide
adaptation throughout life?
Addressing this question requires
criteria that extend beyond the
molecular mechanisms of ageing or
disease-specific outcomes. A suitable
physiological candidate should (i)
remain modifiable throughout the
lifespan, (ii) exhibit substantial adaptive
plasticity in response to environmental
and behavioural stimuli, (iii)
communicate extensively with other
organs, and (iv) influence multiple
biological processes that contribute to
health and functional capacity (Beard et
al, 2016; Kennedy et al., 2014; Lopez-
Otin et al,, 2023).
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Among the major physiological systems
of the human body, skeletal muscle
uniquely fulfills these requirements.
As the largest organ system by mass,
skeletal muscle is continuously exposed
to mechanical, metabolic, endocrine, and
neural stimuli and responds through
coordinated structural, metabolic, and
molecular remodelling. Beyond its
classical role in locomotion, skeletal
muscle is now recognized as a highly
active endocrine organ that releases a
broad spectrum of contraction-induced
signaling molecules—including
myokines and other exerkines—which
mediate extensive communication with
the brain, liver, adipose tissue, bone,
pancreas, vasculature, and immune
system (Pedersen & Febbraio, 2012;
Pedersen, 2013; Severinsen & Pedersen,
2020). This endocrine communication
provides a mechanistic basis through
which local muscle activity can induce
systemic physiological adaptations.

A further distinguishing characteristic of
skeletal muscle is its exceptional
adaptive plasticity. Throughout life,
repeated cycles of contraction and
recovery induce coordinated adaptations
involving mitochondrial function,
substrate metabolism, protein turnover,
vascular remodeling, neuromuscular
function, and immune regulation. These
responses extend beyond the muscle
itself and influence several biological
pathways that are closely associated with
healthy ageing, including metabolic
homeostasis, chronic low-grade
inflammation, proteostasis, and inter-
organ communication (Lopez-Otin et al,,
2023; Pedersen & Febbraio, 2012;
Severinsen & Pedersen, 2020). Rather
than representing isolated adaptations,
these processes form an integrated
physiological network that links habitual
physical activity to systemic health.

Importantly, the selection of skeletal
muscle within the Adaptive Muscle

Longevity = Framework (AMLF) s
hypothesis-driven rather than
deterministic. The framework does not
propose that skeletal muscle is the sole
regulator of healthy longevity or that
other organs play subordinate roles.
Instead, it advances the hypothesis that
skeletal muscle occupies a unique
physiological position because it
combines lifelong modifiability, extensive
inter-organ communication, and an
exceptional adaptive capacity within a
single biological system. Within the
Adaptive Muscle Longevity Framework
(AMLF), adaptive capacity is understood
as the lifelong ability of skeletal muscle to
perceive, integrate, and respond to

lifestyle-derived stimuli through
coordinated structural, metabolic,
endocrine, neural, and molecular

adaptations that contribute to organism-
wide physiological function and healthy
longevity. These characteristics provide a
strong  theoretical rationale for
considering skeletal muscle the central
modifiable physiological system through
which lifestyle-derived stimuli may be
translated into coordinated organism-
wide adaptation.

This rationale provides the conceptual
bridge to the following chapter. Having
identified skeletal muscle as the most
biologically  plausible  physiological
candidate for addressing the remaining
conceptual gap, the subsequent sections
examine the structural, metabolic,
endocrine, and adaptive characteristics
that support this proposition. The
biological evidence presented in Chapter
3 therefore forms the mechanistic
foundation of the Adaptive Muscle
Longevity Framework.

3. Skeletal Muscle as the Central
Physiological Interface of Healthy
Longevity

3.1 From Locomotor Organ to Systems
Regulator
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For much of modern physiology, skeletal
muscle was regarded primarily as the
organ responsible for movement,
posture, and  force  generation.
Consequently, its biological significance
was largely confined to locomotion and
physical performance. During the past
two decades, however, this perspective
has undergone a profound
transformation. Accumulating evidence
demonstrates that skeletal muscle is not
merely an effector organ of movement
but a highly dynamic and adaptive tissue
that exerts extensive regulatory effects
on whole-body physiology through
metabolic, endocrine, immune, neural,
and mechanical pathways (Pedersen &
Febbraio, 2012; Severinsen & Pedersen,
2020).

This paradigm shift has substantially
expanded the biological relevance of
skeletal muscle within contemporary
healthy longevity research. Skeletal
muscle is now recognized as the largest
insulin-sensitive organ, the principal site
of glucose disposal, a major reservoir of
amino acids, and one of the body's largest
consumers of energy. Beyond these well-
established metabolic functions, skeletal
muscle continuously communicates with
distant organs through contraction-
induced signaling molecules and
participates in the regulation of immune
responses, mitochondrial function,
vascular homeostasis, tissue
regeneration, and brain function
(Pedersen & Febbraio, 2012; Pedersen,
2013; Severinsen & Pedersen, 2020).
These observations demonstrate that
skeletal muscle contributes to
organismal homeostasis far beyond its
traditional mechanical role.

Importantly, skeletal muscle differs from
most other organs through its
exceptional adaptive capacity, which
enables continuous structural, metabolic,
molecular, and functional remodeling
throughout life. Repeated exposure to

10

mechanical loading induces coordinated
adaptations that allow skeletal muscle to
respond dynamically to changing
physiological demands. These responses
are not confined to the muscle itself but
propagate  through interconnected
signaling networks that influence
multiple organ systems simultaneously.
Consequently, skeletal muscle
represents one of the few organs whose
biological state remains directly
modifiable by lifestyle behaviour—
particularly regular physical activity—
across the entire lifespan (Egan &
Zierath, 2013; Frontera & Ochala, 2015).

From a systems biology perspective,
these characteristics suggest that
skeletal muscle should be viewed not
simply as one organ among many, but as
the central modifiable physiological
system linking environmental and
behavioural stimuli with organism-wide
adaptive responses. This conceptual
perspective does not imply that skeletal
muscle exclusively controls healthy
longevity. Rather, it recognizes skeletal
muscle as uniquely positioned to
integrate mechanical, metabolic,
endocrine, immune, and neural signals
into coordinated adaptive processes that
support functional integrity across
multiple physiological systems. This
systems-level perspective provides the
biological foundation of the Adaptive
Muscle Longevity Framework (AMLF).

3.2 Adaptive Capacity: The Defining
Biological Property of Skeletal Muscle

One of the defining characteristics of
skeletal muscle is not merely its ability to
generate force but its exceptional
adaptive capacity. Unlike most organs,
skeletal muscle undergoes continuous
cycles of remodeling in response to

repeated  physiological  challenges
throughout life. Mechanical loading,
metabolic stress, neural activation,
nutritional  status, and recovery
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collectively induce coordinated
structural, metabolic, and functional
adaptations that enable skeletal muscle
to maintain or enhance its performance
under changing environmental
conditions. These adaptive responses
occur across multiple levels of biological
organization, ranging from intracellular
signaling pathways and gene expression
to tissue remodeling and systemic
physiological regulation (Egan & Zierath,
2013; McGee & Hargreaves, 2020).
Consequently, adaptation represents the
defining biological property of skeletal
muscle rather than merely a
consequence of exercise training.

Within the Adaptive Muscle Longevity
Framework (AMLF), adaptive capacity
is understood as the lifelong ability of
skeletal muscle to perceive, integrate,
and respond to lifestyle-derived stimuli
through coordinated structural,
metabolic, endocrine, neural, and
molecular adaptations that contribute to
organism-wide physiological function
and healthy longevity. Importantly, this
interpretation does not introduce a new
biological concept or propose adaptive
capacity as an additional hallmark of
ageing. Rather, it specifies how an
established concept is interpreted within
the AMLF as the physiological property
that enables skeletal muscle to translate
repeated lifestyle-derived stimuli into
coordinated organism-wide adaptation.

This conceptual distinction is
fundamental. Whereas homeostasis
traditionally describes the maintenance
of internal stability, adaptive capacity
emphasizes the ability of biological
systems to preserve functional integrity
through continuous remodeling and
functional adjustment. In this
perspective, physiological resilience
emerges not from static equilibrium but
from the ongoing capacity to adapt to
changing internal and external demands.
Skeletal muscle exemplifies this principle

11

particularly well because repeated
contraction continuously initiates
adaptive processes that extend beyond
local tissue remodeling and influence
multiple physiological systems
simultaneously (Davies, 2016; McGee &
Hargreaves, 2020).

From the perspective of the AMLF, the
health benefits of regular physical
activity can therefore be understood as
the  cumulative  consequence  of
repeatedly stimulating skeletal muscle
adaptive capacity throughout life. Each
episode of muscle contraction initiates
coordinated mechanical, metabolic,
endocrine, immune, neural, and vascular
responses that collectively reinforce the
organism's ability to maintain functional
integrity under physiological stress.
Healthy longevity thus emerges not from
isolated adaptive events but from the
lifelong accumulation of coordinated
adaptive responses initiated by skeletal
muscle.

Accordingly, the AMLF proposes that
adaptive capacity represents the
central physiological principle linking
skeletal muscle function with healthy
longevity. Rather than focusing on
isolated  signaling  molecules or
individual molecular pathways, the
framework  conceptualizes healthy
longevity as an emergent consequence of
continuously renewed adaptive
processes initiated by repeated skeletal
muscle contraction. In this view, skeletal
muscle functions as the central
modifiable physiological system
through which lifestyle-derived stimuli
are translated into coordinated
organism-wide adaptation.

3.3 Adaptive Capacity: The Defining
Biological Property of Skeletal Muscle

Among all physiological characteristics
of skeletal muscle, its remarkable
adaptive capacity represents the
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defining biological property underlying
its central role within the Adaptive
Muscle Longevity Framework (AMLF).
Unlike most organs, skeletal muscle
continuously senses, integrates, and
responds to mechanical, metabolic,
neural, nutritional, and endocrine stimuli
throughout life. Repeated cycles of

contraction and recovery initiate
coordinated structural, molecular, and
functional remodeling that enables

skeletal muscle to adjust continuously to
changing physiological demands (Egan &
Zierath, 2013; McGee & Hargreaves,
2020). Rather than representing isolated
responses, these adaptations accumulate
over time and contribute to the long-
term maintenance of physiological
function and organismal health.

Adaptive capacity extends far beyond
increases in muscle mass or strength.
Exercise-induced remodeling
encompasses mitochondrial biogenesis,

metabolic  flexibility,  angiogenesis,
neuromuscular remodeling, protein
turnover, satellite cell activation,

extracellular matrix remodeling, and
alterations in endocrine signaling.
Together, these processes enable skeletal
muscle to optimize energy metabolism,
preserve structural integrity, and
maintain functional performance across
a wide range of physiological conditions
(Egan & Zierath, 2013; Baar, 2018;
McGee & Hargreaves, 2020).

A defining feature of this adaptive
capacity is that each individual bout of
physical activity induces transient
molecular and cellular responses that,
when repeated over time, result in
cumulative physiological adaptations.
Thus, long-term adaptation does not
arise from a single exercise session but
from the repeated integration of
thousands of adaptive responses
throughout the lifespan. This continuous
remodeling allows skeletal muscle to
maintain functional integrity despite
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ageing, environmental challenges, and
changing metabolic demands (Egan &
Sharples, 2023; McGee & Hargreaves,
2020).

Within the Adaptive Muscle Longevity
Framework, adaptive capacity is
understood as the lifelong ability of
skeletal muscle to perceive, integrate,
and respond to lifestyle-derived stimuli
through coordinated structural,
metabolic, endocrine, neural, and
molecular adaptations. Importantly, this
definition does not introduce a new
biological concept but specifies how the
established concept of adaptive capacity
is interpreted within the AMLF. In this
context, adaptive capacity represents the
physiological property that enables
skeletal muscle to translate repeated
lifestyle stimuli into coordinated
organism-wide adaptation and thereby

contribute to the preservation of
functional = capacity and  healthy
longevity.

4. The Adaptive Muscle Longevity
Framework: A Systems-Level
Physiological Model of Healthy
Longevity

4.1 Skeletal Muscle as the Central
Modifiable Physiological System of
Healthy Longevity

The  Adaptive Muscle Longevity
Framework (AMLF) is founded on the
premise that skeletal muscle represents
the central modifiable physiological
system of healthy longevity. This
proposition does not imply that skeletal
muscle is the sole determinant of
biological ageing, nor does it diminish the
importance of other organs or
established ageing mechanisms. Rather,
the AMLF proposes that skeletal muscle
occupies a unique physiological position
because of its exceptional adaptive
capacity, extensive inter-organ
communication, and continuous
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responsiveness to lifestyle-derived
stimuli. Collectively, these characteristics
enable skeletal muscle to coordinate
adaptive processes that influence health
and functional capacity across the
lifespan (Pedersen & Febbraio, 2012;
Severinsen & Pedersen, 2020; Lopez-
Otin et al,, 2023).

This perspective extends beyond the
traditional view of skeletal muscle as an
organ of locomotion. Contemporary
evidence demonstrates that skeletal
muscle functions simultaneously as a
contractile, metabolic, endocrine,
immune-modulating, and regenerative
organ that communicates with virtually
every major physiological system.
Through repeated contraction, skeletal
muscle initiates coordinated signaling

processes that influence glucose
metabolism, mitochondrial function,
vascular homeostasis, immune

regulation, protein turnover, and tissue
remodeling. These integrated responses
provide a biological explanation for the
broad health benefits consistently
associated with regular physical activity
and support the concept that skeletal
muscle exerts systemic physiological
effects extending far beyond mechanical
movement (Pedersen & Febbraio, 2012;
Pedersen, 2013; Severinsen & Pedersen,
2020).

Within the AMLF, skeletal muscle is
therefore conceptualized not merely as
one contributor to healthy ageing but as
the central modifiable physiological
system through which lifestyle-derived
stimuli are translated into coordinated
organism-wide adaptation. Physical
activity represents the principal external
stimulus activating this system, whereas
repeated muscle contraction constitutes
the immediate biological event initiating
adaptive responses across multiple
levels of biological organization. In this
framework, skeletal muscle continuously
transforms behavioural inputs into
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integrated physiological outputs that

contribute to the preservation of
functional = capacity and  healthy
longevity.

Importantly, the AMLF does not propose
a new molecular theory of ageing and
does not seek to replace established
frameworks such as the Hallmarks of
Aging or Geroscience. Rather, it
complements these concepts by
addressing a different scientific question.
Whereas existing frameworks primarily
explain why ageing occurs and which
biological mechanisms are involved, the
AMLF focuses on which physiological
system continuously integrates lifestyle-
derived adaptive responses capable of
influencing these mechanisms
throughout life. We propose that skeletal
muscle, because of its unique biological
characteristics and lifelong adaptive
capacity, fulfills this integrative role
more comprehensively than any other
modifiable physiological system.

Accordingly, the central hypothesis of the
AMLF can be summarized as follows:

Skeletal muscle represents the central
modifiable physiological system of
healthy longevity. Through repeated
contraction and lifelong adaptive
capacity, it continuously translates
lifestyle-derived stimuli into

coordinated organism-wide
adaptations that preserve functional
capacity and promote healthy
longevity.

4.2 The Biological Basis of Skeletal
Muscle as the Central Modifiable
Physiological System

The central proposition of the Adaptive
Muscle Longevity Framework (AMLF) is
grounded in the wunique biological
characteristics of skeletal muscle. Unlike
most organs, skeletal muscle
simultaneously fulfills multiple
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physiological functions that are directly
relevant to healthy longevity. It is the
primary organ responsible for voluntary
movement, the largest site of insulin-
mediated glucose disposal, the principal
reservoir of amino acids, a major
determinant of whole-body energy
metabolism, and an endocrine organ that
communicates extensively with distant
tissues through contraction-induced
signaling molecules (Pedersen &
Febbraio, 2012; Frontera & Ochala, 2015;
Severinsen & Pedersen, 2020). Rather
than acting within a single physiological
domain, skeletal muscle integrates
mechanical, metabolic, endocrine,
immune, and neural functions within one
highly adaptable biological system.

A defining characteristic of skeletal
muscle is its exceptional adaptive
capacity. Throughout life, skeletal
muscle continuously responds to
mechanical loading, metabolic demand,
nutritional status, neural activation,
injury, and recovery through
coordinated structural and functional
remodeling. These adaptive responses
include mitochondrial biogenesis,
angiogenesis, metabolic reprogramming,
neuromuscular remodeling, alterations
in protein turnover, and endocrine
signaling, enabling skeletal muscle to
maintain physiological function despite
continuously changing internal and
external demands (Egan & Zierath, 2013;
Frontera & Ochala, 2015). Importantly,
these adaptations are repeatedly
initiated throughout life, making skeletal
muscle one of the few organs whose
biological state remains continuously
modifiable by lifestyle behaviour.

Beyond local tissue remodeling, skeletal
muscle exerts extensive systemic effects
through continuous bidirectional
communication with other organs.
Muscle-derived signaling molecules
influence hepatic glucose metabolism,
adipose tissue function, bone
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remodeling, cardiovascular physiology,
immune regulation, and brain function,
while reciprocal signals from these
organs modulate skeletal muscle
adaptation.  Consequently,  skeletal
muscle participates in an integrated
physiological network rather than
functioning as an isolated organ. This
extensive inter-organ communication
provides a biologically plausible
explanation for the widespread health
benefits associated with regular physical
activity and further supports the concept
that skeletal muscle contributes to
organism-wide physiological regulation
rather than solely to locomotion
(Pedersen & Febbraio, 2012; Pedersen,
2013; Severinsen & Pedersen, 2020).

Within the AMLF, these characteristics
are not interpreted as isolated
observations but as complementary
components of a unified physiological
concept. The combination of exceptional
adaptive capacity, lifelong modifiability,
extensive inter-organ communication,
and continuous responsiveness to
lifestyle-derived stimuli distinguishes
skeletal muscle from other physiological
systems. Collectively, these properties
provide the biological rationale for
conceptualizing skeletal muscle as the
central modifiable physiological
system through which lifestyle-derived
stimuli are translated into coordinated
organism-wide adaptation.

4.3 Adaptive Capacity as the
Mechanistic Link Between Lifestyle
and Healthy Longevity

The central concept of the Adaptive
Muscle Longevity Framework (AMLF) is
that adaptive capacity constitutes the
mechanistic link between lifestyle-
derived stimuli and healthy longevity.
While physical activity has consistently
been associated with reduced morbidity,
delayed functional decline, and increased
healthspan, the biological processes
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translating repeated behavioural stimuli
into sustained systemic adaptations
remain incompletely understood (Booth
et al., 2012; Egan & Zierath, 2013). The
AMLF proposes that skeletal muscle
adaptive  capacity = provides  the
physiological mechanism through which
these repeated stimuli are integrated

into coordinated organism-wide
adaptations.
Every episode of skeletal muscle

contraction initiates a complex network
of mechanical, metabolic, endocrine,
immune, vascular, and neural responses.
Although many of these responses are
transient, repeated activation
throughout life leads to cumulative
structural and functional adaptations

that extend far beyond the
musculoskeletal system. Mitochondrial
biogenesis, improved metabolic

flexibility, enhanced insulin sensitivity,
vascular remodeling, modulation of
immune function, and endocrine
communication represent
interconnected components of this
adaptive process rather than isolated
physiological events (Pedersen &
Febbraio, 2012; Egan & Zierath, 2013;
McGee & Hargreaves, 2020). Through
repeated stimulation, these adaptive
responses contribute to the long-term
preservation of physiological function
across multiple organ systems.

Within the AMLF, adaptive capacity
should therefore be understood as a
dynamic physiological property rather
than a static characteristic of skeletal
muscle. It reflects the lifelong ability of
skeletal muscle to perceive, integrate,
and respond to lifestyle-derived stimuli
through coordinated structural,
metabolic, molecular, endocrine, and
neural adaptations. Importantly, this
interpretation does not imply that
adaptive capacity is unique to skeletal
muscle. Instead, the framework proposes
that skeletal muscle exhibits this
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property to an exceptional degree while
simultaneously influencing numerous
other physiological systems through
extensive inter-organ communication.

This perspective provides a mechanistic
explanation for the broad and often
simultaneous health benefits associated
with regular physical activity. Rather
than acting through a single molecular
pathway, repeated muscle contraction
continuously reinforces organism-wide
physiological resilience by stimulating
coordinated adaptive responses across
multiple biological systems. In this view,
healthy longevity emerges not as the
consequence of isolated molecular
events but as the cumulative result of
lifelong activation of skeletal muscle
adaptive  capacity. This  concept
complements established frameworks
such as the Hallmarks of Aging and
Geroscience by providing a physiological
mechanism that links lifestyle behaviour
with multisystem biological adaptation
rather than replacing these concepts.

4.4 Biological Integration Across the
Hallmarks of Aging

The Hallmarks of Aging framework has
fundamentally advanced our
understanding of biological ageing by
identifying interconnected molecular
and cellular mechanisms that collectively
contribute to the progressive decline of
physiological function (Lépez-Otin et al,,
2013, 2023). Importantly, the revised
framework emphasizes that these
hallmarks do not operate independently
but interact through extensive feedback
mechanisms and highly interconnected
biological networks. Consequently,
interventions capable of influencing
several interconnected hallmarks
simultaneously may exert broader
biological effects than approaches
targeting individual molecular pathways
alone.
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Regular physical activity represents one
of the few interventions consistently
associated with favourable effects across
multiple biological processes implicated
in ageing. Exercise has been linked to
improvements in mitochondrial function,
proteostasis, nutrient sensing, chronic
inflammation, cellular senescence,
intercellular communication, and several
additional hallmarks, although the
magnitude and underlying mechanisms
vary according to exercise modality,
intensity, duration, age, and health status
(Booth etal., 2017; Egan & Zierath, 2013;
Lopez-Otin et al, 2023). Rather than
acting through a single signalling
pathway, repeated muscle contraction
induces coordinated multisystem
responses involving mechanical loading,
metabolic regulation, endocrine
communication, immune modulation,
vascular remodelling, and neural
adaptation. Recent reviews further
support the concept that exercise is one
of the few interventions capable of
influencing multiple hallmarks of ageing
simultaneously.

Within the Adaptive Muscle Longevity
Framework (AMLF), skeletal muscle is
proposed as the central modifiable
physiological system through which
these coordinated adaptive responses
are initiated and integrated. Because
skeletal muscle simultaneously
undergoes  structural = remodelling,
metabolic adaptation, endocrine
signalling, and extensive inter-organ
communication during repeated
contraction, it provides a biologically
plausible physiological mechanism by
which a single lifestyle intervention can
influence multiple interconnected ageing
processes. Importantly, the AMLF does
not propose that skeletal muscle directly
regulates each hallmark. Rather, it
suggests that skeletal muscle, through its
exceptional adaptive capacity,
continuously translates lifestyle-derived
stimuli into coordinated organism-wide
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adaptations capable of modulating
several interconnected hallmarks under
physiological conditions.

This distinction represents the central
conceptual contribution of the AMLF.
Whereas the Hallmarks of Aging
describe the molecular architecture of
biological ageing, the AMLF focuses on
the physiological processes through
which adaptive responses may influence
this architecture over time. Accordingly,
the two frameworks address
complementary scientific questions
rather than competing explanations. The
Hallmarks identify the molecular
mechanisms associated with ageing,
whereas the AMLF proposes a systems-
level physiological mechanism
explaining how repeated skeletal muscle
contraction may contribute to their
coordinated modulation throughout the
lifespan.

Accordingly, the AMLF should not be
interpreted as an alternative to the
Hallmarks of Aging, but as a
complementary physiological
framework linking lifestyle behaviour,
skeletal muscle biology, adaptive
capacity, and systems-level regulation
with  the  established molecular
mechanisms of ageing. This integrative
perspective provides a biologically
plausible explanation for why regular
physical activity consistently produces
broad health benefits extending far
beyond improvements in muscular
performance alone.

4.5 The Adaptive Muscle Longevity
Framework as a Systems Biology
Model

The Adaptive Muscle Longevity
Framework (AMLF) conceptualizes
healthy longevity as an emergent

property of continuously interacting
physiological systems rather than as the
consequence of isolated molecular
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mechanisms. This perspective is
consistent with contemporary systems
biology, which recognizes that complex
biological functions arise from dynamic
interactions among multiple hierarchical
levels of biological organization rather
than from individual pathways alone
(Lopez-Otin et al., 2023). Within this
context, skeletal muscle is proposed to
function as the central modifiable
physiological system through which
lifestyle-derived stimuli are translated
into coordinated organism-wide
adaptation.

The AMLF does not replace established
molecular frameworks but provides an

additional  physiological layer of
interpretation. The Hallmarks of Aging
describe  the principal biological

mechanisms associated with ageing,
whereas the AMLF focuses on the
physiological processes through which
repeated behavioural stimuli may
influence these mechanisms over time.
Consequently, the framework links
molecular ageing biology with whole-
organism physiology by integrating
skeletal muscle biology, exercise
physiology, geroscience, and healthy
longevity into a single conceptual model
(Kennedy et al., 2014; Lopez-Otin et al,,
2023).

A central feature of the AMLF is the
concept of adaptive capacity. Within the
framework, adaptive capacity s
understood as the lifelong ability of
skeletal muscle to perceive, integrate,
and respond to lifestyle-derived stimuli

through coordinated structural,
metabolic, endocrine, neural, and
molecular adaptations. Repeated

activation of this adaptive capacity
through regular physical activity results
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in cumulative physiological remodeling
that extends beyond skeletal muscle
itself and contributes to the preservation
of functional capacity across multiple
organ systems (Egan & Zierath, 2013;
Pedersen & Febbraio, 2012). Rather than
representing isolated exercise responses,
these adaptations accumulate
throughout life and provide a biologically
plausible explanation for the broad
health benefits associated with habitual
physical activity.

Importantly, the AMLF should be
regarded as a conceptual and
hypothesis-generating framework. It
does not claim that skeletal muscle
exclusively determines healthy
longevity, nor does it imply direct causal
regulation of every hallmark of ageing.
Instead, it proposes that skeletal muscle
occupies a unique physiological position
because of its exceptional adaptive
capacity, lifelong modifiability, and
extensive inter-organ communication.
These characteristics make skeletal
muscle a biologically plausible candidate
for integrating lifestyle-derived stimuli
into coordinated organism-wide
adaptation and thereby influencing
multiple dimensions of healthy longevity.

From this perspective, the principal
contribution of the AMLF lies not in
introducing new molecular mechanisms
but in providing an integrative
physiological framework that connects
established ageing biology with the well-
documented systemic effects of regular
physical activity. As such, the AMLF
offers a testable conceptual model that
can guide future mechanistic,
translational, and clinical research while
complementing existing frameworks
rather than competing with them.



Preprint - Not Peer Reviewed
This manuscript is made publicly available prior to peer review and should not be regarded as conclusive.

Figure 1. The Adaptive Muscle Longevity Framework (AMLF): Skeletal Muscle as the
Central Modifiable Physiological System of Healthy Longevity
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Figure 1. The Adaptive Muscle Longevity Framework (AMLF): Skeletal Muscle as the
Central Modifiable Physiological System of Healthy Longevity. The Adaptive Muscle
Longevity Framework conceptualizes skeletal muscle as the central modifiable
physiological system through which lifestyle-derived stimuli—including physical activity,
nutrition, sleep, recovery, and environmental influences—are translated into coordinated
organism-wide adaptation. Repeated skeletal muscle contraction activates adaptive
capacity, resulting in structural, metabolic, endocrine, immune, and neural adaptations
that extend beyond skeletal muscle via inter-organ communication. These integrated
responses may modulate biological processes associated with ageing, preserve functional
capacity, and ultimately contribute to healthy longevity. The AMLF is proposed as a
conceptual and hypothesis-generating framework that complements existing ageing
paradigms by providing a systems-level physiological perspective.

19



Preprint - Not Peer Reviewed

This manuscript is made publicly available prior to peer review and should not be regarded as conclusive.

Table 1. Comparison of Contemporary Healthy Longevity Frameworks and the Adaptive Muscle Longevity Framework (AMLF)

Framework

Hallmarks of Aging
(Lopez-Otin et al,, 2013;
2023)

Geroscience

Hypothesis (Kennedy et ageing biology and

al,, 2014)

Healthy Ageing
Framework (WHO)
(Beard et al.,, 2016;
WHO, 2020)

Exercise Physiology
(Booth et al.,, 2012;
Pedersen & Febbraio,
2012)

Adaptive Muscle
Longevity Framework
(AMLF)

Level of
Primary Focus Biological
Organization

Molecular and cellular Molecular /
mechanisms of ageing Cellular

Relationship between Organism /

> Disease Biolo
chronic diseases 8y

Maintenance of
functional ability
across the lifespan

Functional /
Public Health

Biological adaptations Organ / Systems
to physical activity Physiology

Physiological

integration of Systems
lifestyle-derived Physiology
adaptation

Role of Skeletal Major Scientific Contribution

Muscle

One of several Identifies the major biological mechanisms
target tissues driving ageing

Important Explains how targeting ageing mechanisms may

intervention target delay multiple chronic diseases

Major determinant Defines healthy ageing from a functional and
of physical function societal perspective

Primary organ of = Explains physiological responses to acute and
exercise adaptation chronic exercise

Proposes skeletal muscle adaptive capacity as the
physiological mechanism translating lifestyle-
derived stimuli into coordinated organism-wide
adaptation supporting healthy longevity

Central modifiable
physiological
system

Table 1. Comparison of the major conceptual frameworks relevant to healthy longevity. The table illustrates that the Adaptive Muscle
Longevity Framework (AMLF) does not replace existing ageing frameworks but complements them by introducing a systems-level
physiological perspective centred on skeletal muscle adaptive capacity. Whereas the Hallmarks of Aging primarily describe molecular
mechanisms and the Geroscience Hypothesis links these mechanisms to chronic disease, the AMLF focuses on the physiological integration
of lifestyle-derived stimuli into coordinated organism-wide adaptive responses.
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4.6 Testability, Scientific Implications,
and Future Perspectives

As a conceptual framework, the
Adaptive Muscle Longevity
Framework (AMLF) should be regarded
as a hypothesis-generating and
experimentally testable model rather
than as a definitive explanation of
healthy longevity. Its scientific value
depends not only on its ability to
integrate existing evidence but also on its
capacity to generate novel, falsifiable
hypotheses that can be evaluated
through mechanistic, translational, and
clinical research (Popper, 2002; Kennedy
etal, 2014).

A central prediction of the AMLF is that
interventions capable of enhancing
skeletal muscle adaptive capacity
should produce coordinated
improvements across multiple
physiological systems rather than
isolated effects on muscle tissue alone.
Accordingly, changes in metabolic
regulation, endocrine communication,
immune function, vascular physiology,
cognitive performance, and physical
function should be interpreted as
interconnected manifestations of
systemic adaptation rather than as
independent outcomes of exercise. This
systems-level prediction distinguishes
the AMLF from reductionist models that
focus primarily on single molecular
pathways or isolated biomarkers.

The framework further predicts that the
magnitude of healthy longevity benefits
depends not solely on exercise volume or
intensity but also on the preservation of
skeletal muscle adaptive capacity across
the lifespan. Factors such as ageing,

physical inactivity, chronic disease,
malnutrition, or prolonged
immobilization @ may  progressively

reduce this adaptive capacity, whereas
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appropriately  prescribed  physical
activity, resistance training, adequate
nutrition, and recovery may preserve or
restore it. These hypotheses provide a
coherent basis for future intervention
studies examining adaptive capacity as a
potential physiological determinant of
healthy longevity (Booth et al, 2017;
Egan & Zierath, 2013; Frontera & Ochala,
2015).

Importantly, the AMLF also establishes a
framework for future biomarker
development. Rather than relying on
single molecular markers, future
research may investigate composite
indicators reflecting the
multidimensional nature of skeletal
muscle adaptive capacity, including
structural, metabolic, endocrine,
inflammatory, and functional domains.
Such multidimensional approaches are
consistent with contemporary systems
biology, = which  emphasizes the
integration of physiological processes
across multiple levels of biological
organization rather than isolated
molecular measurements.

Finally, the AMLF provides a conceptual
foundation for interdisciplinary research

integrating skeletal muscle biology,
exercise physiology, geroscience,
systems biology, and preventive
medicine. Future studies should
determine whether skeletal muscle

adaptive capacity can be quantified
reliably, whether it predicts trajectories
of healthy ageing, and whether
interventions  specifically  targeting
adaptive capacity result in measurable
improvements in functional capacity and
healthspan. Addressing these questions
will determine the scientific validity and
clinical relevance of the Adaptive Muscle
Longevity Framework.
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4.7 Limitations of the Adaptive Muscle
Longevity Framework

Despite its integrative perspective, the
Adaptive Muscle Longevity
Framework (AMLF) should be
interpreted within the context of its
current scientific limitations. The
framework is conceptual in nature and is
intended to synthesize existing evidence
into a coherent physiological model
rather than to provide definitive proof of
causal relationships. Accordingly, the
AMLF  represents a  hypothesis-
generating framework whose central
propositions  require  experimental
validation through mechanistic,
translational, and clinical research
(Kennedy et al., 2014; Popper, 2002).

A first limitation concerns the complexity
of healthy longevity itself. Healthy ageing

emerges from interactions among
genetic, epigenetic, environmental,
behavioural, metabolic, endocrine,
immune, neural, and psychosocial

factors. The AMLF does not propose that
skeletal muscle explains this complexity
in isolation. Rather, it hypothesizes that
skeletal muscle occupies a unique
physiological position because of its
exceptional adaptive capacity, lifelong
modifiability, and extensive inter-organ
communication. Other organs—
including the brain, liver, adipose tissue,
cardiovascular system, and immune
system—remain indispensable
contributors to organismal adaptation
and healthy longevity.

A second limitation is that adaptive
capacity, as understood within the
AMLF, has not yet been operationalized
as a measurable physiological construct.
Although numerous biomarkers of
skeletal muscle adaptation have been
described, no validated composite
measure  currently captures the
multidimensional nature of adaptive
capacity across structural, metabolic,
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endocrine, neural, and functional
domains. Consequently, future studies
should focus on developing reliable
approaches for quantifying adaptive
capacity and determining its association
with trajectories of healthy ageing.

Furthermore, the present framework is
based primarily on evidence derived
from exercise physiology, skeletal muscle
biology, geroscience, and systems
biology. Although these disciplines
provide substantial support for the
underlying biological rationale, direct
experimental evidence demonstrating
that skeletal muscle adaptive capacity
serves as the principal physiological
integrator of lifestyle-derived stimuli
remains limited. This proposition
therefore represents a testable scientific
hypothesis rather than an established
biological fact.

Finally, the AMLF should be regarded as
a dynamic conceptual framework that
will require continuous refinement as
new evidence becomes available.
Advances in molecular biology, systems
physiology, artificial intelligence, multi-
omics technologies, and longitudinal
intervention studies are likely to expand,
modify, or refine specific components of
the framework. Such evolution should be
viewed as a strength rather than a
weakness, reflecting the iterative nature
of scientific progress and the continual
testing and refinement of conceptual
models.

4.8 Synthesis of the Adaptive Muscle
Longevity Framework

The Adaptive Muscle Longevity
Framework (AMLF) integrates current
knowledge from skeletal muscle biology,
exercise physiology, geroscience,
systems biology, and healthy longevity
research into a unified physiological
concept. Rather than proposing a new
molecular theory of ageing, the
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framework provides a systems-level
perspective explaining how lifestyle-
derived stimuli may be translated into
coordinated organism-wide adaptation
through skeletal muscle.

Central to the AMLF is the proposition
that skeletal muscle functions as the
central modifiable physiological
system because it combines exceptional
adaptive capacity, lifelong
responsiveness to environmental and
behavioural stimuli, and extensive inter-
organ communication within a single
physiological system. Repeated skeletal
muscle contraction initiates coordinated
structural, metabolic, endocrine,
immune, neural, and molecular
adaptations that extend beyond the
muscle itself and contribute to the
preservation of functional capacity
throughout life (Pedersen & Febbraio,
2012; Pedersen, 2013; Severinsen &
Pedersen, 2020; Lopez-Otin et al., 2023).
Importantly, the AMLF does not
challenge or replace established
frameworks such as the Hallmarks of
Aging, Geroscience, or the Healthy
Ageing concept. Instead, it complements
these models by addressing a different
level of biological organization. Whereas
existing frameworks primarily explain
the molecular mechanisms of ageing and
define the biological objectives of healthy
ageing, the AMLF proposes a
physiological mechanism through which
repeated lifestyle-derived stimuli may
influence these processes over time.

Accordingly, the principal scientific
contribution of the AMLF is not the
identification of additional molecular
pathways but the integration of existing
biological knowledge into a coherent
physiological framework centred on
skeletal muscle adaptive capacity. In
this view, healthy longevity emerges as
the cumulative consequence of lifelong
adaptive processes continuously
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stimulated through skeletal muscle and
propagated across  interconnected
physiological systems.

Taken together, the AMLF provides a
biologically  plausible, conceptually
coherent, and experimentally testable
framework  that generates new
hypotheses for future research while
complementing the current
understanding of healthy longevity. Its
value ultimately depends on empirical
validation, but it offers a structured
physiological perspective that may
facilitate future mechanistic,
translational, and clinical investigations
into the role of skeletal muscle in healthy
ageing.

5. Conclusion

The growing emphasis on healthy
longevity has fundamentally
transformed  contemporary  ageing
research from a disease-oriented
paradigm toward an integrative
understanding of biological ageing,
functional preservation, and lifelong
adaptation. Existing conceptual
frameworks—including the Hallmarks
of Aging, the Geroscience Hypothesis,
and the World Health Organization's
Healthy Ageing framework—have
substantially advanced the field by
identifying key molecular mechanisms,
therapeutic targets, and functional
outcomes associated with healthy ageing
(Beard et al,, 2016; Kennedy et al., 2014;
Lopez-Otin et al., 2023). Nevertheless, an
important conceptual question has
remained insufficiently addressed:
Which physiological system
continuously translates lifestyle-
derived stimuli into coordinated
organism-wide adaptive responses
throughout life?

The Adaptive Muscle Longevity
Framework (AMLF) addresses this
question by proposing that skeletal
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muscle  represents the  central
modifiable physiological system
through which lifestyle-derived stimuli
are translated into coordinated
organism-wide adaptation. Rather than
introducing a new molecular theory of
ageing, the AMLF complements existing
frameworks by providing a physiological
perspective that integrates skeletal
muscle biology, exercise physiology,
systems biology, and geroscience into a
unified conceptual model. Within this
framework, repeated skeletal muscle
contraction constitutes the primary
biological stimulus that activates
adaptive capacity, thereby initiating
coordinated structural, metabolic,
endocrine, immune, neural, and
molecular adaptations that contribute to
the preservation of functional capacity
and healthy longevity (Pedersen &
Febbraio, 2012; Pedersen, 2013;
Severinsen & Pedersen, 2020).

Importantly, the AMLF should be
regarded as a conceptual, hypothesis-
generating, and  experimentally
testable framework rather than a
definitive biological model. Its central
proposition—that  skeletal = muscle
functions as the central modifiable
physiological system linking lifestyle
behaviour with coordinated organism-
wide adaptation—requires rigorous
experimental and clinical validation. The
framework generates specific, falsifiable
hypotheses concerning skeletal muscle

adaptive capacity, multisystem
integration, functional ageing, and
preventive  interventions, thereby

providing a coherent foundation for
future mechanistic, translational, and
clinical research (Kennedy et al., 2014;
Popper, 2002).

If supported by future empirical
evidence, the AMLF may contribute to a
conceptual refinement of healthy
longevity research. Rather than viewing
skeletal muscle primarily as an organ of
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locomotion or metabolism, it may
increasingly be recognized as a
physiological system that integrates

lifestyle-derived stimuli into coordinated
organism-wide adaptation through its
exceptional adaptive capacity. Such a
perspective has the potential to
strengthen the integration of skeletal
muscle biology, exercise physiology,
geroscience, preventive medicine, and
systems biology while providing a
coherent physiological framework for
understanding how healthy longevity
may be actively maintained across the
lifespan.

Ultimately, the AMLF advances the
hypothesis that healthy longevity is not
achieved through the passive
preservation of physiological function
but through the continuous
maintenance of functional integrity by
lifelong adaptive processes. Within this
framework, skeletal muscle is proposed
to occupy a unique physiological position
because of its lifelong modifiability,
exceptional adaptive capacity, and
extensive inter-organ communication.
Whether this concept withstands future
experimental testing remains to be
determined. Nevertheless, the AMLF
provides a Dbiologically plausible,
physiologically coherent, and
experimentally testable framework that
offers a new systems-level perspective
on the relationship between skeletal
muscle and healthy longevity.
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