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Introduction
Gravity plays a central role in vertebrate development, evolution, and tissue repair and 

regeneration responses. In the presence of a gravitational field, muscular forces required for 
locomotion or for daily activities are increased [1]. External loading in a gravitational field leads to 
induction of pathways that modify cell division and protein synthesis [1]. As body mass increases 
during development, increased muscular forces are required to propel large vertebrates; this requires 
that the musculoskeleton as well as other tissues and organs be able to adapt by increasing the size 
of their functional units. In addition, the results of recent studies suggest that tissue regeneration 
and repair may in part be stimulated by external mechanical loading [2-7]. Application of external 
mechanical forces to cardiac tissue, cartilage, bone, muscle, nerve, tendon, skin and scar have been 
reported to promote tissue repair [2,8-16].

Tissues are primarily composed of Extracellular Matrix (ECM) containing collagen the most 
abundant protein found in the body [17,18]. They are found in four different classifications including: 
surface and internal lining structures, conduit and holding structures, dental and orthopaedic 
tissues and specialized organs [5]. All of these biological materials contain collagen and ECM and 
are candidates to promote integrin mediated mechanotransduction in regeneration and repair 
responses. The purpose of this paper is to review how external mechanical forces applied to tissues 
can positively influence regeneration and repair processes. This is an update of a previous literature 
review on mechanotransduction and the reader is directed to that paper for many references before 
2003 [1].

What are Mechanosensing and Mechanotransduction?
Mechanosensing is used to describe the process by which cells sense mechanical forces while 

mechanotransduction is used to describe the processes by which internal and external forces 
influence the biochemical and genetic responses of cells and tissues [1]. Specifically these responses 
include stimulation of cell proliferation or apoptosis and synthesis and catabolism of components 
of the extracellular matrix.

Mechanotransduction enables a cell to sense and quickly adapt to mechanical forces and physical 
limitations [3]. It is also a process of sensing mechanical cues and evoking subsequent biochemical 
responses [19] and a means by which physical therapists can harness the mechanosensitivity of cells 
to potentiate cellular healing and tissue regeneration and repair [4].
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Abstract

Gravity plays a central role in vertebrate development, evolution and repair and regeneration responses. 
Recent studies suggest that tissue repair may in part be stimulated by mechanical loading of tissues in a process 
by which addition of mechanical energy leads to changes in tissue metabolism by mechanotransduction. In this 
paper we summarize reported research studies on how mechanotransduction can stimulate repair of tissues 
to enable clinicians to promote healing of chronic wounds and assist in the facilitation of production of tissue 
engineered products. 

External energy in the form of extracorporeal shock waves, low intensity vibrations, pulsed electromagnetic 
waves and vacuum assisted wound healing have been used to promote healing. Results of research studies 
on cells and tissues suggest that mechanical loading can down-regulate inflammation, modify natural immune 
responses during healing and is also associated with promoting angiogenesis. Using vibrational OCT, a non-
destructive and non-invasive method to measure mechanical properties of tissues and implants, it is possible to 
evaluate the effects of mechanotransduction on repair responses. Further studies are needed to optimize the 
healing effects of mechanotransduction in bone, tendon, cartilage, nerve, myocardium, cardiovascular tissue, 
and skin.
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Examples of the effects of mechanotranduction
A classic example of mechanotransduction is that of weight lifting. 

Not only does the lifter gain in muscle mass by direct loading of his 
or her skeletal muscle, but through stretching of the skin, the athlete 
gains additional skin to cover the expanded muscular tissue [17]. The 
carpenter’s skin gains in thickness by repeatedly using a hammer that 
applies a compressive force to the epidermis that leads to thickening 
of the epidermis, the top layer of skin. It is well known that astronauts 
that reside in a gravity-free state for long periods of time experience 
resorption of collagen and mineral from their long bones [20]. Intimal 
hyperplasia as a result of mechanical mismatches at the interface 
between arteries and vascular implants as well as pressure induced 
fat necrosis around femoral closure sites are additional examples of 
tissue responses due to mechanotransduction [17].

What Biological Pathways are involved in 
Mechanotransduction?

Mechanotransduction involves several different pathways 
including: (1) direct stretching of collagen-cell surface integrin 
binding sites on the surface of all eukaryotic cells (integrin dependent 
processes); (2) direct deformation of gap junctions between cells 
containing calcium sensitive stretch receptors; (3) activation of ion 
channels in the cell membrane; and (4) activation of hormone and 
growth factor receptors [1] (see Table 1).

Integrin Mediated Mechanotransduction
Integrins are a family of cell surface embedded proteins that 

provide a link between the extracellular environment and intracellular 
elements [21,22]. Cells are believed to sense intrinsic mechanical 
properties of ECM by applying traction forces to the collagen fibers 
[22]. Collagen fibers of the ECM bind to transmembrane integrins 
which in turn span the cell membrane and connect to actin filaments 
within the cell.

The combination of integrins and actin filaments form Integrin 
Associated Complexes (IACs) that assemble into Focal Adhesions 
(FAs) [22]. FAs display a complex three dimensional organization 
containing three layers [23]. The vertical layer consists of a FA outer 
component containing integrin receptors. The intermediate layer 
couples the layer containing the integrin receptors and the inner layer 
is involved in force generation and mechanosensing [23].

Changes in these traction forces between the cells and the ECM 
are the mechanism by which cells respond to external mechanical 
signals [23]. However, since the moduli of collagen molecules in fibrils 
are between 4 and 7 GPa and that of cells is only in the kPa range, it 
is likely that cells respond to changes in strain rather than changes in 
the modulus or force [17]. In this manner shear strains applied to cells 

that reside on the surface of the collagen fibers probably upregulate 
mechanochemical transduction. Tensional forces applied directly to 
cells bound to collagen fibers would result in cellular disruption and 
ultimately tissue necrosis.

Recent advances in understanding integrin mediated 
mechanotransduction are important to defining the relationship 
between external mechanical loading and the events that occur 
within the surrounding tissue [21,24]. This suggests that any 
interruption of integrin mediated binding to the surrounding ECM 
at the cell-tissue interface has consequences in terms of modifying 
mechanotransduction and the cellular response to surrounding 
tissues.

Focal adhesion maturation requires further integrin clustering, 
intracellular F-actin binding and reinforcement of linkages between 
actin and actomyosin. Activated integrins are coupled to F-actin 
through actin binding proteins including talin and vinculin. These 
molecules are involved in the “molecular clutch” that is responsible 
for cell movement as a result of actin flow inside the cell as F-actin is 
polymerized. This leads to force generation and propulsion of the cell 
body [24].

Gap Junctions, Ion Channels, Hormone and Growth 
Factor Receptor Mediated Mechanotransduction

The ability of gap junctions, ion channels, and hormone and 
growth factor receptors to affect mechanotransduction has been 
reported. Shear mechanotransduction in cardiac myocyes has 
been reported to activate gap junction hemichannels and alter Ca2+ 
signaling [11]. In bone cells, gap junctions, particularly connexin 43, 
is reported to influence the function of osteoblasts and osteocytes [25] 
(Table 2). Pressure sensitive ion channels have also been identified 
in Escherichia Coli [26], suggesting that ion channel permeability 
in a variety of cell types can be modified by applied forces. Stretch 
activation of ion channel results in conformational changes in 
proteins involved in focal adhesions. Lamins are an extended part of 
the LINC complex (Linker of Nucleoskeleton and Cytoskeleton) that 
structurally support the nucleus and enable forces to be transmitted 
from the extracellular matrix to cytoskeleton and nuclear interior 
[27].

Other molecules involved in mechanotransduction that have been 
studied include mechano growth factor that induces local protein 
synthesis and prevents apoptosis [16] and the endothelin system that 
is involved in bone matrix synthesis and mineralization [28].

Mechanisms that Trigger Protein Synthesis and Cell 
Division

Phosphorelay pathways that support mechanotransduction can 
be activated not only by integrin binding to ECMs, but by direct 
stretching of the cell membranes, ion channels, intracellular junctions, 
and growth factor and hormone receptors. Activation of these 
moieties leads to changes in protein synthesis, altered gene expression 
and cell mitosis [1]. All these events occur at the cell-tissue interface 
and dictate rate, composition and extent of tissue that is deposited. 
Providing the correct boundary forces and stresses to equilibrate 
the cell-tissue interface is important to prevent cellular hyperplasia 
and excessive collagen deposition. When pressure is increased after 
insertion of a breast prosthesis, or after breast reduction surgery 

Table 1: Tissue Components Involved in Mechanotransduction.

Component Role References

Integrins Transmit forces from ECM to intracellular 
Actin [21,23]

Gap Junctions Upregulate Ca+2 signaling [11,25]

Ion Channels Pressure increases ion flow [26]
Growth Factor 
and Hormone 
Receptors

Upregulate growth [16,28]
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when breast tissue is excised and the tissue is sutured closed [29], 
interruption of the normal lines of tension within the breast lead to 
changes in mechanotransduction that result in the deposition of a 
collagenous capsule and scar tissue [5]. Pressure dressings applied to 
the skin are known to cause resorption of hypertrophic scar tissue 
[30] suggesting that pressure either from a dressing or from an 
implant pressing on host tissue can cause tissue catabolism.

Application of External Energy, Mechanotransduction 
and Healing

The application of external energy to tissues has been used to 
promote tissue repair and wound healing. Low energy shock waves 
have been reported to down regulate immune responses, reduce 
invasion of polymorphonuclear leukocytes, suppress production 
of proinflammatory cytokines and chemokines helping to promote 
wound healing [15] (Table 3). Extracorporeal Shock Wave Therapy 
(ESWT) has been reported to suppress the early proinflammatory 
immune response to a severe cutaneous burn injury [31], increase 
the levels of vascular endothelial growth factor [15], and modulate 
skin fibroblast recruitment and leucocyte infiltration for enhancing 
extended skin flap survival [32]. Macrophage exposure to low energy 
shock waves dampens the induction of the pro-inflammatory profile 
characterizing M1 macrophages and promotes the acquisition of an 
anti-inflammatory profile [33]. In addition, it has been reported that 
biophysical stimulation induces proliferation, differentiation and 
immunomodulation of mesenchymal stem cells during wound repair 
[14].

The application of tension on tissue appears to have positive effects 
on wound healing in a number of studies. Recent reviews suggest that 
negative pressure wound healing (that occurs by applying a vacuum 
to wounds and stretching wound tissues), physical therapy protocols, 
electromagnetic stimulation, dynamic fluid flow, low intensity 
vibrations, and extracorporeal shock wave therapies are treatments 
that promote healing through mechanotransduction [2,34]. The link 
between movement biomechanics, physical therapy, and subsequent 

cellular and tissue mechanoadaptation is not well established; 
however, altered joint physiology has been shown to occur as a result 
of physical therapeutic intervention in osteoarthritis, anterior cruciate 
ligament reconstruction and total knee arthroplasty [4]. In addition, 
pulsed electromagnetic fields for promotion of tendon healing and 
ESWT for bone regeneration and chronic wound healing have gained 
acceptance [4]. Extracorporeal shock wave therapy has been used to 
reduce scar pain in burn patients after wound recovery [34]. Vacuum 
message and negative pressure induced wound healing have also been 
reviewed for their effects on healing [2,35]. Negative pressure wound 
healing is thought to occur by creating macro- and microdeformation 
of the wound surface [2].

The conditions reported in the literature for use of ESWT, 
low intensity vibration, low intensity pulsed ultrasound, dynamic 
hydraulic flow, and pulsed electromagnetic fields to promote healing 
vary from tissue to tissue [9,12,35-37] (Table 4).

For ESWT, Lee et al. [12] reported use of 12 sessions using 0.10 
mj /mm2 at a depth of 5 to 30 mm and frequency of 1 Hz to promote 
tendon healing. Notarnicole and Moretti [38] discuss use of pressures 
between 5 and 120 MPa in 5 ns followed by a pressure of negative 20 
MPa for treatment of muscles, ligaments, and tendons at energy flux 
densities of between 0.08 nj/mm2 and 0.6 nj/mm2. Ramon et al. [9] 
report use of ESWT for myofascial pain syndrome and fibromyalgia 
at focused pressures of 10-100 MPa followed by negative pressures of 
0.1 MPa to 1 MPa for focused periods of 10 to 100ns.

Other conditions reported for healing include applying cyclic 
microstrains of 100-2,000 to promote bone and fracture healing 
[39] and low intensity ultrasound at frequencies from 30 Hz [36] 
to 1.5 MHz [35] for bone repair. In the ultrasound study reported 
by Thompson et al. [36], the transducer had a radius of 11 cm and 
emitted 1.5 MHz ultrasound at a velocity of 1540 ms-1.

Methods for Evaluation of the Repair Response as a 
Result of Mechanotransduction

Numerous tests have been used to elucidate mechanical 
properties of tissues and implants including tensile, compressive, 
shear, hydrostatic compression and three-point bending in one or 
more axial directions. The development of a non-destructive test 
that could be applied to tissues and materials in vivo would promote 
the analysis of the effect of external forces on the healing of tissues 
[40,41].

There are several new methods such as Magnetic Resonance 
Elastography (MRE), Ultrasound Elastography (UE), Optical 
Coherence Tomography (OCT), Optical Coherence Elastography 
(OCE) and OCT with vibrational analysis that are quite promising for 
measuring changes in the mechanical properties of tissues. However, 

Table 2: Cellular Components Involved in Mechanotransduction.

Cell Component Role References

Bone Endothelin System Bone Matrix Synthesis [28]

Bone Connexin 43 Influence Osteoblasts [25]

E Coli Ion Channels Pressure Increases Ion 
Channel Activity [26]

Mycocyte Gap Junction Alter Ca+2 Signaling [11]

Myocycte Mechano Growth Factor Induces Protein Synthesis [16]

Table 3: Effects of External Energy on Tissues.

Effector Effect References

ESWT Down regulates immune response [15]

ESWT Suppress early inflammation [31]

ESWT Modulate skin fibroblast recruitment [32]

ESWT Promotes macrophage anti-inflammatory 
profile [33]

ESWT Induces proliferation of MSC [14]

Negative Pressure Causes micro- and macro-deformation [2]

Table 4: Conditions Used to Promote Healing via Mechanotransduction.

Method Conditions References

Cyclic Loading 100-2,000 microstrains [41]

ESWT Positive Pressure to 100 MPa Followed 
by Negative Pressure up to 20 MPa. [9,12,40]

Low Intensity Ultra-
Sound 30 Hz to 1.5 MHz [36,37]

Negative Pressure
Wound Healing Vacuum 70 to 150 mm Hg [2,35]
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for these techniques to provide relevant information about the effects 
of mechanical forces on healing, they must consider the non-linear 
behavior, strain-rate dependence and volumetric effects that occur 
during mechanical loading of tissues [40,41].

Recently, we have reported the use of vibrational OCT to 
visualize and measure the mechanical properties of tissues [40-42]. 
Results of previous studies suggest that wound healing in skin and 
tendon is accompanied by an increase in tissue modulus (resistance 
to stretching) and ultimate tensile strength [43,44]. Using vibrational 
OCT the modulus of tissue can be measured non-invasive and non-
destructively in vivo [40-42]. The experimental parameter measured 
using this technique is the resonant frequency of tissue which is 
converted into the modulus [40-42] (Figure 1). The method gives 
an elastic modulus that is calibrated based on measurements made 
by comparing uniaxial tensile measurements and those made using 
vibrational OCT on the same substrate [41,42] (Figure 2). There is 
approximately a one to one correlation between the moduli measured 
using both of these techniques [41,42]. Using vibrational OCT it is 
possible to evaluate the properties of normal skin and scar tissue [45] 
(see Figure 3). The ability to measure increases in the mechanical 
properties of tissues associated with mechanical stimulation of wound 
healing is an important aspect of optimizing mechanotransduction in 
each tissue type.

Conclusion
Mechanotransduction appears to be a powerful tool by which 

vertebrates have adapted to life in a gravitational field. While 
compressive forces or a lack of tension appear to lead to tissue 
destruction, tensile forces appear to up-regulate mechanotransduction. 
At least one mechanism involves direct stretching of cell membrane 
components termed integrins that bind specifically to collagen 
fibers of the ECM. Additional cellular components involved in 
mechanotransduction include cell membranes, gap junctions, ion 
channels and hormone and growth factor receptors. The latter are 
also activated by stretching.

External forces generated by EWST, low intensity vibrations, 
ultrasound, fluid flow and electromagnetic fields appear to be able 
to up-regulate mechanotransduction and lead to wound and tissue 
repair as well as promote cell division and protein synthesis in vivo. 
The harnessing of these methods to promote healing of chronic non-
healing wounds and in the preparation of cell seeded tissue engineered 
materials will require further research and careful optimization of the 
effects of each type of mechanical stimulation.
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