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ABSTRACT

This paper proposes the hypothesis that massage therapy may influence biological
aging by engaging multiple pathways central to cellular senescence, including
mechanotransduction, extracellular matrix remodeling, inflammatory regulation,
lymphatic clearance, and neuroendocrine signaling. While no studies have yet
demonstrated direct senolytic effects of massage through measurement of senescent
cell burden, the convergence of mechanistic and clinical evidence suggests that manual
therapy deserves investigation as a mechanobiological intervention within geroscience.

We explore Mechanical Rejuvenation as an umbrella concept describing the restoration
of youthful tissue behavior through targeted mechanical stimulation optimizing
mechanotransduction, extracellular matrix organization, inflammatory regulation, and
regenerative signaling. Within this framework, we propose Mechanical Senolysis as one
specific hypothesis. Senescent cells possess distinct mechanical phenotypes relative to
healthy tissue®>?® and targeted manual therapy may ultimately prove capable of
facilitating their selective elimination or immune-mediated clearance. This hypothesis is
mechanistically plausible but requires direct experimental investigation.

The paper further examines the potential for integrating massage therapy alongside
pharmaceutical longevity protocols, proposing mechanistic synergies between
mechanical intervention and leading senolytic compounds. We call for dedicated
randomized controlled trials measuring cellular senescence biomarkers in massage
therapy populations, and propose the emergence of Mechanobiological Geroscience as
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a formal interdisciplinary field bridging manual therapy and the science of biological
aging.

Keywords: mechanical rejuvenation, cellular senescence, SASP, massage therapy,
mechanotransduction, mechanobiological geroscience, longevity, inflammaging, tissue
regeneration, extracellular matrix

1. Introduction

The human lifespan has extended dramatically over the past century, yet healthspan,
characterized by functional vitality and freedom from chronic disease, has not kept
pace. This has resulted in world-wide aging-associated morbidity: cardiovascular
disease, neurodegeneration, musculoskeletal deterioration, immune dysfunction, and
metabolic collapse. The emerging field of geroscience reframes these conditions, not as
inevitable consequences of chronological time, but as tractable downstream effects of
identifiable and potentially modifiable biological processes.’

Among the most compelling of these processes is cellular senescence. First described
by Hayflick and Moorhead in 1961 as the finite replicative capacity of human cells in
culture,’ senescence is now understood as a dynamic physiological state occurring
across multiple tissue types in response to diverse stressors including DNA damage,
oxidative stress, oncogenic activation, and mechanical disruption. Senescent cells resist
apoptosis, arrest their own proliferation, and critically, secrete a complex array of
pro-inflammatory cytokines, proteases, and growth factors collectively termed the
senescence-associated secretory phenotype, or, the SASP.2

It is the SASP that connects cellular senescence to systemic aging. Through paracrine
signaling, SASP factors including interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-alpha), interleukin-8 (IL-8), and matrix metalloproteinases (MMPs)® propagate
senescence to neighboring cells. These factors also degrade the structural integrity of
the extracellular matrix, impair tissue regeneration, and sustain the low-grade chronic
inflammation, termed inflammaging by Franceschi and Campisi,* that underlies the
majority of age-related pathology.

The pharmaceutical response to this challenge has produced a class of interventions
called senolytics. Senolytics are properly defined as interventions directly eliminating
senescent cells through targeted molecular mechanisms. Some senolytics successfully
target and inhibit the anti-apoptotic BCL-2 family of proteins. Dasatinib, quercetin,
navitoclax, and fisetin represent the leading senolytic compounds currently under
investigation.® These interventions operate at the molecular and intracellular level and
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have demonstrated measurable reductions in senescent cell burden in both preclinical
models and early human trials.’

However, pharmaceutical senolytics share a fundamental limitation: they have not yet
addressed the physical and structural dimensions of tissue aging which accumulate
alongside senescent cell burden. The progressive stiffening and fibrosis of the
extracellular matrix, the congestion and dysfunction of the lymphatic system, the loss of
mechanotransductive signaling that fibroblasts and satellite cells require for
regenerative activity are physical realities of aging tissue that molecular interventions,
however potent, are not designed to reach.

This paper argues that massage therapy, examined through the lens of contemporary
cell biology and geroscience, engages biological pathways directly relevant to cellular
senescence and the SASP. We are not claiming massage therapy is a senolytic in the
technical sense of the term. We are proposing that massage therapy deserves
investigation as a mechanobiological intervention within geroscience, and that the
convergence of evidence from mechanotransduction biology, lymphatic physiology,
ECM science, and clinical manual therapy research is sufficient to justify exactly the
investigation.

We look at two organizing concepts. The first, Mechanical Rejuvenation, describes the
restoration of youthful tissue behavior through targeted mechanical stimulation that
optimizes mechanotransduction, ECM organization, inflammatory regulation, and
regenerative signaling. The second is Mechanical Senolysis which questions whether
mechanical intervention may ultimately prove capable of facilitating the selective
elimination or immune-mediated clearance of senescent cells. Mechanical Senolysis is
a hypothesis to be tested, not an established effect.

Together, these concepts define the beginnings of what we propose as
Mechanobiological Geroscience: a formal interdisciplinary field at the intersection of
manual therapy, mechanobiology, and the science of biological aging. This paper
represents an invitation to that field.

2. Conceptual Framework: Mechanical Rejuvenation and
Mechanobiological Geroscience

2.1 Mechanical Rejuvenation: Definition and Scope

Mechanical Rejuvenation is defined here as the restoration of youthful tissue behavior
through targeted mechanical stimulation that optimizes mechanotransduction signaling,
extracellular matrix organization, inflammatory regulation, and regenerative cellular
activity. It is an umbrella concept and not a single mechanism but a framework
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encompassing multiple biological pathways through which physical force can influence
the cellular and tissue-level processes characterizing biological aging.

Biological aging involves both molecular and physical dimensions. The molecular
dimension faces such adversities as senescent cell accumulation, SASP, telomere
attrition, epigenetic drift and mitochondrial dysfunction. The physical dimension
undergoes ECM stiffening and fibrosis, fascial adhesion formation, lymphatic
dysfunction, tissue architectural deterioration and loss of mechanotransductive
responsiveness in resident cells.

Mechanical Rejuvenation proposes that these physical dimensions of aging are not
merely symptomatic of molecular aging processes but are active contributors to them,
through mechanotransduction pathways that feed forward into inflammatory signaling,
stem cell quiescence, and ECM degradation. It proposes that targeted physical
intervention can modulate these processes in ways that complement and extend the
effects of molecular interventions.

2.2 Mechanical Senolysis: A Hypothesis Within the Framework

Within the Mechanical Rejuvenation framework, Mechanical Senolysis represents one
specific and testable hypothesis: that the mechanically distinct properties of senescent
cells may render them selectively responsive to appropriately calibrated mechanical
stimulation in ways that facilitate their elimination or clearance.

The mechanistic basis for this hypothesis rests on two observations. First, senescent
cells are physically distinct from their healthy counterparts. Research has demonstrated
that senescent cells are stiffer and differently responsive to mechanical cues than
healthy cells of the same type.?** They express altered integrin profiles, modified
cytoskeletal architecture, and dysregulated mechanosensing machinery.® These
physical differences reflect the fundamental reorganization of cellular structure that
accompanies the senescent state.

Second, mechanical stimulation of sufficient character can influence apoptotic signaling
pathways. Senescent cells are characterized by upregulation of anti-apoptotic BCL-2
family proteins.® These are some of the same proteins targeted by pharmacological
senolytics. Whether mechanical perturbation can modulate BCL-2 family signaling in
senescent cells specifically, or whether the immune surveillance mechanisms
responsible for senescent cell clearance can be enhanced by mechanical manipulation
of the tissue environment, are open questions that direct experimental investigation can
answer.

It is essential to be clear about what this hypothesis is and is not. It is not a claim that
massage therapy selectively induces apoptosis in senescent cells, which is the
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definition of a senolytic. This has not been demonstrated by any manual therapy
intervention. It is a hypothesis that mechanical force, applied with appropriate
parameters to tissue containing senescent cells, may create conditions favorable for
their elimination through apoptotic or immune-mediated mechanisms. This is a
biologically plausible, mechanistically grounded hypothesis that warrants the same
rigorous experimental investigation that pharmacological senolytics received before
becoming established interventions.

2.3 Mechanobiological Geroscience: An Integration

The hallmarks of aging framework has been extended and refined over the past
decade.” Geroscience emerged from molecular biology, biochemistry, and
pharmacology.

Manual therapy research emerged from rehabilitation medicine, physical therapy, and
massage therapy. The senescent cell biology literature has established the mechanical
phenotype of senescent cells.?>%

We propose Mechanobiological Geroscience as a named clinical framework at the
intersection of the two rapidly converging research communities of mechanobiology and
geroscience. While the intersection of mechanical forces and aging biology is an active
and growing area of scientific inquiry, the formal naming of this intersection as a discrete
field, and its explicit application to manual therapy as a clinical intervention, represents
the contribution of this paper. Its subject matter is the role of mechanical forces,
specifically the therapeutic application, in the biological processes of aging. Its methods
draw from both mechanobiology and geroscience. Its clinical applications include but
are not limited to massage therapy, physical therapy, exercise science, and the
emerging field of mechanotherapeutics.

The mechanotransduction literature has established that physical force regulates the
same signaling pathways dysregulated in aging tissue.'®'* The senescent cell biology
literature has established the mechanical phenotype of senescent cells and its potential
relevance to their elimination. The manual therapy literature has established clinically
meaningful effects on inflammatory markers, tissue quality, and functional aging
measures. Mechanobiological Geroscience is the field in which these threads are
woven together.

3. Background: Cellular Senescence, the SASP, and the
Physical Dimension of Tissue Aging

3.1 Cellular Senescence: Definition and Biology
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Cellular senescence is a state of stable and essentially irreversible cell cycle arrest,
distinct from quiescence and from apoptosis.® Senescent cells are typically larger and
flatter than healthy counterparts, and display increased lysosomal beta-galactosidase
activity, which is the most widely used senescence biomarker.?’ These cells also show
characteristic upregulation of the cyclin-dependent kinase inhibitors p16INK4a and
p21CIP1.% Despite arrested proliferation, senescent cells remain metabolically
hyperactive, accumulating dysfunctional mitochondria and maintaining robust
transcriptional activity directed toward SASP production.®®

Triggers of senescence include telomere shortening through replicative exhaustion,
DNA double-strand breaks from genotoxic stress, oncogene activation, and mechanical
and metabolic perturbations.® With age, the accumulation of these triggers, combined
with impaired immune surveillance, leads to progressive senescent cell burden across
multiple tissue compartments.®” Critically, even a relatively small proportion of
senescent cells appears sufficient to drive significant functional decline through
SASP-mediated paracrine effects on neighboring cells.’

3.2 The SASP: Molecular Composition and Pathological Consequences

The SASP encompasses hundreds of secreted factors, but several have emerged as
particularly important drivers of aging pathology. Interleukin-6 (IL-6) sustains autocrine
senescence loops and drives systemic inflammation.® Tumor necrosis factor-alpha
(TNF-alpha) activates NF-kB signaling in neighboring cells, propagating the
inflammatory milieu.*® Matrix metalloproteinases (MMPs) including MMP-1, MMP-3, and
MMP-10 degrade collagen, laminin, and other structural ECM components, contributing
directly to the architectural deterioration of aged tissue.' IL-8, VEGF, and TGF-beta
contribute to immune dysregulation, pathological vascularization, and fibrosis
respectively.®

Together these factors create the inflammaging environment of the chronic, low-grade,
sterile inflammatory state underlying the majority of age-related pathology. The
downstream consequences include impaired stem and progenitor cell regenerative
capacity,"” fibroblast dysregulation, muscle satellite cell suppression,'” and immune
skewing. Importantly, the SASP also degrades the physical architecture of tissue
through MMP-mediated ECM breakdown, through fibrosis-driving TGF-beta signaling,
and through the progressive loss of tissue structural integrity that accumulates as
senescent cell burden increases.

3.3 The Physical Dimension of Tissue Aging

The molecular consequences of the SASP have a physical correlation well recognized
in manual therapy and rehabilitation research. As senescent cells accumulate and
SASP drives ECM degradation and fibrosis, the tissue undergoes measurable physical
changes: increased stiffness, reduced elasticity, fascial adhesion formation, lymphatic
dysfunction, and architectural disorganization at the tissue level.
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These physical changes are not merely symptomatic, they are mechanobiologically
active. As tissues stiffen, the mechanical environment experienced by resident cells
changes in ways that directly influence their behavior through mechanotransduction
pathways.'®' Fibroblasts in stiffened ECM adopt pro-inflammatory and pro-fibrotic
phenotypes through YAP/TAZ mechanosensing.''* Muscle satellite cells in altered
mechanical niches show reduced activation and regenerative capacity.'” Lymphatic
vessels in fibrotic tissue lose contractile function,?” reducing clearance of the very SASP
factors driving further inflammation.

This bidirectional relationship of molecular aging driving physical tissue deterioration,
which in turn amplifies molecular aging signals through mechanotransduction,® is the
central biological rationale for Mechanical Rejuvenation as a therapeutic framework.
Addressing the physical dimension of tissue aging is not merely cosmetic or
symptomatic. It may interrupt the feedback loops that accelerate biological aging at the
cellular level.

3.4 Current Pharmaceutical Senolytic Approaches

The dasatinib and quercetin (D+Q) combination represents the most extensively studied
senolytic regimen.® Preclinical work demonstrated selective elimination of senescent
cells,” and early human trials showed reductions in senescent cell burden, macrophage
infiltration, and circulating SASP factors.®’ Importantly, eliminating as few as 30% of
senescent cells appears sufficient to produce measurable improvements in physical
function and inflammatory markers.” Navitoclax has demonstrated potent senolytic
activity but produces dose-limiting thrombocytopenia.® Fisetin shows senolytic effects in
murine models and is under human investigation.?> Rapamycin, acting as a
senomorphic rather than a true senolytic, suppresses SASP production through mTOR
inhibition.?35

These pharmaceutical approaches are genuinely powerful tools. They are also
appropriately narrow in their mechanism, primarily targeting molecular switches
governing senescent cell survival. However, they do not remodel the ECM that SASP
has degraded. They do not restore lymphatic function. They do not re-establish the
mechanotransductive signaling that aging tissue has lost. Mechanical Rejuvenation is
proposed not as a competitor to pharmaceutical senolytics but as an intervention
addressing the physical dimensions of tissue aging that pharmaceutical approaches are
not designed to reach.

4. Pillar One: Massage Therapy as a Mechanobiological
Intervention — Evidence and Mechanisms

4.1 Mechanotransduction: The Biological Basis of Mechanical Rejuvenation
Mechanotransduction is the process by which cells convert mechanical stimuli into
biochemical signals.'®' It is the foundational biological mechanism underlying the
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Mechanical Rejuvenation framework. It is not peripheral or speculative; it is a
fundamental feature of cellular biology operating in every mechanically active tissue in
the human body.

Mechanical force applied to tissue, be it through compression, stretch, shear, or
pressure gradient, is sensed by a constellation of cellular mechanoreceptors including
integrins (transmembrane proteins linking ECM to the intracellular cytoskeleton), Piezo1
and Piezo?2 ion channels, and the focal adhesion kinase (FAK) complex.?"'® Through
these sensors, mechanical information is transduced into intracellular cascades altering
gene expression, protein synthesis, and cellular behavior.”'® The signaling pathways
activated include integrin-FAK, RhoA/ROCK, NF-kB, and Hippo/YAP.'*'® These are
precisely the same pathways dysregulated in senescent cells and aging tissue.

The aging-mechanotransduction connection is bidirectional and reinforcing. As tissue
ages and ECM stiffens, cellular mechanosensing is altered due to enhanced collagen
cross-linking and reduced elastin content, promoting inflammatory and fibrotic
phenotypes.'?'® Controlled mechanical stimulation can partially reverse these
phenotypic changes through restoring appropriate mechanical cues to cells in the aged
mechanical environment.'® This has been demonstrated in fibroblasts, where substrate
stiffness manipulations alter inflammatory gene expression; in satellite cells, where
niche mechanics govern regenerative activation; and in epithelial cells, where YAP/TAZ
mechanosensing links ECM stiffness to senescence-associated gene expression.

Massage therapy delivers controlled mechanical stimulation to tissue at multiple scales
simultaneously. Deep tissue massage compresses and deforms cells, stretches ECM
fibers, generates interstitial fluid flow, and creates shear forces at tissue interfaces.
Myofascial techniques apply sustained mechanical load to fascial structures. Lymphatic
drainage creates rhythmic pressure gradients in superficial tissue. Each of these stimuli
engages mechanotransduction pathways in the cells they contact, with downstream
biological consequences that are directly relevant to the molecular biology of aging
tissue.

4.2 Fibroblast Activation and ECM Remodeling

Fibroblasts are the primary architects of connective tissue, responsible for synthesizing
collagen, elastin, hyaluronic acid, and other ECM components. With age and SASP
exposure, fibroblasts lose synthetic capacity, shift toward pro-inflammatory
phenotypes,'>"® and in some tissues undergo senescence themselves, creating
self-reinforcing ECM degradation. The physical consequence is the tissue stiffening,
fibrosis, and architectural disorganization characteristic of aged connective tissue.

Fibroblast mechanosensitivity is well established. Mechanical stimulation activates
fibroblast proliferation, collagen synthesis, and matrix remodeling through integrin-FAK
and RhoA/ROCK pathways."'® Appropriate mechanical loading maintains fibroblast
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synthetic activity.”> However in its absence, as in immobilized or poorly stimulated aged
tissue, there is the acceleration of the quiescent, low-output state of aged fibroblasts.

Research on facial and dermal massage has documented histologically confirmed
improvements in skin ECM architecture, collagen density, and fibroblast activity
following sustained manual therapy protocols.'>°

Within the Mechanical Rejuvenation framework, fibroblast mechanoactivation
represents one of the most clinically accessible mechanisms through which massage
therapy may counteract the physical consequences of SASP-driven ECM degradation.
By delivering appropriate mechanical signals to aging connective tissue, massage
therapy may help restore the fibroblast activity needed to rebuild the ECM that
senescent cells have been dissolving.

4.3 Anti-Inflammatory Effects and SASP Pathway Modulation

Among massage therapy's best-documented biological effects is the reduction of
pro-inflammatory cytokines, including the primary molecular mediators of the SASP. A
landmark 2012 study by Crane and colleagues, published in Science Translational
Medicine, demonstrated that a 10-minute post-exercise massage reduced intramuscular
IL-6 production and attenuated NF-kB activity at the molecular level in human subjects,
using gene expression analysis.® This study established that massage exerts
measurable effects on the molecular machinery of inflammation.

A 2025 systematic review in Rheumatology International documented consistent
modulation of IL-6 and TNF-alpha through massage therapy across multiple
populations, including rheumatoid arthritis— a condition characterized by chronic
synovial inflammation driven in part by senescent cell accumulation.?® The mechanistic
pathways through which massage modulates these markers include direct NF-kB
attenuation through mechanical compression,*'® parasympathetic activation
suppressing HPA-axis-mediated inflammatory drive, and improved interstitial fluid
dynamics reducing local concentrations of SASP factors."

It is important to be precise about what these findings establish within the Mechanical
Rejuvenation framework. They demonstrate that massage influences pathways relevant
to SASP biology. Particularly, NF-kB-dependent cytokine production. They do not
demonstrate that massage reduces senescent cell burden. That question, which is the
central question of the Mechanical Senolysis hypothesis, requires studies directly
measuring senescence biomarkers such as p16INK4a and p21CIP1 before and after
massage intervention. Such studies do not yet exist and are urgently needed.

4.4 Lymphatic Augmentation and Tissue Microenvironment Clearance

The lymphatic system is the body's primary drainage infrastructure for cellular waste
products, excess interstitial fluid, and the protein aggregates, cellular debris, and
inflammatory mediators that accumulate in aged tissue. Lymphatic function declines
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with age and is further impaired by the ECM stiffening and fibrosis that SASP drives,'??
creating a cycle in which senescent cell byproducts accumulate because the clearance
mechanisms are themselves degraded.

Manual lymphatic drainage (MLD) directly addresses this dysfunction through rhythmic
mechanical pressure that augments lymphatic vessel contraction and drives interstitial
fluid toward lymph nodes.?” The effects of MLD on immune function, systemic
inflammatory burden, and lymphatic vessel reactivity have been demonstrated across
multiple clinical populations.?” The relevance to senescence biology is mechanistically
direct: if the SASP creates a pro-aging tissue microenvironment partly by maintaining
high local concentrations of inflammatory cytokines and debris, mechanical clearance of
that environment may reduce the effective SASP burden experienced by neighboring
cells — even in the absence of any direct effect on senescent cell number.

This lymphatic mechanism is one of the most distinctive contributions of the Mechanical
Rejuvenation framework. No pharmaceutical senolytic addresses lymphatic function.
The combination of senescent cell elimination through pharmacological means and
lymphatic clearance of the resulting cellular debris through manual therapy represents a
genuinely complementary approach. Each would address what the other does not.

4.5 The Mechanical Senolysis Hypothesis: Senescent Cell Phenotype and
Selective Mechanical Vulnerability

The Mechanical Senolysis hypothesis rests on a specific and testable biological
observation: senescent cells are mechanically distinct from their healthy counterparts.
Research has documented that senescent fibroblasts, senescent epithelial cells, and
senescent endothelial cells are consistently stiffer, less deformable, and differently
mechanosensitive than age-matched healthy cells.?>* These differences reflect
fundamental reorganization of the cytoskeleton, altered integrin expression, and
modified focal adhesion architecture that accompany the senescent state.®

If senescent cells are mechanically distinct, the question naturally follows: could
controlled mechanical stimulation engage their altered mechanosensing machinery in
ways that healthy cells do not experience? More specifically, could mechanical force
modulate the BCL-2 family anti-apoptotic proteins that senescent cells upregulate, or
could it alter the surface recognition signals that immune cells use to identify and
eliminate senescent cells?

These are genuinely open questions. The mechanobiology of BCL-2 family regulation is
an active research area, and some evidence suggests that mechanical stress can
influence apoptotic thresholds in cell-type-specific ways.® The role of mechanical cues in
immune surveillance of senescent cells, particularly the activity of natural killer cells,
macrophages, and T cells in senescent cell clearance, has not been systematically
studied in the context of manual therapy.'® These represent the most important
experimental gaps in the Mechanical Rejuvenation framework and the most direct tests
of the Mechanical Senolysis hypothesis.
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We make no claim that these mechanisms are established. We propose that they are
sufficiently plausible, mechanistically grounded, and clinically important to justify the
experimental investment required to test them. The history of senolytic pharmacology
demonstrates what is possible when a mechanistically plausible hypothesis about
senescent cell elimination is pursued with rigor. Mechanical Senolysis deserves the
same rigorous pursuit.

4.6 Satellite Cell Activation and Sarcopenia Prevention

Sarcopenia, the progressive loss of skeletal muscle mass and function with age,
involves direct senescent cell accumulation in the muscle niche."® It also involves
SASP-mediated impairment of muscle satellite cells (MuSCs), the tissue-resident stem
cells responsible for muscle repair and regeneration.'”® SASP cytokines suppress
MuSC activation and differentiation, while the altered mechanical niche created by aged
and fibrotic muscle ECM further reduces satellite cell responsiveness.

Massage therapy has been shown to promote satellite cell activation following
exercise-induced muscle damage, through integrin-FAK signaling in the satellite cell
niche.>'® In the aging context, repeated mechanical stimulation through massage may
help restore some of the mechanotransductive signaling that the SASP-altered niche
has suppressed. This is not a claim that massage reverses sarcopenia. This is a
hypothesis that massage-delivered mechanical cues may partially compensate for the
degraded niche mechanics impairing satellite cell function in aged muscle. Direct
studies in aging populations measuring satellite cell activation markers alongside
standard sarcopenia outcome measures are needed to evaluate this hypothesis.

4.7 Hormesis and the Adaptive Response to Controlled Mechanical Stress

Hormesis is the biological phenomenon whereby low-dose exposure to a stressor that is
harmful at high doses produces beneficial adaptive responses. It is a central organizing
principle in longevity science.’® Exercise is the canonical hormetic intervention:
controlled mechanical stress to muscle and connective tissue triggers adaptive
responses including mitochondrial biogenesis, AMPK activation, and anti-inflammatory
signaling that enhance cellular resilience.®

Massage therapy, understood through the Mechanical Rejuvenation framework, delivers
hormetic mechanical stimulation to connective tissue, skin, and musculature. The
controlled compression, tension, and shear forces of therapeutic massage represent
mild mechanical stress that activates adaptive mechanotransduction.®® It triggers ECM
remodeling, fibroblast activation, and inflammatory pathway modulation without
reaching the magnitude that provokes injurious responses. The biological distinction
between therapeutic and harmful mechanical load is dose-dependent and
tissue-specific, which is precisely why standardized protocol development is essential
for the research program we are calling for. It would have to entail specifying pressure
parameters, duration, frequency, and anatomical targeting.
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5. Pillar Two: Massage Therapy Alongside Pharmaceutical
Longevity Medicine

5.1 Mechanistic Rationale for Integration

The case for integrating massage therapy alongside pharmaceutical senolytic and
longevity protocols rests on complementarity rather than competition. Pharmaceutical
senolytics target aging at the molecular and intracellular level via inducing apoptosis in
senescent cells through BCL-2 inhibition or related mechanisms.®’ Massage therapy,
within the Mechanical Rejuvenation framework, targets aging at the tissue, extracellular,
and systems level by remodeling ECM architecture, augmenting lymphatic clearance,
restoring mechanotransductive signaling, and modulating the neuroendocrine systems
that drive inflammaging. These dimensions do not overlap; they address different
aspects of the same underlying biology.

Several specific mechanisms suggest that massage therapy may enhance the efficacy
of pharmaceutical longevity protocols. Improved tissue perfusion through
massage-augmented circulation may increase drug delivery to target tissues,?”"
particularly in aged tissue where microvascular rarefaction limits drug penetration.

Enhanced lymphatic flow may improve clearance of senolytic drug metabolites and the
cellular debris generated by senescent cell death, potentially reducing the transient
inflammatory burden that senescent cell elimination can produce. And reduction of
baseline SASP levels through the anti-inflammatory mechanisms reviewed in Section 4
may lower the threshold at which pharmacological senolytics achieve meaningful clinical
effect.>?

5.2 Integration with Dasatinib/Quercetin Protocols

The D+Q combination is typically administered in intermittent cycles. This is commonly
three consecutive days per month to exploit transient senolytic activity while minimizing
off-target effects.® Between cycles, senescent cell burden begins to recover. Massage
therapy, applied in the intervals between D+Q cycles, may serve multiple
mechanobiological functions: extending SASP reduction through lymphatic clearance of
inflammatory mediators, addressing the structural ECM damage that persists after
senescent cell clearance, and through NF-kB-modulating effects, potentially
suppressing the paracrine senescence spread that partially reconstitutes senescent cell
burden between pharmacological cycles.

The quercetin component of D+Q possesses anti-inflammatory activity independent of
its senolytic mechanism, including direct inhibition of NF-kB-dependent cytokine
production.®? The mechanistic overlap between massage-mediated NF-kB attenuation
and quercetin-mediated NF-kB inhibition raises the possibility of additive
anti-inflammatory benefit when the two interventions are combined. This is a hypothesis
that prospective biomarker studies could directly test.
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5.3 Integration with Rapamycin

Rapamycin inhibits mTORCA1, a central nutrient and growth sensor whose chronic
overactivation drives multiple aging processes.? Acting as a senomorphic rather than a
senolytic, rapamycin suppresses SASP production in senescent cells without
necessarily eliminating them.?*® The combination of rapamycin's SASP suppression and
the Mechanical Rejuvenation framework's tissue-level clearance and remodeling effects
addresses aging through complementary mechanisms. Importantly, massage therapy's
ability to deliver mechanical loading signals to satellite cells and fibroblasts may help
preserve the anabolic tissue maintenance functions that overly aggressive mTOR
inhibition can impair. This would represent a genuine functional complementarity
between the two approaches.

5.4 Integration with NAD+ Precursors

NAD+ levels decline significantly with age, contributing to mitochondrial dysfunction,
impaired cellular repair, and accelerated senescence through sirtuin pathway
suppression.?* Supplementation with NMN or NR has shown benefits in aging models
and early human trials.?* The anti-inflammatory effects of massage, by reducing
SASP-driven NF-kB activity and the resulting suppression of mitochondrial biogenesis
genes, may help preserve mitochondrial function in ways that complement the direct
NAD+ support these compounds provide. The combination addresses mitochondrial
aging through both biochemical supplementation and reduction of the inflammatory
burden that degrades mitochondrial function.

5.5 Integration with Peptide Therapies

Peptide therapies including BPC-157 and TB-500 have shown tissue repair properties
through mechanisms involving fibroblast migration, angiogenesis promotion, and growth
factor receptor modulation.’®'” Massage therapy's enhancement of local circulation and
lymphatic flow would be expected to improve the delivery and distribution of these
peptides to target tissues.?”'° The fibroblast activation and ECM priming achieved
through Mechanical Rejuvenation protocols may create a more receptive tissue
environment for the growth-promoting signals these peptides deliver.

5.6 Neuroendocrine Integration: The HPA Axis and Longevity

Chronic dysregulation of the hypothalamic-pituitary-adrenal axis drives accelerated
biological aging through cortisol-mediated suppression of immune function, promotion of
insulin resistance, impaired sleep architecture, telomere attrition, and NF-kB-dependent
SASP amplification.”"* Massage therapy reliably activates the parasympathetic nervous
system: it reduces heart rate, blood pressure, and sympathetic skin conductance.°
Massage therapy directly opposes the chronic sympathetic activation driving HPA
dysregulation. This neuroendocrine dimension of Mechanical Rejuvenation may be
among its most clinically accessible contributions to longevity: improving sleep
architecture (and the glymphatic clearance, growth hormone secretion, and cellular
repair that sleep enables), reducing cortisol-mediated inflammatory drive, and improving

Mechanical Rejuvenation: A Mechanobiological Framework | 13
themrprotocol.com



long-term adherence to pharmaceutical longevity protocols through enhanced
subjective wellbeing."1°

6. Discussion: Synthesis, Limitations, and Implications

6.1 The State of the Evidence

The evidence reviewed in this paper establishes a compelling convergence across
multiple independent lines of mechanistic and clinical research. Mechanotransduction
biology establishes that physical force modulates the signaling pathways dysregulated
in aging tissue and senescent cells.'®* Anti-inflammatory clinical evidence demonstrates
that massage reduces key SASP components including IL-6 and TNF-alpha through
molecular mechanisms.>?® Lymphatic research establishes that manual therapy
augments clearance of the tissue microenvironment.?” ECM and fibroblast research
shows that massage activates regenerative programs in connective tissue.'2"316

Functional aging research demonstrates measurable improvements in grip strength, gait
speed, and tissue quality through manual therapy in aging populations.

What the evidence does not yet establish and what must be stated clearly, is that
massage therapy reduces senescent cell burden. No study has measured p16INK4a,
p21CIP1, or SA-beta-galactosidase activity before and after a massage protocol. No
study has directly tested the Mechanical Senolysis hypothesis. The convergence of
evidence reviewed here justifies the hypothesis and demands the research. It does not
substitute for it. We present this paper as a call to investigation, not as a report of
established effects.

6.2 Limitations and Counterarguments

Several legitimate scientific concerns must be addressed. The heterogeneity of
massage therapy as an intervention, with the varying in pressure, technique, duration,
frequency, and anatomical targeting makes generalizing across studies difficult and
limits mechanistic precision.'® Future research must specify massage protocols with the
rigor applied to pharmacological trials. Practitioner variability remains a significant
confound that standardized training and force-measurement technology can begin to
address.

The placebo and expectation effects of massage are substantial and difficult to control.
Studies using light touch as a sham condition have shown that some biological effects
attributed to therapeutic massage may partially reflect relaxation response rather than
specific mechanotransduction.”'° Isolating the mechanical from the
psychophysiological dimension of massage's biological effects is a methodological
challenge that careful trial design must address.
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The claim that senescent cells have a selectively vulnerable mechanical phenotype,
while mechanistically plausible, has not been directly tested in the context of manual
therapy. The Mechanical Senolysis hypothesis specifically requires in vitro studies
applying controlled mechanical force to senescent cell cultures before clinical claims
about selective mechanical vulnerability can be made.

6.3 Clinical and Commercial Implications

If the Mechanical Rejuvenation framework is supported by future research, the clinical
implications are substantial. Massage therapy would be repositioned within longevity
medicine not as a wellness adjunct but as a mechanobiological intervention with specific
tissue-level effects complementary to pharmaceutical approaches. Standardized
Mechanical Rejuvenation protocols would be developed, validated, and integrated into
longevity clinic practice. Practitioners trained in mechanobiological geroscience would
form a new clinical specialty.

The commercial implications parallel the clinical ones. An evidence-validated
Mechanical Rejuvenation protocol is a licensable, teachable, scalable clinical product.
The device industry which produces percussive therapy tools, compression systems,
and mechanotherapy devices has a significant interest in evidence supporting specific
mechanobiological mechanisms and dosing parameters. And the longevity industry
broadly, which is investing heavily in interventions that extend healthspan, has an
obvious interest in physical interventions that address the tissue-level dimensions of
aging that pharmaceuticals cannot reach.

7. Proposed Future Research

The following research priorities are ordered by their capacity to test the central
hypotheses of the Mechanical Rejuvenation framework and the Mechanical Senolysis
sub-hypothesis:

Study 1: Primary Senescence Biomarker Trial

A randomized controlled trial measuring circulating and tissue p16INK4a and p21CIP1
expression,?*? SA-beta-galactosidase activity in skin punch biopsies, and plasma SASP
cytokines (IL-6, TNF-alpha, IL-8, MMP-3) before and after a 12-week standardized
massage therapy protocol in adults aged 60 and older. Control arm: light touch of
equivalent duration and frequency. Primary outcome: change in p16INK4a expression.

This study would provide the first direct test of whether massage therapy influences
senescent cell burden. This is the critical evidentiary gap identified throughout this
paper.

Study 2: In Vitro Mechanical Senolysis Mechanism Study
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A controlled in vitro study applying defined pressure protocols to cultures of senescent
fibroblasts induced by oxidative stress, replicative exhaustion, and irradiation to assess
effects on SASP marker expression, BCL-2 family protein levels, apoptotic signaling,
cytoskeletal organization, and cell viability. Comparison with healthy fibroblast controls
would directly test whether senescent cells show differential mechanical vulnerability.
This is the foundational premise of the Mechanical Senolysis hypothesis. This study
should precede large clinical trials as it would establish or refute the mechanistic basis
for selective mechanical senolysis.

Study 3: Combination Trial — Massage Plus Quercetin

A 2x2 factorial trial comparing quercetin alone, massage alone, their combination, and
placebo across 16 weeks in adults aged 55 and older with elevated baseline
inflammatory markers.®?? Primary outcomes: SASP cytokine reduction, p16INK4a
expression, and physical performance measures. This study would directly test the
additive hypothesis to determine whether combining mechanobiological and
pharmacological approaches produces greater senescence biology effects than either
intervention alone.

Study 4: Longitudinal Cohort Study

A 5-year prospective cohort study comparing biological age trajectories, to be assessed
through DNA methylation clocks (GrimAge, DunedinPACE), telomere length, and SASP
cytokine panels. This could be conducted with regular massage therapy recipients
versus matched controls.’® Minimum exposure: monthly therapeutic massage. This
study would provide epidemiological evidence for or against population-level biological
aging differences in massage-exposed populations.

Recommended Biomarker Panel

Based on the mechanistic framework developed in this paper, the minimum biomarker
panel for future Mechanical Rejuvenation research should include: plasma IL-6,
TNF-alpha, IL-8, and MMP-3 (SASP panel)®?; p16INK4a expression in peripheral blood
mononuclear cells?>?; DNA methylation biological age assessment (GrimAge or
DunedinPACE)""8; grip strength and gait speed as validated functional aging measures;
tissue ECM quality via ultrasound elastography; and lymphatic flow assessment via
near-infrared fluorescence imaging where available.

8. Conclusion

Geroscience has made extraordinary progress identifying the molecular drivers of
biological aging. Cellular senescence, the SASP, and the inflammaging environment
they create are now established as central mechanisms underlying age-related
pathology — and the pharmacological tools being developed to address them represent
genuine scientific breakthroughs. The field deserves its momentum.

We look forward to continuing a serious look at the physical dimension of tissue aging
and at the possibility that physical intervention, grounded in mechanobiology, plays in
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addressing aspects of that dimension that molecular approaches cannot reach. This is
the gap that Mechanical Rejuvenation proposes to fill.

We are not claiming massage therapy is a senolytic. We are proposing that massage
therapy engages multiple biological pathways known to influence senescence
biology.>?*'® Senescent cells possess mechanical phenotypes that create a biologically
plausible basis for the Mechanical Senolysis hypothesis, and that the convergence of
evidence reviewed in this paper is sufficient to justify serious, well-funded,
interdisciplinary investigation within the emerging field of Mechanobiological
Geroscience.

The potential implications are significant. If Mechanical Rejuvenation protocols prove
effective at reducing SASP burden, improving ECM architecture, enhancing lymphatic
clearance, and ultimately facilitating senescent cell elimination through mechanical
means, the clinical and public health consequences would be substantial. Mechanical
Rejuvenation protocols would provide an accessible, scalable, side-effect-free
complement to pharmaceutical longevity interventions, and extend the reach of
longevity medicine to the physical dimensions of aging that drugs alone cannot address.
That is a hypothesis worth testing. This paper is an invitation to test it.

The hands have long been instruments of healing. Research continues to deepen our
understanding of the biological mechanisms through which therapeutic touch may
influence health.
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MECHANICAL REJUVENATION FRAMEWORK

Restoring Healthy Mechanical Signals to Modulate Aging Biology

MECHANICAL REJUVENATION
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