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Abstract: Connective tissue is a dynamic structure that reacts to environmental cues to maintain homeostasis, including

mechanical properties. Mechanical load influences extracellular matrix (ECM)—cell interactions and modulates cellular

behavior. Mechano-regulation processes involve matrix modification and cell activation to preserve tissue function. The

ECM remodeling is crucial for force transmission. Cytoskeleton components are involved in force sensing and

transmission, affecting cellular adhesion, motility, and gene expression. Proper mechanical loading helps to maintain

tissue health, while imbalances may lead to pathological processes. Active and passive movement, including manual

mobilization, improves connective tissue elasticity, promotes ECM-cell homeostasis, and reduces fibrosis. In

rehabilitation, understanding mechanical-regulation processes is necessary for ameliorating and developing treatments

aimed at preserving tissue elasticity and preventing fibrosis. In this commentary, we aim to globally describe the

biological processes involved in mechanical force transmission in connective tissue as support for translational studies

and clinical applications in the rehabilitation field.

Abbreviations
ECM Extracellular matrix
TGF-β Transforming growth factor beta
GPCRs G protein-coupled receptors
GAGs Glycosaminoglycans
PGs Proteoglycans
MAPK Mitogen-associated protein kinases
PI3K Phosphoinositol-3-kinase
ROCK Rho-associated protein kinase
CTGF Connective tissue growth factor
IL-1 Interleukin-1
IL-4 Interleukin-4
TNF-α Tumor necrosis factor α

Introduction

Connective tissue is a complex, dynamic structure that
constantly responds to environmental factors to maintain

homeostasis, including the integrity of mechanical
properties. A complex biological pathway transduces signals
from the biomechanical environment to the cell and links
biomechanical cues to cell behavior. Signal transduction
involves ECM, the cytoplasmic membrane, the
cytoskeleton, and the nucleus and eventually affects nuclear
chromatin at a genetic and epigenetic level.
Mechanoreceptors on cell membrane: integrin proteins, ion
channels, primary cilia, growth factor receptors (e.g., for
transforming growth factor beta, TGF-β), G protein-
coupled receptors (GPCRs), transduces information from
ECM to cytoskeleton [1]. The mechano-regulation process
includes matrix modification (deposition, rearrangement,
removal) and cell activation, it acts to maintain overall
shape and function [2]. Pathologies that lead to prolonged
immobilization produce ECM modification and fibroblast
activation, increase tissue stiffness and fibrosis, and affect
musculoskeletal function [3]. Recent studies show that
active and passive movement, including manual
mobilization, improves connective tissue elasticity and
promotes ECM–cell homeostasis by reducing fibrosis [3,4].
In this paper, we aim to describe mechanical force
transmission processes in connective tissue as a bridge for
therapeutic applications in the rehabilitation field.
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ECM-Cell Interaction

Components
Soft connective tissue is composed of ECM and cells (mainly
fibroblasts). ECM consists of fibrillar collagens, elastic fibers,
glycosaminoglycans (GAGs), and proteoglycans (PGs)
surrounded by interstitial fluid [5]. Proteoglycans consist of
a protein body with different types of glycosaminoglycans
covalently linked; they play an important role in mechanical
force transmission [5]. Fibronectin and laminins are crucial
components of the ECM that contribute significantly to cell-
matrix interactions and overall tissue architecture [6]. In
response to chemical and mechanical cues, cells adapt
shape, dynamics, and adhesion to ECM [7]. Focal adhesion
sites (FAs) are clusters of integrin transmembrane that
associate the ECM with the actin cytoskeleton through
actin-binding proteins. To adapt cell-matrix interaction, FAs
sense and respond to variations in force transmission along
the actomyosin-ABP-integrin-ECM pathway [8].

Actin-binding protein (ABP)
ABP is the linking bridge between actin cytoskeleton and
integrin (Table 1). They are grouped into domains with
complementary functions: linkage, regulation, and signaling
organized into three main horizontal layers between the
plasma membrane and actin filaments. Some proteins show
a spatial overlap and could modify their position during
different phases of the mechanotransduction process [7,9].

Cytoskeleton Structure

Cytoskeletons consist of a tridimensional filamentous
structure and crosslinking proteins, that provide mechanical
support and regulate cell motility, shape, and tension. It is

physiologically under tension, in balance with ECM
stiffness. Cell mechanical properties depend on the
dynamics, geometry, and polarity of the cytoskeleton
composed of actin fibres, microtubules, and intermediate
filaments. Single actin filament is long about 9–15 microns
and flexible. Bundled actin filaments are stiffer, withstand
higher compression, and transmit forces throughout the cell
[9]. Cytoskeleton contractility is ensured by actin sliding on
the motor protein myosin II, held together by crosslinking
proteins (e.g., α-actinin, fascin, filamin) in complex
structures called stress fibres [7]. Myosin II is involved in
cytoskeleton contractility, elongation of the actin fibres, and
the regulation of the ABP-integrin complex [7,9].
Cytoskeleton could transmit forces to the nucleus through
biochemical and physical connections inducing changes in
gene expression [8].

Mechanotransduction

Mechanotransduction refers to bidirectional ECM-cells
exchange of physical forces (in connective tissue usually
range 1–10 nN). Mechanical forces result from geometrical
and mechanical strains, related to cell position and polarity
within the 3D tissue architecture of ECM. Extracellular
mechanical forces, typically compression or shear, modify
the interaction between ECM and the cytoskeletal tension
system. Cells convert this physical stimulus into intracellular
biochemical signals [2].

The most important cell mechanoreceptors are integrin
proteins that cooperate with other mechanoreceptors:
mechanosensitive ion channels (e.g., Ca2+), primary cilia,
growth factor receptors (e.g., for TGF-β), GPCRs to interact
with cytoskeletal response [1]. Once transmitted over the
cell membrane, mechanical force activates multiple

TABLE 1

A main protein involved in actin binding complex

Protein Main interaction Note

Talin

Vinculin Concomitant binding of
talin and actin

α-actinin

Filamin Associated with several actin-rich structures including lamellipodia, filopodia, stress fibres,
and focal adhesions

Tensin Control fibronectin fibrillogenesis in actomyosin-dependent manner

Arp2/3 complex

Formin

Dia1

ENA/VASP
homology protein

FAK Vinculin, talin Regulates actin nucleation, polymerization, organization

Paxillin Vinculin Regulates actin nucleation, polymerization, and organization. Scaffold for regulatory
proteins of Rho-family GTPase activity. Signaling to the cell nucleus.

ILK
Note: Arp2/3 complex: Actin Related Protein 2/3 complex; Dia1: Diaphanous-related formin-1; ENA/VASP homology protein: Enabled/vasodilator-stimulated
phosphoprotein homology; FAK: Focal Adhesion Kinase; ILK: Integrin-linked kinase.
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interrelated signaling pathways including calcium-dependent
targets, nitric oxide signaling, mitogen-associated protein
kinases (MAPK), RhoGTPases, and phosphoinositol-3-
kinase (PI3K) [1].

Integrins connect ECM with the actin cytoskeleton
through the Focal Adhesions complex and ABP protein.
Mechanical forces modify the size, strength, composition,
and signals generated by FAs. As a response, the cell
increases actin contractility and restructures its entire
cytoskeleton in a process requiring Rho-GTPases, myosin
activity, and Rho-associated protein kinase (ROCK) [10].

Mechanical forces influence ECM conformational
changes, promoting spatio-temporal displacement of soluble
and matrix-bound effector molecules and growth factors,
such as TGF-β. Also, integrins contribute to the activation
and release of TGF-β from its reservoir in the extracellular
latent complex [1].

Primary cilia are microtubule-based organelles that
project from the cell surface. They work as mechanosensory
organelles that respond to compression or fluid shear [11].

Mechanical stimuli, including fluid shear stress, stretch,
compression, and cell swelling modify the membrane
potential and the expression and activity of membrane
mechanosensitive ion channel [12]. This process includes
Ca2+ influx, intracellular Ca2+ mobilization, and extra–
intracellular cation exchange [12]. The interaction of
mechanosensitive ion channels with integrin, cytoskeletal,
and signaling complexes is vital for physiological
mechanically induced cell responses [12,13].

On the other side intracellular forces, generated by
actomyosin contraction or retrograde translocation of
polymerizing actin cytoskeleton filaments, affect ECM. This
process is regulated by a “molecular clutch” mechanism,
which controls the retrograde movement of actin, directing
force to the substratum. ABPs modulate this process [7,9].
Cells sense substrate stiffness and activate a feedback loop,
to restructure the cytoskeleton, which involves actomyosin
contractility, actomyosin remodeling, and changes in gene
expression through nuclear signaling [10].

The Hippo pathway, with its two main downstream
effectors YAP and TAZ, represents an important connection
between biomechanical cues, cytoskeleton, and cell behavior.
Changes in the actin cytoskeleton, disruption of cell
polarity, and ECM stiffness modulate the Hippo pathway
effectors YAP/TAZ [10]. This signaling cascade influences
YAP/TAZ cytoplasmic-nuclear shuttling and binding to the
transcription factor TEAD, thus promoting the transcription
of mechanoresponsive genes [10]. Actin cytoskeletons also
affect the mechanics and shape of the nucleus by causing
nuclear deformation [10]. Among its transcriptional targets
are connective tissue growth factor (CTGF) and TGF-β,
both of which play important roles in fibrosis development,
as well as transglutaminase-2, a molecule involved in ECM
deposition, turnover, and crosslinking [1]. YAP/TAZ is
involved in cell growth regulation, proliferation, and
differentiation. It is also studied in biological processes
related to an epigenetic switch to allow the cells to adapt to
nutrient deprivation, escape immune control, and promote
cell pathological diffusion [10].

ECM Remodeling

In response to mechanical deformation, connective tissue
exhibits a viscoelastic response, with a characteristic stress
relaxation behavior. Time-dependent and strain-dependent
ECM mechanical responses affect cell-matrix
mechanotransduction [8]. Stress relaxation tests reveal that
connective tissue is released to deform over timescales from
tens to hundreds of seconds. ECM structure, composed of
collagen fibre networks, interspersed with highly hydrated,
flexible polysaccharides and other large molecules, is the key
regulator of tissue mechanics and viscoelasticity.

Force dissipation and restoration in ECM depend on
different factors. Most collagen network crosslinks are non-
covalent and arise from numerous weak bonds with
dissociation rates fast enough to allow stresses to relax.
Weak bonds restore following matrix deformation and
stabilize the tissue state, leading to plastic deformations.
Weak crosslinks co-exist with more stable covalent
crosslinks, which diminish the mechanical plasticity of the
matrix overall. Elastin fibers also promote elastic recovery.
Protein unfolding is another mechanism of energy
dissipation. Poroelastic effects also contribute to ECM
mechanical behaviors. Dissipation due to poroelasticity
occurs under tension or compression and results from
volume changes due to water flow into or out of the
network. Variations in ECM composition, density, and
conformation modify matrix water flow under mechanical
load, resulting in different viscoelastic responses. Shear
deformations modify shape but not volume, and dissipation
due to water movement within the matrix is lower [8].

Changes in connective tissue viscoelasticity have been
observed in pathologies that lead to prolonged
immobilization. Immobilization induces ECM modifications:
increase of collagen fibres with network disorganization [3],
alteration of glycosaminoglycan composition and function
[14], especially increase in hyaluronic acid density and
viscosity (see Fig. 1). Furthermore, immobilization leads to
fibroblast activation and transformation into myofibroblast
with increased collagen production, fibronectin and
inflammatory cytokines [15]. Overall, these changes affect
the ECM-cell mechanotransduction process and can lead to
fibrosis.

Fibrosis Process

Increased mechanical loading or matrix stiffness potentially
leads to homeostatic regulation or fibrotic conditions.
During homeostatic response ECM strain induces a new cell
balance, maintaining tissue integrity and function [6]. The
pathological response is characterized by: increased cell
contractility and formation of actin stress fibers; suppression
of collagen-degrading proteases, which prevents matrix
degradation; upregulated collagen genes expression, driving
excessive collagen deposition; increased sensitivity to TGF-β,
which further promotes collagen synthesis [13].
Furthermore, mechanical overloading stimulates the
expression of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) and MAPK, which induces the
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expression of pro-inflammatory and catabolic mediators. This
includes nitric oxide, ECM-proteolytic enzymes such as
metalloproteinase, aggrecanases, reactive oxygen species,
pro-inflammatory mediators such as Interleukin-1 (IL-1)
and Tumor necrosis factor α (TNF-α), prostaglandin PGE2.
Together these biomolecules trigger inflammatory pathways
in a positive feedback loop that increases catabolic activities,
finally leading to fibrosis [1]. On the other hand, a
physiological mechanical load promotes a shift from a pro-
inflammatory to an anti-inflammatory response, for
example promoting the expression of anti-inflammatory
cytokines, such as IL-4 [3].

Implication for Rehabilitation

The application of mechanical forces in rehabilitation is a
widely studied field. It ranges from physical therapies, such
as shock wave therapies; to improving wound healing
therapies such as microdeformational wound therapy;
conservative or surgical scar treatments, and many
others [11].

In rehabilitation, different strategies have been proposed
to reduce connective tissue stiffness and improve muscular
skeletal function: active and induced movement, stretching,
manual mobilization, botulinum toxin injections, injection
of hyaluronic acid, and also surgical procedures.

Connective tissue modifies viscoelastic behavior in
response to applied mechanical forces more rapidly than
other tissues [14]. Recent studies have demonstrated that
active and passive movement promote ECM–cell
homeostasis and enhance connective tissue elasticity,
thereby mitigating the progression of fibrosis [3,4].
Continuous passive movement and stretching, within the
pain-free range, improve connective tissue elasticity and

reduce inflammation [16]. Cyclic mechanical loading, such
as continuous passive movement, decreases TGF-β
production and myofibroblast transformation, limiting
fibrosis [17]. This highlights the importance of gentle
movement and stretching to manage connective tissue
stiffness and reduce fibrosis, especially after prolonged
immobilization. Some studies shed light on the possibility
that gentle manual mobilization could modify connective
tissue mechanical properties: mobility, density, viscosity, and
reduce connective tissue stiffness [14,18]. Different
biological mechanisms have been proposed to support these
effects: reversal of the aggregation of the hyaluronic acid
fragments, restoring normal gliding between connective
tissue layers, realignment of collagen fibres, and restoring
the balance between ECM synthesis and degradation [3,14].
In addition, we hypothesized that gentle manual
mobilization could improve ECM–cell balance also
involving the mechanotransduction process, and contribute
to preventing the fibrosis process.

Although this is a highly promising field, challenging
questions emerge in terms of specificity, selectivity, and
timeliness. Thresholds to mechanical stimuli may change in
different cells and tissues so application should be defined in
a tissue-specific manner. Therefore type, amplitude,
duration, and frequency should be dosed correctly. In other
words, therapeutic applications should be chosen and
dosage appropriately in a specific rehabilitation program in
tune with the patient’s needs.

Conclusion

In this paper, we highlight the significance of physiological
mechanical load in maintaining connective tissue health and
preventing tissue fibrosis. Knowledge about ECM-cell

FIGURE 1.Ultrasound image of a portion of medial gemellus muscle, longitudinal section. Left:muscle of a healthy subject. Right:muscle of a
plegic leg of a patient 3 months after neurological injuries. High fibrotic muscle (a marked increase of white area): increase, disorganization,
and densification of collagen tissue, remodeling of ECM matrix. In the picture the ECM structure. Left: physiologic organization. Right:
increased density and viscosity of hyaluronic acid, increased production and disorganization of collagen fiber, increased fibroblast activity.
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interaction processes is vital for translational studies and
addressing non-invasive treatments in the rehabilitative
field, aimed at maintaining tissue elasticity and preventing
fibrosis progression.
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