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Abstract: All tissues in the body are subjected externally to gravity and internally by collagen fibril and cellular retractive
forces that create stress and energy equilibrium required for homeostasis. Mechanotransduction involves mechanical
work (force through a distance) and energy storage as kinetic and potential energy. This leads to changes in cell
mitosis or apoptosis and the synthesis or loss of tissue components. It involves the application of energy directly to
cells through integrin-mediated processes, cell-cell connections, stretching of the cell cytoplasm, and activation of the
cell nucleus via yes-associated protein (YAP) and transcriptional coactivator with PDZ-motif (TAZ). These processes
involve numerous complexes, intermediate molecules, and multiple pathways. Several pathways have been identified
from research studies on vertebrate cell culture and from studies in invertebrates. These pathways involve
mechanosensors and other molecules that activate the pathways. This review discusses the mitogen-activated protein
kinase (MAPK) family, Hippo, Hedgehog, and Wingless-related integration site (WNT)/p catenin signaling pathways.
The mediators covered include B catenin, ion channels, growth factors, hormone receptors, members of the Ras
superfamily, and components of the linker of nucleoskeleton and cytoskeleton (LINC) complex. However, the
interrelationship among the different pathways remains to be clarified. Integrin-mediated mechanotransduction
involves direct tensile loading and energy applied to the cell membrane via collagen fibril stretching. This energy is
transferred between cells by stretching the cell-cell connections involving cadherins and the WNT/B catenin pathway.
These alterations induce changes in intracellular events in the cytoskeleton and nuclear skeleton caused by the release
of YAP and TAZ. These coactivators then penetrate through the nuclear pores and influence nuclear cell function.
Alteration in the balance of forces and energy applied to cells and tissues is hypothesized to shift the cell-extracellular
matrix mechanical equilibrium by modifying mechanotransduction. The shift in equilibrium can lead to either tissue

synthesis, genetic modifications, or promote fibrotic diseases, including epithelial cell-derived cancers, depending on

the local metabolic conditions.

Introduction

Substrate stiffness has been reported as one of the regulators
of cellular behavior [1,2]. In addition, gravity and
other forces affect mammalian cells and tissues, which lead
to the activation of numerous pathways that alter the
interactions between cells and extracellular matrices (ECMs)
[3]. At equilibrium, all macromolecular components
adopt the lowest free energy configurations to stabilize cells
and tissues by balancing the forces applied to the
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interfaces [4,5]. This lowest free energy state is influenced
by the exact nature of forces and applied energy influencing
the cells and the ECM. Given that cells and ECM are
normally tightly connected, any change in either external
or internal forces that alter the kinetic energy (rate of
movement) and potential energy (extent of stretching) of
both alters this equilibrium (Fig. 1). Further, changes in
cellular and ECM properties associated with aging
and UV light exposure also affect this equilibrium.
Mechanotransduction is a process by which mechanical
forces and applied energy alter cellular and matrix
composition and behavior. Recent work provides evidence
that free energy considerations can provide important
information on the stability of cancerous tissue [6].
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FIGURE 1. Diagram illustrating the external forces acting on the skin, including gravity, cellular tension in the epidermis and dermis, and
collagen fiber tension along Langer’s lines. (A) The forces on the skin include gravity, tension in the epidermis, collagen fiber tension at angles
of +/-33.5 degrees in the dermis with respect to Langer’s lines. (B) is an expanded view of the figure shown in (A). It shows the average tension
in collagen fibers in the general direction of Langer’s lines and the cellular forces balancing the tension in the fibers. Energy stored due to the
stretching of cell-cell connections, cell-collagen attachments, and collagen-collagen crosslinks is proportional to the net tension times the
strain. The potential energy contained in the cells and collagen fibers is balanced during homeostasis. Alteration in this balance due to
increased forces and deformations leads to changes in the mechanotransduction equilibrium.

TABLE 1

Mechanical parameters related to mechanotransduction

Quantity Definition Units of measure

Force Load applied Newtons (N) or Ibs.
Stress Force/Unit area Pascals (Pa) or lbs./sq in
Strain Change in length/Original length % or a fraction

Work Force causing a displacement N-m or Ft.-]bs.

Energy stored

Energy dissipated
Elastic tensile modulus
Loss modulus

Young’s modulus*

Shear stress

Work stored in tissue

Work lost as heat or fluid flow
Stiffness = Instantaneous stress/Strain
Stiffness dissipated

Slope of tensile stress-strain curve

Stress that causes a shape change

Joules or BTUs
Joules or BTUs
Pa
Pa
Pa
Pa

(Continued)
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Table 1 (continued)

Definition

Quantity

Units of measure

Viscoelasticity
Kinetic energy

Potential energy

Energy causing motion

Energy stored in stretched tissue

Loss of stiffness and time dependence Pa

Joules or BTUs
Joules or BTUs

*Note: Young’s Modulus is not necessarily equal to the elastic modulus for viscoelastic materials. Young’s Modulus and the elastic modulus are equal only for

purely elastic materials.

Several mechanical parameters that are involved in
mechanotransduction are listed in Table 1.

Given that both cells and tissues are highly viscoelastic,
their behavior is time-dependent [5,7,8]. Further, the energy
storage ability of ECM is highly dependent on the tissue
strain because the stress-strain curve for collagenous tissues
is J-shaped, and the area under the stress-strain curve is
proportional to the amount of energy stored [5,7,8].

Results of cell culture studies on substrates of different
stiffnesses provide an incentive to examine further whether
substrate stiffness alone dictates cell and tissue responses
[1,2]. Since both cells and tissues are viscoelastic and their
behavior is time and strain-dependent, the tissue kinetic and
potential energy transferred at the interface between cells
and ECM can emerge as important in understanding
mechanotransduction [5,7].

The cell-cell and cell-ECM interactions at equilibrium
are affected by increased or decreased loading. In this paper,
we attempt to analyze how energy storage and viscoelasticity
influence mechanotransduction [5-7]. These properties are
important in understanding how tissues perform their
intended use and prevent premature mechanical failure.
Applied forces on cells and tissues are converted into work
(force moving through a distance) and lead to both cell and
tissue elastic tensile stretching (reversible elastic behavior)
and shear deformation (viscous behavior). This leads to
changes in the tissue shape through shear and fluid flow.
Tensile and shear loading are two loading conditions
important in understanding the mechanisms by which
mechanotransduction influences normal tissue maintenance
and disease progression. Most soft tissues are highly
viscoelastic, given that they are made of 70%-80% water [8].
During mechanical loading, soft tissues not only stretch and
compress but also exude fluid like articular cartilage [9].
Fluid flow out of and into the ECM provides important
mechanical stimuli affecting many tissues, including
cartilage and vessel walls.

The force equilibrium and energy stored in cells and ECM
are modified in reduced gravitational environments or under
increased mechanical loading. Under these conditions,
altered cell behavior and ECM composition change tissue
and organ function in cardiovascular, ocular, dermal,
musculoskeletal, immune, pulmonary, and other systems
[10,11]. Exposure to microgravity is linked to changes in
mechanotransduction; however, many of these changes are
reversible. Therefore, changes associated with exposure to
reduced gravitational forces must be only one variable
influencing mechanotransduction. Mechanotransduction can
be influenced by additional changes in macrophages [12],
and other immune cells and eventually lead to cancerous

tissue formation and fibrosis [13]. Given these observations,
the relationship between mechanical loading, energy
storage, cell and tissue aging, disease, and tissue
mechanotransduction is complicated.

This review aims to relate information available in the
literature on the consequences of tensile and shear loading
on cells and ECM to mechanotransduction and energy
storage in tissues. The ability of tissues and organs to store
and dissipate energy efficiently is an important physiological
function of tissues [14-16]. This ability decreases with age,
leading to loss of tissue strength and compromised
locomotion. The approach taken in this paper explores the
role of energy storage in maintaining an equilibrium required
for normal physiological functions of tissues and organs [14-
16]. Alteration in this energy equilibrium between cells and
ECM leads to the removal of unused tissue components
(atrophy) or the creation of new tissue to support the new
energy requirements [14-16]. In addition, new energy
storage requirements alter mechanotransduction, which can
lead to fibrosis and tissue pathology in diseases such as
epithelial cell-derived cancers [17].

The balance between forces and energy applied by cells to
a substrate is related to the boundary forces between the
substrate and cells (Newton’s Third Law). Increased stiffness
of implants over that of neighboring soft tissue leads to
intimal hyperplasia in vascular grafts, capsular contraction
around breast implants, and failure of hernia implants at the
tissue interface [14]. These pathological conditions result
from excess energy applied to the tissue due to the large
cellular strains that occur when soft tissues are connected to
stiffer implants. This results in increased energy applied at
the interface, especially when the stiffness of the implant
and tissue are not matched [18]. Large cellular and tissue
strains increase the energy applied and stored in these
components that must be dissipated within cells before a
new cell-ECM equilibrium can occur.

How does altered cell and tissue free energy influence
mechanotransduction?

Mechanotransduction involves mechanical work (force
through a distance) and energy storage as kinetic and
potential energy that leads to changes in cell mitosis or
apoptosis and the synthesis or loss of tissue components
[3,14-16]. Cells sense mechanical forces that do work
(mechanical energy), such as providing tissue displacement
required for locomotion, and convert them into changes in
chemical energy (synthesis of new tissue) by upregulation of
mechanotransduction [1,3]. In contrast, tissue disuse and
decreased internal energy cause tissue atrophy and cellular
loss through down-regulation of mechanotransduction.
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FIGURE 2. Energy storage, transmission, and dissipation in tissues. (A) Diagram of how energy storage is related to the force times the
deformation or strain. In the tendon, a muscle creates force, and the tendon stores work as force times displacement. (B) Energy
transmission from the tendon is stored in the joint for driving locomotion. Excess energy in joints is then transferred back to the
muscle through the tendon, where it is dissipated as heat. (C) Energy stored in tissue during stretching (area under the force-
displacement curve during loading) is returned during unloading (area under the unloading force vs. displacement curve) and dissipated
as heat (proportional to the difference between areas under loading and unloading curves). Excess energy is dissipated in muscle as heat or in

other soft tissues by fluid flow.

For example, work done on tendons (force applied
through a distance) by muscular forces results in
mechanotransduction [19]. This is converted into new tissue
deposition after repeated exercise [3]. The size of muscle
cells increases (muscle cell hypertrophy) and the skin
eventually expands through cellular hyperplasia and protein
synthesis due to weightlifting. As a result, more skin is
made eventually to cover the larger muscles [3,14-16].
Energy storage in tendons, followed by transmission to
joints, eventually leads to excess energy dissipation as heat
in muscle (Fig. 2) [20]. Energy storage, transmission, and
eventual dissipation are important functions of all
mammalian tissues that allow for locomotion and
movement and protect against premature mechanical failure
[3,5]. Energy dissipation in the skin, mineralized tissue,
cartilage, blood vessels, cornea, and posterior segment of the
eye protects these tissues from tearing, delamination, and
excessive stiffening during mechanical loading [21-24].

The tensile and shear loading of cells and tissues
increases their kinetic and potential energy and leads to
conformational changes in the macromolecular components
[3,5,22]. When macromolecules are stretched in tension,
potential energy is stored in individual macromolecules by

decreasing the available rotational angles and extending the
chain structure in space [3,22]. The energy stored on
stretching macromolecules and tissues is available to modify
mechanotransduction [3,22].

Shear forces in tissues are a result of fluid flow, either due
to tensile or compressible loading that leads to energy transfer
through fluid viscosity. Viscosity is a measure of kinetic
energy losses due to frictional forces that occur between
molecules and surfaces [3]. Kinetic energy losses can be
converted into potential energy in cells and tissues like how
energy is transferred from flowing blood to the vessel walls
[24]. This transferred energy has the potential to alter
mechanotransduction and composition in many tissues.
Molecules,  complexes involved  in
mechanotransduction
Several molecules, complexes, and pathways involved in
mechanotransduction have been studied in mammals and
invertebrates. Some of the important molecules, pathways,
and complexes associated with mechanotransduction are
listed in Table 2. These are only a few of the potential
elements involved in mechanotransduction that have been
documented, it is evident that many other molecules and

and  pathways
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TABLE 2

Molecules,  complexes, and  pathways involved in
mechanotransduction. Note that the list of molecules and
pathways do not necessarily correspond with each other.
Abbreviations: extracellular regulated kinase (ERK), transient
receptor potential (TRP), rho-associated protein kinase (ROCK),
yes-associated protein (YAP), transcriptional co-activator (TAZ),
focal adhesion kinase (FAK), Wingless related integration site
(WNT), and Salvador-Warts-Hippo pathway (Hippo)

Molecules Complexes Pathways
Actomyosin RAS superfamily ERK 1/2
Collagen fibrils Focal adhesions ERK 5
Fibronectin Hormone receptors Hedgehog
Integrins LINC complex Hippo

Myosin Piezo ion channels MAPK
(3-catenin TRP-4 channels WNT/pB catenin
Talin RHO/ROCK

Vinculin YAP and TAZ

FAK

pathways may be involved that are not covered in this review.
Given that the interrelationships between these elements are
not yet clear at this time, only an overview will be presented
here.

Efficient  cellular  mechanotransduction  requires
mechanical connections between the extracellular matrix
elements, including collagen fibrils [25] and fibronectin [26],
the surrounding cells, and tissue components. Integrin
binding to ECM stimulates mechanotransduction as well as
growth factor and hormone receptors activation, focal
adhesion formation, ion channel stimulation, activation of
mitogen-activated  protein  kinase (MAPK) [27-29],
extracellular regulated kinase (Erk) 1/2 [29], p38, c-Jun
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N-terminal kinase (JNK) [30], ERK 5, Hippo [28], Hedgehog
[31], WNT/B catenin [32-34], and integrin-mediated
pathways [35-38]. Each of these pathways and molecules is
described below, along with the possible interrelationships.
Tensile forces appear to cause stretching and energy storage
in cells and tissues that stimulate integrin and other
pathways mediating mechanotransduction. This may also
result in generating shear forces and fluid flow, affecting ion
channels and hormone receptor activation.

Pathways and mediators involved in mechanotransduction
Numerous pathways have been identified from research on
vertebrate cell culture and from studies in invertebrates.
These pathways include mechanosensors and other
molecules that activate pathways. The pathways discussed in
this review include MAPK Family, Hippo, Hedgehog, and
WNT/P catenin [27-29]. Several mediators are also covered
[30], including ion channels, growth factors, hormones,
growth factor, and hormone receptors, members of the Ras
superfamily, and components of the LINC (linker of
nucleoskeleton and cytoskeleton complex) [31-33]. Each of
the pathways is discussed with examples of how pathway
dysregulation in the liver, lung, pancreas, vessel, epithelial-
derived cancers, and microgravity occurs [34-37]. Finally,
an attempt is made to relate the complex roles of cells and
ECM in energy balancing during homeostasis and the
unbalancing during disease progression and cancer.

Integrin mediated pathways

Forces and mechanical energy applied to cells externally affect
integrin-based adhesion sites that involve collagen,
fibronectin, and other extracellular matrix molecules [38].
At equilibrium, the forces applied to the cell surface are
balanced by the forces generated by the cell through the cell
cytoskeleton and nuclear skeleton, as shown in Figs. 3 and
4. In addition, the energy required to be borne by the cell
and transmitted away from the cell to prevent cell death
may depend on the cell-cell connections. Tissue homeostasis
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FIGURE 3. Diagrammatic representation of the force balance at the extracellular matrix (ECM)-cell junction. The collagen fibrils are attached
to the cell membrane through integrins (top). When collagen fibrils are stretched, the cell shape changes, and energy is stored in the cell as
strain energy (bottom). Note that tensile forces cause the stretching of collagen fibrils that lead to the stretching of attached cells through
cell-cell junctions. At equilibrium, all net stresses applied to the collagen fibrils and cells must be zero.
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entails mechanical equilibrium among external tissue forces,
applied energy, and cellular resistance. This would suggest
that failure to maintain this equilibrium may either up-
regulate or down-regulate mechanotransduction. Applied
forces acting at the cell-ECM interface may stimulate new
tissue growth or tissue catabolism, depending on the
pathway activated. Further, reduced forces at the cell-lECM
interface may down-regulate mechanotransduction, leading
to tissue atrophy and cellular apoptosis [3]. In this way, the
balance of forces and applied energy at the cell-lECM
interface may regulate the effects of mechanotransduction in
homeostasis and tissue pathology by stimulating different
pathways depending on the exact tissue loading and genetic
conditions.

Integrins are heterodimeric transmembrane receptors
composed of a and B subunits that bind to molecules in the
ECM, such as collagen fibrils, as illustrated in Fig. 4 [37,38].
Activated integrins are dynamically coupled to the
actomyosin cytoskeletal system through integrin- and F-
actin-binding proteins, such as talin and vinculin (refer
Fig. 5) [39,40]. The applied forces and the resulting cellular
and tissue strains change the amount of stored energy.
Stored energy is converted into protein and macromolecular
conformation changes that can then be converted into

FREDERICK H. SILVER et al.

kinetic energy required for cell shape changes or fluid
movement between cells and tissues. The resulting
equilibrium at the cell-ECM interface will depend on the
amount of energy applied to the interface. The increased cell
stiffness of epithelial-derived cancer cells [17] affects the
energy stored at cell-cell interfaces and at cell-ECM
interfaces, altering the equilibrium resting point for
mechanotransduction. At cell-cell adhesion sites, integrins
connect the ECM and collagen fibrils with the F-actin
cytoskeleton, allowing energy storage that may be involved

in actin retrograde flow. This occurs through
mechanosensitive  focal adhesion proteins that are
collectively termed the “molecular clutch” [41-43]. The

transmission of forces and strains (applied energy) across
integrin-based  adhesions  establishes a  mechanical
equilibrium between the ECM and the cell cytoskeleton
(Fig. 5). This equilibrium can be altered by changes in tissue
loading, and strain and activation of ion channels, growth
factor and hormone receptors, and other cellular effects.
Further, the energy supplied by collagen-integrin
interactions during stretching can induce stretching of the
cell membrane and focal adhesion clustering. Collagen-
induced cell membrane stretching may affect other parts of
the cell membrane, including growth factors, hormones, and

Cell
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FIGURE 4. Connections between collagen fibrils, integrins, and the cell membrane. Collagen fibrils comprise alternating flexible (white lines
on top) and rigid (black lines on top) regions that bind to the a and [ integrin subunits, which connect to the cell membrane and actin
cytoskeleton through focal adhesions. Tension in the collagen fibrils can induce tension in the attached cell membrane. Both the collagen
fibril and the cellular membrane tension can lead to changes in the cell cytoplasm and actin-myosin components of the cytoskeleton (see

Fig. 5) and modify mechanotransduction.
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FIGURE 5. Diagram showing connections between a and f integrins, collagen fibrils, focal adhesion kinase (FAK), kindlin (a focal adhesion
activation protein), talin (a membrane-associated protein), vinculin (mediates adhesion to cellular actin), actin, and myosin. Collagen
molecules in the form of fibrils adhere to cell surface integrins, activating force and energy transfer to the cell cytoskeleton containing
actin and myosin via associated proteins FAK, kindlin, talin, and vinculin. Activated cytoskeletal molecules can transfer this energy to the
nucleus via yes-associated protein (YAP), transcriptional co-activator with PDZ binding motif (TAZ), and the linker of nucleoskeleton and

cytoskeleton (LINC) complex.

ion channel receptors. The energy storage and dissipation
ability of the ECM and the attached cells are modified by
ECM crosslinking that occurs with age and subsequent
fragmentation of collagen and elastic fibers after UV light
exposure [17]. This resulting imbalance may alter the
mechanical equilibrium between cells and ECM and explain
some changes that occur during normal aging [41].

Focal adhesions (FAs) are the macromolecular
assemblies of proteins serving as the primary link
connecting the actin cytoskeleton to the ECM through the
integrin family of receptors [43]. These assemblies are large,
elongated structures, typically about 2 mm wide and 3-10
mm long, in which clustered integrins bind ECM fibrils
on the outside of the cell and connect on the inside
to contractile actomyosin stress fiber bundles [43]
(refer Figs. 5 and 6). Further, FAs and other integrin-
associated complexes are fundamental components of
mechanotransductive machinery. They work as an interface

Collagen Fibril

Cell Membrane

bridging the ECM with the cytoskeleton and inner cellular
space [39-41]. The formation of focal adhesions through
integrin clustering has been proposed to regulate the Rho
signaling  pathway, = which  controls myosin II
phosphorylation and affects the cytoskeleton tension in
adherent cells. Additionally, actin filaments connect directly
to the nucleus through LINC complex proteins [41-43].
Tension and energy applied through the attachments with
the ECM may lead to FA clustering and provide additional
energy to promote the activation of nuclear involvement in
mechanotransduction.

Given that the integrin cytoplasmic domain lacks an
actin-binding site, other proteins are required to complete
the actin-integrin-ECM linkage [42-44]. Proteomic studies
have unveiled integrin-actin-linking proteins as members of
what has been described as the ‘integrin adhesome’
containing more than 500 proteins [42-44]. Some of these
proteins have been shown in Fig. 5. The mechanism of

FIGURE 6. Diagrammatic relationship between focal adhesions and the clustering of integrin subunits. Focal adhesions consist of localized
integrin assemblies that are activated by forces and energy applied by the attached collagen fibrils. Focal adhesions increase the force and
energy applied to the cell membrane by clustering, which results in stress concentration.
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coupling between integrins and actin during cell migration is
called the ‘molecular clutch’ hypothesis [42,43]. This coupling
may be dependent on collagen-integrin binding and energy
transfer from the extracellular matrix.

During stretching, collagen molecules store energy in the
flexible regions of the triple helix that have no proline and
hydroxyproline residues [3,4]. These regions are found in
the b2 and d bands on collagen fibrils where integrins bind
to collagen fibrils [15]. These regions store changes in free
energy via reversible conformational changes during
mechanical deformation [22]. Stretching of these regions
increases the free energy of both collagen and attached cells
[3,22]. Further, these regions are devoid of proline and
hydroxyproline residues [3,4,22]. The energy derived from
this tension can then be transferred through the cell
membrane to the cell cytoskeleton and eventually to the
nucleus. Activated integrins are dynamically coupled to the
actomyosin skeletal system through integrin- and F-actin-
binding proteins, such as talin, kindlin, and vinculin [39,40]
(see Figs. 4 and 5). Binding of integrins to the ECM induces
their clustering and formation of the adhesion complex.
Clustering of focal adhesions increases the amount of stored
energy that can be transferred through the cell cytoskeleton,
leading to cell nuclear changes.

The connections between the cell membrane and
cytoskeleton include several molecules, such as FAK,
kindlin, talin, and vinculin. Talins are cytoskeletal linker
proteins that consist of an N-terminal head domain, a
flexible neck region, and a C-terminal rod domain made of
13 helical bundles. Activation of FAs and the cell
cytoplasmic components leads to stress concentration and
higher levels of energy applied to the cell components, as
diagrammed in Fig. 6.

Mitogen-activated protein kinase family mediated pathways
Once integrin-ECM interactions stimulate focal adhesion
formation and clustering at the cell-lECM interface, this

FREDERICK H. SILVER et al.

activates MAPK pathways, including ERK 1/2 (Fig. 7). All
eukaryotic cells possess multiple MAPK pathways, which
coordinately regulate gene expression, mitosis, metabolism,
motility, survival, apoptosis, and differentiation. The
conventional MAPK pathways include ERK 1/2, p38, JNK,
and ERK 5 (see Fig. 7) [27]. Further, ERK 1/2 is activated
by integrins and epidermal growth factor (EGF) and leads
to modification of transcription in the cell nucleus. The
molecules involved in the MAPK pathways are numerous
and lead to several biological functions, including altered
protein synthesis and cell division [27]. The pathway can
also be activated by the activation of several different
mechanosensing mechanisms. The ERK pathway is activated
by extracellular matrix stresses, growth factors, and
hormones [27,44-46]. For instance, flow stimulation of focal
adhesion kinase (FAK) in arterial cells leads to MAP kinase
pathway activation in endothelial cells [10,47]. Furthermore,
stretching and activation of collagen-integrin connections
can potentially activate ion channels, growth factor and
hormone receptors, and other pathways associated with
mechanotransduction. It is also possible that any membrane
perturbation that provides excess energy to the cell
membrane may influence mechanotransduction pathways.

Hippo pathway and YAP and TAZ

The Hippo (Salvador-Warts-Hippo) pathway (Fig. 8) is a
highly conserved signaling pathway in higher-order
vertebrates that regulates biological processes, including
cellular proliferation, differentiation, organ size, and tissue
homeostasis [28,30]. The dysregulation of the Hippo
pathway is believed to be involved in excessive tissue
synthesis that leads to the uncontrolled growth of tumors
[28,30]. Yes-associated protein (YAP) and transcriptional
co-activator with PDZ-binding motif (TAZ) are the major
downstream complexes of the Hippo pathway that regulate
tissue homeostasis, organ size, regeneration, and tumor
formation. These factors have received much attention given

MAPK Family of Pathways

| }

MAPK/EGF JNK Pathway
A4 l
ERK 1/2 Cell
differentiation
and proliferation
A\ 4
Modifies cell

transcription

P38 ERK 5

l l

Regulates Activated by fluid
apoptosis and mechanical
+ stress
cytokine release l

Modifies cellular
behaviour
(endothelium)

FIGURE 7. The mitogen-activated protein kinase (MAPK) family of pathways includes the extracellular regulated kinase (ERK 1/2), c-JUN-
terminal kinase (JNK), p38, and ERK [27]. The extracellular regulated kinase (ERK 1/2) cascade is stimulated by growth factors including
epidermal growth factor (EGF), mechanical forces, and factors released during inflammation. The JNK pathway is involved in stress
signaling and leads to cell differentiation and proliferation. The p38 mitogen-activated protein kinases are responsive to stress stimuli, UV
radiation, and cytokines. These are involved in cell differentiation, apoptosis, and autophagy. p38 is also activated by stress stimuli and

promotes cell proliferation and differentiation.
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FIGURE 8. Diagram of the hippo pathway. This pathway regulates cell growth, proliferation, and apoptosis. This pathway may be related to
integrin-mediated mechanotransduction through the activation of FAK, YAP, and TAZ. It is hypothesized that family of transcription proteins
(TEAD) is required for the coactivation of YAP and TAZ. When YAP and TAZ enter the nucleus through the nucleoskeleton, gene expression

can be altered.

that their regulation is potentially disrupted in cancer [48,49].
Focal adhesion kinase (FAK) is activated by flow stimulation
in arterial cells [47], leading to MAP kinase pathway
activation in endothelial cells. This indicates that the Hippo
and MAP kinase pathways are interrelated (see Fig. 7).
These pathways may be stimulated by forces applied to the
ECM. Upon activation, YAP and TAZ migrate through
pores through the nuclear membrane to affect cellular
DNA [48,49]. It is not clear whether energy transfer to the
cell cytoskeleton through collagen-integrin stretching
can activate FAK and the MAPK pathway. However,
this may be the link that connects integrin-mediated
mechanotransduction with YAP and TAZ.

WNT Receptor

Hedgehog pathway and mechanotransduction

Hedgehog (Hh) signaling pathway plays an essential
role during vertebrate embryonic development and
tumorigenesis [31,50,51]. There are three mammalian Hh
proteins: Sonic Hedgehog (Shh), Indian Hedgehog (Ihh),
and Desert Hedgehog (Dhh). The Shh pathway has been
shown to be involved in the development and resistance of
several tumor types [50]. Further, Hh is important for the
organogenesis of almost all organs in mammals, as well as
in regeneration and homeostasis. Additionally, Shh and Ihh
have important, and sometimes coinciding, functions in
several tissues. Shh signaling pathway can crosstalk with
several pathways, especially EGF, WNT, and transforming

Cell Membrane

DNA

Target genes

FIGURE 9. Diagram of wingless-related integration site (WNT) activation of target genes in the nucleus via p catenin activation. The WNT
signaling pathways are a group of signal transduction pathways that begin with WNT proteins binding to the cell membrane. It then passes
signals into the cell that releases P catenin to affect target genes in the nucleus.
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growth factor B (TGFP) [50]. This pathway is involved in
cancer progression, given that inhibitors like vismodegib
clinically block the growth of metastatic basal cell
carcinomas [31]. However, whether this pathway interacts
with other mediators of mechanotransduction remains to be
studied.

The wingless-related integration site/f catenin pathway and
mechanotransduction

The WNT/p catenin pathway (shown in Fig. 9) comprises a
family of proteins that play critical roles in embryonic
development and adult tissue homeostasis. The deregulation
of WNT/B catenin signaling often leads to various serious
diseases, including cancer and non-cancer conditions
[32,33]. B catenin is a core component of the cadherin
protein complex, the stabilization of which is essential for
activating WNT/P catenin signaling [52-54]. The stability of
B catenin is increased by its binding to N-cadherin because
it is protected from degradation in the cytoplasm [52-54].
The N-cadherin to E-cadherin transition is suggested to be
associated with epithelial-derived skin cancers [52-54].

In the absence of WNT signaling, P catenin is degraded
by protein complexes within the cell. When the destruction
complex is broken,  catenin stabilizes and binds to TCF
(T-cell factor/lymphoid enhancement factor) in the nucleus
to regulate the target gene [52]. Abnormal activation of
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WNT/B catenin signaling promotes the progression of
various diseases and the oncogenic transformation of
tumors. This makes key factors involved in WNT/P catenin
signal transduction attractive therapeutic targets for cancers
[55]. The WNT/P catenin pathway may be involved in
mechanotransduction related to the E-cadherin to N-
cadherin transition.

Ion channels involved in mechanotransduction and other
receptors (Fig. 10)

Piezo family of cation channels and membrane stretch
receptors

The Piezo family forms mechanosensitive protein cation
channels [56-58]. The Piezo channels play crucial roles in
numerous physiological and pathological processes by
functioning as cellular mechanotransducers [56,57]. Piezol
and Piezo2 are large membrane proteins that consist of 2500
2800 amino acids [59-61]. Under mechanical stimuli, Piezo
channels are opened to allow cationic ions to cross the cell
membrane, which promotes cellular mechanotransduction to
adapt to the microenvironment. Piezol is expressed in cells of
the genitourinary system, especially in renal tubular epithelial
cells and in uroepithelial cells. Studies on Piezol-expressing
HEK293 cells demonstrated shear stress activation of Piezol
followed by calcium influx similar to endothelial cells [58].
Further, Piezol activation leads to cellular DNA activation.

Collagen fibril

Stretch -> Direct Stretch -> Ca/K Stretch -> Hormone Stretch -> Growth Cytokines/ Ht':_‘rmones > G(r;owtt;hf afm:' > Strﬁt:tz ';ECM
membrane ion channels Receptors Factor receptor Interleukins Rgg;‘:g; r;véemgfsm comp?exes
LA e e e e L e L e AL LR DR AR
: PHOSPHORELAY PATHWAYS !
D e m e e e e e e mmEm e . ... == e = === m e e m EE m o m m m m e e e e g m m m m e m e mmmmEmEmEEmmmm = ]
: . Altered Gene N
Protein Synthesis Cell Mitosis

Expression

FIGURE 10. Diagram of some of the mechanisms that alter cellular and genetic behavior of cells through mechanotransduction. The left side of
the illustration shows how direct membrane, ion channel, growth factor, and hormone activation can lead to activation of the phosphorelay
pathways, including extracellular regulated kinase (ERK 1/2). The arrows indicate that both collagen and cell membranes are under tension
under normal physiological conditions. The right side of the figure shows how collagen-integrin interactions, growth factors, hormone
receptors, and release of cytokines and interleukins activate phosphorelay pathways and alter mechanotransduction. Stress and energy
equilibrium between cells and the ECM may be crucial in establishing mechanotransduction homeostasis in tissues and organs.
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Hemodynamic shear stress is known to open many ion
channels, including K" channels, Cl- channels, transient
receptor potential (TRP), and Piezo channels that transfer
Ca®" [53]. The Piezo genes, Piezol and Piezo2, encode
exceptionally large mechanosensitive ion channels predicted
to contain more than 14 transmembrane domains per
monomer [50,54]. Expression of Piezo proteins is sufficient
to confer mechanically induced ionic currents to cells
[50,51], and these molecules are believed to be gated by
force [55]. These channels are particularly sensitive to small
changes in shear stress and fluid shear energies. This is
because the energy levels involved during fluid flow are
likely to be much lower than those involved in direct tensile
or compressive deformation of the integrin-collagen
connections.  Further, ion channels may influence
mechanotransduction when small changes in shear forces
are too small to influence integrin-mediated changes.

Transient receptor potential vanilloid-type 4 and its role
Transient receptor potential vanilloid-type 4 (TRPV4) is a
mechanosensitive, non-selective, Ca>* cation channel. It is a
non-selective, Ca** permeable cation channel [62]. TRPV4
is involved in calcium ion transport, cytoskeletal
organization, and positive regulation of microtubule
depolymerization [62,63]. TRPV4 permeable cation channel
is widely expressed and responds to both chemical and
mechanical signals [62]. TRPV4 activates calcium channels
and leads to an influx into the cell nucleus. Like Piezol,
activation is a result of shear force mechanical stimuli.
Membrane stretch may activate the TRPV4 channel,
resulting in a Ca®* influx [63].

Growth factor receptors

Mechanical forces applied to cells can modify growth factor
receptors and activate growth factor signaling (refer to
Fig. 10). For instance, mechanical perturbations to epithelial
E-cadherin receptors cause force-dependent activation of the
epidermal growth factor receptor (EGFR) [64]. E-cadherin
and EGFR form complexes at the plasma membrane that
are disrupted by either EGF or increased tension on E-
cadherin bonds. Although force applied to E-cadherin bonds
disrupts the complex in the absence of EGF, dimerization of
the EGF receptor activates growth factor signaling.
Additionally, intercellular tension in epithelia lowers EGF
concentrations, leading to a quiescent state of the epidermis
[65]. While collagen-integrin interactions can transfer
energy from the ECM to cells, energy transferred between
cells  through cell junctions may  up-regulate
mechanotransduction through growth factor receptor
activation.

E-cadherin-mediated activation of EGFR signaling
modulates local cytoskeletal remodeling and cell
proliferation. E-cadherin and EGFR form a heteroreceptor
complex at the membrane. Increased tension on E-cadherin
bonds disrupts the complex in the absence of EGF. Further,
integrin crosstalk with growth factor receptors stimulates
growth factor signaling [64,65], suggesting that the two
pathways are interrelated. Additionally, EGF modulates
focal adhesions by amplifying levels of activated antagonists
needed for cell motility. The observed EGF response
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underlies an EGFR-integrin crosstalk involving MAP kinase
and other factors in the MAPK pathways [36].

Hormone receptors

Mechanosensitive hormone receptors are important in both
the health of tissues and the development of cancer (Fig. 10).
Prolonged changes in mechanical forces may further facilitate
tumor initiation and the development of aggressive
metastatic disease. Reproductive tissue cancers have been
linked to aberrant hormone signaling. Estrogens and
estrogen receptors modify how bone cells respond to
mechanical strain [66]. Estrogens suppress bone resorption
and formation, and estrogen withdrawal leads to reduced
bone mass and increased risk of fracture [62]. Flow-mediated
outward remodeling (FMR) has been documented in arteries
via alterations in estrogen metabolism, oxidative stress, and
inflammation. Estrogen and estrogen alpha receptor (ERa)
play a key role in FMR by controlling dilatory pathways [67].
Flow-mediated mechanotransduction may be triggered
through activation of both growth factor and hormone
receptors.

Ras superfamily of kinases

Rho-associated GTP kinases (ROCK)-serine-threonine
specific protein kinases-regulate cellular contraction,
motility, morphology, polarity, cell division, and gene
expression. As a subfamily of the Ras superfamily, Rho
GTPases have been recognized as key intracellular
mechanotransduction mediators that can regulate multiple
cell activities, such as proliferation, migration, and
differentiation, as well as biological processes such as
cytoskeletal dynamics, metabolism, and organ development
[49]. Mechanistically, integrins and FAs are involved in the
complex signal network between ECM and Rho GTPases.
Given that integrins and FAs link cells to the surrounding
ECM, they are involved in the mechanical regulation of the
Rho GTPase signaling [49,68].

Rho GTPases are regulators of cytoskeletal dynamics and
are often described as molecular switches due to their ability to
activate multiple downstream pathways. In this regard, ROCK
has been shown to be an important modulator of actin-
myosin interactions. An interplay between the Rho/ROCK
pathway and transforming growth factor B (TGF-p) is
evident as cell contraction requires ROCK activity
independent of a-smooth muscle actin expression [69]. The
RAS superfamily of kinases appears to be involved in
downstream activation of the cytoskeleton involving
integrins and the cytoskeleton. Given this finding, Rho
GTPase signaling seems to be one of the mediators involved
in integrin-mediated mechanotransduction.

There are two major protein networks in cells: the
cytoskeleton in the cytoplasm network and the
nucleoskeleton in the nucleus. They are separated by
the nuclear envelope and connected through the linker of
nucleoskeleton and cytoskeleton (LINC) complex embedded
in the nuclear envelope [34]. The LINC complex is
composed of two protein domains: the SUN domain, which
spans the inner nuclear membrane, and the conserved C-
terminal KASH domain, which spans the outer nuclear
membrane [35]. Upon activation, YAP and TAZ can
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migrate into the nucleus through nuclear pores. Energy
transfer through collagen-integrin stretching can activate
FAK and the ERK1/2 pathway. This may be the link that
connects integrin-mediated mechanotransduction, YAP, and
TAZ and changes that occur in the cell nucleus associated
with mechanotransduction.

Mechanotransduction and etiology of diseases

Several clinical studies suggest how alterations in forces and
energy applied to tissues change the homeostasis and
physiology of cells, tissues, and organs. These changes give us
important information to understand mechanotransduction
and the pathobiology of several diseases.

Effects of reduced gravity

Prolonged space travel reduces cardiovascular capacity,
impairs immune responses, reduces bone density,
compromises neurological function, and leads to muscle
atrophy to name a few of the consequences [11,16,70]. The
liver, which is the largest visceral organ involved in
detoxication and metabolism to maintain body homeostasis,
also experiences changes due to gravity. YAP/TAZ target
gene expressions appear to be altered under microgravity,
suggesting that YAP/TAZ activation disrupts these pathways
via cytoskeletal remodeling, nuclear deformation, or
disturbing homeostasis [70-72]. In addition, microgravity
exposure dysregulates liver functions, resulting in apoptosis
and  oxidative  stress-associated liver injury and
inflammation, compromised carbohydrate metabolism,
altered hepatic xenobiotic biotransformation machinery, and
lipid deposition [72].

Studies on the effect of reduced gravity on tissue
homeostasis suggest that force and the resulting energy
equilibrium must involve the ECM, integrins, cell
cytoskeleton, YAP, and TAZ, as well as the cell nucleus. The
results of these reports suggest that decreases in external
forces on cells and tissues alter the energy balance and lead
to changes that may contribute to diseases caused by
mechanotransduction.

Plasma membrane disruptions

Plasma membrane disruption (PMD) caused by osmotic
stress, mechanical forces, and ischemic injury in mammalian
cells allows molecular flux across cell membranes that
promotes tissue adaptation and mechanotransduction [73].
Calpains, annexins, growth factors, and nitric oxide (NO)
have been reported to play roles in signaling downstream of
PMD in several types of mechanosensitive tissues [74,75].
Further, PMD may play a role in integrin, ion channel, and
cell-cell induced changes and be induced by tensile and
shear loading of cells and tissues.

Mechanotransduction and beta cells

During development and adulthood, pancreatic beta-cells
receive biochemical instructions from the extracellular
environment and experience mechanical forces, including
blood shear stress, and tensile and compressing forces,
which are conveyed by cell-cell, and cell-matrix interactions
[76]. The differentiation, proliferation, and function of
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pancreatic beta-cells are influenced by islet ECM stiffness,
topography, geometry, and fluid shear forces.

Several cellular structures that have been reported to act
as mechanosensors are expressed in beta cells. These include
protein complexes of cell-ECM and cell-cell adhesions,
primary cilia, stretch-activated ion channels, glycocalyx, G-
protein coupled receptors, and growth factor receptors [77].
These reports suggest that a linkage exists between tensile
integrin-induced and shear flow-induced changes in
mechanotransduction, which may be important for organ
homeostasis.

Vascular endothelium and mechanotransduction

Changes in shear stress associated with alterations in blood
flow initiate a signaling cascade. Shear stress is sensed by a
mechanosensitive complex on the endothelial membrane
through ion channels [78]. In addition to the role of
endothelium in mechanotransduction, vascular smooth
muscle cells regulate contractility through the cell
cytoskeleton. Cytoskeletal proteins are mechanosensitive and
remodel their structure and function in response to external
mechanical stimuli [78,79]. The linkage between changes in
shear forces present during vessel blood flow and the
resulting medial hyperplasia seen in atherosclerotic vessel
walls  further  supports  the  existence of a
mechanotransduction linkage between tensile integrin and
shear flow-mediated mechanotransduction.

Lung injury

Mechanical ventilation can induce lung injury, which is known
as ventilator-induced lung injury. Overdistension of the lung
due to high tidal volumes or as a result of tensile distending
pressures leads to alveolar rupture, resulting in lung
disorders [80]. Another mechanism of lung injury results
from cyclic collapse and opening of alveolar units [80].
Further, limiting tidal volume and plateau airway pressure
based on body weight improves the survival of patients with
compromised breathing. Mechanical ventilation support with
high volumes and pressures can cause preventable morbidity
and mortality in critically ill patients [81,82]. These
observations suggest that the energy applied to the lungs
during ventilation can lead to pathological consequences
through changes in mechanotransduction.

Changes in mechanotranduction associated with cancer

Mechanotransduction and increased tissue stiffness have been
documented in many cell types [1,2,32,49]. Mechanical signals
initiate intracellular signaling pathways with a wide variety of
effects, including activation of ion channels or protein kinases
to long-term changes in cell phenotype that require initiation
of gene transcription and protein production [83,84] The
malignancy of metastatic ovarian cancer cells has been
shown to be increased on soft matrices through a
mechanosensitive Rho-ROCK pathway [85]. Further, matrix
crosslinking forces support tumor progression by enhancing
integrin signaling [86]. In another report, an increased
metastatic potential is seen in a mechanically-induced colon
cancer cell population showing an increased metastatic
potential [87]. Furthermore, changes in cellular stiffness are
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also seen in epithelial-derived skin cancers [17]. Clearly, these
studies suggest a relationship between substrate properties,
mechanotransduction pathways, and cancer. The exact
relationship between these properties and cell behaviors
remains to be analyzed.

Conclusions

All tissues in the body are subjected externally to gravity and
internally by cellular retractive forces that create stress and
energy equilibrium required for homeostasis through
mechanotransduction pathways. The balance of these forces
and energies has not been fully investigated. However, it
leads to changes in mechanotransduction and to changes in
tissue structure, function, and displacement, as summarized
in Fig. 10. Tissue displacement is altered as we walk, run,
jump up and down, bicycle, or ride a roller coaster. All these
displacements lead to energy storage in our tissues. In the
cornea, this energy is transferred through the corneal-limbus-
scleral junction to the back of the eye, where it is dissipated
in the sclera and posterior chamber. If it were not transferred
from the cornea and dissipated posteriorly, it would cause
corneal delamination, collagen fibril slippage, and visual
problems. In skin and cartilage, the applied energy is
transferred away from its site of application through
rearrangement of the collagen fibrils in the dermis of the
skin and compression of the intermediate zone in cartilage.
Energy is dissipated by fluid flow and collagen fibril
arrangement along the axis of the highest stress concentration.

Mechanotransduction involves the application of
energy directly to cells through integrin-mediated
mechanotransduction, cell-cell connections, stretching of the
cell cytoplasm, and activation of the cell nucleus by YAP
and TAZ. While each of these processes involves numerous
complexes and intermediate molecules, the
interrelationships among the different pathways are still
unclear. Integrin-mediated mechanotransduction likely
involves direct tensile loading and energy being applied to
the cell membrane via collagen fibril stretching. This energy
is transferred between cells via the stretching of cell-cell
connections involving cadherins and the WNT/P catenin
pathway. Tensile stretching results in small changes in shear
stress and shear energy due to the induction of fluid flow.
This change may induce hormone and growth factor
receptors and ion channel activation. These changes lead to
intracellular events in the cytoskeleton and nuclear skeleton
that cause the release of YAP and TAZ, which penetrate
through the nuclear pores to affect nuclear cell function.
Alteration in the balance of forces and energy applied to
cells and tissues shifts the force and energy equilibria by
modification of mechanotransduction. The shift in equilibria
in some conditions can lead to morbidity and promote
fibrotic diseases, including epithelial-derived cancers.
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