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Abstract
Human body is subject to many and variegated mechanical stimuli, actuated in different ranges of force, frequency, and duration.
The process through which cells “feel” forces and convert them into biochemical cascades is called mechanotransduction. In this
review, the effects of fluid shear stress on bone cells will be presented. After an introduction to present the major players in bone
system, we describe the mechanoreceptors in bone tissue that can feel and process fluid flow. In the second part of the review, we
present an overview of the biological processes and biochemical cascades initiated by fluid shear stress in bone cells.
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Introduction

The term “mechanotransduction” indicates the set of mecha-
nisms that enables the cell to convert a mechanical stimulus
into biochemical activity. Human body is subject to many and
various mechanical stimuli, including flow shear stress, com-
pression, and traction, all of them actuated in different ranges
of force magnitude, frequency, and duration (Thompson et al.
2012). One of the main tissues able to feel mechanical
strengths is bone, which is characterized by a porous but com-
pact structure (Mirzaali et al. 2016; Yavropoulou and Yovos
2016). For example, it is well known that bone remodeling,
the physiological lifelong process responsible for old bone
resorption and substitution with new bone (Florencio-Silva
et al. 2015; Wittkowske et al. 2016), is guided by forces felt
by involved skeletal cells (Stoltz et al. 2018; Wang et al.
2018). In bone tissue, gravitational force and microscopic
and macroscopic manifestations of muscle contractions in-
duce mechanical stimuli, leading to bone matrix strain and
interstitial fluid flow filling bone porosities (Case et al.

2011; Liu et al. 2010; Piekarski and Munro 1977;
Wittkowske et al. 2016).

Many studies have shed light on the effects of fluid flow on
bone cells and on what happens at molecular levels when
muscles stress bone tissue. Most of them are in vitro experi-
ments performed on bone cells progenitors of mesenchymal
origin, called mesenchymal stem cells (MSC), on bone
forming cells, called osteoblasts, and on cells included in ma-
ture bone tissue, called osteocytes. Most studies expose these
cells to controlled fluid flows and measure parameters includ-
ing cell proliferation rates, maturation or differentiation most-
ly through the assessment of bone morphogenetic proteins
(BMPs) (Delaine-Smith and Reilly 2012), osteopontin
(OPN) (Yourek et al. 2010), or osteocalcin (OC) (Nagaraja
and Jo 2014) levels, or variations in calcium mobilization
(Godin et al. 2007). Just a limited number of studies evaluated
an extended list of targeted molecules, trying to highlight bio-
molecular interactions involved in cellular response to me-
chanical stimuli. Nevertheless, a comprehensive idea about
molecular players activated by stressing bone cells through
fluid shear stress is still missing.

In this review paper, a rational summary of the current sci-
entific knowledge regarding the effects of fluid shear stress on
bone tissue cells is provided, with particular interest for how
bone cells feel the applied forces and for which mechanically
induced biochemical cascades are activated.Mechanoreceptors
present in bone cells and able to feel and process fluid flow are
introduced, followed by an overview of the biochemical path-
ways initiated by this stress in bone environment.
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Bone microstructure and interstitial fluid

Bone is a poroelastic material physiologically subject to a
range of stresses in due to daily activities. It is composed of
two different tissue types: cortical bone, also called compact,
and cancellous bone, also called trabecular or spongy. Both
cortical and cancellous bones are porous structures. Pores in-
fluence mechanical behavior of the tissue, providing robust-
ness and elasticity where necessary. Three levels of porosities
have been identified in bone tissue, presenting different sizes
(Cardoso et al. 2013; Cowin and Cardoso 2015): (1.) the vas-
cular porosities within Volkmann and Haversian canals, which
are microscopic structures measuring 20 μm in radius and
transmit blood vessels in cortical bones from the periosteum
into the bone to provide energy and nourishments for osteons;
(2.) the lacunar-canalicular system (LCS), a complex network
formed by lacunar pores and 0.1 μm radius canalicular chan-
nels in the mineralized tissue matrix; (3.) the collagen-
hydroxyapatite porosity, which has the smallest pore size.

LCS is composed of lacunar pores occupied by osteocytes,
the most abundant cell type in bone, and canaliculi, which are
few hundred nanometers in diameter canals running through
the bone solid matrix that contain the cell processes of contig-
uous osteocytes, thus permitting communication between
neighboring bone cells. LCS is saturated by interstitial fluids,
composed of water, which represents an ideal medium for
diffusion-driven ion transport, and other molecules such as
sugars, salts, fatty acids, amino acids, coenzymes, and hor-
mones (Wehrli and Fernández-Seara 2005). Fluids can be
found in both cortical and cancellous bone, filling the poros-
ities of the tissue. The movement of fluid through the extra-
cellular matrix of tissues, often between blood and lymphatic
vessels, is called interstitial fluid flow. Other than transporting
these substances to the cells within the bone and while remov-
ing metabolic wastes from the cells (Burger and Klein-Nulend
1999; Fritton and Weinbaum 2009), movement of the intersti-
tial fluid provides a specific mechanical environment, repre-
sented by fluid shear stress, that is important for the physio-
logical activities of interstitial cells (Knothe Tate 2003;
Wittkowske et al. 2016).

Piekarski and Munro (Piekarski and Munro 1977) pro-
posed that interstitial fluid flow in the lacunar-canalicular sys-
tem is enhanced by daily mechanical loading of bone, increas-
ing the transport of nutrients and metabolic waste between the
vascular porosity and the lacunar-canalicular porosity. The
interstitial fluid travels inside the canaliculi and lacunae, pass-
ing through the space between the osteocyte dendritic process
and the canalicular wall, dragging the osteocyte’s cell process
and deflecting the tethering elements that attach the cell pro-
cess to the canalicular wall. Bone tissue would not survive
without fluid flow. In vitro experiments were carried out ex-
ploring different types of fluid flow in an attempt to mimic
physiological interstitial fluid flowing on bone cells

(Bonewald and Johnson 2008). These include (i) steady, or
laminar flow (Reich et al. 1990; Williams et al. 1994); (ii)
pulsatile flow (Hillsley and Frangos 1997), which presumes
changes in flow frequency; and (iii) oscillatory flow (Jacobs
et al. 1998), where there are changes in flow direction.
Directionality of fluid flow appeared to be important (Chen
and Jacobs 2013).

Mechanoreceptors of fluid flow

All osteogenic cells, fromMSC to osteoblasts and osteocytes,
are mechanosensitive and therefore can sense and respond to
applied force. Even osteocytes, embedded in bone and there-
fore for long viewed as inactive, quiescent cells, are highly
dynamic. Their cell bodies undergo deformation and they can
extend and retract their dendritic processes, redirecting signal-
ing between cells, thus performing as crucial mechanosensors
in bone tissue (Zhang et al. 2006). Osteocytes are believed to
be the primary sensor of mechanical stimuli in bone, which
orchestrate osteoblasts and osteoclasts to adapt bone structure
and composition to meet physiological loading demands
(Verbruggen et al. 2014). In particular, all bone cells are able
to respond to fluid flow (Huang et al. 2015; Riehl et al. 2015;
Vezeridis et al. 2006).

In bone cells, mechanoreceptors can detect alterations in
forces that are converted into biomolecular signals. The prin-
cipal mechanoreceptors in bone cells include the cytoskeleton,
transmembrane integrins, cadherins, connexins, lipid rafts, ion
channels, and primary cilia. An overview of these players is
provided in Fig. 1, collecting cell mechanoreceptors constitut-
ed by a single molecule or a protein complex, and in Fig. 2,
showing mechanoreceptors represented by organized cell
structures. Note that many of them tightly interact within the
cell. For example, the cortical actin cytoskeleton is undoubt-
edly one of the most important factors influencing membrane
organization (Johnson 2017) and the cytoskeleton is linked to
the nucleoskeleton (Jahed et al. 2014). Table 1 lists mechano-
receptors associated to biomolecular pathways they are able to
trigger.

Integrins and focal adhesions

Integrins are transmembrane cell surface receptors, comprising
heterodimers of α and β subunits. They are considered direct
mechanosensors that physically connect the extracellular ma-
trix (ECM) to the cytoskeleton (Hynes 2002), thus acting as
mechanic signal receptors. Cell integrins bind the ECM exter-
nally, while are associated with the actin cytoskeleton through
an elaborate network of proteins that is collectively known as
the “integrin adhesome” (Winograd-Katz et al. 2014), which
theoretically counts more than 200 components (Horton et al.
2016). The term “adhesome” mainly includes (1) focal
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complexes, small dot-like adhesions of around 1 μm in width,
mainly found in lamellipodia, and are characterized by tran-
sient adhesion sites formed during cell migration; (2) focal
adhesions, stable integrin-mediated, cell–substrate adhesion
structures that anchor the termini of actin filaments and medi-
ate strong attachments to substrates; (3) fibrillar adhesions, a
form of adhesion typically associated with fibronectin fibers
and less mechanosensitive than focal adhesions (Winograd-
Katz et al. 2014). Focal adhesions are the core of the integrin
signaling platform, enabling cells to sense the chemical and
mechanical properties of the external environment and to re-
spond by activating signaling networks that regulate cell struc-
ture, dynamics, behavior, and fate. They contain high levels of
vinculin, talin, paxillin, zyxin, α-actinin, VASP, FAK,
phosphotyrosine proteins, integrin αVβ3 (Zaidel-Bar et al.
2004), actopaxin (Nikolopoulos and Turner 2000), and
p130Cas (Machiyama et al. 2014).

The integrin adhesome is known to be involved in MSC,
osteoblasts, and osteocytes mechanoreception of fluid shear
stress. Fluid flow stimuli on osteoblasts up-regulates β1
integrin, and its association with Shc, an adaptor protein con-
taining C-terminal Src homology domain-2 (SH2) domain,
leads to the activation of ERK ((Kapur et al. 2003); Lee et al.
2008). Moreover, fluid flow was proven to activate αVβ3
integrin (Weyts et al. 2002) in osteoblasts. It is known since
long time that integrins play as mechanosensors for fluid flow
shear stress even in osteocytes (Salter et al. 1997). In fact, the
integrin α5 subunit may act as a tethering protein that, when
perturbed by shear stress, opens hemichannels in osteocytes,
allowing the release of prostaglandin (Siller-Jackson et al.
2006). In addition, Litzenberger et al. (Litzenberger et al.
2010) elucidated the role of integrins as the molecular driver
in osteocytes for COX-2 and PGE2 signaling in response to
dynamic fluid flow, independent of intracellular calcium re-
lease. Upon application of fluid shear stress to MSC, activation
of FAK and extracellular signal–regulated kinase 1/2 (ERK1/2)
was observed, which resulted to be inhibited when blockingβ1
integrins (Liu et al. 2012). This highlights not only the impor-
tance of β1 integrin in mediating the response of human bone
marrow-derived MSCs to mechanical stimulation, but also its
relation with FAK and ERK1/2 pathways activation.

Cadherins and catenin complexes

Cadherins are a family of calcium-dependent glycoproteins
that mediate cell–cell adhesion in all solid tissues. They have
a major role in morphogenesis and tissue formation. They link
to the cytoskeleton by forming junctional complexes that con-
tain β-catenin and γ-catenin, which bind actin filaments to
intermediate filaments, respectively.

Concerning bone cells, it is known that in osteoblasts, β-
catenin associates with cadherins on the inner leaflet of the
plasma membrane, and that cadherins control osteoblast

differentiation by mediating cell–cell adhesion and signals
that promote phenotypic osteoblast gene expression (Marie
and Haÿ 2013). When investigating the effect of fluid flow
on osteoblasts, Norvell et al. (Norvell et al. 2004) found that
stress decreases the amount of β-catenin bound to N-cadherin
thus increasing the cytoplasmic pool of β-catenin.
Analogously, Arnsdorf et al. (Arnsdorf et al. 2009b) reported
that, in MSC, the osteogenic effect of fluid flow triggers nu-
clear beta-catenin activity coupled to liberation of β-catenin
from its association with N-cadherin. In addition, fluid flow in
MSC was demonstrated (Kelly and Jacobs 2010) to lead to a
significant decrease in catenin–adherin association, which
could produce increases in cytoplasmic β-catenin levels by
liberating it from adherens junctions or cell–cell contacts.
The increase in unbound β-catenin coupled with activation
of GSK3β and Akt that occurs after fluid shear stress has been
proposed as a potential upstream regulator ofβ-catenin nucle-
ar translocation. Nuclear translocation of β-catenin combined
with mechanical stimulation leads to expression of Wnt tar-
gets such as Wisp-1 and COX-2 (Case et al. 2008). All these
reports suggest that activation of Wnt/β-catenin signaling
pathwaymodulated by these mechanoreceptors.β-catenin ap-
pears to be one of the most important molecules in the re-
sponse to fluid flow even in osteocyte-like MLO-Y4 cell line
(Kamel et al. 2010), which showed nuclear translocation ofβ-
catenin at very low levels of shear stress.

Connexins

Connexins are membrane-spanning protein hexamer com-
plexes forming pores within the cell membrane. They are
found in gap junctions mediating cell–cell signaling: align-
ment of connexins with their counterparts on an adjacent cell
creates functional connections between cells, which allow for
intracellular communication isolated from the extracellular
environment, thus allowing the passage of small molecules
such as calcium, PGE2, inositol phosphates, ATP, and
cAMP (Thompson et al. 2012).

Gap junctions are present in bone cells (Stains and Civitelli
2016) where they are able to feel forces. This is suggested by
the increased expression of connexins in vitro and in vivo in
response to mechanical stimulation of osteocytes, presumably
generating enhanced connections with neighboring cells to
enforce proper transmission of mechanical information within
the skeletal network (Turner et al. 2002). Alford et al. (Alford
et al. 2003) investigated the effects of oscillating fluid flow,
for 1 h at a shear stress of 1 Pa and a frequency of 1 Hz, in
osteocyte-like MLOY-4 cells. They concentrated on gap junc-
tion intercellular communication, particularly the gap junction
protein connexin 43 (Cx43), the most abundant gap junction
channel on bone cells found both on cell bodies and on their
dendritic processes. They verified that mechanically stimulat-
ed cells established more gap junctions than the control cells,
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and underwent a 2-fold phosphorylation, and that the two
events were significantly correlated. They also shed light on
the fact that oscillating fluid flow regulates gap junctional
intercellular communication in osteocytes via the ERK1/2
MAP kinase. When a bone cell is stimulated by fluid flow,
the activation of Cx43 induces ATP efflux from the cytosol to
the pericellular environment, thus eliciting a significant [Ca2+]
response (Hung et al. 1997). Analogously, in more recent
studies, gap junction-dependent propagation of Ca2 + oscilla-
tions was recorded in response to fluid shear stress (Jing et al.
2013). In addition, Yavropoulou and Yovos (Yavropoulou and
Yovos 2016) reported that, independent of cell–cell gap junc-
tions, connexins serve as portals through which prostaglan-
dins are released from the osteocyte in response to fluid shear
stress.

Mechanosensitive ion channels

Mechanosensitive ion channels, activated by mechanical
stress alone, can drive them over their full dynamic range.
Essentially, there are two classes of mechanosensitive ion
channels. The non-selective-depolarizing stretch-activated
ion channels (SACs) include the DEG/ENAC family of cation
channels, the transient receptor potential (TRP) channels, and
the Piezo1 and Piezo2 channels, which are grouped as me-
chanically activated cation channels (Chesler and Szczot
2018; Coste et al. 2010; Cox et al. 2016; Lewis and Grandl
2015; Poole et al. 2014; Soattin et al. 2016), and the selective-
hyperpolarizing stretch-activated K channels (SAKs), which
include TREK-1, TREK-2, and TRAAK channel types. In
addition, other than direct activation of intracellular signaling
cascades, the influx of a charged species such as Ca2+ can also
alter membrane potential, thus activating voltage-sensitive
channels that are not directly mechanosensitive. Thus,
multimeric voltage sensitive calcium channels (VSCC) and
the voltage-gated calcium channels (VGCCs) play essential
roles in responding to mechanical cues (Haut Donahue et al.
2004; Srinivasan et al. 2015).

Different mechanosensitive ion channels are expressed in
bone cells. For at least three decades, scientists have studied
the direct effects of mechanical stimulation on ion channel
activity in bone. They highlight the presence of
mechanosensitive channels distinguishable on the basis of
their conductance, ionic selectivity, and sensitivity to mechan-
ical stimulus (Davidson et al. 1990). In general, fluid shear
stress can induce deformation of bone cell membrane and
alteration of membrane proteins, causing mechano-activated
ion channels to open and allow the influx of cations, such as
Ca2+, Na+, and K+, into the cell (McMahon et al. 2008). An
example of mechanosensitive ion channels in bone cells are
TRP channels (Abed et al. 2009), although the expression of
TRPV6 is modest in murine osteoblasts (Little et al. 2011).
Even the multimeric voltage sensitive calcium channels

(VSCC) (Li et al. 2002; Shao et al. 2005), and L-type and T-
type VSCCs have been implicated in mechanically induced
bone formation. Osteoblasts predominantly express the L-type
(long lasting) VSCC variant (Li et al. 2002), while in osteo-
cytes, T-type (transient) VSCCs are expressed (Shao et al.
2005; Thompson et al. 2011). Annexin VVGCC, which binds
extracellular collagen and cytoskeletal actin, seemed to be
present in osteoblasts and are involved in their intracellular
calcium response to flow (Haut Donahue et al. 2004).
Concerning MSCs, only 15% express functional L-type
Ca2+ channel (Heubach et al. 2004), while a major source of
Ca2+ oscillations in progenitor cells seems to be the intracel-
lular calcium stores and Ca2+ entry through the plasma mem-
brane store-operated Ca2+ channels (SOC), with little contri-
bution of voltage-operated Ca2+ currents (VOCC) (Kawano
et al. 2002). It has been verified that intracellular Ca2+ con-
centration increases in cultured MSC after fluid flow stimula-
tion (Riddle et al. 2006; Stiehler et al. 2009). Piezo type
mechanosensitive ion channel component 1 (Piezo1) was
been recently found to be crucial for bone formation
(Tsimbouri et al. 2017), and it is present in osteoblasts, osteo-
cytes (Sun et al. 2019) and MSCs (Sugimoto et al. 2017).
Piezo1 is activated by various forms of mechanical stimula-
tion, including shear stress. This is highlighted by the fact that
when subjected to fluid shear stress treatment, mouse primary
osteoblasts significantly increased their expression of Piezo1
(Sun et al. 2019). This channel mediates osteogenesis by Ca2+

signaling pathways.

Cytoskeleton

The ability of a eukaryotic cell to move, deform, and
transport intracellular components depends on the cyto-
skeleton, an interconnected network of filamentous poly-
mers and regulatory proteins. It can be represented as a
hard-wired structure that connects the ECM to the cell
nucleus. It is composed by three main types of cytoskel-
etal filaments: actin microfilaments, microtubules and a
group of polymers known collectively as intermediate fil-
aments (Fletcher and Mullins 2010). Microtubules are the
stiffest of the three polymers and have the most complex
assembly and disassembly dynamics, while actin fila-
men t s a re much les s r ig id than mic ro tubu les .
Nevertheless, the presence of high concentrations of
crosslinkers that bind to actin filaments promote the as-
sembly of highly organized, stiff structures, including iso-
tropic networks, bundled networks and branched networks
(Dos Remedios et al. 2003). Intermediate filaments are the
least stiff of the three types of cytoskeletal polymer. Due
to the fact that cytoskeleton provide the cell with mechan-
ical integrity, or, better, tensegrity, as suggested more than
a decade ago (Ingber 2003a; Ingber 2003b; Volokh et al.
2002), the cytoskeleton is a strong candidate for being a
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cell mechanoreceptor, since extracellular forces can di-
rectly translate into forces on cytoskeletal proteins.

Concerning bone cells, there are significant differ-
ences in cytoskeleton reorganization between osteoblasts
and MSCs. MSCs display many thick actin bundles or
stress fibers, extending throughout the cytoplasm and
terminating at focal contacts on the cell membrane. In
contrast, osteoblasts have fewer stress fibers and show,
predominantly, a thin dense meshwork structure of actin.
The main cytoskeleton that plays a critical role in the
mechanotransduction during fluid shear stress–induced
osteogenic differentiation of MSC is the actin cytoskele-
ton (Arnsdorf et al. 2009a). Osteoblasts stimulated by
fluid shear stress showed a reorganization of actin fila-
ments (Pavalko et al. 1998) and, accordingly, when actin
cytoskeleton is disrupted, the response of osteoblasts to
fluid flow appears modified (Malone et al. 2007).
Analogous response seems to be obtained when microtu-
bule networks are broken (Myers et al. 2007). Disruption
of microfilament assembly/disassembly prevents fluid
flow-induced osteogenic differentiation even in MSC
(Chen and Jacobs 2013). Electron microscopy and cyto-
skeleton staining on osteocyte-like MLO-Y4 cells ex-
posed to 1 Pa fluid shear stress for 2 h revealed well-
organized cytoskeleton and increased filopodia processes
(Yan et al. 2018). This, and other evidence, testifies to

the involvement of the cytoskeleton in responding to
fluid flow. Cytoskeleton stimulation via fluid shear stress
seems to be related to activation of RhoA/ROCK path-
way, which inactivates myosin phosphatase thereby on
inducing the stabilization of actin filaments and stress
fiber formation (Arnsdorf et al. 2009a).

Glycocalyx

The glycocalyx is a cell surface proteoglycan layer that cova-
lently bond the ECM to cellular membrane proteins and lipids
(Reilly et al. 2003). Glycocalyx expression affects the re-
sponse to shear stress in vascular endothelial cells (Yao et al.
2007) and the reorganization of actin cytoskeleton.

Concerning bone cells, Lanctot et al. (Lanctot et al.
2007) reported that glycocalyx structures are present
in MSCs and play a significant role in their differentiation.
Moreover, bone cells possess a hyaluronic-acid-rich gly-
c o c a l y x w h i c h c o n t r i b u t e s t o b o n e c e l l
mechanotransduction via oscillating fluid flow. Reilly
et al. (Reilly et al. 2003) found glycocalyx even in an
osteoblasts (MC3T3-E1) cell line, and in an osteocyte
(MLO-Y4) cell line, verifying that in osteocytes the
PGE2 pathway is widely dependent on mechanical signals
transmitted through the glycocalyx.

Fig. 1 Cartoon showing examples of mechanoreceptors constituted by
single molecules or protein complexes. Protein structures were obtained
from Protein Data Bank (rcsb.org; (Berman et al. 2000)) and were gen-
erated by NGL Viewer (Rose et al. 2018). Integrin cartoon represents
human AlphaVBeta3 integrin structure (PDB reference: 4O02;
(Mahalingam et al. 2014)). Catenin cartoon represents human beta-
catenin structure (PDB reference: 4DJS; (Grossmann et al. 2012)).

Cadherin cartoon represents mouse N-cadherin ectodomain crystal struc-
ture (PDB reference: 3Q2W; (Harrison et al. 2011)). Connexin cartoon
represents human Connexin-26 structure (PDB reference: 5ERA;
(Bennett et al. 2016)). Ion channel cartoon represents mouse
mechanosensitive Piezo1 channel structure (PDB reference: 5Z10;
(Zhao et al. 2018))
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Cell membrane structures: lipid rafts and caveolae

Lipid raft domains are small, highly dynamic, and transient
plasma membrane entities enriched in saturated phosho-,
sphingo-, and glycol-lipids, cholesterol, lipidated proteins,
and glycosylphosphatidylinositol (GPI)-anchored proteins.
Although their characterization is not completely elucidated,
the principle of lateral membrane compartmentalization by
lipids is intuitive. There are clear differences in the interaction
affinities between various lipids needed to produce a hetero-
geneous lipid distribution (Sezgin et al. 2017), where plasma
membrane has the potential to change its fluidity and to seg-
regate itself into smaller subdomains, called rafts, and to have
barriers, called fences (Jacobs et al. 2010). The most apparent
function of raft domains is the recruitment of regulatory mol-
ecules in one location to create the appropriate concentration
of signaling effectors, whereby crosstalk and directionality of
signals can occur efficiently. The enrichment of lipid rafts in
caveolin proteins produces the characteristic 50–100 nm in-
vaginations of the plasma membrane, originating lipid rafts
subdomains called caveolae.

Lipid rafts (Gillette and Nielsen-Preiss 2004) and caveolae
(Solomon et al. 2000) are structures present in osteogenic
cells. Caveolins-1 and -2 have been described in human fetal
osteoblasts and in murine MC3T3-E1 cells along with multi-
ple caveolar flasks in their membrane (Solomon et al. 2000a).
Similar findings are corroborated in osteoblastic outgrowths
from normal adult bone (Lofthouse et al. 2001). Lipid rafts
were found involved in shear stress reception, since mem-
brane fluidity increases with fluid shear stress exposure
(Haidekker et al. 2000). They appeared to be crucial in oste-
oblasts for fluid shear stress–induced activation of ERK1/2
and c-fos expression (Ferraro et al. 2004).

Primary cilia

Primary cilia are nonmotile, microtubule-based organelles that
project from the membrane surface of the cell. They are active
mechanoreceptors in kidney through their PKD1 and PKD2
components.

Primary cilia are even present in bone cells (Federman and
Nichols Jr 1974) where they are important for feeling various
biophysical signals. In particular, primary cilia appear to be
sensitive to deflection, and tiny motions could be sufficient to
produce a response (Malone et al. 2007a). PKD1 and PKD2
were found even in bone, on primary bone cells, osteoblast,
and osteocyte cell lines (Xiao et al. 2006). Nevertheless, their
mechanism of mechanosensation has not yet been clarified in
bone (Klein-Nulend et al. 2013). In particular, Jacobs’ group
(Malone et al. 2007b) showed that, unlike kidney cells, pri-
mary cilia in bone cells do not mediate calcium flux in re-
sponse to fluid flow. Primary cilia are required for cellular
responses to dynamic fluid flow involved in PGE2
signaling—independent of intracellular Ca2+ influx—in
osteoblast-like and osteocyte-like cells, respectively, modeled
by MC3T3-E1 and MLO-Y4 cell lines (Malone et al. 2007a).
The presence of primary cilia has been demonstrated even in
MSCs, where they mediate mechanotransduction (Hoey et al.
2012). Exposure of MSCs to fluid flow increased cyclooxy-
genase2 and BMP2 gene expression, which indicate an early
osteogenic response. However, when treated with small inter-
fering RNA to inhibit intraflagellar transport 88, a protein
important for primary cilia formation, MSCs did not respond
by increasing osteogenic gene expression (Chen and Jacobs
2013). Primary cilia might also play a role even in paracrine
signaling in bone cells mediated by fluid flow. The C3H10T1/
2 mouse MSC cell line evolved towards osteogenic lineage,

Fig. 2 Figure showing cartoons of mechanoreceptors constituted by organized cellular structures
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testified by osteopontin upregulation, when they were ex-
posed to conditioned media from fluid shear stressed MLO-
Y4 osteocyte-like cells. This did not happen when exposed to
conditioned media from fluid shear stressed MLO-Y4 cells
with inhibited primary cilia formation (Hoey et al. 2011).

Other mechanoreceptors

Other cell structures are present in bone cells and can process
forces, translating them into intracellular biochemical signals.
Nevertheless, there is no evidence associating them to a direct
action of fluid shear stress on bone cells. The most relevant of
them are ephrins, G Protein–Coupled Receptors, and the
LINK complex.

Erythropoietin-producing hepatocellular (Eph) receptors
are a subfamily of receptor tyrosine kinases, which bind
ephrins, in particular, EphA receptors that interact with
ephrinA and EphB receptors with ephrinB. Bone cells seem
to express ephrin ligands and Eph receptors. Several reports
have shown that Eph/ephrin molecules are involved in MSC-
mediated cell attachment, migration, and differentiation
(Arthur et al. 2011; Compagni et al. 2003; Matsuo and Otaki
2012). They seem to be necessary in osteoblasts for their dif-
ferentiation and communication with osteoclasts for bone re-
modeling (Martin et al. 2010). Nevertheless, their role in trans-
ducing fluid flow remains to be determined.

G Protein–Coupled Receptors (GPCR) are the largest fam-
ily of membrane proteins, characterized by the presence of
seven membrane-spanning α-helical segments separated by
alternating intracellular and extracellular loop regions. The
binding of an external signal molecule, a ligand, to a GPCR
stimulates signaling pathways inside the cell that are involved
in a large variety of processes. GPCRs have been postulated to
mediate mechanotransduction. Interestingly, members of a

subgroup of GPCR, known as adhesion GPCRs, also contain
an extracellular domain that is thought to interact with com-
ponents of the extracellular matrix, a scaffold-like structure
that surrounds cells to provide structural support (Langenhan
et al. 2016). Recent studies suggest that some adhesion
GPCRs may detect mechanosensory information through the
extracellular domains when tethered to the extracellular matrix
(Petersen et al. 2015; Scholz et al. 2015). GPCRs are known to
intervene in feeling fluid flow stimulation of endothelial cells
(Chachisvilis et al. 2006), although Dela Paz et al. (Dela Paz
et al. 2017) recently obtained contrasting results. Critical roles
of GPCRs have been established in bone development, re-
modeling, and disease (Luo et al. 2019). Nevertheless, their
role in bone transduction of fluid flow stimuli has not been
completely assessed.

The Linker of Nucleoskeleton and Cytoskeleton (LINK)
c omp l e x , c ompo s e d o f n e s p r i n s a n d S a d 1 p /
UNC(uncoordinated)-84 (SUN) proteins, may connect cyto-
plasmic cytoskeleton, nuclear envelope, and nucleoskeleton
(Jahed et al. 2014). The cellular model of “hard-wired”
tensegrity proposed by Ingber (Ingber 1993; Ingber 2003a;
Ingber 2003b) considers that individual cytoskeletal filaments
in the cell bear significant mechanical cues in living cells, and
their structural integrity is maintained for longer than the turn-
over time of individual protein monomers. In this scenario,
mechanical forces applied to the cell surface act by promoting
mechanochemical transduction not only into cytoplasm but
also in the nucleus (Wang et al. 2009), although the pathway
has not yet been well clarified. This vision is in line with
previous studies, which demonstrated the mechanical cou-
pling of the nucleus and cytoskeleton by exerting forces on
the cell surface and observing nuclear deformations (Maniotis
et al. 1997). In this perspective, the LINK complex enables the
physical coupling of the cytoskeleton to the nucleoskeleton

Table 1 Association between
mechanoreceptors recognized in
bone cells to feel fluid flow
(“Mechanoreceptor for FSS”) and
pathways they are known to
activate in response to fluid flow
(“Downstream pathway induced
by FSS”). “Reference pathway”
indicates the name of the
paragraph of the manuscript
where a description is provided.
FSS, fluid shear stress

Mechanoreceptor for FSS Downstream pathway induced by FSS Reference pathway

Integrins and focal adhesions COX-2 and PGE2 signaling G Protein–mediated signaling

Integrins and focal adhesions Release of prostaglandin G Protein–mediated signaling

Integrins and focal adhesions FAK pathways FAK signaling

Integrins and focal adhesions ERK1/2 pathways MAPK signaling

Cadherins and catenin complexes Wnt/β-catenin signaling pathway Wnt/β-catenin signaling

Connexins Release of prostaglandin G Protein–mediated signaling

Connexins Intracellular Ca2+ oscillations Calcium signaling

Connexins ERK1/2 MAP kinase MAPK signaling

Cytoskeleton RhoA/ROCK pathway G Protein–mediated signaling

Mechanosensitive ion channels Ca2+ signal pathways Calcium signaling

Glycocalyx PGE2 pathway G Protein–mediated signaling

Lipid rafts and caveolae ERK1/2 and c-fos expression MAPK signaling

Primary cilia increase of COX2 FAK signaling

Primary cilia PGE2 signaling G Protein–mediated signaling
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and act as a nuclear mechanoreceptor. Mechanical forces ap-
plied to the cell surface involve membrane mechanoreceptors
that, through coupling with cytoskeletal filaments, are linked
by LINC connectivity to the nuclear envelope, altering shape
and location of nuclear lamin. Thus, there is a structural rela-
tionship between lamin A/C and nuclear heterochromatin that
may affect the accessibility and action of transcriptional reg-
ulators (Jahed et al. 2014; Martins et al. 2012). The LINK
complex is emerging as an integrated dynamic signaling plat-
form to regulate MSC mechanobiology (Lombardi et al.
2011). Indeed, nucleoskeletal structure and its connectionwith
the cytoskeleton have been shown to be critical in controlling
and may arise in response to dynamic mechanical cues, that
are important for MSC fate selection. This appears to be a
LINC-mediated process (Driscoll et al. 2015). Nevertheless,
there is currently no evidence that the LINK complex acts as a
transducer of fluid shear stress in bone.

Mechanosignaling pathways activated
by fluid flow

Stimuli that can be felt by cells (such as biochemical, chemi-
cal, thermic, electrical and mechanical) can be codified and
transformed in biochemical signaling pathways within the
cell, thus enabling the cellular response. As summarized by
Wittkowske et al. (Wittkowske et al. 2016), the response of
in vitro cultured osteoblasts to fluid shear stress, both in high-
stress condition, considered between 0.5 and 2 Pa, and in low
stress condition, considered below 0.5 Pa, triggers a rapid
increase of cellular components such as ITP, intracellular cal-
cium, Ca2+-dependent nitric oxide, prostaglandin E2, and
ATP. These regulate the expression of osteopontin, cyclooxy-
genase-2, c-FOS, and, as late response—days to weeks—
collagen1 matrix for bone mineralization. Similarly, it is
known from literature that in vitro cultured osteocyte response
to FSS activating Ca2+, ATP, NO, and PGE2, and regulating
the release of RANKL and OPG and the expression of E11, a
dendritic protein that is one of the earliest osteocyte markers of
the dendritic elongating processes, which is absent on primary
osteoblasts but increases with time following differentiation
into an osteocyte-like cell type. Nevertheless, the chain lead-
ing from the stimulus experienced by cell to the biochemical
response requires delicate and precise steps involving many
different proteins and compounds. The first players in the
mechanotransduction process are the mechanoreceptors in
charge of activating first messengers. This phase has been
named mechanocoupling (Duncan and Turner 1995). First
messengers enable the conversion of the mechanical force into
a biochemical outcome, triggering secondary downstream
biomolecular cascades. This step has been called biochemical
coupling (Turner and Pavalko 1998). Through downstream
cascades, this reaches the nucleus: force signal acts on the

nucleus to promote changes in the shape, folding, or kinetics
of specific hub molecules, such as transcription factors, or
might modify chromatin organization, thereby modulating
gene transcription. Here an extensive description of the major
signaling pathways activated by fluid shear stress in bone cells
is reported (Fig. 3).

MAPK signaling

The mitogen-activated protein kinases (MAPKs) are a family
of conserved serine threonine kinases that respond to many
different extracellular stimuli to activate intracellular process-
es including gene expression, metabolism, proliferation, dif-
ferentiation, and apoptosis. The classic MAPK cascade in-
cludes the following pathways: ERK1/2, the p38 MAPK, the
JNK, and the ERK5. These are characterized by three levels of
sequential activation of kinases (Cargnello and Roux 2012).
At the top of the cascade is the MAPK kinase kinase kinase
(MAPKKK), which is phosphorylated on serine and threonine
residues in response to external stimuli. This phosphorylation
often occurs in the context of an interaction between the
MAPKKK protein and a member of the RAS/RHO family
of small GTP-binding proteins. Activated MAPKKK proteins
phosphorylate the dual-specificity MAPK kinase protein
(MAPKK) that ultimately phosphorylate the MAPK proteins
in a conserved Thr-X-Tyr motif. Both cytosolic and nuclear
targets of MAPK proteins have been identified, and upon
stimulation, a proportion of the phosphorylated MAPKs relo-
cate from the cytoplasm to the nucleus.

The MAP2Ks 1 and 2 phosphorylate the extracellular
signal–regulated kinases (ERKs) 1 and 2, also known as
MAPK3 and MAPK1, in response to a wide range of extra-
cellular stimuli to promote differentiation, proliferation, cell
motility, cell survival, metabolism, and transcription
(reviewed in McKay and Morrison 2007; Roskoski Jr 2012;
Raman et al. 2007). In the classical pathway, MAPK1/3 acti-
vation is triggered by the GEF-mediated activation of RAS at
the plasma membrane, leading to the activation of the RAF
MAP3Ks (McKay and Morrison 2007). However, many
physiological and pathological stimuli have been found to
activate MAPK1/3 independently of RAF and RAS, acting
instead through MAP3Ks such as MOS, TPL2, and AMPK
(Dawson et al. 2008; Wang et al. 2009; Kuriakose et al. 2014;
Awane et al. 1999). Activated MAPK1/3 phosphorylate nu-
merous targets in both the nucleus and cytoplasm (Roskoski Jr
2012). In fact, phosphorylated ERK1/2 can up-regulate and
activate transcription factors, such as AP-1 (Haasper et al.
2008).

In bone cells, various types of mechanical stimulation,
among which fluid shear stress, activate ERK1/2 (Liu et al.
2008; Thompson et al. 2011). In particular, ERK1/2 activation
causes RANKL down-regulation, OPG, OPN, NOS3, and
MMP13 upregulation, which lead to decreased osteoclastic
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activity and an increase in bone formation. ERK1/2 activation
is associated with ATP-dependent mechanical regulation of
voltage-sensitive Ca2+ channels (VSCCs). In fact, fluid shear
stress activation of ERK1/2 in osteoblastic cells requires Ca2+

influx via the VSCCs and it is ATP dependent (Liu et al.
2008). Additionally, a recent study demonstrated that activa-
tion of ERK1/2 is necessary for TGFβ-induced osteogenic
differentiation of mesenchymal stem cells (Arita et al. 2011).

FAK signaling

Focal adhesion kinase (FAK), a non-receptor cytoplasmic pro-
tein tyrosine kinase (non-RTK), is concentrated near focal
adhesions and plays an important role in signaling events in-
volving stress signals (Schlaepfer et al. 1999). The non-RTKs
lack a transmembrane domain but are recruited into signal
transduction cascades through interaction with other plasma-
bound receptors, which may or may not themselves have in-
trinsic catalytic activity. In this way, non-RTKs essentially
function as an enzymatic subunit of the signaling complex
and contribute to many of the same downstream signaling
pathways. FAK forms a functional network of integrin-
stimulated signaling pathways by associating with various
signaling proteins including Src family PTKs (Orr and
Murphy-Ullrich 2004), phosphatidylinositol 3-kinases
(PI3K), and paxillin (Cukierman et al. 2001; Hehlgans et al.
2007). This network results in activation of downstream tar-
gets including the MAPK pathways. Upon activation, FAK is

autophosphorylated, generating interactions with Src-family
proteins and other molecules containing Src homology 2
(SH2) domains. Phosphorylation of FAK participates in
MAPK activation by interacting with c-Src, Grb2, and Ras
(Schlaepfer et al. 1999).

In osteoblasts the fluid flow shear stress induces a sustained
association of Src and FAK with alpha and beta integrin,
which results in an enhanced PI3K activity and a modulation
of downstream ERK and Akt/mTOR/p70S6K pathways in-
creasing osteoblast proliferation. In particular, FAK activation
by fluid shear stress increases the OPN, OCN, COX-2,
Runx2, and Osx expression levels (Young et al. 2009). It is
noteworthy that Runx2 and Osx are two transcription factors
upregulated by FAK. Runx2 is essential for osteoblast differ-
entiation and skeletal morphogenesis, while Osx plays a major
role, along with Runx2, in driving the differentiation of mes-
enchymal precursor cells into osteoblasts and osteocytes.
Taken together, these demonstrate the importance of FAK in
regulating osteoblast differentiation and osteogenesis (Wang
et al. 2011).

Calcium signaling

Calcium ions are important for cellular signaling. Once they
enter the cytosol, they have allosteric regulatory effects on
many enzymes and proteins. Calcium can act in signal trans-
duction resulting from activation of ion channels or as a

Fig. 3 Schematic representation of the principal signaling events
occur r ing dur ing f lu id shea r s t r e s s in bone ce l l s . The
signalling cascades through which the mechanical stress impacts at
molecular level is reported. The MAPK/FAK signaling (orange and pink
respectively), RhoA-ROCK pathway (blue), calcium and beta-catenin

signaling (green and red respectively) activated after fluid shear stress
have the main effects at transcriptional level into the nucleus. As reported
in the figure, these pathways up- (red arrows) or down- (blue arrows)
regulate the expression of genes having a crucial role in bone physiology,
and genes encoding for transcription factors (reported in light blue)
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secondmessenger caused by indirect signal transduction path-
ways such as GPRs.

It has been clearly demonstrated that intracellular
Ca2+ levels increase in response to mechanical stimulation of
bone cells. Moreover, changes in intracellular Ca2+ levels alter
proliferation, differentiation, and mobility through the activa-
tion of signaling events, such as MAPK signaling, protein
kinase A (PKA), c-Fos, IP3, ATP, nitric oxide, and eNOS
(Yavropoulou et al. 2016) and CaMKII (Coste et al. 2010).
A novel mechanism regulating calcium intracellular levels,
microtubules, and ROS signals was recently demonstrated
by Lyons et al. in an osteocyte cell model of bone remodeling
under mechanical stress (Lyons et al. 2017). In particular, it
has been demonstrated that fluid shear stress stimulus acted
through the microtubules network to activate NOX2 to gener-
ate reactive oxygen species (ROS). NADPH oxidases (NOX)
are membrane-associated enzymatic complexes that use
NADPH as an electron donor to reduce oxygen and produce
superoxide that functions as a secondary messenger (Brown
and Griendling 2009). NOX2 complex consists of CYBB
(NOX2), CYBA, NCF1, NCF2, and NCF4. RAC2:GTP can
activate the NOX2 complex by binding to CYBB and NCF2.
NOX2-dependent ROS signals targeted TRPV4 channels to
elicit Ca2+ influx, activate Ca/calmodulin-dependent kinase II
(CaMKII), and decrease SOST abundance in the osteocyte
enhancing bone formation.

G protein mediated signaling

G proteins are a family of proteins that bind the guanine nu-
cleotides guanosine triphosphate (GTP) and guanosine di-
phosphate (GDP) and possess intrinsic GTPase activity. G
proteins play a central role in signal transduction as well as
in a myriad of cellular processes, including membrane vesicle
transport, cytoskeletal assembly, cell growth, and protein syn-
thesis. The small GTPases are a family of enzymes that func-
tion as molecular switches and are involved in regulating
many cellular processes. All small GTPases transduce infor-
mation through signaling pathways by alternating between an
active GTP-bound and an inactive GDP-bound state. To speed
up this process, the small GTPases are themselves regulated
by guanine nucleotide exchange factors (GEFs), which assist
in GDP dissociation, and also by GTPase activating proteins
(GAPs) that stimulate GTP hydrolysis. Along with GEFs and
GAPs, guanine dissociation inhibitors (GDIs) can bind to
small GTPases and regulate their location to the membrane
or cytoplasm (Yavropoulou et al. 2016; Thompson et al.
2012).

Osteocytes exposed to fluid shear stress demonstrated a
transient decrease in cAMP production, which is dependent
on adenylate cyclase 6 (AC6), an enzyme activated by
GTPases. AC6 activation in osteocytic cells regulated
COX-2 gene expression (Kwon et al. 2010) and PGE2

signaling. COX is a crucial enzyme in the production of
prostaglandins (PGE) and its isoform 2 (COX-2) is more
expressed in trauma, inflammation, and/or proliferative dis-
orders. PGE2 is involved in widespread regulation of vari-
ous processes of inflammation and bone metabolism and it
acts through four GPR subtypes present in bone cells. The
expression of COX-2 after fluid shear stress can be en-
hanced also through the phospholipase C (PLC) activation
which is linked to the activation of IP3 signaling via G
protein-dependent mechanism. Mechanical signals such as
fluid shear stress can activate small GTPases homologous
to Ras (RhoA GTPases). RhoA has a crucial role in the
organization of actin cytoskeleton through the regulation of
stress fiber formation in response to mechanical stimulation.
The guanine nucleotide exchange factors (GEFs) mediate
the activation of the Rho/Rho-associated kinases (ROCK).
The upstream signals regulating Rho GTPase activity, such
as integrin and TGF-β, may induce the relocalization of
GEFs to membrane structures containing the GTPase targets.
GEF binds to inactivated Rho-GDP to form a Rho-GEF
dimer that destabilizes the GDP binding. GTP replaces
GDP to activate Rho and GEFs are released from Rho-
GTP. Active Rho interacts with ROCK and, in turn, to phos-
phorylate myosin phosphatase. Activated myosin phospha-
tase activates myosin light chain to increase the contraction
of actin cytoskeleton. Moreover, the activated Rho signaling
after shear stress regulates the expression of Runx2 (Liu
et al. 2010). As mentioned before, Runx2 is a transcription
factor with a crucial role in bone development.

Wnt/β-catenin signaling

WNT signaling pathways control a wide range of develop-
mental and adult processes including cell proliferation, cell
fate decisions, cell polarity, and stem cell maintenance
(Saito-Diaz et al. 2013). The pathway is named after the
WNT ligands, a large family of secreted cysteine-rich gly-
coproteins. At least 19 WNT members have been identified
in humans and mice with distinct expression patterns during
development (Willert and Nusse 2012). These ligands can
activate different downstream signaling cascades depending
on which receptors they engage. In the so-called “canonical”
WNT signaling pathway, WNT ligands bind one of the 10
human Frizzled (FZD) receptors in conjunction with the
LRP5/6 co-receptors to activate a transcriptional cascade that
controls processes such as cell fate, proliferation, and self-
renewal of stem cells. When WNT ligand recruits FZD-LRP
receptor, the stabilization and translocation of cytosolic beta-
catenin to the nucleus occurs. Nuclear beta-catenin is a co-
activator for lymphoid enhancer-binding factor (LEF)- and T
cell factor (TCF)-dependent transcription. In the absence of
WNT ligand, cytosolic beta-catenin is phosphorylated by a
degradation complex consisting of glycogen synthase kinase
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3 (GSK3), casein kinase 1 (CK1), Axin and Adenomatous
Polyposis Coli (APC), and subsequently ubiquitinated and
degraded by the 26S proteasome (Saito-Diaz et al. 2013).

It has been demonstrated that Wnt-beta-catenin signaling
pathway has an important role in bone biology (Case and
Rubin 2010). Mutations in the co-receptor LRP5 were found
to be “activating,” i.e., inducing bone density increase, and
“inactivating,” i.e., causing bone mass reduction (Boyden
et al. 2002). Β-catenin, a downstream effector of the path-
way, is the main regulator of the bone remodeling both in
osteoblasts and osteocytes. β-catenin can be a direct target
of mechanotransduction of the classical activation pathway
through LRP5 receptor (Case et al. 2011), involving the
inhibition of the activity of GSK3β through the mTORPs2
activation by mechanical shear stress. In osteoblasts, β-
catenin associates with cadherins on the inner leaflet of the
plasma membrane. Fluid shear stress increases the cytoplas-
mic pool of β-catenin by decreasing the amount of β-
catenin bound to N-cadherin (Norvell et al. 2004). β-
catenin nuclear translocation occurs after fluid shear stress
and it is mediated by the activation of GSK3β and Akt.
Thus, cadherins may serve as launching platforms for β-
catenin in response to mechanical stimulation (Bidwell and
Pavalko 2010). SOST, a gene constitutively expressed in
osteocytes, inactivates the Wnt receptor, thus it is a negative
regulator of bone formation. After mechanical stress, SOST
is down-regulated and osteoblast activity increases (Robling
et al. 2008).

The down-regulation of SOST seems to be also mediated
by estrogen receptor beta (Galea et al. 2013). A recent study in
osteocyte-like cells ((Yan et al. 2018)) reveals a direct regula-
tion on osteocytic morphology and apoptotic characteristics
after fluid shear stress and demonstrates that osteocyte-
secreted bone metabolism-modulating molecule expression
was regulated by fluid flow in a time-dependent manner.
Yan and colleagues demonstrated that fluid shear stress stim-
ulation promoted Wnt and β-catenin expression in 0, 3, and
6 h after stimulation. The stimulated cells after 3 h exhibited
more significant effects on the promotion of OCN and Cx43
and inhibition of DKK1 and SOST expression than the 0 and
6 h groups. The 3 h group with fluid flow stimulation also
showed the most prominent effects on suppressing RANKL
and RANKL/OPG expression. Wnt/β-catenin signaling path-
way was activated in the process of the 2-h fluid shear stress
stimulation, and β-catenin can enter into the nucleus to regu-
late gene transcription. Moreover, SOST and DKK1, two an-
tagonists of the Wnt signaling pathway (Gifre et al. 2013;
Ueland et al. 2015), were significantly inhibited in the
mRNA expression by fluid flow 3 h post stimulation, reveal-
ing that flow stimulation can attenuate the inhibitory effects of
SOST and DKK1 on the Wnt/β-catenin signaling pathway in
osteocytes. This revealed prominent time-dependent

expression of SOST and DKK1 of osteocytes in response to
external fluid stimulation.

Conclusions

Although mechanotransduction pathways have been under
analysis for almost two decades, a comprehensive idea of
the molecular interactions following a mechanical stimulus
is still missing. The reason is the high complexity of the
pathways involved. These are different, multiple, and poten-
tially still not totally identified, mechanical sensors able to
sense the mechanical stimulus. These are physiologically ac-
tivated in parallel when the mechanical stimulus reaches the
cell. First messengers are responsible for the conversion of
the mechanical stimulus into a biochemical outcome in the
form of secondary biomolecular cascades. These involve
transcription factors that carry the messages to the nucleus,
where they are activated and chromatin is remodeled to mod-
ulate gene expression in response to stimulus. This compre-
hensive overview of the mechanotransduction pathways of
fluid flow stimulated bone cells provides an up-to-date
knowledge in the field, and an organized view on the under-
lying mechanisms. Eight modes are present in bone cells, but
the list is destined to grow due as other mechanoreceptors are
discovered. When exposed to fluid flow, bone cells mecha-
noreceptors trigger downstream cascades that have been iden-
tified and grouped into five major groups: MAPK, FAK, cal-
cium, G protein-mediated, and Wnt/β-catenin signaling path-
ways. These processes convert the information carried by the
mechanical stimulus into molecular signals, passing through
the cell into to the nucleus, thus regulating gene expression
and transcription factors activity. Interestingly, it was possible
to identify contact points among separate signaling cascades
(Fig. 1), in terms of either convergent points within processes
or common gene expression regulation. The FAK pathway
converges on the MAPK pathway since both proceed into
the ERK1/2 signaling pathway. In the calcium signaling path-
way, AP-1 is activated, and in a way that resembles the
MAPK cascade. G protein mediated signaling pathway acti-
vates RUNX2 such as MAPK pathways; Wnt/β-catenin sig-
naling pathway inactivates SOST analogously to the end of
one possible way of calcium signaling pathway. These con-
siderations lead to observe a certain level of redundancy
among the signaling paths, highlighting the fact that, although
coming from diverse biochemical ways, the messages carried
from the extracellular environment to the nucleus often in-
volve, inactivate, or activate, and regulate the same transcrip-
tion factors, RANKL, RUNX2, OSX, SOST, and AP-1, thus
producing an overlapping and enforced response of the bone
cells to the fluid flow stimulus.
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