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Abstract: Chronic obstructive pulmonary disease (COPD) remains a leading cause of global morbidity and mortality. Despite 
advances in therapy, its complex pathogenesis involves mechanisms beyond the traditional paradigms of inflammation and protease– 
antiprotease imbalance. Emerging evidence indicates that COPD is also shaped by important mechanobiological processes, in which 
altered airway mechanics, parenchymal destruction, and respiratory muscle dysfunction create a pathological physical environment. In 
this narrative review, we synthesize current knowledge on how abnormal mechanical forces are sensed by key mechanosensors— 
including integrins, Piezo channels, and YAP/TAZ—and transduced into biochemical signals that drive chronic inflammation, fibrosis, 
and defective repair. We further discuss how these mechanotransduction feedback loops perpetuate structural injury and may help 
explain the clinical heterogeneity observed across airflow obstruction, emphysema, and exacerbation-prone phenotypes. Furthermore, 
we discuss therapeutic strategies, positioning pulmonary rehabilitation, lung volume reduction, and ventilation as interventions that 
restore mechanical homeostasis. Finally, we highlight the emerging possibility of targeting mechanosensitive pathways (e.g. ROCK 
and YAP/TAZ inhibitors) and utilizing mechanobiology-informed regenerative medicine. By integrating biomechanics with clinical 
management, this review provides a conceptual framework that may inform future efforts to move beyond symptomatic palliation 
toward more mechanism-based and potentially disease-modifying strategies in COPD. 
Keywords: chronic obstructive pulmonary disease, COPD, mechanotransduction, extracellular matrix remodeling, YAP/TAZ, 
mechanical homeostasis

Introduction
Chronic obstructive pulmonary disease (COPD) is a major global health challenge characterized by persistent airflow 
limitation, chronic airway inflammation, and progressive structural changes in the lungs.1 According to the Global 
Burden of Disease (GBD) study, COPD remains one of the leading causes of morbidity and mortality worldwide, 
imposing a substantial socioeconomic burden.2 Despite advances in pharmacological and non-pharmacological therapies, 
disease progression continues in many patients, highlighting the need for deeper mechanistic insights beyond the 
traditional paradigms of inflammation, oxidative stress, and protease–antiprotease imbalance.3,4

In recent years, increasing attention has been directed toward the role of mechanical forces in lung physiology and 
pathology.5,6 The respiratory system is inherently exposed to dynamic mechanical stimuli, including cyclic stretching of 
alveoli during ventilation, shear stress generated by airflow, and compressive forces from chest wall and respiratory muscles.7 

In physiological homeostasis, these mechanical cues are essential for maintaining tissue homeostasis, regulating epithelial 
integrity, and supporting immune defense.8,9 However, in COPD, profound alterations in lung structure and compliance 
significantly remodel the mechanical environment, which in turn may amplify inflammation,10 accelerate tissue destruction, 
and contribute to disease progression.11 The concept of mechanotransduction—the process by which cells sense and convert 
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mechanical signals into biochemical responses—provides a useful framework for understanding these interactions.12,13 

Airway epithelial cells, fibroblasts, smooth muscle cells, and immune cells all express mechanosensitive structures such as 
integrins, Piezo1/2 ion channels, and cytoskeletal complexes.5 Activation of these mechanosensors triggers downstream 
signaling cascades, including mitogen-activated protein kinase (MAPK), Rho-associated coiled-coil containing protein kinase 
(Rho/ROCK), and Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) pathways,14 

thereby influencing cellular functions such as proliferation, apoptosis, fibrosis, and immune activation. Given that COPD 
involves repeated cycles of tissue injury and repair under abnormal mechanical stress, mechanotransduction likely plays 
a pivotal role in shaping the disease phenotype.

Several pathological features of COPD exemplify the importance of mechanical forces. Small airway narrowing and 
loss of alveolar attachments result in dynamic hyperinflation, exposing the parenchyma to excessive tensile stress.15 

Alterations in extracellular matrix (ECM) composition, such as elastin degradation and aberrant collagen deposition, 
change tissue stiffness and disturb the balance between elastic recoil and airway collapse.16 At the same time, increased 
respiratory muscle load and reduced chest wall compliance impose abnormal strain on the diaphragm and accessory 
muscles.17,18 Together, these factors establish a self-perpetuating feedback loop of impaired mechanics that perpetuates 
both structural damage and functional decline. Importantly, the influence of mechanical forces in COPD is not limited to 
structural remodeling but also extends to clinical outcomes and therapeutic strategies. For instance, ventilatory support 
can both alleviate respiratory muscle fatigue and, if improperly adjusted, exacerbate ventilator-induced lung injury (VILI) 
by delivering injurious mechanical stress.19,20 Similarly, pulmonary rehabilitation and respiratory muscle training may 
partially restore mechanical efficiency, highlighting the translational relevance of this research field.21,22 Moreover, 
emerging studies suggest that targeting mechano-sensitive pathways could offer novel therapeutic avenues, particularly in 
modulating fibrosis and airway remodeling.6,23

Despite these insights, comprehensive understanding of the interplay between mechanical forces and COPD patho
physiology remains limited. Existing studies are often fragmented, focusing on isolated cell types, signaling pathways, or 
clinical observations.24,25 A systematic overview of how mechanical cues shape COPD onset, progression, and treatment 
response is therefore timely and necessary. This review aims to integrate current evidence from cellular, molecular, and 
clinical perspectives, elucidating the role of mechanical forces in COPD pathogenesis and progression. To provide 
a focused narrative synthesis, we considered evidence from experimental, translational, and clinical studies addressing 
the mechanical environment of COPD, mechanotransduction pathways, clinical phenotypes, and therapeutic implications. 
Throughout, we distinguish between mechanisms supported by substantial experimental or clinical evidence and 
emerging concepts that remain more speculative. Furthermore, we will explore potential therapeutic implications, ranging 
from respiratory rehabilitation to pharmacological interventions targeting mechanotransduction pathways, and highlight 
future directions for research in this emerging field.

Literature Search and Study Selection
This article was prepared as a narrative review. To provide a focused overview of the field, we performed a structured 
literature search in PubMed and Web of Science using combinations of the terms “COPD,” “chronic obstructive 
pulmonary disease,” “mechanical stress,” “mechanotransduction,” “airway mechanics,” “emphysema,” “extracellular 
matrix,” “Piezo,” “YAP/TAZ,” “Rho/ROCK,” and “lung remodeling.” We considered English-language literature 
published from database inception to January 2015.

Studies were prioritized if they provided mechanistic insight, translational relevance, or direct clinical evidence 
related to the role of mechanical forces and mechanotransduction in COPD pathogenesis, phenotypic heterogeneity, or 
therapeutic strategies. We also included selected seminal studies to provide conceptual and historical context. 
Conference abstracts and purely epidemiological studies were not emphasized, as the primary aim of this review 
was to synthesize mechanobiological rather than descriptive or population-level evidence. As this was a narrative 
review, study selection was guided by thematic relevance and conceptual contribution rather than by formal systematic 
review criteria.
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Alterations of the Mechanical Environment in COPD
The lung is constantly exposed to a spectrum of mechanical stimuli, and the ability of its tissues to maintain homeostasis 
relies on a finely tuned balance between structural integrity and adaptive mechanotransduction. In COPD, chronic 
inflammation, ECM remodeling, and progressive airway and parenchymal destruction profoundly disrupt this balance, 
resulting in pathological changes in mechanics across multiple anatomical compartments.26 These mechanical derange
ments not only exacerbate airflow limitation and impair gas exchange but also feed back to cellular and molecular 
processes, reinforcing disease progression. This section summarizes the major alterations in the mechanical environment 
of COPD at the levels of the small airways, alveoli, ECM, and respiratory muscles.

Small Airway Dysfunction and Alveolar Stress Concentration
Irreversible narrowing of small conducting airways (<2 mm in diameter) is a defining feature of COPD and substantially 
increases airflow resistance.27 During expiration, the loss of alveolar attachments reduces radial traction that normally 
stabilizes airway patency.28 As a consequence, airway walls are subjected to abnormal compressive and shear stresses, 
which promote dynamic airway collapse, particularly during forced expiration and exercise.29 Computational fluid 
dynamics studies further demonstrate markedly increased turbulence and shear stress in narrowed COPD airways, 
potentially contributing to epithelial injury and mucus hypersecretion.

At the alveolar level, destruction of alveolar walls reduces elastic recoil and increases lung compliance, favoring air 
trapping and hyperinflation.30 The remaining alveolar units become exposed to excessive cyclic stretch during tidal 
breathing.11 Repeated overdistension has been shown to induce epithelial apoptosis, disrupt tight junctions, and stimulate 
the release of pro-inflammatory mediators such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α).7 In parallel, 
abnormal tensile forces accelerate protease activity and ECM degradation, reinforcing emphysematous remodeling.10

A hallmark of COPD mechanics is the heterogeneity of regional behavior.31 Severely emphysematous regions exhibit 
abnormally high compliance and reduced resistance, whereas adjacent preserved areas are stiffer and subject to 
compensatory overinflation.30 This heterogeneity produces uneven stress distribution and the phenomenon of “stress 
focusing,” in which mechanical forces concentrate at the interfaces between diseased and relatively normal tissue.32 Such 
focal stress concentration is thought to drive progressive alveolar rupture and bullae formation, providing a mechanical 
explanation for the patchy progression of emphysema.33 Collectively, these observations support a spatially heteroge
neous strain field in COPD lungs, within which stress-focusing interfaces operate as biomechanical “hotspots” for 
progressive failure.

Extracellular Matrix Remodeling as a Driver of Tissue Stiffening
Chronic exposure to cigarette smoke and inflammatory mediators promotes an imbalance between proteases (eg., 
neutrophil elastase, matrix metalloproteinases) and antiproteases.34 The resulting degradation of elastin fibers diminishes 
parenchymal recoil, altering the stress–strain relationship of the lung. Reduced elastic recoil decreases the tethering 
forces that keep small airways open, further predisposing them to collapse.

Paradoxically, while some lung regions lose architectural integrity, others undergo fibrosis-like remodeling character
ized by excessive collagen deposition.35 This results in increased local stiffness and disrupted viscoelastic properties of 
the ECM. In vitro studies have shown that fibroblasts cultured on stiff substrates adopt an activated myofibroblast 
phenotype, producing additional ECM components and secreting profibrotic mediators such as transforming growth 
factor-β (TGF-β).36 This establishes a self-reinforcing cycle of stiffening and remodeling that contributes to airway wall 
thickening and progressive fibrosis.

ECM remodeling also alters the transmission of mechanical cues through integrins and focal adhesion complexes, 
thereby modifying downstream mechanotransduction.37 As a consequence, epithelial cells, fibroblasts, and smooth 
muscle cells are exposed to aberrant mechanical inputs that regulate their proliferation, survival, and inflammatory 
responses. Stiffened ECM may additionally impair mechanosensitive ion channels such as Piezo1, altering calcium influx 
and downstream signaling.38 Importantly, cytoskeletal tension and substrate rigidity directly gate αvβ6-mediated activa
tion of latent TGF-β, meaning that as the matrix stiffens, the mechanical threshold required for TGF-β activation is 
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lowered. This creates a positive feedback loop in which increased rigidity enhances TGF-β signaling, driving further 
ECM remodeling and fibrotic progression.39

Respiratory Muscle Overload and Impaired Chest Wall Mechanics
In COPD, hyperinflation flattens the diaphragm, reducing its curvature and mechanical efficiency.40 This geometric 
disadvantage increases the inspiratory load and forces the diaphragm to contract against elevated lung volumes. Chronic 
overloading leads to structural adaptations, including fiber-type transformation and mitochondrial dysfunction, which 
compromise contractile capacity.41 Over time, the diaphragm becomes fatigued and less responsive to neural drive, 
contributing to dyspnea and exercise intolerance.42

As the diaphragm weakens, accessory muscles of respiration, such as the sternocleidomastoids and scalene muscles, 
are increasingly recruited.43 Persistent use of these muscles imposes abnormal mechanical strain on the chest wall, 
leading to structural remodeling such as barrel-chest configuration.44 Thoracic cage stiffening further reduces chest wall 
compliance, exacerbating the mechanical disadvantage of the respiratory muscles.

For patients requiring ventilatory support, these respiratory muscle alterations have important consequences. High 
levels of intrinsic positive end-expiratory pressure (PEEPi) due to dynamic hyperinflation increase the threshold load that 
must be overcome at the onset of inspiration.45 If ventilator settings are not carefully adjusted, the resulting excessive 
transpulmonary pressures can worsen alveolar overdistension and predispose to ventilator-induced lung injury.46 Thus, 
understanding the altered respiratory muscle and chest wall mechanics in COPD is crucial for optimizing ventilatory 
strategies.

Self-Perpetuating Cycles of Mechanical Injury
The alterations described above interact to create self-perpetuating vicious cycles. Loss of alveolar integrity increases 
hyperinflation, which in turn flattens the diaphragm and impairs ventilation, leading to further air trapping. ECM 
stiffening enhances abnormal mechanical signaling, which stimulates additional inflammation and fibrosis. Mechanical 
heterogeneity drives stress concentration at tissue borders, causing progressive alveolar rupture and structural failure. 
Collectively, these changes illustrate how COPD progression is reinforced by a complex interplay of mechanical forces, 
making biomechanics a critical but often underappreciated dimension of disease pathophysiology. The major alterations 
in the mechanical environment of COPD across airway, alveolar, extracellular matrix, and respiratory muscle compart
ments are summarized in Figure 1.

Mechanotransduction and Cellular Responses in COPD
Mechanical forces influence virtually every aspect of lung biology, and their pathological alterations in COPD exert 
profound effects at the cellular and molecular levels. The process by which cells detect and convert mechanical stimuli 
into biochemical signals—mechanotransduction—provides a mechanistic framework linking tissue mechanics to inflam
mation, remodeling, and impaired repair.47 This section summarizes the key mechanosensors, signaling pathways, and 
cellular responses relevant to COPD pathogenesis.

Mechanosensors Orchestrating Cellular Responses
A wide array of mechanosensors enables lung cells to detect and respond to physical forces, and their dysregulation plays 
a critical role in COPD. Among these, integrins represent the most extensively characterized. These transmembrane 
receptors connect the ECM to the cytoskeleton and mediate bidirectional signaling in response to mechanical cues.48 In 
COPD, ECM remodeling alters ligand availability and increases matrix stiffness, leading to aberrant integrin activation.49 

Engagement of β1 and β3 integrins promotes focal adhesion assembly and recruitment of focal adhesion kinase (FAK), 
which subsequently triggers downstream cascades such as MAPK and phosphoinositide 3-kinase (PI3K).50 In fibroblasts, 
enhanced integrin signaling fosters a profibrotic phenotype with excessive ECM production, whereas in epithelial cells it 
influences wound repair and barrier integrity, contributing to abnormal remodeling.51

Mechanosensitive ion channels constitute another important class of force sensors.52 Piezo1 and Piezo2, recently 
identified in airway epithelial and immune cells, respond to membrane tension by mediating Ca2+ influx.53 The rise in 
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intracellular calcium activates calcineurin–nuclear factor of activated T cells (NFAT) signaling, promotes cytokine 
release, and under chronic stimulation may drive cell injury and apoptosis.38 In COPD, hyperinflation and repetitive 
cyclic stretch are likely to activate Piezo-dependent pathways, although their precise contribution to long-term tissue 
remodeling is still under investigation.5

YAP/TAZ function as nuclear effectors of mechanical stress.54 These proteins shuttle between the cytoplasm and 
nucleus in response to cytoskeletal tension and ECM stiffness.55 When activated, nuclear YAP/TAZ drive transcriptional 
programs regulating proliferation, survival, and ECM synthesis.56 In the context of COPD, where tissue stiffening and 
cytoskeletal rearrangements are pronounced, YAP/TAZ activity is expected to increase, thereby promoting aberrant 
epithelial repair and fibroblast activation and reinforcing pathogenic remodeling.

Figure 1 Alterations of the mechanical environment in COPD across multiple anatomical scales. (A) Respiratory muscle overload and chest wall mechanics. In the healthy 
state (left), the diaphragm maintains a normal curvature for efficient contraction. In COPD (right), air trapping leads to dynamic hyperinflation, resulting in a barrel-chest 
configuration and diaphragm flattening. This mechanical disadvantage increases the inspiratory load and recruits accessory muscles, while chest wall stiffening further impairs 
compliance. (B) Small airway dysfunction. Healthy airways (left) are stabilized by radial traction from alveolar attachments. In COPD (right), the loss of these attachments 
reduces radial traction, rendering the airway wall susceptible to dynamic collapse, particularly during expiration, and exposing it to abnormal compressive and shear stresses. 
(C) Alveolar stress concentration and emphysema. Healthy alveoli (left) benefit from mechanical interdependence, distributing stress evenly. In heterogeneous emphysema 
(right), the destruction of alveolar walls creates bullae. Mechanical forces concentrate at the interface between the bulla and preserved tissue (“stress concentration”), 
driving progressive rupture and aberrant cyclic stretch. (D) Extracellular matrix (ECM) remodeling. The healthy ECM (left) features organized elastin and collagen networks 
that provide recoil and structural integrity. In COPD (right), an imbalance of proteases leads to elastin degradation (reduced recoil) and aberrant collagen deposition 
(fibrosis/stiffening), disrupting the mechanical homeostasis of the lung parenchyma.
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Cytoskeletal and junctional structures also contribute directly to mechanosensing. Actin filaments, microtubules, and 
intermediate filaments not only provide structural support but also transduce mechanical inputs by modulating cytoske
letal tension and signaling cascades.57 Cyclic stretch induces actin stress fiber formation and activates Rho GTPases, 
processes that regulate cell contractility and mechanotransduction.58 In airway epithelial cells, tension-sensitive junc
tional complexes such as E-cadherin and claudins are disrupted under abnormal mechanical stress, leading to barrier 
dysfunction and increased susceptibility to environmental insults.59 COPD patients commonly exhibit reduced epithelial 
integrity, and altered cytoskeletal mechanotransduction is increasingly recognized as a potential underlying mechanism.

Beyond canonical integrins and ion channels, focal-adhesion adaptor proteins can act as amplifier hubs for mechani
cally induced epithelial programs. Recent human airway data identify Hic-5 (TGFB1I1) as a mechano-responsive 
scaffold whose expression is rapidly induced by epithelial compression and by TGF-β1; single-cell RNA-seq further 
localizes this response to basal cells during bronchoconstriction. Mechanistically, Hic-5 links force sensing to cytoske
letal tension and transcriptional outputs, positioning it as an epithelial “gain control” for mechanical stress. While 
characterized in asthma models, the same epithelial compression and TGF-β activation occur in COPD small airways, 
arguing that Hic-5–centric scaffolding may generalize to COPD mechanobiology.60

Together, these mechanosensors—integrins, mechanosensitive ion channels, YAP/TAZ, and cytoskeletal elements—form 
a tightly interconnected system that converts abnormal mechanical cues in COPD into maladaptive cellular responses.

Signaling Cascades Linking Mechanics to Pathology
Activation of mechanosensors initiates a variety of signaling cascades, many of which are chronically dysregulated in 
COPD. One of the most prominent is the MAPK pathway. Mechanical stretch and shear stress activate ERK, JNK, and 
p38, driving transcription of pro-inflammatory mediators and sustaining airway inflammation.61 In parallel, integrin–FAK 
engagement and Piezo1-mediated calcium influx converge on nuclear factor-κB (NF-κB) activation, amplifying the 
expression of cytokines such as IL-1β, IL-6, and TNF-α, as well as chemokines including C-X-C motif chemokine ligand 
8 (CXCL8/IL-8).62 This pro-inflammatory response is counterbalanced by mechanosensitive regulatory circuits. For 
example, a mechanosensitive microRNA, miR-146a, provides a negative-feedback brake on pressure-induced NF-κB 
activity. Oscillatory pressure robustly upregulates miR-146a in human small airway epithelial cells, and gain- and loss-of 
-function experiments demonstrate that miR-146a attenuates IL-6/IL-8 secretion by targeting interleukin-1 receptor- 
associated kinase 1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6) within the TLR–NF-κB axis. Conversely, 
inhibition of miR-146a amplifies the inflammatory output. The magnitude-dependence of these effects (20 vs. 5 cmH2O) 
further supports a dose–response relationship between mechanical stress and inflammatory signaling.63 Persistent 
activation of these pathways underlies the neutrophilic inflammation that is a hallmark of COPD. These mechanotrans
duction pathways and their convergence points are schematically summarized in Figure 2.

Rho family GTPases and their downstream effector, Rho-associated protein kinase (ROCK), represent another major axis 
of mechanical signaling.64 By regulating actin cytoskeleton dynamics, Rho/ROCK enhances cellular contractility, motility, 
and stress fiber formation. In fibroblasts, this signaling promotes myofibroblast differentiation and excessive ECM 
deposition,65 whereas in airway smooth muscle it contributes to increased tone and hyperresponsiveness.66 Elevated ROCK 
activity has been observed in COPD tissues, linking abnormal mechanical stress to persistent structural remodeling.

Calcium-dependent pathways further contribute to mechanotransduction. Sustained Ca2+ influx through Piezo channels 
activates calcineurin and calmodulin-dependent kinases, which in turn stimulate transcription factors such as NFAT.38 These 
signals regulate apoptosis, metabolic adaptation, and inflammatory gene expression. In COPD, abnormal calcium signaling is 
implicated in epithelial cell death and impaired mucociliary clearance, processes that exacerbate vulnerability to environ
mental insults.67 Moreover, Piezo1-driven Ca2+ signals can interface with the Hippo pathway to modulate YAP/TAZ activity, 
providing a mechanistic bridge from membrane tension sensing to transcriptional programs governing proliferation and repair 
under mechanical load.68

Finally, the YAP/TAZ–TEAD (TEA domain transcription factor) transcriptional axis acts as a key effector of mechanical 
inputs. Developmental evidence highlights this effector role: epithelial loss of YAP compromises mechanical force generation 
during branching morphogenesis, with marked reductions in phosphorylated myosin light chain (pMLC) and failure of tissue 
recoil after laser ablation. Genomic and ChIP analyses further identify BCAM, S1PR2, and NUAK2 as direct YAP–TEAD 

https://doi.org/10.2147/COPD.S595107                                                                                                                                                                                                                                                                                                                                                                                         International Journal of Chronic Obstructive Pulmonary Disease 2026:21 6

Li et al                                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



targets that converge on RhoA–ROCK signaling or MLC phosphatase to sustain pMLC, delineating a YAP→RhoGEF/RhoA– 
ROCK→pMLC axis for contractility. Taken together, YAP functions not only as a mechanosensitive transcriptional switch but 
also as an active governor of actomyosin output, a logic likely relevant to chronic epithelial remodeling under mechanical load 

Figure 2 Mechanotransduction signaling cascades connecting physical forces to pathological outcomes in COPD. External mechanical stimuli activate distinct intracellular 
pathways. (Left) Mechanical stretch and shear stress gate Piezo channels, leading to Ca2+ influx. This calcium signal activates the Calcineurin/NFAT axis and NF-κB, driving the 
transcription of pro-inflammatory cytokines (IL-6, IL-8, TNF-α). A mechanosensitive negative feedback loop involving miR-146a serves as a brake on this inflammatory 
signaling. (Right) Matrix stiffening is sensed by Integrins, which recruit Focal Adhesion Kinase (FAK) and activate Rho GTPases. These pathways stimulate ROCK (enhancing 
contractility) and promote the nuclear shuttling of YAP/TAZ. (Bottom) Inside the nucleus, the convergence of activated NF-κB and YAP/TAZ transcriptional programs 
promotes chronic inflammation, fibrosis (proliferation/remodeling), and apoptosis, ultimately fueling COPD pathogenesis.
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in COPD.69 Nuclear localization of YAP/TAZ under conditions of matrix stiffening and cytoskeletal tension drives the 
expression of genes involved in proliferation (eg., cyclin D1), survival (eg., Bcl-2), and matrix remodeling (eg., connective 
tissue growth factor).70 Dysregulated YAP/TAZ activity in COPD may help explain the paradoxical coexistence of fibrosis and 
emphysema, reflecting defective repair responses coupled with maladaptive remodeling.

Collectively, these signaling cascades demonstrate how mechanical stress is transduced into persistent inflammatory and 
fibrotic responses, embedding abnormal mechanics into the molecular circuitry of COPD. Rather than acting as isolated 
pathways, these signaling axes form an interconnected mechanotransduction network in which calcium influx, cytoskeletal 
tension, inflammatory amplification, and transcriptional reprogramming converge on common outputs, including barrier 
failure, fibroblast activation, and maladaptive repair. At the same time, not all findings are fully concordant across experi
mental systems. The direction and magnitude of mechanotransduction responses may vary according to cell type, anatomical 
compartment, disease stage, and the intensity or duration of mechanical loading, suggesting that some pathways may exert 
adaptive effects under physiological conditions but become maladaptive when chronically or excessively activated.

Cellular Remodeling Under Abnormal Mechanical Stress
The downstream consequences of abnormal mechanotransduction are evident across structural, mesenchymal, and 
immune cell populations within the lung. Airway epithelial cells, which form the first barrier to airflow and hyperinfla
tion, are highly vulnerable to cyclic stretch.71 Excessive mechanical loading induces apoptosis, disrupts tight junctions, 
and reduces mucociliary clearance. These injured cells release alarmins such as IL-33 and High Mobility Group Box 1 
(HMGB1), which further activate innate immune responses. In addition, abnormal mechanotransduction interferes with 
epithelial regeneration, driving squamous metaplasia and long-term architectural distortion of the airways.72

Fibroblasts are highly sensitive to matrix stiffness. In stiffened COPD lungs, fibroblasts acquire an activated 
myofibroblast phenotype characterized by α-smooth muscle actin expression and increased collagen production.73 

Mechanotransduction through integrins and YAP/TAZ sustains this profibrotic program. Persistent fibroblast activation 
contributes to airway wall thickening and peribronchial fibrosis, reinforcing airflow limitation.74

Airway smooth muscle cells also respond strongly to abnormal mechanics. Exposure to cyclic strain enhances their 
proliferation and contractility, largely through Rho/ROCK and MAPK signaling. In addition, they secrete growth factors 
and pro-inflammatory mediators, amplifying airway remodeling and inflammation.75 The resulting increase in muscle 
mass narrows the airway lumen, further altering local mechanical stress and creating a reinforcing feedback loop.

Immune cells, including macrophages and neutrophils, are increasingly recognized as mechano-responsive.76 

Substrate stiffness and stretch modulate macrophage polarization, often skewing them toward a pro-inflammatory M1 
phenotype. Piezo1-mediated calcium influx regulates phagocytic capacity and cytokine release, suggesting that mechan
ical stress may directly shape innate immune responses.77 This provides a mechanistic explanation for the persistence of 
inflammation in COPD, independent of ongoing chemical exposures.

Endothelial cells, though less extensively studied, are also subject to abnormal forces in COPD, particularly under 
conditions of hyperinflation and mechanical ventilation. Excessive cyclic strain and high-tidal-volume ventilation 
activate Ca2+-entry modules—most prominently Stim1/Orai1 and the mechanosensitive channel Piezo1—driving barrier 
failure via VE-cadherin–centered junctional remodeling. In experimental systems, 18% cyclic stretch or injurious 
ventilation upregulates Stim1/Orai1 and elevates intracellular Ca2+, which engages PKCα and Pyk2 to activate Src and 
promote VE-cadherin phosphorylation, thereby increasing permeability. Complementarily, Piezo1-dependent Ca2+ influx 
signals internalization/degradation of VE-cadherin/p120-catenin, destabilizing adherens junctions under mechanical load. 
Junctional stability is further tuned by YAP activity; loss of endothelial YAP exaggerates VE-cadherin phosphorylation 
and uncoupling from catenins during mechanical ventilation, reinforcing leak. Upstream Ca2+ signaling converges on 
MLCK/ROCK to increase actomyosin tension and paracellular gaps, mechanistically linking stretch sensing to cytoske
letal contractility.78 These changes increase endothelial permeability, enhance leukocyte adhesion, and promote inflam
matory infiltration, thereby contributing to vascular remodeling and pulmonary hypertension.

Taken together, these findings suggest that abnormal mechanical stress does not simply affect individual cell populations in 
parallel; rather, it reprograms communication across epithelial, mesenchymal, immune, and vascular compartments. In this 
framework, barrier disruption, matrix stiffening, smooth muscle contraction, inflammatory persistence, and endothelial leak 
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should be viewed as mutually reinforcing features of a mechanically coupled remodeling process rather than as isolated 
pathological events. These cell type–specific remodeling processes under abnormal mechanical stress are schematically 
summarized in Figure 3.

Feedback Loops Reinforcing COPD Progression
The effects of mechanotransduction in COPD are not linear but interconnected, forming complex feedback loops that 
perpetuate disease progression. Stiffened ECM activates fibroblasts, which in turn secrete additional collagen and matrix 
proteins, further increasing stiffness and driving a feed-forward profibrotic cascade. Hyperinflation-induced epithelial 
injury amplifies inflammation, which accelerates protease release, elastin degradation, and loss of compliance. At the same 
time, immune cells activated by stretch release proteases that exacerbate alveolar destruction, worsening emphysema and 
amplifying regional mechanical heterogeneity.

Figure 3 Cell type–specific remodeling and dysfunction induced by abnormal mechanical stress in COPD. (A) Airway Epithelial Cells: Excessive cyclic stretch and compression 
disrupt tight junctions and induce apoptosis, leading to reduced mucociliary clearance. Injured cells release alarmins (e.g., IL-33, HMGB1) and Endothelin-1 (ET-1), resulting in 
impaired barrier function and architectural distortion. (B) Fibroblasts: Matrix stiffening promotes the transition of quiescent fibroblasts to an activated myofibroblast phenotype 
(characterized by α-SMA expression). Mediated by integrins and YAP/TAZ activity, these cells produce excessive collagen, driving airway wall thickening and peribronchial 
fibrosis. (C) Airway Smooth Muscle Cells: Cyclic strain induces cellular proliferation and hypertrophy. Signaling via Rho/ROCK and MAPK pathways increases contractility, 
contributing to airway narrowing and hyperresponsiveness. (D) Immune Cells (Macrophages): Mechanical cues such as substrate stiffness and stretch drive macrophage 
polarization toward a pro-inflammatory M1 phenotype, perpetuating persistent inflammation through cytokine release (e.g., TNF-α, IL-6). (E) Endothelial Cells: Excessive cyclic 
strain (e.g., from hyperinflation) disrupts adherens junctions and causes barrier failure via Piezo1/Ca2+ and MLCK/ROCK pathways. This facilitates leukocyte infiltration and 
contributes to vascular remodeling and pulmonary hypertension.
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These intertwined processes exemplify the bidirectional relationship between mechanics and biology: structural 
changes alter local forces, which activate cellular signaling pathways, which then drive further structural remodeling. 
Such self-reinforcing loops provide a compelling explanation for the chronicity, progression, and heterogeneity of COPD, 
highlighting mechanotransduction as a central driver of the disease.

Mechanical Forces and Clinical Phenotypes of COPD
COPD is clinically defined by chronic airflow limitation that is not fully reversible, but its presentation is highly 
heterogeneous.79 Patients may predominantly exhibit chronic bronchitis, emphysema, frequent exacerbations, or 
systemic manifestations such as muscle wasting.80 Although inflammation and environmental exposures provide 
a unifying etiological framework, the diversity of clinical phenotypes is increasingly recognized as the outcome of 
complex interactions between structural remodeling, cellular responses, and altered mechanical forces.81 This 
section explores how aberrant mechanics contribute to major COPD phenotypes, including airflow obstruction, 
emphysema, and acute exacerbations, and how these processes shape disease heterogeneity.

Airflow Obstruction as a Consequence of Mechanical Collapse
Airflow obstruction in COPD primarily originates in the small conducting airways, where chronic inflammation, mucus 
hypersecretion, and wall thickening progressively narrow the lumen.82 The accompanying loss of alveolar attachments 
diminishes radial traction, leaving airways highly susceptible to dynamic collapse during expiration.83 This collapse is further 
aggravated under exertion, when increased expiratory flow rates impose higher shear and compressive stresses.84 These 
mechanical derangements directly manifest as reduced forced expiratory volume in one second (FEV1), increased residual 
volume, and impaired ventilatory efficiency. Epithelial compression not only injures the barrier but also programs a mechano- 
secretory state—exemplified by Hic-5–dependent endothelin-1 (ET-1) release—that could amplify small-airway tone. 
Although shown in asthma exacerbation models, analogous cycles of micro-collapse and compression likely occur in 
COPD small airways, suggesting a convergent epithelial–smooth-muscle feedback loop in chronic airflow limitation.60

Imaging and computational studies underscore that airway narrowing in COPD is patchy, producing regions of high 
resistance adjacent to relatively preserved segments. This heterogeneity results in maldistribution of ventilation, 
increased turbulence, and localized “hotspots” of shear injury.85 Such mechanical stress accelerates epithelial damage 
and perpetuates local inflammation, reinforcing airway remodeling. Clinically, this explains why airflow limitation is 
often disproportionate to the degree of visible emphysema or mucus plugging alone.

Dynamic hyperinflation represents a hallmark mechanical abnormality in COPD. During exercise, incomplete emptying of 
the lungs causes end-expiratory lung volume to rise, increasing PEEPi.86 The diaphragm becomes flattened and mechanically 
disadvantaged, requiring greater effort to initiate inspiration.87 This mechanical inefficiency contributes to exertional dyspnea, 
the cardinal symptom of COPD, and directly links disordered mechanics to functional impairment.88 Hyperinflation also 
increases mechanical loading on inspiratory muscles, promoting fatigue and reducing exercise tolerance.89 Thus, airflow 
limitation in COPD cannot be fully understood without recognizing its mechanical underpinnings.

Emphysema Shaped by Stress Concentration and Loss of Mechanical Interdependence
Emphysema is defined by irreversible alveolar wall destruction and abnormal airspace enlargement, and while protease– 
antiprotease imbalance and oxidative stress remain central to its pathogenesis, mechanical factors critically determine the sites 
and trajectory of tissue failure.11 At the interface between damaged and preserved regions, stress concentration magnifies 
tensile forces, predisposing alveolar septa to rupture.90 Over time, repetitive overdistension during tidal breathing accelerates 
tissue breakdown, explaining why emphysema often progresses in a patchy, heterogeneous fashion. Importantly, this 
progression is unlikely to be linear. As alveolar units are progressively lost, the mechanical load borne by the remaining 
septa increases disproportionately, so that once a critical threshold of structural failure is reached, local stress amplification 
may trigger accelerated rupture and rapid expansion of emphysematous regions.11,91

The concept of alveolar interdependence is particularly important in this context. In the healthy lung, alveoli are 
mechanically tethered to one another, allowing stresses to be evenly distributed. When alveolar walls are destroyed, this 
tethering is lost, and the remaining units bear disproportionate loads, making them more vulnerable to rupture. This loss of 
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interdependence creates a mechanically unstable system in which each additional septal failure redistributes stress to adjacent 
regions, further lowering the threshold for subsequent damage.92 Clinically, this translates into increased compliance but 
diminished elastic recoil—a paradoxical mechanical profile that underlies both hyperinflation and airflow obstruction.93

At the cellular level, alveolar overdistension activates mechanosensors such as Piezo channels and YAP/TAZ, 
triggering epithelial and endothelial injury, cytokine release, and recruitment of inflammatory cells.5 These pathways 
reinforce local tissue damage and promote maladaptive fibroblast activation in adjacent areas, where fibrotic remodeling 
paradoxically coexists with emphysematous destruction.94 Thus, emphysema is not a passive structural outcome of 
chemical injury but an actively driven process of mechanical stress amplification and dysregulated mechanotransduction.

Exacerbations as Crises of Mechanical Failure
Acute exacerbations of COPD (AECOPD) represent episodes of rapid clinical deterioration, often precipitated by 
infection or environmental triggers, during which mechanical stresses escalate dramatically.95 Airway obstruction acutely 
worsens, airway resistance increases, and dynamic hyperinflation intensifies, sharply raising inspiratory threshold loads.96 

Respiratory muscles are forced to operate near or beyond their physiological limits, predisposing patients to acute 
ventilatory failure. This explains why exacerbations are such a frequent cause of hospitalization and mortality.

In patients requiring ventilatory support, mechanical considerations become even more critical. Inappropriate ventilator 
settings, such as high tidal volumes or insufficient expiratory times, can exacerbate hyperinflation, elevate transpulmonary 
pressures, and induce VALI.97 The emerging concept of mechanical power, which integrates driving pressure, tidal volume, 
flow, and respiratory rate,98 provides a quantitative framework for assessing the risk of ventilator-induced damage. Tailoring 
ventilator strategies to minimize mechanical power has become an important principle in managing AECOPD.

The systemic consequences of exacerbation-related mechanical stress extend beyond the lung. Overloaded respiratory 
muscles undergo catabolic signaling and mitochondrial dysfunction, contributing to skeletal muscle wasting.99 Cyclic 
strain on pulmonary vasculature may exacerbate endothelial dysfunction, driving pulmonary hypertension and cardiovas
cular complications.100 These observations emphasize that AECOPD is not only an inflammatory or infectious event but 
also a crisis of mechanical failure, with wide-ranging implications for patient outcomes. Incorporating mechanical-power 
minimization into ventilatory protocols may therefore represent a tangible pathway to mitigate exacerbation-related injury.

Mechanics as a Determinant of Disease Heterogeneity
One of the most challenging aspects of COPD management is its heterogeneity: patients with similar environmental exposures 
often develop divergent clinical phenotypes.101 Some present with predominant chronic bronchitis, others with emphysema, 
and still others with frequent exacerbations. Mechanical forces may be a key determinant of this variability because different 
structural weak points within the respiratory system give rise to different dominant mechanical consequences. Individuals in 
whom the small airways are more compliant or less effectively tethered by the surrounding parenchyma may be more prone to 
expiratory narrowing and dynamic collapse, thereby favoring airflow obstruction, mucus retention, and chronic bronchitic 
features. By contrast, when the mechanically vulnerable compartment is the alveolar septal network, repetitive tensile loading 
and stress concentration may preferentially promote septal rupture, loss of elastic recoil, and emphysematous enlargement.102 

Likewise, patients with limited respiratory muscle reserve or greater susceptibility to hyperinflation-induced loading may be 
more likely to develop exertional dyspnea, ventilatory failure, and frequent or severe exacerbations.103 Viewed in this way, 
COPD phenotypes may differ not only in inflammatory burden or exposure history, but also in the dominant site of mechanical 
vulnerability—small airways, alveolar septa, or respiratory muscles—which may help explain why patients with superficially 
similar risk profiles develop markedly different structural and clinical trajectories.

Advances in imaging have made it possible to visualize mechanical heterogeneity in vivo. Quantitative computed tomo
graphy (CT) provides detailed assessments of airway dimensions and parenchymal density,104 while magnetic resonance imaging 
(MRI) and hyperpolarized gas techniques reveal regional ventilation defects.105 More recently, methods such as strain mapping 
and elastography have been used to evaluate regional compliance and stress distribution.106 Correlations between these imaging- 
derived mechanical indices and clinical outcomes support the view that mechanics actively shape phenotypic expression.

Mechanical biomarkers also hold prognostic value. Dynamic hyperinflation measured during exercise predicts mortality 
and poor functional status.107 Biochemical markers of matrix destruction may provide complementary information. In 
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particular, desmosine—an elastin-specific cross-linking amino acid released during elastin degradation—has emerged as 
a structural biomarker of parenchymal injury.108 Elevated desmosine levels in blood, urine, or sputum have been associated 
with increased elastin breakdown and may reflect the progression of emphysematous remodeling, thereby linking structural 
matrix failure to the mechanical deterioration of the lung.109,110 Imaging-based assessments of regional strain heterogeneity 
correlate with emphysema progression and may identify patients at higher risk of decline.29 Incorporating such mechanical 
and structural biomarkers into clinical evaluation could refine risk stratification and guide personalized interventions, bridging 
the gap between pathophysiology and precision medicine. Figure 4 provides an integrative schematic summarizing how 
abnormal mechanical cues drive disease progression in COPD through cell type–specific responses and tissue remodeling.

Figure 4 Mechanical drivers of clinical heterogeneity in COPD. The diagram illustrates how an abnormal mechanical environment fuels self-perpetuating mechanotransduc
tion feedback loops, which subsequently diverge into distinct clinical phenotypes. (Left) Predominant Airflow Obstruction: The “Small Airway Path” is driven by airway 
narrowing, wall thickening, and dynamic airway collapse due to reduced radial traction. (Middle) Predominant Emphysema: Driven by “Self-perpetuating Vicious Cycles,” this 
phenotype involves alveolar septal rupture and stress concentration at the interfaces between diseased and preserved tissue, which accelerates parenchymal destruction. 
(Right) Exacerbation-Prone/Acute Failure: The “Acute Stress Path” represents a crisis of mechanical failure. It is characterized by acute mechanical escalation and respiratory 
muscle fatigue, often precipitated by increased inspiratory loads.
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Therapeutic Strategies Targeting Mechanical Forces in COPD
Recognition of the central role of mechanical forces in COPD pathogenesis opens new therapeutic opportunities that 
extend beyond conventional pharmacological suppression of inflammation or relief of bronchoconstriction.111 Instead, 
treatment can also aim to restore or optimize the mechanical environment, to modulate mechanotransduction pathways at 
the molecular level, and to harness emerging biophysical and technological innovations. This section discusses key 
strategies across rehabilitation, ventilation, pharmacology, technology, and integrative approaches.

Rehabilitation and Respiratory Training as Mechanical Rebalancing
Pulmonary rehabilitation remains one of the most effective interventions in COPD, not only for improving quality of life but 
also for directly modulating disordered mechanics.112 Inspiratory and expiratory muscle training strengthens the diaphragm 
and accessory muscles, counteracting the disadvantages imposed by hyperinflation.113 Randomized controlled trials consis
tently show that inspiratory muscle training reduces dyspnea, improves exercise tolerance, and enhances health-related quality 
of life measures.22 Mechanistically, these programs reduce the relative inspiratory load, improve diaphragmatic excursion, and 
delay fatigue, thereby rebalancing the mismatch between mechanical demand and capacity.114

Exercise training, whether endurance- or resistance-based, contributes to improved ventilatory efficiency and skeletal 
muscle performance.115 From a mechanical perspective, exercise training reduces dynamic hyperinflation by improving 
breathing pattern control, reducing respiratory rate, and enhancing tidal volume expansion.116 It also increases chest wall 
mobility and diaphragmatic recruitment, partially restoring normal mechanics. Simple techniques such as pursed-lip 
breathing or forward-leaning postures illustrate how deliberate modifications of intrathoracic pressure dynamics can 
reduce airway collapse and alleviate dyspnea,117 highlighting that mechanical optimization is embedded within even the 
most basic rehabilitation strategies.

Mechanical Ventilation and Structural Interventions
Mechanical ventilation, whether noninvasive (NIV) or invasive, plays a dual role in COPD management—unloading 
respiratory muscles while simultaneously risking mechanical injury if poorly adjusted. In acute exacerbations, NIV 
effectively reduces PEEPi, unloads fatigued inspiratory muscles, improves gas exchange, and decreases the need for 
intubation.118 Meta-analyses confirm reductions in mortality and hospitalization, supporting NIV as the standard of care 
in AECOPD.119 Chronic nocturnal NIV in patients with persistent hypercapnia has also demonstrated benefits in survival 
and quality of life, though its effects are heterogeneous and closely tied to mechanical adjustments.120

The concept of protective ventilation has gained traction in COPD, emphasizing minimization of injurious mechanical 
power by carefully titrating tidal volume, plateau pressure, and respiratory rate, while allowing sufficient expiratory time to 
avoid dynamic hyperinflation. Advanced monitoring techniques such as esophageal manometry and electrical impedance 
tomography now allow real-time assessment of lung mechanics, enabling individualized ventilator strategies.121

Beyond ventilatory support, structural interventions such as surgical or bronchoscopic lung volume reduction target 
mechanics at the organ level. By removing or collapsing hyperinflated and poorly ventilated regions, these approaches reduce 
heterogeneity, restore diaphragmatic curvature, and improve chest wall mechanics.122 Patient selection remains critical, but 
when applied appropriately, lung volume reduction exemplifies how direct modulation of mechanics can translate into 
functional gains.

Targeting Mechanotransduction with Pharmacological Agents
Pharmacological therapies targeting mechanotransduction pathways remain largely experimental but offer promising avenues. 
Integrins are central mediators of fibroblast activation and epithelial repair, and inhibitors of αvβ6 or αvβ1 integrins, already 
under investigation in fibrotic lung diseases, could attenuate maladaptive remodeling in COPD.123 Similarly, interventions 
aimed at modifying ECM architecture, such as inhibitors of lysyl oxidase–like enzymes that promote collagen crosslinking, 
may reduce pathological stiffening and restore more physiological mechanotransduction.124

Mechanosensitive ion channels, including Piezo and transient receptor potential (TRP) family members, are emerging 
as druggable targets. Preclinical studies suggest that modulation of these channels can blunt inflammation, reduce 
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calcium overload, and attenuate mechanically induced injury.125 Translation of such approaches to COPD could open 
new therapeutic horizons.

Targeting nuclear mechanotransduction is another novel approach. Inhibition of YAP/TAZ signaling, for instance using 
verteporfin or small molecules that disrupt TEAD interactions, has shown potential in attenuating fibroblast activation and 
ECM production.73 Similarly, ROCK inhibitors, which reduce smooth muscle contractility, fibroblast activation, and vascular 
remodeling,126 are being tested in pulmonary hypertension and may hold promise for COPD where ROCK activity is 
upregulated. The major challenge remains achieving tissue specificity, as these pathways are ubiquitous across multiple 
organ systems. Moreover, emerging data suggest that several mechanotransduction pathways may play context-dependent 
roles, contributing to injury and remodeling in some settings while supporting adaptive repair or homeostasis in others. This 
complexity may help explain why pharmacological inhibition has shown variable results across experimental models and 
highlights the need for careful patient selection and compartment-specific targeting.

Technological and Biophysical Frontiers
Rapid advances in imaging and monitoring technologies are transforming how mechanical dysfunction is evaluated and 
managed in COPD. Quantitative CT, MRI ventilation imaging, and elastography provide regional maps of lung mechanics,127 

allowing the identification of patients with specific patterns of hyperinflation or stiffness who may benefit from targeted 
interventions such as lung volume reduction.128 Functional imaging is also being explored to monitor therapy response and 
disease progression, bridging the gap between mechanistic understanding and clinical decision-making.

At the frontier of regenerative medicine, tissue engineering offers opportunities to restore lung structure with 
scaffolds designed to mimic the mechanical properties of healthy ECM.129 Stem-cell–based therapies are increasingly 
informed by mechanobiology, with culture conditions optimized to deliver mechanical cues that guide differentiation into 
airway or alveolar lineages.130 Though still experimental, these approaches underscore the potential of mechanobiology 
to shape future regenerative strategies for COPD.

Digital health technologies add another dimension. Wearable devices, home spirometry, and artificial intelligence 
(AI)–driven imaging analytics now enable longitudinal monitoring of mechanical parameters such as breathing pattern, 
chest wall motion, and hyperinflation indices.131 Integration of these data into clinical practice may allow early detection 
of deleterious mechanical trends and individualized adjustment of therapy.

Toward Integrative, Mechanics-Informed Management
A future vision of COPD care requires integration of mechanical interventions with established pharmacology. For 
example, bronchodilators reduce airway resistance and thereby improve mechanical efficiency, but their benefits are 
amplified when combined with pulmonary rehabilitation or respiratory muscle training. Similarly, the use of personalized 
ventilator strategies can be complemented by pharmacological agents targeting inflammation or fibrosis, creating 
a synergistic effect that neither alone could achieve.

This holistic approach positions mechanical optimization not as an alternative but as a critical complement to established 
COPD therapies. By uniting biomechanics, pharmacology, and rehabilitation within a single framework, management can be 
reframed toward re-establishing mechanical homeostasis across the respiratory system. Such integration aligns with precision 
medicine goals, where treatment is tailored not only to inflammatory or genetic profiles but also to individual mechanical 
phenotypes. Figure 5 provides an overview of therapeutic strategies targeting mechanical perturbations and their downstream 
pathways, highlighting opportunities for integrative and precision interventions in COPD.

Future Perspectives
The integration of mechanical biology into COPD research has revealed a new dimension of pathogenesis, yet the field 
remains in its early stages. Significant challenges remain in translating mechanistic discoveries into clinical practice. Future 
progress will require multi-scale integration, technological advances in imaging and monitoring, identification of novel 
therapeutic targets, and incorporation of mechanobiology into regenerative and precision medicine frameworks.
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Integrating Mechanics Across Biological Scales
COPD is fundamentally a disease of disrupted structure–function relationships,27 in which mechanics interact with inflam
mation, immunity, and metabolism at multiple biological scales. Future research must therefore adopt integrative models that 
connect molecular mechanotransduction events to tissue-level remodeling and whole-organ function. Computational model
ing can simulate how microscopic changes in ECM stiffness translate into macroscopic alterations in airflow or spirometry. 
Similarly, systems biology approaches integrating transcriptomic, proteomic, and metabolomic data with mechanical readouts 
could identify new disease endotypes defined by both molecular and biomechanical signatures. Such multi-scale frameworks 
will not only deepen mechanistic understanding but also refine disease classification beyond traditional spirometric indices.

Next-Generation Imaging and Functional Assessment
Technological innovations are enabling in vivo quantification of mechanical heterogeneity with unprecedented resolution. 
CT-based strain mapping, hyperpolarized gas MRI, and ultrasound elastography allow direct visualization of regional 
compliance, ventilation defects, and stress distribution.132 Coupled with longitudinal cohort studies, these modalities may 
yield mechanical biomarkers predictive of disease progression and therapeutic response. Beyond imaging, wearable 

Figure 5 Integrative therapeutic strategies targeting mechanical perturbations in COPD. The schematic outlines a multidimensional approach to restore mechanical homeostasis. 
(Left) Mechanical Targets: Interventions are directed at specific abnormalities ranging from the macroscopic physiological level (e.g., dynamic hyperinflation, respiratory muscle 
dysfunction) to the microscopic molecular level (e.g., ECM stiffening, aberrant mechanotransduction signaling). (Middle) Multidimensional Strategies: Pulmonary Rehab & Training: 
Interventions such as inspiratory muscle training and pursed-lip breathing aim to strengthen respiratory muscles and optimize breathing patterns to counteract hyperinflation. 
Ventilation & Structural Interventions: Strategies like noninvasive ventilation (NIV) optimization and lung volume reduction target organ-level mechanics by unloading muscles and 
reducing regional heterogeneity. Targeting Mechanotransduction: Emerging investigational pharmacotherapies (e.g., inhibitors of integrins, Piezo channels, YAP/TAZ, and ROCK) 
aim to modulate the downstream cellular response to mechanical stress. (Right) Integrative Goals: The ultimate objective is to combine these modalities to restore mechanical 
homeostasis and achieve precision management tailored to the individual patient’s mechanical phenotype.
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devices and digital health platforms capable of continuously monitoring breathing patterns, chest wall motion, and 
indices of hyperinflation could bring real-time mechanical monitoring into patients’ homes.133 Integration of these 
functional metrics into clinical care will be essential for early detection of deleterious changes and for guiding timely, 
individualized interventions.

Emerging Therapeutic Targets in Mechanotransduction
While current pharmacological therapies for COPD remain largely symptomatic, future treatments may target the mechan
osensitive pathways that drive disease progression. Inhibitors of integrin signaling, Piezo ion channel modulators, YAP/TAZ 
antagonists, and ROCK inhibitors are already being investigated in related fibrotic or vascular diseases,134 and their translation 
to COPD is an active frontier. The main challenge is specificity, given that mechanotransduction pathways are ubiquitous 
across tissues. Inhaled nanomedicine platforms, capable of delivering targeted therapies to the lung microenvironment, may 
overcome this limitation by ensuring local modulation of mechanical signaling without systemic toxicity.135 Importantly, 
clinical trials should incorporate mechanical endpoints such as changes in hyperinflation, regional compliance, or strain 
heterogeneity to establish the therapeutic relevance of targeting mechanotransduction. Future studies should also directly 
address discordant findings across models by standardizing mechanical exposure paradigms, distinguishing cell- and 
compartment-specific responses, and separating acute adaptive signaling from chronic maladaptive remodeling.

Mechanobiology-Informed Regenerative Medicine
The convergence of mechanobiology with regenerative medicine represents a particularly exciting frontier. Advances in 
biomaterials and tissue engineering now allow the creation of scaffolds with tunable stiffness and elasticity that recapitulate 
healthy lung ECM.136 These scaffolds can provide an appropriate mechanical niche for stem or progenitor cells, enhancing 
their differentiation into functional epithelial or alveolar lineages. Likewise, organoid and lung-on-chip systems incorpor
ating physiological mechanical forces are increasingly being used to model COPD in vitro and to test regenerative 
strategies. Although these approaches remain experimental, they underscore the potential of mechanical cues to guide 
not only disease pathogenesis but also tissue regeneration, offering hope for structural repair in advanced disease.

Toward Precision Medicine Guided by Mechanics
COPD is now recognized as a heterogeneous syndrome encompassing multiple overlapping phenotypes.137 Incorporating 
mechanical assessments into precision medicine strategies could greatly refine patient stratification. For example, patients 
with predominant small airway collapse may benefit most from stenting or lung volume reduction,138 whereas those with 
fibrotic stiffening may be more responsive to antifibrotic or YAP/TAZ-targeted therapies.36 Combining mechanical 
biomarkers with molecular and clinical data can generate multi-dimensional patient profiles, enabling individualized 
treatment algorithms. Artificial intelligence and machine learning are poised to play a critical role by integrating imaging, 
physiological, and molecular data into predictive models that guide therapy selection.139 Ultimately, precision medicine in 
COPD will depend not only on genetics and inflammation but equally on the mechanobiological profile of each patient.

Conclusion
Chronic obstructive pulmonary disease has long been viewed primarily through the lens of inflammation, oxidative 
stress, and protease–antiprotease imbalance, but it is increasingly evident that mechanical forces are also integral to its 
pathogenesis. COPD can also be viewed as a mechanobiological disease, in which abnormal airway and parenchymal 
mechanics, ECM remodeling, and respiratory muscle dysfunction interact with canonical inflammatory and proteolytic 
processes to perpetuate tissue injury and functional decline. These structural alterations reshape the mechanical 
environment, and through mechanosensors such as integrins, Piezo channels, and YAP/TAZ, they are transduced into 
biochemical signals that drive chronic inflammation, defective repair, and pathological remodeling. The resulting feed
back loops create self-reinforcing cycles of hyperinflation, fibrosis, and emphysema, providing a mechanistic explanation 
for the persistence and heterogeneity of COPD.

Understanding COPD as a disorder of dysregulated mechanotransduction reframes both its clinical phenotypes and its 
therapeutic opportunities. Pulmonary rehabilitation, ventilatory support, and lung volume reduction can be reinterpreted as 
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interventions that restore mechanical homeostasis. At the same time, emerging pharmacological strategies targeting integrin 
signaling, mechanosensitive ion channels, YAP/TAZ, and ROCK pathways highlight the possibility of modulating the 
molecular machinery of mechanotransduction, although most remain at an early or preclinical stage of development. 
Complementary advances in imaging, computational modeling, and digital health technologies now make it feasible to 
quantify mechanical dysfunction in vivo, providing new biomarkers for risk stratification and early intervention. The 
integration of these approaches with regenerative and precision medicine may, with further validation, help shift COPD 
management from symptomatic palliation toward more mechanism-informed and potentially disease-modifying strategies.

Moving forward, multidisciplinary collaboration will be essential. Pulmonologists, bioengineers, systems biologists, 
and computational scientists must work together to translate the principles of mechanobiology into clinical benefit. Such 
integration will not only refine our understanding of COPD heterogeneity but also guide the development of interventions 
tailored to each patient’s unique mechanical and molecular profile. By bridging fundamental discoveries with practical 
applications, the recognition of COPD as a mechanobiological disease offers a pathway to redefine its clinical manage
ment and ultimately to improve outcomes for millions of patients worldwide.
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