We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



7

Mechanotransduction and Osteogenesis

Carlos Vinicius Buarque de Gusmao,

José Ricardo Lenzi Mariolani and William Dias Belangero

State University of Campinas / Department of Orthopaedics and Traumatology,
Brazil

1. Introduction

It is well known that mechanical stimulation induces osteogenesis. Consciously or not,
everyday we use mechanical loading to incite osteogenesis: normal daily activities like
walking, or physical activities like gymnastics. It is easy to comprehend how biochemical
factors (for example, hormones) activate biological reactions (for example, bone formation).
In opposite, it is not simple to understand how mechanical forces cause biological reactions.
The aim of this chapter is to describe the current knowledge about how bone cells react to
mechanical stimuli, and what bone cells have to sense mechanical forces.

According to Wolff’s Law, mechanical loads determine changes in bone structure (Duncan
& Turner). In 1964, Frost proposed the mechanostat model, which is an upgrade of Wolff’s
Law. Within this model, relative deformations of bone are sensed by bone cells, which, in
turn, produce or resorb bone tissue. The relative deformation, or strain, represents the ratio
between the lengthening or shortening of a body and its original length. Strain is
dimensionless and can be expressed as decimal fraction, percentage or pstrain. For example,
the strain of an 1 mm long body that - under action of an external load - lengthens or
shortens 0.001 mm, is equal to 0.001 or 0.1% or 1000 pstrain. Deformations below 50-100
pstrain are in the disuse range, and result in bone resorption. Deformations between the
ranges of 50-100 to 1000-1500 pstrain are in the physiological range. Physiological
deformation can produce microfractures that are repaired; however, bone mass does not
alter although the activation of osteogenesis. Deformations between the ranges of 1000-1500
to 3000 pstrain are in the overuse range, and produce microfractures, which are also
repaired. Interestingly, in this case bone mass increases. There is no knowledge on how
bone cells distinguish physiological and overuse deformations. Deformations above 3000
pstrain are in the pathological overuse range, and produce a number of microfractures that
exceed bone repair capacity. As a result, microfractures accumulate, coalesce and weaken
bone, ending in stress fractures (or fatigue fractures). Macroscopic fractures occur when
relative deformation is over 25000 pstrain (Fig. 1) (Burr et al., 1998; Carter & Hayes, 1977;
Frost, 2000, 2003; O’brien et al., 2005). In conclusion, the role of mechanostat is to avoid
mechanical deformations above 3000 pstrain, which may cause bone fracture.

Further, in addition to Frost’s mechanostat model, it was realized that mechanostat can
sense other physical parameters not only relative deformation: frequency, number of cycles
resting periods, relative deformation distribution and local gradients of relative deformation
(Torcasio et al., 2008). Relative deformation, frequency, number of cycles and resting periods
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are the unique variables that can be controlled in mechanical assays. Moreover, there is no
unit that encloses all these controllable variables. All of this impairs the analysis of bone
cells response to mechanical stimulation, and may explain the difference in some values
presented in this chapter.
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Fig. 1. Bone mass balance as a function of relative deformation. Within area 1, bone resorption
rate is greater than bone formation rate, resulting in a negative balance (disuse range).
Within area 2, bone resorption rate is equal bone formation rate, resulting in a neutral
balance (physiological rate). Within area 3, bone resorption rate is lower than bone
formation rate, resulting in a positive balance (overuse range). Within area 4, microfractures
accumulate, resulting in decrease of bone resistance (pathological overuse range) that can
lead to macroscopic bone fracture (area in red).

1.1 Frequency

The same strain applied on bone at 1-30 Hz frequencies increases osteogenesis. The opposite
is not always true: different strains applied on bone at a fixed frequency may increase
osteogenesis or not. Whether the strain will increase bone formation or not depends on the
frequency of the stimulation. When the frequency is within the range of 5-10 Hz, bone
exhibits the greatest osteogenesis rate. Above the range of 5-10 Hz, the osteogenesis rate
decreases; probably, because mechanical loads at frequencies above 5-10 Hz exceed the
capacity of bone cells to return to their previous shape like if bone tissue had become more
rigid. If bone cells do not return to their not deformed shape, they will not undergo
deformation; thus, they will not respond to mechanical deformation.

Curiously, vibratory mechanical loads induce bone formation at higher frequencies (17-90
Hz) and lower strain (5 ustrain). We hypothesize vibratory mechanical loads may stimulate
a wider bone area, creating more local gradients of deformation; and hence, increasing
mechanical stimulation on bone. Since various local gradients of deformation are created,
more bone cells are incited to produce bone. In other words, there are more sites of
osteogenesis; therefore, mechanical loads with lower strain at higher frequencies applied to
bone will incite significant bone formation (Castillo et al., 2006; Fritton et al., 2000; Hsieh &
Turner, 2001; Jacobs et al., 1998; Rubin et al., 2001; Torcasio et al., 2008; Warden & Turner,
2004; You et al., 2001).
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1.2 Number of cycles

The product of the frequency and the duration of the stimulus is the number of cycles. As
the number of cycles increases so does osteogenesis until a certain plateu (Burr et al., 2002;
Umemura et al., 1997) (Fig. 2).

Bone mass augmentation

Number of daily consecutive cycles

Fig. 2. Bone mass augmentation as a function of the number of consecutive cycles per day. After a
certain number of consecutive cycles, which depends on the study design, bone mass
augmentation ceases.

1.3 Resting periods

Continuous mechanical stimulation does not increase bone formation. Mechanical
stimulation must have a pause otherwise bone cells osteogenic response will cease, because
bone cells need a resting period to reorganize their cytoskeleton, recover ion concentration
balance and dephosphorylate proteins to recover their mechanosensitivity. The resting
period varies between studies from 8 to 48 hours. Since bone cells need a resting period to
respond to mechanical deformation “at full strength”, the first stimulus may be the most
important to determine how much bone formation a certain treatment can induce. One
study supports this idea: the authors compared bone formation rate in the ulnae of rats
subjected to 3 different protocols of mechanical stimulation. The first group was stimulated
with progressively decreasing strains; the second group was stimulated with progressively
increasing strains; and the third group was stimulated with constant strains. Bone formation
rate was greater in the first group, followed by the third group (Burr et al., 2002; Pavalko et
al., 1998; Robling et al., 2001, 2006; Schriefer et al., 2005; Tang et al., 2006).

2. Amplification of mechanical stimulation

Our bones in the skeleton can be subjected to 400 to 3000 ustrain during usual locomotion;
however, it rarely exceeds 1000 ustrain. Nevertheless, in vitro bone cells response to
mechanical stimulation is observed only with ~10000-100000 ustrain range, which is 10 to
100 fold greater than the usual strain bone is subjected. Interestingly, if bone was subjected
to the same strain range bone cells need to be activated (~10000-100000 ustrain), bone would
undergo fracture. You et al (2001) proposed a mathematical model to explain the different
intensities needed to induce osteogenesis in the skeleton and in bone cells, pointing the actin
cytoskeleton and the bone canalicular system as strain amplifiers at the cellular level
(Duncan & Turner, 1995; Fritton et al., 2000; Robling et al., 2006; Rubin & Lanyon, 1984; You
et al., 2001).
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2.1 Histological anatomy of bone

Schematically, long bones can be compared to a cylinder that contains several smaller
cylinders (the Haversian canals), which intercommunicate via Volkmann’s canals. Lamellae
are the Haversian canals walls; disposed radially from each Haversian canal; composed of
bone ECM (Table 1), which is basically hydroxyapatite (main inorganic component) and
type I collagen (main organic component). Osteocytes are located within the lacunae, where
they become imprisoned by the ECM synthesized during osteoblasts cellular differentiation.
Osteocytes possess cytoplasmic processes (or dendrites) which are a prolongation of the
cytoplasm. The cytoplasmic processes lacunae are called canaliculi (Fig 3).

T
| LACUNA

i,
LAMELLA

Fig. 3. Scheme of the histological anatomy of bone.

Between the canalicular wall and the cytoplasmic process is the pericellular space, whose
diameter varies from 14 to 100 nm depending on the person age, osteocyte age, histological
type of bone, and other features. Pericellular space diameter variation from 20 to 100 nm
alters less than 40% the amplification of the mechanical stimulus within the cytoplasmic
process. Within the pericellular space, there is a fluid with albumin and a PEM composed of
proteoglycans and transverse fibrils. The osteocyte cytoplasmic process is anchored and
centered in its canaliculus by these transverse fibrils. Within this system, You L et al,,
calculated that strains in the physiological range produce shear stresses from 0.5 to 3.0 Pa on
cytoplasmic processes, but relative deformation from 8300 to 19700 ustrain at 1-20 Hz
frequencies, which induce a cellular response. The larger the diameter of the space between
glycosaminoglycans side chains, the lower is strain amplification. The calculation was based
on the relationship between the albumin diameter (~7nm) and the space between the
glycosaminoglycans side chains along a proteoglycan monomer. Within osteocytic
cytoplasmic processes there are actin filaments arranged on the same axis of the process
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Abbreviation Meaning  Abbreviation Meaning Abbreviation Meaning
Glutamate/ e .
AC Ageg}:::e GLAST Aspartate NOS N;tncﬁ(l)a Xslje
Y Transporter yn
Cyclic
Adenosine Cyclic Guanosine .
cAMP Monophos- cGMP Monophosphate OPG Osteoprotegerin
phate
Activator Glycogen Synthase Platelet-Derived
AP Protein GSK3b Kinase-3b PDGE Growth Factor
Adenosine Insulin Growth- Pericellular
ATP Triphosphate IGF Like Factor PEM Matrix
CCAAT-
enhancer- Phosphatidylinos
C/EBPp incling IGF-IR IGF-1 Receptor PIBK itol 3-Kinase
protein
. Phosphatidyl-
cox Cyelooy- P L nosttal PIP2 inositol 4,5-
& phosp Bisphosphate
cAMP
Response Insulin Receptor Protein Kinase A
CREB Element IRS Substrate PKA and C and C
Binding
. Low-Intensity Phospholipase A
Cx Connexin LIPUS Pulsed Ultrasound PLA and PLC and C
Low-Density
. Lipoprotein PTH Parathyroid
DAG Diacylglycerol Lrp Receptor-Related Hormone
Protein
Excitatory . . Proline-Rich
EAAT  Amino-add ~ MAPK  Mifosen-Activated ) Tyrosine
Protein Kinase .
Transporter Kinase-2
Metabotropic Receptor
ECM Ext;;;iil)t(ﬂar mGIluR Glutamate RANK(L) Activator of
Receptor NF-xB (Ligand)
ERa Estrogen NF-xB Nuclear Factor-«xB SH2 Src-homology-2
Receptor a
Extracellular Vascular
ERK Signal- NMDa | VMethylD- VEGF Endothelial
Regulated Aspartate
# Growth Factor
Kinase
Focal
FAK Adhesion NO Nitric Oxide
Kinase

Table 1. Abbreviations
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membrane. Fimbrin is a rigid cross-linking protein that keeps actin filaments separated from
each other ~25 nm of distance. The larger that distance, the higher the strain amplification at
cytoplasmic processes level (Buckwalter et al., 1996a, 1996b; Owan & Triffitt, 1976; Sauren et
al., 1992; Tanaka-Kamioka et al., 1998; You et al., 2001) (Fig 4).

A L
——FIBRIL
T | | 265m | |—FmBrIN
— CYTOPLASMIC PROCESS
| ] S O T T Y
PEM

CANALICULUS

Fig. 4. Actin cytoskeleton and fimbrins interaction. Fimbrins keep actin filaments separated
from each other ~25 nm of distance, which is optimum for mechanical stimulation
amplification at the cytoplasmic process.

2.2 Drag force and shear stress

Bone deformation produces areas subjected to compression and tension stresses, creating
pressure gradients within Haversian canals; and hence, forcing the fluid in canaliculi to
flow from sites of compression stress (higher pressure) to sites of tension stress
(lower pressure). This produces a fluid flow within the cytoplasmic processes pericellular
space. The fluid flow imposes a drag force onto the PEM. Drag force is the resultant of the
forces that oppose the relative motion of an object through a fluid. Considering 7 nm
of diameter between the glycosaminoglycans side chains, You L et al (2001) calculated that,

BONE LAMELLA

=% I\- CANALICULUS

CYTOPLASMIC
PROCESS

SOorm g-crm

Fig. 5. Mechanical stimulation amplification. Mechanical deformation of bone tissue produces
fluid flow, which, in turn, produces drag force on the cytoplasmic processes and the
canaliculi walls. Besides, fluid flow produces a tangential force on the osteocyte cytoplasmic
membrane, resulting in shear stress.
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independently of the magnitude and frequency of the mechanical load, the drag force is 19.6
times larger than the shear force per unit length of cell process. Because of the histological
anatomy of bone, mechanical deformations within the physiological range produce drag force
that produces hoop strains on the membrane-cytoskeleton system of cytoplasmic processes,
which are 20 to 100 times higher (or more) than the deformation experienced on the whole
bone producing strains from 3000 to 50000 pstrain on the cytoplasmic process membrane. The
larger the magnitude, or the frequency, of a mechanical loading, the higher is the strain
amplification. Hoop strains are the normal tension forces on a body with circular symmetry.
They produce compression and tension forces at the microscopic level (Fig. 5). According to
the model proposed by You L et al, shear stress is not important for strain amplification in
vivo. However, it does not mean that shear stress is disposable for the cellular response to
mechanical load (Boutahar et al., 2004; Duncan & Turner, 1995; Hughes-Fulford, 2004; Kapur
et al., 2003; Liedbert et al., 2006; Norvell et al., 2004; Scott et al., 2008; You et al., 2001).

3. The main mechanosensor cell

Osteoblasts, osteocytes and osteoclasts are the main bone cells. For decades, osteoblasts and
osteoclasts were considered the protagonists of bone remodeling. For this reason, there are
more reports with osteoclasts and osteoblasts than osteocytes, which comprise 90-95% of all
bone cells. After realizing that osteocytes also respond to mechanical stimulation, authors
inquire which is the main mechanosensor bone cell: osteoblasts or osteocytes (Bonewald,
2006; Buckwalter et al., 1996a).

Although there is no definitive proof, osteocytes are considered the cells that orchestrate
bone remodeling through biochemical mediators that regulate the activity of osteoblasts and
osteoclasts. Supporting this idea, it was demonstrated that osteocytes subjected to fluid flow
stimulate osteoblasts to produce bone tissue; and that osteocytes produce prostaglandins
faster than osteoblasts after mechanical stimulation. Prostaglandins mediate osteoclasts and
osteoblasts activity. Moreover, it is more reasonable that osteocytes are the main
mechanosensor bone cells since they comprise 90-95% of all bone cells and participate in the
canalicular system for strain amplification proposed by You L et al whereas osteoblasts are
located at the periosteum, where strain does not undergo amplification (Bonewald, 2006;
Chen et al., 1999; Cherian et al., 2005; Duncan & Turner, 1995; Goldspink, 1999; Gupta &
Grande-Allen, 2006; Hsu et al., 2007; Klein-Nulend et al., 1995; Li et al., 2004; Plotkin et al.,
2005; Taylor et al., 2007).

4. Piezoelectricity or streaming potential?

Fukada E and Yasuda I (1957) observed that bone is a viscoelastic material which possesses
piezoelectric activity, producing negative electric charge in compression sites, and positive
electric charge in tension sites. Furthermore, bone undergoes deformation when subjected to
electric potentials. Interested in the study of piezoelectricity, Anderson JC and Eriksson C
(1970, 1986) investigated the cause of those authors” observation.

They knew piezoelectricity does not occur in symmetric crystalline materials, and is as greater
as asymmetric is its crystalline structure. Since hydroxyapatite is a symmetric crystalline
material, bone piezoelectric property cannot be attributed to hydroxyapatite. Unlike the dried
collagen, wet collagen, which is the in vivo collagen form, is not piezoelectric because water
molecules interact with the collagen structure which becomes symmetric. On the other hand,
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one third of the ECM collagen length interacts with hydroxyapatite, which blocks collagen
interaction with some water molecules and impairs wet collagen structural changes, keeping
the wet collagen asymmetric. With these data, one could hypothesize collagen is responsible
for the electric potential detected after mechanical stimulation. Nevertheless, in vivo bone ECM
collagen is embedded with a fluid containing high conductivity ions. As a result, the
mechanically-induced fluid flow produces an electric potential, named streaming potential.
Therefore, the electric potential observed after mechanical loading is the sum of the
piezoelectric and the streaming potentials. Streaming potential depends on the type of the ion
absorbed on a molecule surface (for example, collagen), inducing the formation of a diffuse
layer composed of ions of the opposite charge. The fluid flow gives rise to a transport network
of an ion type, determining a potential gradient (streaming potential), whose magnitude
depends on the type of the molecule and the solution pH. Piezoelectric potential, in turn,
depends only on the cellular mechanical deformation.

Anderson JC and Eriksson C observed that the molecule of collagen embedded within a fluid
with pH 4.7 induces absorption of the same quantity of negative and positive charged ions,
resulting in an isoelectric streaming potential; therefore, an electrode will detect only the
piezoelectric potential of the molecule of collagen. In that experiment, the authors could not
separate the bone ECM collagen from the hydroxyapatite; hence, they could not determine the
streaming potential with pH 4.7 to 5.0. However, it was observed the lowest streaming
potential within that pH range, suggesting the mechanically-induced electric potential in bone
depends mainly on the streaming potential (Butcher et al., 2008; Qin et al., 2002) (Fig. 6).

DRY COLLAGEN WET COLLAGEN
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Fig. 6. Piezoelectricity x Streaming potential. Dried collagen is assymmetric and has
piezoelectric activity. Hydrated collagen is symmetric and does not have piezoelectric
activity. Streaming potential occurs when the fluid pH is different of 4.7; and does not occur
when the fluid pH is 4.7. Bone ECM collagen is asymmetric although hydrated because it
interacts with hydroxyapatite (HA). Therefore, collagen may exhibit piezoelectric activity
and, principally, streaming potential.
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Protein Start of the event Peak of event Ever.1t
duration

Akt Increased activation: 5 minutes 15 minutes At least 2

hours

ATP Increased efflux: 1 minute No data No data

[-catenin Increased activation: 1 hour No data 3 hours
Actin cytoskeleton Reorganization: 1 hour No data No data
Collagen I Increased synthesis: 3 days 3 days No data
| . Atleast 9
cox-2 Increased synthesis: 30-60 minutes 3-6 hours
hours
Cxd3 Increased synthesis: 2 hours 24 hours
2 hours
ERK Increased e}ctlvatlon: 15-240 minutes | 2-4 hours
0-15 minutes
Sclerostin Decreased synthesis: 24 hours No data No data
FAK Increased activation: 0-5 minutes 0-30 minutes | 1-4 hours
Alkaline Increased synthesis:
phosphatase 24-48 hours No data No data
GLAST (mRNA) Decreased transcription: 6 hours No data No data
Cx43 hemichannels Incrfeased ac tivation: Immediately | 8-24 hours
immediately
.oc2, OL':'.>, p1 and 93 Increased. synthesis: 3.6 hours No data
integrins subunits 20 minutes
NF-«xB Increased activation: 30 minutes 30-60 minutes | No data
Increased synthesis: 5-15 minutes .

NO (2 works); 12 hours (1 work) 5-15 minutes | 24 hours
Osteopontin Increased transcription: 1-3 days No data No data
Osteocalcin Increased synthesis: 3 days 3 days No data

p38 Increased activation: 15 minutes 30 minutes .90

minutes
Increased synthesis: 1-6 hours (4 works); At least 24
PGE, or 0-10 minutes (2 works) 18-24 hours hours
PGFyq Increased synthesis: 5 minutes 5 minutes .10
minutes
PGI, Increased synthesis: 30 minutes No data Athl(e){a;t 1
PI3K Increased activation: 5 minutes 15 minutes 1 hour
PYK2 Increased activation: 30 minutes 4 hours No data
PYK2-FAK Coupling: 30 minutes 30 minutes No data
Src Incr.eased ac tivation: Immediately | 4 hours
immediately
Src-FAK Coupling: immediately Immediately | 4 hours
VEGF Increased synthesis: 6 hours 12 hours No data

Table 2. Chronology of the mechanotransduction events
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PROTEIN EFFECTS RELATED TO MECHANOTRANSDUCTION

AP-1

ATP
C/EBP

Calcium

calcium-
calmodulin
[-catenin

cox-2

CREB
Cx43
EP2/4

ERK

Sclerostin
FAK

c-fos
Alkaline
phosphatase
Frizzled
proteins
cGMP
GSK3b

IGF-1

IRS-1/2
Lrp5

mGIluR
NF-kB

Activates CREB; increases type I collagen, alkaline phosphatase, iNOS,
ostepontin and osteocalcin synthesis; and determines 48% of cox-2
transcription.

Activates P2Y; and P2X7; increases P2Y, synthesis;

and determines 80% of PGE; synthesis.

Determines 59% of cox-2 transcription.

Increases PYK2, ERK and p38 activation; determines 83% of PGE;
synthesis via G protein/ AC pathway; determines 50% of ATP synthesis;
"activates PLA; “increases IGF-I and TGF-f synthesis; "‘complexes with
calmodulin; and “releases ATP from vesicles.

Activates CREB, C/EBPpB, AC" and iNOS".

Activates Lef / TCF; and increases cox-2, Cx43 and c-jun synthesis.
Increases Runx-2 synthesis; determines 100% of alkaline phosphatase
synthesis, cellular proliferation and bone formation;

and synthesizes PGE; and PGI,.

Determines 66% of cox-2 synthesis; and “increases c-fos synthesis.
Determines 60% of PGE; efflux.

Activates AC.

Activates Lef/ TCF, NF-kB and AP-1; Increases c-fos, c-jun and NO
synthesis; determines 80% of osteocalcin synthesis, 80-100% of
osteopontin synthesis, 100% of alkaline phosphatase and cox-2
synthesis, and 100% of cellular proliferation; and inhibits apoptosis.
“Inhibits Wnt/-catenin pathway.

Activates FAK-Src/Grb2/Sos/Ras/Raf/MEK/ERK-1/2 and
FAK/PI3Kp85/ Akt/NF-kB pathways; increases cox-2 synthesis;
and “induces cellular migration.

Complexes with c-jun, forming AP-1 heterodimer.

Induces hydroxyapatite synthesis and ECM mineralization;

and inhibits nucleation removers.

*Activate G protein/PLC pathway; and compete with RANK".

*Closes sodium channels; and *induces vasodilatation.

"Degrades p-catenin.

*Activates Ras/MEK/ERK/Tcf-Lef and PI3K/ Akt pathways; *activates
IRS-1/2; “induces ECM synthesis, osteoblasts and osteoblasts precursors
differentiation, and chondrocytes proliferation; and, in adipocytes,
increases FAK autophosphorylation by 30%" and "PYK2
phosphorylation.

*Activates the pathways of Grb2 and PI3K.

Increases the cellular response to mechanical stimulation,

and *frizzled proteins synthesis.

*Activates G protein/PLC pathway.

Increases cox-2, iNOS and "'RANKL synthesis.
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PROTEIN EFFECTS RELATED TO MECHANOTRANSDUCTION

NO

iNOS
OPG

Osteopontin

Osteocalcin

P2X7

P2Y,
p38

PDGF-f

PGE;

PGL
PI3K/ Akt

PKA

PKC
PLA,

G protein

PTH

Determines 100% of: cellular proliferation, alkaline phosphatase
synthesis, and p1 integrin subunit and ERK activation; “decreases bone
resorption induced by PTH and vitamin D3; "induces: osteoblast
precursors differentiation, 94% of OPG synthesis, osteocalcin synthesis,
and NF-kB activation; “inhibits: osteoclastic activity, NF-xB activation,
and 70-82% of RANKL synthesis; and “synthesizes cGMP.

Increases PGE; synthesis; determines 90% of VEGF synthesis;

and “synthesizes NO.

"Decreases osteoclasts recruitment; competes with RANK.

“Constitutes bone ECM; *sets osteoclasts at resorption sites through
avp3 integrin binding; and “inhibits hydroxyapatite formation.
Captures calcium from the ECM; “inhibits ECM mineralization and
hydroxyapatite formation.

Increases: osteoblasts activity, 31% of the sensitivity to mechanical
stimulation, and 50% of ERK activation; determines 61-73% of the
osteogenesis rate; inhibits osteoclast activity; allows PGE; efflux and
calcium influx.

Increases intracellular calcium concentration via G protein/PLC
pathway; and allows calcium efflux.

Determines 80% of osteopontin synthesis; and “phosphorylates C/EBP
and CREB.

“Induces: chondrocytes proliferation, osteoblast precursors
differentiation and bone resorption.

*Activates EP2/4 and protein G/ AC pathway; induces osteogenesis;
induces osteoclast precursors and osteoblast precursors proliferation
and differentiation; induces calcium influx; inhibits collagen and
RANKL synthesis®, GSK3b activity”, osteoclast activity and osteoblast
proliferation; recruits osteoblasts to bone surface; and enhances gap
junctions intercellular communication.

“Activates protein G/ AC pathway.

Determines 100% of cox-2 synthesis; inhibits apoptosis; "activates [3-
catenin; and *inactivates GSK3b.

*Activates CREB and C/EBP; “induces osteoblast differentiation and
IGF-1 synthesis; and “phosphorylates calcium and potassium channels,
prolonging their action.

*Activates MEK/ERK pathway; and "activates CREB and C/EBP.
“Activates cox-1/2.

*Activates PLC/DAG and IP3/PKC pathway and AC/AMPc/PKA
pathway; "activates voltage-dependent L-type calcium channels, Ras
and PI3K; and “determines 83% of PGE; synthesis.

*Activates PI3K/ Akt/Bad, G protein/ AC and PKC/ERK pathways;
“increases c-fos synthesis 2.5 fold, and IL-6 synthesis 11 fold; *decreases
90% of osteocalcin synthesis; and “induces RANK, RANKL, Runx2 and
PGE, synthesis; and *induces bone resorption.
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PROTEIN EFFECTS RELATED TO MECHANOTRANSDUCTION

Increases ERK-1/2 activation; and transphosphorylates FAK at Tyr-397,

PYK2 1 576 and 925.

“Induces osteoclastogenesis and *inhibits osteoclast apoptosis; "/RANKL
RANK .

activates RANK.

“Decreases RANKL synthesis; and “induces alkaline phosphatase, ECM
Runx2 and OPG synthesis; *induces bone mineralization, and osteoblast

precursors and osteoblasts differentiation.

Tcf/Lef *Activates Runx2.

“Decreases OPG synthesis and bone resorption; and “induces RANK and
RANKL synthesis.

Increases alkaline phosphatase synthesis; and induces cellular and
vascular proliferation”.

*Activates B-catenin, nuclear ERK and nuclear Akt; “increases

Wnt osteopontin synthesis; and “inhibits glutamine synthetase (enzyme that
degrades glutamate) and GSK3b.

*Data obtained from study not related to mechanotransduction.

Vitamin D3

VEGF

Table 3. Role of proteins

PROPAGATION |
PROTEIN i EFFICIENCY

Cx43 gap 0,5 um/s | 5-15 cells /field in 15-20 seconds (maintained
junctions h for 3 hours, when the analysis ended)
P2Y, 10 um/s 30-50 cells/field in 15-20 seconds

Table 4. Intercellular calcium transportation efficiency

1. Existence of NMDA channels in osteoblasts and osteoclasts.

2. Existence of mGIluR4/8 in osteoblasts.

3. Mechanical stimulation decreases GLAST-1 expression.

4. NMDA channels absence decreases osteogenesis (without affecting osteoblasts life
expectancy).

5. Calcium influx, which is critical to glutamate release from vesicles, increases markedly
in response to mechanical loads.

Table 5. Features that support the memory system of bone existence

5. Mechanotransduction

In theory, mechanical deformation that reaches bone cells cytoplasmic membrane is
transmitted to the nucleus through a complex network connecting the cytoplasmic
membrane to the nucleus: the ECM/PEM-integrin-cytoskeleton-nucleus system. This system
is supposed to activate various biochemical reactions that result in apoptosis inhibition,
cellular proliferation, cell differentiation etc. This cascade of events, starting with
mechanical deformation of bone cells, and ending with a cellular response (osteogenesis or
bone resorption) is named mechanotransduction, which, we believe, is the upgrade of the
mechanostat model (Tables 2 and 3).
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5.1 The ECM/PEM-integrins-cytoskeleton-nucleus system

This system is thought to function as a lever system with various pivot points. The
interactions between the molecules that participate in the ECM/PEM-integrins-
cytoskeleton-nucleus system work as a pivot point of the lever system. The physicochemical
characteristics of each pivot point can be altered accordingly to the molecules interacting
within the system; therefore, leading to different responses to mechanical loads (Fig. 7)
(Buckwalter et al., 1996a, 1996b; Duncan & Turner, 1995).

B. MECHANICAL STIMULUS

CYTOPLASMIC
S MEMBRANE

T qaun

' | @ PIOTPOINT 1]

cYTOSKELETON &

T CYTOPLASMIC PROTEINS

Fig. 7. Model for the lever system of bone cells. (A) Not stimulated bone cell. (B) The load is
spread within the lever system via pivot points formed by interactions of the ECM/PEM-
integrins-citoskeleton-nucleus system, resulting in forces (schematically, F1, F2, F3 and F4)
that modify integrins and FAK conformational structure. At the same time, integrins cluster,
the cytoskeleton reorganizes, and cytoplasmic proteins are attracted to the focal adhesions,
where the first mechanically-induced biochemical reactions occur.

5.1.1 Integrins

Proteins interact with each component of the ECM/PEM-integrins-cytoskeleton-nucleus
system. Within the constituents of the system, knowledge about integrins is greater.
Integrins are considered the most important system component for mechanotransduction.
Integrin refers to its role in integrating the intracellular environment (via cytoskeletal
interactions) to the extracellular environment (ECM and PEM). Integrins are heterodimeric
transmembrane glycoproteins of cellular adhesion. In humans, there are 24 types of
integrins that result of the combination of the 18 types of a subunits and 8 types of 3
subunits. Different combinations of a and P subunits determine different interactions with
ECM, cytoskeleton and cytoplasm components, as well as the affinity to a ligand. In vitro,
osteoblasts express a2, a3, a4, a5, a6, 1, B3 and B5 subunits; in vivo, they express a3, a5, av,
Bl and P3 subunits. Of these subunits, a2, a5, P1 and B3 subunits are responsive to
mechanical load. Moreover, a5B1 and avf3 integrins are also responsive to mechanical
loads (Bennett et al., 2001; Gronthos et al., 1997; Sinha & Tuan, 1996).

5.1.2 Focal adhesions

It is accepted that mechanical loading mobilizes the ECM/PEM-integrins-cytoskeleton-
nucleus system, resulting in integrins structural changes that create high affinity sites for
protein binding (for example, other integrins and cytoskeleton components). Mechanical
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deformation induces integrin clustering, which enhances integrin affinity to other
molecules, and increases integrins expression. Integrins clusters anchor the components of
the cytoskeleton; induce cytoskeleton reorganization; and give rise to the focal adhesion (or
focal contact), which is a dynamic and specialized structure originated from the response to
mechanical stimulation, and vanishes in the absence of mechanical stimulation. Focal
adhesion is located near the cytoplasmic membrane and the ECM, and recruits various
molecules involved in the mechanotransduction: tyrosine kinases, ion channels, PLC, MAPK
etc (Fig. 7) (Boutahar et al.,, 2004; van der Flier & Sonnenberg, 2001; Lee et al., 2000;
Pommerenke et al., 2002; Scott et al., 2008; Tang et al., 2006; Yang et al., 2005).

5.2 lon channels

Mechanosensitive ion channels activation by fluid flow alters membrane potential, which
can be positive or negative. Positive membrane potential results from membrane
depolarization - usually when sodium channels activation predominates -, leading to bone
resorption. Negative membrane potential results from membrane hyperpolarization -
usually when calcium-dependent potassium channels activation predominates -, leading to
osteogenesis. Fluid flow speed, streaming potentials, and the magnitude and frequency of
mechanical stimulation are variables that regulate ion channels activity. This feature allows
distinct responses to mechanical loads because (1) multiple channels can be activated in
different combinations, (2) ion channels can be activated for different intervals, (3) and ion
channels can be fully or partially activated. At the moment, however, there is no tool to help
predicting ion channels activity based on that variables (Butcher et al., 2008; Genetos et al.,
2005; Qin et al., 2002; Riddle & Donahue, 2009; Salter et al, 1997, 2000; Scott et al., 2008;
Yokota & Tanaka, 2005). Besides, there is limited information about ion channels on the
subject due to lack of studies.

5.2.1 Mechanism of activation

Reports indicate that ion channels are not activated directly by strain. Instead, it seems they
are activated through the ECM/PEM-integrins-cytoskeleton-nucleus system. As examples, it
was found that 1 and av subunits of integrins, avp5 integrin and lack of the actin
cytoskeleton impairs calcium-dependent potassium channels activation; and lack of 1
subunits of integrins and lack of the actin cytoskeleton impairs sodium channels activation
(Desbois-Mouthon et al., 2001; Salter et al., 1997).

5.2.2 Calcium channels

Increased intracellular calcium concentration due to strain is crucial to enhance osteogenesis
rate. Calcium intake depends on the activation of stretch-activated calcium channels,
voltage-sensitive L-type calcium channels and endoplasmic reticulum IP3; receptors.
Endoplasmic reticulum IP3 receptors are discussed to be the major responsible in
determining intracellular calcium concentration. Therefore, it is speculated that an activator
for the G protein/PLC/PIP2/DAG and IP; pathway (for example, mGLUR, Wnt5, frizzled
proteins), integrins, or G protein is activated by strain, resulting in IP3 synthesis, what leads
to calcium release from endoplasmic reticulum and increases intracellular calcium
concentration. Calcium forms complexes that activate AC, which, in turn, can phosphorylate
voltage-sensitive L-type calcium channels and potassium channels through the G
protein/ AC/cAMP/PKA pathway. This event keeps these channels active for a longer time
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and perpetuates bone cells response to mechanical loading through a positive feedback
mechanism (Champe & Harvey, 2000; Chen et al., 2004; Duncan & Turner, 1995; Genetos et
al., 2005; Godin et al., 2007; Lent, 2001; Li et al., 2003; Liedbert et al., 2006; Ma et al., 1999;
Reich et al., 1997; Yamamoto et al., 2007) (Fig. 8).

5.2.3 Potassium channels

As seen in endothelial cells, in bone cells potassium channels can be activated directly by
mechanical stimulation; or may also be activated by calcium influx through calcium-
dependent potassium channels. Potassium channels activation leads to potassium efflux,
resulting in membrane hyperpolarization (Duncan & Turner, 1995; Liedbert et al., 2006)

(Fig. 8).

Fig. 8. Ion channels activation. Strain deforms the integrins, which may transmit the
deformation to calcium (Ca2*) and potassium (K*) channels, producing calcium influx and
potassium efflux, resulting in a negative action potential. At the same time, G protein (G) is
activated by strain, and induces IP3 synthesis. IP; is the main responsible for calcium influx.
Calcium signaling pathways activate AC, resulting in PKA synthesis. PKA phosphorylates
calcium and potassium channels (not showed) so that they remain active for longer,
resulting in a positive feedback (arrows in red, and plus sign) that prolongs the cellular
response to mechanical stimulation. Mechanical stimulation also activates Cx43 gap
junctions, through which calcium, IP; and other molecules transit and transmit mechanical
stimulation to neighboring cells, which can also deflagrate a negative action potential.

5.2.4 Sodium channels

We believe sodium channels are inhibited by strain at the beginning of the mechanical
stimulation, probably by cGMP or another inhibitor; and activated posteriorly so that the
intracellular homeostasis is restored (Duncan & Turner, 1995; Liedbert et al., 2006).

www.intechopen.com



168 Osteogenesis

5.3 FAK pathways

Within all molecules that interact with integrins in focal adhesions, FAK is considered to be
critical to mechanotransduction. FAK is an adaptor protein capable of interacting with
various proteins to form different protein complexes. This feature may enable FAK to
enhance the cellular response to mechanical loading, and may result in different responses
to strain. It is not known whether this tyrosine kinase is always bound to integrins, or is
recruited to the integrins clusters during focal adhesions formation, or both situations.
Following integrins deformation, FAK may be deformed and its molecular structure
mechanically-modified, resulting in autophosphorylation of FAK’s tyrosine-397 (Tyr-397)
residue. This event activates FAK by creating high affinity binding sites for SH2-domain-
containing proteins like Src and p85 subunit of PI3K. In sequence, FAK conjugates with Src
or PI3K, activating their pathways. ERK-1/2 and Akt are effector proteins of these
pathways. FAK, ERK-1/2 and Akt promote cellular migration, proliferation and
differentiation, and apoptosis inhibition. It is speculated that these actions are enhanced
when FAK, ERK-1/2 or Akt migrates to the nucleus. Investigations suggest that FAK, ERK-
1/2 and Akt migration to the nucleus is regulated by the cytoplasmic concentration of these
proteins and the concentration of their phosphorylated forms (Chen et al., 1999; Cornillon et
al., 2003; Desbois-Mouthon et al., 2001; Duncan & Turner, 1995; Giancotti & Rouslahti, 1999;

—
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CYTOPLASMIC
MEMBRANE

MIGRATION,
DIFFERENTIATION,
PROLIFERATION,
APOPTOSIS INHIBITION,

NUCLEUS

Fig. 9. FAK signaling pathways. FAK interacts with integrins and cytoskeleton components
(actin, paxillin, talin and vinculin) - which also interact with the nucleus - and signal
cellular mechanical deformation.
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Hughes-Fulford, 2004; Kawamura et al., 2007; Liedbert et al., 2006; Mitra et al., 2005;
Ogasawara et al., 2001; Raucci et al., 2008; Schlaepfer et al., 1998; Tang et al., 2006) (Fig.7 and
Fig. 9).

5.3.1 lon channels

Curiously, mechanical loads induce FAK ligation to calcium-dependent potassium channels
without FAK autophosphorylation at Tyr-397. However, the effect of this event to the
cellular response to strain is not known yet. For example, it is not known whether the
potassium channel activity is altered by that ligation (Rezzonico et al., 2003).

5.3.2 PYK2

This protein is highly homologous to FAK. Through an unknown mechanism, strain induces
a calcium-dependent phophorylation of PYK2 at Tyr-402, activating this protein. In vitro,
PYK2 couples with FAK via SH2 and can transphosphorylate FAK at Tyr-397, Tyr-576 or
Tyr-925. In opposite, FAK does not transphosphorylate PYK2. This indicates that PYK2 can
enhance FAK tyrosine kinase activity because FAK phosphorylation at Tyr-397 gives rise to
high affinity binding sites for SH2-containing-domain proteins. Supporting this hypothesis,
it was found that PYK2 augments ERK-2 phosphorylation at Tyr-187 depending on PLC and
calcium channels activity. Besides, PYK2 couples with Src like FAK, but this ligation does
not depend on mechanical stimulation (Boutahar et al., 2004; Li et al., 1999; Liu et al., 2008).

5.3.3p38

The activity of this MAPK increases with mechanical loads through an unknown
mechanism. Within the pathways that result in p38 activation, FAK-
Src/Grb2/Sos/Ras/PAK/MKK3/6 pathway may be deflagrated by strain because FAK is a
mechanosensitive protein involved in this pathway. We found no study aiming to solve this
issue (J. You et al., 2001).

5.4 Wnt pathways

Wnt is a family of 19 glycoproteins responsible for 88-99% of the mechanically-induced
osteogenesis. Wntl class activates the canonical Wnt signaling pathway, in which complexes
between Wntl/3a, LRP5/6 and frizzled proteins are formed. Such complexes phosphorylate
GSK3b, causing its inactivation; and hence, inhibit P-catenin degradation. Beta-catenin
translocates to the nucleus where it accumulates, leading to Tcf/Lef transcription factor
activation. Wnt also inhibits apoptosis via nuclear ERK and Akt activation. Wnt5a class
participates in the non-canonical Wnt signaling pathway, and binds to frizzled proteins,
leading to PLC activation via G proteins (Fig. 10).

There is exiguous information about Wnt pathways’ relation to mechanotransduction. At
the moment, it is known that (1) strain increases P-catenin activation and translocation to
the nucleus, probably via PI3K activation, or decreasing sclerostin expression, which is
an inhibitor of the canonical Wnt signaling pathway; (2) strain increases Wntl, Wnt3a,
Wntba and Lrp5 receptor expression; (3) and Lrp5 receptor hyperexpression increases
the cellular response to mechanical loading, and decreases the strain needed to stimulate
bone cells response to mechanical stimulation (Bonewals & Johnson, 2008; Johnson, 2004;
Lau et al., 2006; Olkku & Mahonen, 2008; Robling et al., 2008; Turner, 2006; Yavropoulou
& Yovos, 2007).
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Tcf/Lef

p-catenin Nucleus

Fig. 10. Not well known models of mechanical stimulation signaling. Wnt complexes with the
Lrp5 receptor and frizzled proteins (in blue), inhibiting GSK3b and activating Tcf/Lef (via
-catenin). The ATP produced after mechanical stimulation binds to its receptors (P2X7 and
P2Y»), inside the cell where ATP was produced; or in the neighboring cells, when secreted
by the stimulated cell (not showed). P2X7 activation in a neighboring cell, alike Cx43 gap
junctions, provokes calcium influx, which may result in a negative action potential that
transmits strain biochemically. P2Y; and frizzled proteins stimulate IP; synthesis via G
protein, increasing calcium concentration (not showed). PGE; produced in response to
mechanical stimulation induces calcium influx, which activates AC that stimulates PGE,
synthesis via a positive feedback mechanism (red arrows and plus sign). PGE; migrates to
other cells through gap junctions or P2X5.

5.5 Effector pathways
The signaling pathways activated by strain are part of bone mechanostat. Some products of
these pathways are important to osteogenesis and are described below.

5.5.1 c-fos

Mechanical loads increase c-fos expression, which is a transcription factor that binds to c-
jun, another transcription factor, forming the AP-1 heterodimer that induces osteogenesis
(Judex et al., 2005; Mullender et al., 2004; Nomura & Takano-Yamamoto, 2000; Sikavitsas et
al., 2001).

5.5.2 cox-1/2

Within cox isoforms, cox-2 (inducible cox) responds to mechanical stimulation with an
increase in the amount of cox-2 mRNA. This protein participates in some
mechanotransduction signaling pathways, and acts in the cytoplasm and nucleus of bone
cells (Choudhary et al., 2008; Kapur et al., 2003; Ogasawara et al., 2001; Rouzer & Marnett,
2005; Tang et al., 2006).
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5.5.3 Prostaglandins

The prostaglandins PGI,, PGFyx and PGE; are implicated in mechanically-induced
osteogenesis. PGE; is responsible for 50-90% of the mechanically-induced osteogenesis;
therefore, is pointed to be the most important prostaglandin in mechanotransduction.
Besides, PGE, may be one of the regulators of the mechanostat because (1) its synthesis can
increase via positive feedback (Fig. 10); (2) PGE; is transmitted to other cells through gap
junctions, indicating that PGE; is involved in the intercellular transmission of mechanical
stimulation; (3) and PGE; stimulates both osteogenesis and bone resorption. The underlying
mechanism through which PGE; stimulates osteogenesis and bone resorption may be its
intracellular concentration; however, this is a hypothesis. It is also possible that calcium
concentration determines, indirectly, the cellular response to mechanical stimulation
(osteogenesis or bone resorption) because this ion is responsible for 83% of PGE, synthesis.
Additionally, the anabolic effects of PGE; are mediated by EP2 prostaglandin receptor and,
mainly, by EP4 prostaglandin receptor, both located at the nuclear membrane (Cherian et
al., 2005; Fortier et al., 2001; Genetos et al., 2005; Ke et al., 2003; Keila et al., 2001; Klein-
Nulend et al., 1997; Li et al., 2005; Machwate et al., 2001; Mullender et al., 2004; Nomura &
Takano-Yamamoto, 2000; Reich et al., 1997; Watanuki et al., 2002; Xu et al., 2007).

5.5.4 NO

Through an unknown mechanism, NO stimulates both osteogenesis and bone resorption. It
participates in some osteogenesis pathways, and can decrease 50% of PTH-induced bone
resorption and 68% of vitamin D-induced bone resorption (Fan et al., 2004; Kapur et al,,

2003; Wang et al., 2004).

5.5.5 PDGF-B

It is described that PDGF-p stimulates chondrocytes proliferation, osteogenic cells
differentiation into osteoblasts and bone resorption. The gene for PDGF-3 has a shear stress
response element (SSRE) region, which is present in the genes of other mechanosensitive
proteins: cox-2, osteopontin, iNOS. For this reason, some authors believe PDGF-p has a role
in the effector response to mechanical stimulation, although there is no report of PDGE-3
involvement with mechanically-induced osteogenesis (Luo & Wang, 2004, Nomura &
Takano-Yamamoto, 2000; Sikavitsas et al., 2001).

5.6 Biochemical transmission of mechanical stimulation

Each bone cell is subjected to different mechanical deformation intensities during one
mechanical stimulation. But to produce significant bone mass, a great amount of bone cells
may work together in response to mechanical stimulation. Besides, osteoblast precursor cells
must be activated and migrate to the osteogenesis site; and osteoclasts must be inactive at
the osteogenesis site. In order to these events occur bone cells are supposed to have means
of intercellular communication.

5.6.1 lon channels

Mechanical deformation activates ion channels (most importantly, calcium and potassium
channels), generating a negative membrane potential. As the example of neuronal synapses,
the negative membrane potential may be transmitted through the neighboring cells, which,
in turn, activate biochemically their mechanotransduction pathways.
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5.6.2 Cadherins

These single-chain transmembrane glycoproteins are expressed in the junction adherens of
bone cells and link the cytoskeleton of adjacent cells through interactions between the
extracellular segments of each cadherin. Like integrins, cadherins expression increases in
response to strain. Both integrins and cadherins seem to have similar function: the first
transmit the mechanical stimulation inside the deformed cell, and the latter transmit the
mechanical stimulation to the adjacent cell (Pavalko et al., 2003).

5.6.3 Gap junctions

These specialized intercellular connections are pointed as the major contributor to
intercellular transmission. Following mechanical stimulation, gap junctions allow the
exchange of PGE; and other molecules smaller than 1 kDa (for example, calcium, IP3 and
cAMP) between adjacent cells (for example, osteocytes and periosteal cells). Each gap
junction is composed of 2 hemichannels (each hemichannel belongs to each of the two
adjacent cells). Each hemichannel allows communication between the cell and its ECM, and
is composed of 6 connexins. Within the various types of connexins, Cx43 is the main
constituent of the hemichannel, and is involved in the transmission of mechanical stimuli. In
addition, mechanical loads increase Cx43 expression and phosphorylation, enhancing gap
junctions intercellular communication; 60-100% of PGE; transmission to adjacent cells
depends on Cx43; and calcium transmission between adjacent cells can occur via gap
junctions (Cherian et al., 2005; Genetos et al., 2005; Miyauchi et al., 2006; Siller-Jackson et al.,
2008; Stains & Civitelli, 2005; Yang et al., 2005) (Fig. 8).

5.6.4 ATP receptors
ATP binds to its transmembrane receptors P2X; and P2Y». The first receptor is a non-

selective ion channel that complexes with various proteins like 2 subunits of integrins and
a-actinin, suggesting the involvement of this receptor in mechanotransduction. P2Xy
receptor activation is responsible for about 61-73% of the mechanically-induced bone
formation rate; increases bone tissue mechanosensitivity by 31%; and is responsible for 50%
of the mechanically-induced ERK-1/2 activation. P2Y, receptor seems to activate G
protein/PLC/PIP2/IP; pathway, which increases calcium intake; and promotes calcium
efflux after mechanical loads, more efficiently than gap junctions (Table 4). On the other
hand, P2Y; is not important for ERK-1/2 activation, and there are no reports showing P2Y>
activation directly by strain (Cherian et al., 2005; Genetos et al., 2005; Jorgensen et al., 1997;
Ke et al., 2003; Li et al., 2005; Liu et al., 2008; Reich et al., 1995) (Fig. 10).

5.7 Memory system of bone

Some reports suggest that bone cells possess a memory system that prolongs the cellular
response to mechanical stimulation. For example, it was documented in wvitro that
mechanically-induced calcium influx was greater when bone cells were subjected to a
second load, 30 minutes after the first load. The underlying mechanism of this memory
system is unknown. The positive feedbacks of PGE; production and calcium influx
(described above) may be part of the underlying mechanism because they are positive
feedbacks. In memory cells of the central nervous system, the action potential can be
prolonged by glutamate activation of voltage-dependent calcium channels (NMDA-type
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channels). This is called long-term potentiation. In those cells, it is described that following
voltage-dependent calcium channels opening, calcium enters the neuron and binds to
glutamate-containing vesicles releasing glutamate to the extracellular environment where
glutamate binds to NMDA-type channels and mGluR. The activation of potassium channels
and some classes of mGIluR inhibit voltage-dependent calcium channels activation, blocking
glutamate release. Glutamate actions end when GLAST (also called EAAT) takes glutamate
from the extracellular environment and returns it back to the intracellular vesicles.

Based on the long-term potentiation mechanism, we believe there are five conditions in bone
that makes possible the existence of a memory system in this tissue (Table 5). In addition,
GLAST stops working when the extracellular concentration of sodium is low and the
extracellular concentration of potassium is high. This situation is consistent with the
available data: when extracellular potassium concentration is high, the cytoplasmic
membrane hyperpolarizes (the calcium-dependent potassium channels open and the
sodium channels close), leading to osteogenesis. Unfortunately, there are no reports about
the NMDA channels and metabotropic receptors activation in bone cells subjected to
mechanical loads (Godin et al., 2007; Hinoi et al., 2003; Lent, 2001; Mason, 2004; Nomura &
Takano-Yamamoto, 2000; Spencer et al., 2007; Taylor, 2002).

5.8 Hormones and mechanotransduction

Some hormones and growth factors like PTH and IGF-1 have synergistic effect with
mechanical loads to induce osteogenesis. The underlying mechanism that produces the
synergistic effect is unknown. On the other hand, it is known that such hormones and
growth factors, and mechanical loads activate ERK, which is hyperactivated when double
phosphorylated, resulting in ERK migration to the nucleus where ERK’s action is
potentialized. Therefore, we hypothesize that the stimuli from mechanical loads and
biological factors hyperphosphorylate ERK, leading to a greater osteogenesis rate (Ebisuya
et al., 2005; Yee et al., 2008).

5.8.1 PTH

Increases 1.53-6 fold bone formation rate when associated with mechanical loads. The
synergistic effect of PTH and mechanical loading depends 68-74% on voltage-dependent L-
type calcium channels activation, probably because the synergistic effect of PTH may occur
via PYK2-FAK/ERK, which is a calcium-dependent signaling pathway involved in
mechanotransduction. Curiously in the presence of PTH, NO production augmentation is
abolished even in the presence of mechanical stimulation (the study evaluated NO
concentration until 30 minutes after mechanical loading) (Bakker et al., 2003; Chen et al.,
2004; Choudhary et al., 2008; Fan et al, 2004; Ma et al., 1999; Ogasawara et al., 2001;
Yamamoto et al., 2007).

5.8.2 IGF-1

When associated with mechanical loading, cellular proliferation increases 1.8-3.8 fold, IGF-
1R phosphorylation increases 7.5 fold, and ERK activation increases 2-9.5 fold. IGF-1 activity
depends totally on the presence of integrins, and Akt activation rate is not altered by
mechanical stimulation in the presence of IGF-1 (Desbois-Mouthon et al., 2001; Kapur et al.,
2005; Nomura & Takano-Yamamoto, 2000; Sakata et al., 2004; Sekimoto et al., 2005;
Sikavitsas et al., 2001).
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5.8.3 Estrogen

It was not found any report about the synergistic effect of estrogen and mechanical loading.
On the other hand, it is documented that ER-a absence decreases 70% of the mechanically-
induced bone formation rate, and inhibits 100% of the mechanically-induced cellular
proliferation (Lee et al., 2003).

5.9 Mechanotransduction in vivo

The majority of the reports about mechanically-induced osteogenesis are based on in vitro
experimental models, probably because it is difficult to obtain bone cells and their proteins
after in vivo experimental procedures. The beneficial effect of LIPUS stimulation (mechanical
stimulation) has already been documented in lesioned bones, which exhibited early
consolidation”0. We developed an in vivo experimental model to assess the effect of the
mechanical stimulation on bone proteins of intact tibia and fibula of rats. LIPUS was used to
subject the animals to a daily 20-minute treatment for 7, 14 or 21 days. At the end of the
treatment, we evaluated the expression and activation of FAK, ERK-1/2 and IRS-1 by
immunoblotting assays. It was found that FAK, ERK-1/2 and IRS-1 expression increased in
a non-cumulative manner indicating that the mechanostat blocks LIPUS osteogenic effects
after a period of continuous stimulation. Increased FAK and ERK-1/2 activation was
detected 15 hours after the last LIPUS stimulation at seven days of treatment, supporting the
theory of the memory system of bone.

Additionally, LIPUS increased IRS-1 expression and activation (data not published) after
one week of treatment. Since IRS-1 is involved in growth factors signaling pathways, those
results suggest mechanical stimulation also acts in signaling pathways activated by growth
factors. This hypothesis may serve as an explanation for the synergistic effect of some
hormones with mechanical loading. There are few investigations on this issue in vivo and in
vitro.

The sham LIPUS stimulation (device turned off) increased FAK activation after one week of
treatment, indicating the muscle contraction of the stressed animals also possesses
osteogenic effects, possibly because of the vibratory load on bone, which is a mechanical
load of high frequency and low magnitude; or because of a paracrine stimulus from muscle
to bone cells (Gusmao et al., 2007, 2010; Naruse et al., 2003; Warden et al., 2001).

6. Future directions

We consider that bone is not merely a structure for locomotion. It is a complex organ that
also responds to mechanical stimulation. The underlying mechanism of mechanically-
induced osteogenesis is not fully understood, and many questions need to be answered.
Therefore, further studies shall investigate how bone cells distinguish physiological from
overuse deformations; the regulatory activity of osteocytes on other bone cells; the
mechanically-induced activity of ion channels, intercellular communication of bone cells
and the memory system of bone; the physicochemical properties of the ECM/PEM-
integrins-cytoskeleton-nucleus system components; the events that trigger FAK, ERK and
Akt mechanically-induced migration to the nucleus; the synergistic effect of growth factors
and hormones with mechanical loads; and so on.

In addition, the current data about mechanically-induced osteogenesis are not linked. For
example, a little is known about the activation of FAK pathways, integrins, and ion channels
by mechanical loading; however, we do not know how they work together, how their
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combined activity influences bone response to mechanical stimulation, and how that bone
response to mechanical stimulation macroscopically affects the skeleton. Therefore, we
believe that studies shall be carried out to understand the events triggered by mechanical
loading as a whole, because bone functions as a whole as well as the human body.

7. References

Anderson JC & Eriksson C. Electrical properties of wet collagen. Nature. 1968;218:166-8.

Anderson JC & Eriksson C. Piezoelectric properties of dry and wet bone. Nature.
1970;227:491-2.

Bakker AD, Joldersma M, Klein-Nulend ] & Burger EH. Interactive effects of PTH and
mechanical stress on nitric oxide and PGE2 production by primary mouse
osteoblastic cells. Am ] Physiol Endocrinol Metab. 2003;285:608-13.

Bennett JH, Carter DH, Alavi AL, Beresford JN & Walsh S. Patterns of integrin expression in
a human mandibular explant model of osteoblast differentiation. Arch Oral Biol.
2001,46:229-38.

Bonewald LF. Mechanosensation and transduction in osteocytes. Bonekey Osteovision.
2006;3:7-15.

Bonewald LF & Johnson ML. Osteocytes, mechanosensing and Wnt signaling. Bone.
2008;42:606-15.

Boutahar N, Guignandon A, Vico L & Lafage-Proust MH. Mechanical strain on osteoblasts
activates autophosphorylation of focal adhesion kinase and proline-rich tyrosine
kinase 2 tyrosine sites involved in ERK activation. ] Biol Chem. 2004;279:30588-99.

Buckwalter JA, Glimcher MJ, Cooper RR & Recker R. Bone biology. I: Structure, blood
supply, cells, matrix, and mineralization. Instr Course Lect. 1996;45:371-86.

Buckwalter JA, Glimcher MJ, Cooper RR & Recker R. Bone biology. II: Formation, form,
modeling, remodeling, and regulation of cell function. Instr Course Lect.
1996,;45:387-99.

Burr DB, Turner CH, Naick P, Forwood MR, Ambrosius W, Hasan MS & Pidaparti R. Does
microdamage accumulation affect the mechanical properties of bone? ] Biomech.
1998;31:337-45.

Burr DB, Robling AG & Turner CH. Effects of biomechanical stress on bones in animals.
Bone. 2002;30:781-6.

Butcher MT, Espinoza NR, Cirilo SR & Blob RW. In vivo strains in the femur of river cooter
turtles (Pseudemys concinna) during terrestrial locomotion: tests of force-platform
models of loading mechanics. ] Exp Biol. 2008;211:2397-407.

Carter DR & Hayes WC. Compact bone fatigue damage: a microscopic examination. Clin
Orthop Relat Res. 1977;127:265-74.

Castillo AB, Alam I, Tanaka SM, Levenda ], Li Jiliang, Warden S] & Turner CH. Low-
amplitude, broad-frequency vibration effects on cortical bone formation in mice.
Bone. 2006,39:1087-96.

Champe PC & Harvey RA. Bioquimica ilustrada. Sao Paulo: ARTMED, 2000:85-91.

Chen C, Koh AJ, Datta NS, Zhang ], Keller ET, Xiao G, Franceschi RT, D’Silva NJ &
McCauley LK. Impact of the Mitogen-activated protein kinase pathway on
parathyroid hormone-related protein actions in osteoblasts. ] Biol Chem.
2004;279:29121-9.

www.intechopen.com



176 Osteogenesis

Chen K-D, Li Y-S, Kim M, Li S, Yuan S, Chien S & Shyy JY-J. Mechanotransduction in
response to shear stress. Roles of receptor tyrosine kinases, integrins, and Shc. ] Biol
Chem. 1999;274:18393-400.

Cherian PP, Siller-Jakson AJ, Gu S, Wang X, Bonewald LF, Sprague E & Jiang JX. Mechanical
strain opens connexin 43 hemichannels in osteocytes: a novel mechanism for the
release of prostaglandin. Mol Biol Cell. 2005;7:3100-6.

Choudhary S, Huang H, Raisz L & Pilbeam C. Anabolic effects of PTH in cyclooxygenase-2
knockout osteoblasts in vitro. Biochem and Biophys Res Comm. 2008;372:536-41.

Cornillon J, Campos L & Guyotat D. Focal adhesion kinase (FAK), a multifunctional protein.
Med Sci (Paris). 2003;19:743-752.

Desbois-Mouthon C, Cadoret A, Eggelpoél M-] B-V, Bertrand F, Cherqui G, Perret C &
Capeau J. Insulin and IGF-1 stimulate the p-catenin pathway through two
signalling cascades involving GSK-3f inhibition and Ras activation. Oncogene.
2001;20:252-9.

Duncan RL & Turner CH. Mechanotransduction and the functional response of bone to
mechanical strain. Calcif Tiss Int. 1995;57:344-58.

Ebisuya M, Kondoh K & Nishida E. The duration, magnitude and compartmentalization of
ERK MAP kinase activity: mechanisms for providing signaling specificity. J Cell
Sci. 2005;118:2997-3002.

Fan X, Roy E, Zhu L, Murphy TC, Ackert-Bicknell C, Hart CM, Rosen C, Nanes MS & Rubin
J. Nitric oxide regulates receptor activator of nuclear factor-kB ligand and
osteoprotegerin expression in bone marrow stromal cells. Endocrinology.
2004;145:751-9.

van der Flier A & Sonnenberg A. Functions and interactions of integrins. Cell Tiss Res.
2001;305:285-98.

Fortier I, Patry C, Lora M, Samadfan R & de Brum-Fernandes AJ]. Immunohistochemical
localization of the prostacyclin receptor (IP) human bone. Prostaglandins Leukot
Essent Fatty Acids. 2001;65:79-83.

Fritton SP, Kenneth JM & Rubin CT. Quantifying the strain history of bone: spatial
uniformity and self-similarity of low-magnitude strains. ] Biomech. 2000;33:317-25.

Frost HM. The Utah paradigm of skeletal physiology: an overview of its insights for bone,
cartilage and collagenous tissue organs. ] Bone Miner Metab. 2000;18:305-16.

Frost HM. Bone’s mechanostat: A 2003 update. Anat Rec A Discov Mol Cell Evol Biol.
2003;275:1081-101.

Fukada E & Yasuda I. On the piezoeletric effect of bone. ] Phys Soc Japan. 1957;12:1158-62.

Giancotti FG & Rouslahti E. Integrin signaling. Science. 1999;285:1028-32.

Genetos DC, Geist DJ, Liu D, Donahue HJ & Duncan RL. Fluid shear-induced ATP secretion
mediates prostaglandin release in MC3T3-E1 osteoblasts. ] Bone Miner Res.
2005;20:41-9.

Godin LM, Suzuki S, Jacobs CR, Donahue HJ & Donahue SW. Mechanically induced
intracellular calcium waves in osteoblasts demonstrate calcium fingerprints in bone
cell mechanotransduction. Biomech Model Mechanobiol. 2007;6:391-8.

Goldspink G. Changes in muscle mass and phenotype and the expression of autocrine and
systemic growth factors by muscle in response to stretch and overload. ] Anat.
1999;194:323-334.

www.intechopen.com



Mechanotransduction and Osteogenesis 177

Gronthos S, Stewart K, Graves SE, Hay S & Simmons PJ. Integrin expression and function on
human osteoblast-like cells. ] Bone Miner Res. 1997;12:1189-97.

Gupta V & Grande-Allen K]J. Effects of static and cyclic loading in regulating extracellular
matrix synthesis by cardiovascular cells. Cardiovasc Res. 2006;72:375-83.

Gusmao CVB, Pauli JR & Belangero WD. Efeito do ultra-som de baixa poténcia na expressao
da FAK (focal adhesion kinase), ERK-2 (extracellular signal-requlated kinase-2) e IRS-1
(insulin receptor substrate-1) no osso in vivo. In: Anais do XVI Congresso Médico
Académico da Unicamp; 2007;

de Gusmao CV, Pauli JR, Saad MJ, Alves JM & Belangero WD. Low-intensity ultrasound
increases FAK, ERK-1/2, and IRS-1 expression of intact rat bones in a
noncumulative manner. Clin Orthop Relat Res. 2010;468(4):1149-56.

Hinoi E, Fujimori S & Yoneda Y. Modulation of cellular differentiation by N-methyl-D-
aspartate receptors in osteoblasts. FASEB J. 2003;17:1532-4.

Hsieh Y-F & Turner CH. Effects of loading frequency on mechanically induced bone
formation. ] Bone Miner Res. 2001;16:918-24.

Hsu H-C, Fong Y-C, Chang C-S, Hsu C-J, Hsu S-F & Lin J-G, et al. Ultrasound induces
cyclooxygenase-2 expression through integrin, integrin-linked kinase, Akt, NF-xB
and p300 pathway in human chondrocytes. Cell Signal. 2007;19:2317-28.

Hughes-Fulford M. Signal transduction and mechanical stress. Sci STKE. 2004;2004:RE12.

Jacobs CR, Yellowley CE, Davis BR, Zhou Z, Cimbala JM & Donahue HJ. Differential effect
of steady versus oscillating flow on bone cells. ] Biomech. 1998;31:969-976.

Johnson ML. The high bone mass family - the role of Wnt/Lrp5 signaling in the regulation
of bone mass. ] Musculoskelet Neuronal Interact. 2004;4:135-8.

Jorgensen NR, Geist ST, Civitelli R & Steinberg TH. ATP- and gap junction-dependent
intercellular calcium signaling in osteoblastic cells. ] Cell Biol. 1997;139:497-506.

Judex S, Zhong N, Squire ME, Ye K, Donahue LR, Hadjiargyrou M & Rubin CT. Mechanical
modulation of molecular signals which regulate anabolic and catabolic activity in
bone tissue. ] Cell Biochem. 2005;94:982-94.

Kapur S, Baylink D & Lau K-HW. Fluid flow shear stress stimulates human osteoblast
proliferation and differentiation through multiple interacting and competing signal
transduction pathways. Bone. 2003;32:241-51.

Kapur S, Mohan S, Baylink DJ & Lau K-H W. Fluid shear stress synergizes with insulin-like
growth factor-I (IGF-I) on osteoblast proliferation through integrin-dependent
activation of IGF-I mitogenic signaling pathway. ] Biol Chem. 2005;280;20163-70.

Kawamura N, Kugimiya F, Oshima Y, Ohba S, Ikeda T, Saito T et al. Akt1 in osteoblasts and
osteoclasts controls bone remodeling. PLoS ONE. 2007;2:e1058.

Ke HZ, Qi H, Weidema AF, Zhang Q, Panupinthu N, Crawford DT, Grasser WA, Paralkar
VM, Li M, Audoly LP, Gabel CA, Jee WSS, Dixon ], Sims SM & Thompson DD.
Deletion of the P2x; nucleotide receptor reveals its regulatory roles in bone
formation and resorption. Mol Endocrinol. 2003;17:1356-67.

Keila S, Kelner A & Weinreb M. Systemic prostaglandin E2 increases cancellous bone
formation and mass in aging rats and stimulates their bone marrow osteogenic
capacity in vivo and in vitro. ] Endocrin. 2001;168:131-9.

Klein-Nulend ], Burger EH, Semeins CM, Raisz LG & Pilbeam CC. Pulsating fluid flow
stimulates prostaglandin release and inducible prostaglandin G/H synthase
mRNA expression in primary mouse bone cells. ] Bone Miner Res. 1997;12:45-51.

www.intechopen.com



178 Osteogenesis

Klein-Nulend J, van der Plas A, Semeins CM, Ajubi NE, Frangos JA, Nijweide PJ & Burger
EH. Sensitivity of osteocytes to biomechanical stress in vitro. FASEB J. 1995;9:441-5.

Lau K-HW, Kapur S, Kesavan C & Baylink DJ. Up-regulation of the Wnt, estrogen receptor,
insulin-like growth factor-I, and bone morphogenetic protein pathways in
C57BL/ 6] osteoblasts as opposed to C3H/He] osteoblasts in part contributes to the
differential anabolic response to fluid shear. ] Biol Chem. 2006;281:9576-88.

Lee HS, Millward-Sadler SJ, Wright MO, Nuki G & Salter DM. Integrin and
mechanosensitive ion channel-dependent tyrosine phosphorylation of focal
adhesion proteins and beta-catenin in human articular chondrocytes after
mechanical stimulation. ] Bone Miner Res. 2000;15:1501-9.

Lee K, Jessop H, Suswillo R, Zaman G & Lanyon L. Endocrinology: Bone adaptation
requires oestrogen receptor-a Nature. 2003;424:389.

Lent R. Cem bilhdes de neurdnios: conceitos fundamentais. Sao Paulo: Atheneu, 2001:121-6 e
151-9.

Li J, Duncan RL, Burr DB, Gattone VG & Turner CH. Parathyroid hormone enhances
mechanically induced bone formation, possibly involving L-type voltage-sensitive
calcium channels. Endocrinology. 2003;144:1226-33.

Li], Liu D, Ke HZ, Duncan RL & Turner CH. The P2X7 nucleotide receptor mediates skeletal
mechanotransduction. ] Biol Chem. 2005;280:42952-9.

Li X, Dy RC, Cance WG, Graves LM & Earp HS. Interactions between two cytoskeleton-
associated tyrosine kinases: Calcium-dependent tyrosine kinase and focal adhesion
tyrosine kinase. ] Biol Chem. 1999;274:8917-24.

Li Z, Yang G, Khan M, Stone D, Woo SL-Y & Wang JH-C. Inflammatory response of human
tendon fibroblasts to cyclic mechanical stretching. Am J Sports Med. 2004;32:435-40.

Liedbert A, Kaspar D, Blakytny R, Claes L & Ignatius A. Signal transduction pathways
involved in mechanotransduction in bone cells. Biochem Biophys Res Comm.
2006;349:1-5.

Liu D, Genetos DC, Shao Y, Geist DJ, Li J, Ke HZ, Turner CH & Duncan RL. Activation of
extracellular-signal regulated kinase (ERK1/2) by fluid shear is Ca2+- and ATP-
dependent in MC3T3-E1 osteoblasts. Bone 2008;42:644-52.

Luo QF & Wang X. The effects of PL-derived growth factor on osteogenesis and skeletal
reconstruction. Shanghai Kou Qiang Yi Xue. 2004;13:207-10.

Ma Y, Jee WS, Yuan Z,WeiW, Chen H, Pun S, Liang H & Lin C. Parathyroid hormone and
mechanical usage have a synergistic effect in rat tibial diaphyseal cortical bone. ]
Bone Miner Res. 1999;14:439-48.

Machwate M, Harada S, Leu CT, Seedor G, Labelle M, Gallant M, Hutchins S, Lachance N,
Sawyer N, Slipetz D, Metters KM, Rodan SB, Young R & Rodan GA. Prostaglandin
receptor EP(4) mediates the bone anabolic effects of PGE,. Mol Pharmacol.
2001;60:36-41.

Mason DJ. Glutamate signalling and its potential application to tissue engineering of bone.
Eur Cell Mater. 2004;7:12-25.

Mitra SK, Hanson DA & Schlaepfer DD. Focal adhesion kinase: in command and control of
cell motility. Nature. 2005;6:56-68.

Miyauchi A, Gotoh M, Notoya HKK, Sekiya H, Yoshimoto YTY, Ishikawa H, Takano-
Yamamoto KCT & Mikuni-Takagaki TFY. ayp3 integrin ligands enhance volume-

www.intechopen.com



Mechanotransduction and Osteogenesis 179

sensitive calcium influx in mechanically stretched osteocytes. ] Bone Miner Metab.
2006;24:498-504.

Mullender M, El Haj AJ, Yang Y, van Duin MA, Burger EH & Klein-Nulend J.
Mechanotransduction of bone cells in vitro: mechanobiology of bone tissue. ] Med
Biol Eng Comput. 2004;42:14-21.

Naruse K, Miyauchi A, Itoman M & Mikuni-Takagaki Y. Distinct anabolic response of
osteoblast to low-intensity pulsed ultrasound. ] Bone Miner Res. 2003;18:360-9.

Nomura S, Takano-Yamamoto T. Molecular events caused by mechanical stress in bone.
Matrix Biology. 2000;19:91-6.

Norvell SM, Alvarez M, Bidwell JP & Pavalko FM. Fluid shear stress induces [-catenin
signaling in osteoblasts. Calcif Tiss Int. 2004;75:396-404.

O’brien FJ, Hardiman DA, Hazenberg ]G, Mercy MV, Mohsin S, Taylor D & Lee TC. The
behaviour of microcraks in compact bone. Eur ] Morphol. 2005;42:71-9.

Ogasawara A, Arakawa T, Kaneda T, Takuma T, Sato T, Kaneko H, Kumegawa M &
Hakeda Y. Fluid shear stress-induced cyclooxygenase-2 expression is mediated by
C/EBP beta, cAMP-response element-binding protein, and AP-1 in osteoblastic
MC3T3-E1 cells. ] Biol Chem. 2001;276:7048-54.

Olkku A & Mahonen A. Wnt and steroid pathways control glutamate signalling by
regulating glutamine synthetase activity in osteoblastic cells. Bone. 2008;43:483-93

Owan M & Triffitt JT. Extravascular albumin in bone tissue. ] Phisyol. 1976;257:293-307.

Pavalko FM, Chen NX, Turner CH, Burr DB, Atkinson S, Hsieh Y-F, Qiu J & Duncan RL.
Fluid shear-induced mechanical signaling in MC3T3-E1 osteoblasts requires
cytoskeleton-integrin interactions. Am J Physiol Cell Physiol.1998;275:1591-601.

Pavalko FM, Norvell SM, Burr DB, Turner CH, Duncan RL & Bidwell JP. A model for
mechanotransduction in bone cells: the load-bearing mechanosomes. ] Cell
Biochem. 2003;88:104-12.

Plotkin LI, Mathov I, Aguirre JI, Parfitt AM, Manolagas SC & Bellido T. Mechanical
stimulation prevents osteocyte apoptosis: requirement of integrins, Src kinases, and
ERKSs. Am ] Physiol Cell Physiol. 2005;289:633-43.

Pommerenke H, Schmidt C, Diirr F, Nebe B, Liithen F, Muller P & Rychly J. The mode of
mechanical integrin stressing controls intracellular signaling in osteoblasts. ] Bone
Miner Res. 2002;17:603-11.

Qin YX, Lin W & Rubin C. The pathway of bone fluid flow as defined by in vivo
intramedullary pressure and streaming potential measurements. Ann Biomed Eng.
2002;30:693-702.

Raucci A, Bellosta P, Grassi R, Basilico C & Mansukhani A. Osteoblast proliferation or
differentiation is regulated by relative strengths of opposing signaling pathways. ]
Cell Physiol. 2008;215:442-51.

Reich KM, McAllister TN, Gudi S & Frangos JA. Activation of G proteins mediates flow-
induced prostaglandin E2 production in osteoblasts. Endocrinology. 1997;138:1014-
8.

Rezzonico R, Cayatte C, Bourget-Ponzio I, Romey G, Belhacene N, Loubat A, Rocchi S, van
Obberghen E, Girault J-A, Rossi B & Schmid-Antomarchi H. Focal adhesion kinase
pp125FAK interacts with the large conductance calcium-activated hSlo potassium
channel in human osteoblasts: potential role in mechanotransduction. ] Bone Miner
Res. 2003;18:1863-71.

www.intechopen.com



180 Osteogenesis

Riddle RC & Donahue HJ. From streaming-potentials to shear stress: 25 years of bone cell
mechanotransduction. ] Orthop Res. 2009;27:143-9.

Robling AG, Burr DB & Turner CH. Recovery periods restore mechanosensitivity to
dynamically loaded bone. ] Exp Biol.2001; 204:3389-99.

Robling AG, Castillo AB & Turner CH. Biomechanical and molecular regulation of bone
remodeling. Annu Rev Biomed Eng. 2006;8:455-98.

Robling AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR, Alam I, Mantila SM,
Gluhak-Heinrich J, Bellido TM, Harris SE & Turner CH. Mechanical stimulation of
bone in vivo reduces osteocyte expression of Sost/sclerostin. J Biol Chem.
2008;283:5866-75.

Rouzer CA & Marnett L]. Structural and functional differences between cyclooxygenases:
fatty acid oxygenases with a critical role in cell signaling. Biochem Biophys Res
Commun. 2005;338:34-44.

Rubin CT & Lanyon LE. Regulation of bone formation by applied dynamic loads. ] Bone
Joint Surg Am. 1984;66:271-80.

Rubin C, Turner AS, Bain S, Mallinckrodt C & McLeod K. Low mechanical signals
strengthen long bones. Nature 2001;412:603-4.

Sakata T, Wang Y, Halloran BP, Elalieh HZ, Cao J & Bikle DD. Skeletal unloading induces
resistance to insulin-like growth factor-I (IGF-I) by inhibiting activation of the IGF-I
signaling pathways. ] Bone Miner Res. 2004;19:436-46.

Salter DM, Robb JE & Wright MO. Electrophysiological responses of human bone cells to
mechanical stimulation: evidence for specific integrin function in
mechanotransduction. ] Bone Miner Res. 1997;12:1133-41.

Salter DM, Wallace WH, Robb JE, Caldwell H & Wright MO. Human bone cell
hyperpolarization response to cyclical mechanical strain is mediated by an
interleukin-1 beta autocrine/paracrine loop. ] Bone Miner Res. 2000;15:1746-55.

Sauren YMHF, Mieremet RHP, Groot CG & Scherft JP. An electron microscopic study on the
presence of proteoglycans on the mineralized matrix of rat and human compact
lamellar bone. Anat Rec. 1992;232:36-44.

Schlaepfer DD, Jones KC & Hunter T. Multiple Grb2-mediated integrin-stimulated signaling
pathways to ERK2/mitogen-activated protein kinase: summation of both c-Src- and
focal adhesion kinase-initiated tyrosine phosphorylation events. Mol Cell Biol.
1998;18:2571-85.

Schriefer JL, Warden SJ, Saxon LK, Robling AG & Turner CH. Cellular accommodation and
the response of bone to mechanical loading. ] Biomech. 2005;38:1838-45.

Scott A, Khan KM, Duronio V & Hart DA. Mechanotransduction in human bone in vitro
cellular physiology that underpins bone changes with exercise. Sports Med.
2008;38:139-60.

Sekimoto H, Eipper-Mains ], Pond-Tor S & Boney CM. avf3 integrins and Pyk2 mediate
ilnsulin-like growth factor I activation of Src and mitogen-activated protein kinase
in 3T3-L1 cells. Mol Endocrinol. 2005;19:1859-67.

Siller-Jackson AJ, Burra S, Gu S, Xia X, Bonewald LF, Sprague E & Jiang JX. Adaptation of
connexin 43-hemichannel prostaglandin release to mechanical loading. ] Biol
Chem. 2008;283:26374-82.

Sinha RK & Tuan RS. Regulation of human osteoblast integrin expression by orthopaedic
implant materials. Bone. 1996;18:451-7.

www.intechopen.com



Mechanotransduction and Osteogenesis 181

Sikavitsas VI, Temenoff ]S & Mikos AG. Biomaterials and bone mechanotransduction.
Biomaterials. 2001;22:2581-93.

Spencer GJ, McGrath CJ & Genever PG. Current perspectives on NMDA-type glutamate
signalling in bone. Int ] Biochem Cell Biol. 2007;39:1089-104.

Stains JP & Civitelli R. Gap junctions in skeletal development and function. Biochim Biophys
Acta. 2005;1719:69-81.

Tanaka-Kamioka K, Kamioka H, Ris H & Lim SS. Osteocyte shape is dependent on actin
filaments and osteocyte processes are unique actin-rich proections. ] Bone Miner
Res. 1998;13:1555-68.

Tang CH, Yang RS, Huang TH, Lu DY, Chuang W], Huang TF & Fu WM. Ultrasound
stimulates cyclooxygenase-2 expression and increases bone formation through
integrin, FAK, phosphatidylinositol 3-kinase and Akt pathway in osteoblasts. Mol
Pharmacol. 2006;69:2047-57.

Taylor AF. Functional osteoblastic ionotropic glutamate receptors are a prerequisite for bone
formation. ] Musculoskel Neuron Interact. 2002;2:415-22.

Taylor AF, Saunders MM, Shingle DL, et al. Mechanically stimulated osteocytes regulate
osteoblastic activity via gap junctions. Am J Physiol Cell Physiol. 2007; 292:C545-52.

Torcasio A, van Lenthe GH & Van Oosterwyck H. The importance of loading frequency,
rate and vibration for enhancing bone adaptation and implant osteointegration. Eur
Cell Mater. 2008;16:56-68.

Turner CH. Bone strength: current concepts. Ann NY Acad Sci. 2006;,1068:429-46.

Umemura Y, Ishiko T, Yamauchi T, Kurono M & Mashiko S. Five jumps per day increase
bone mass and breaking force in rats. ]. Bone Miner. Res. 1997;12:1480-5.

Wang F-S, Kuo Y-R, Wang C-], Yang KD, Chang P-R, Huang Y-T, Huang H-C, Sun Y-C,
Yang Y-J] & Chen Y-J. Nitric oxide mediates ultrasound-induced hypoxia-inducible
factor-1a activation and vascular endothelial growth factor-A expression in human
osteoblasts. Bone. 2004;35:114-23.

Warden SJ, Favaloro JM, Bennell KL, McMeeken JM, Ng KW, Zajac JD & Wark JD. Low-
intensity pulsed ultrasound stimulates a bone-forming response in UMR-106 cells.
Biochem Biophys Res Commun. 2001;286:443-50.

Warden SJ] & Turner CH. Mechanotransduction in the cortical bone is most efficient at
loading frequencies of 5-10 Hz. Bone. 2004;34: 261-270.

Watanuki M, Sakai A, Sakata T, Tsurukami H, Miwa M, Uchida Y, Watanabe K, Ikeda K &
Nakamura T. Role of inducible nitric oxide synthase in skeletal adaptation to acute
increases in mechanical loading. ] Bone Miner Res. 2002;17:1015-25.

Xu Z, Choudhary S, Okada Y, Voznesenskyl O, Alander C, Raisz L & Pilbeam C.
Cyclooxygenase-2 gene disruption promotes proliferation of murine calvarial
osteoblasts in vitro. Bone. 2007;41:68-76.

Yamamoto T, Kambe F, Cao X, Lu X, Ishiguro N & Seo H. Parathyroid hormone activates
phosphoinositide 3-kinase-Akt-Bad cascade in osteoblast-like cells. Bone.
2007;40:354-9.

Yang R-S, Lin W-L, Chen Y-Z, Tang C-H, Huang T-H, Lu B-Y & Fu W-M. Regulation by
ultrasound treatment on the integrin expression and differentiation of osteoblasts.
Bone. 2005;36:276-83.

Yavropoulou MP & Yovos JG. The role of the Wnt signaling pathway in osteoblast
commitment and differentiation. Hormones. 2007;6:279-94.

www.intechopen.com



182 Osteogenesis

Yee KL, Weaver VM & Hammer DA. Integrin-mediated signalling through the MAP-kinase
pathway. IET Syst Biol. 2008;2:8-15.

Yokota H & Tanaka SM. Osteogenic potentials with joint-loading modality. ] Bone Miner
Metab. 2005;23:302-8.

You J, Reilly GC, Zhen X, Yellowley CE, Chen Q, Donahue HJ & Jacobs CR. Osteopontin
gene regulation by oscillary fluid flow via intracellular calcium mobilization and
activation of mitogen-activated protein kinase in MC3T3-E1 osteoblasts. ] Biol
Chem. 2001;276:13365-71.

You L, Cowin SC, Schaffler MB & Weinbaum S. A model for strain amplification in the actin
cytoskeleton of osteocytes due to fluid drag on pericellular matrix. ] Biomech.
2001;34:1375-1386.

www.intechopen.com



Osteogenesis
OSTEOGENESIS Edited by Prof. Yunfeng Lin

Yunfeng Lin

ISBN 978-953-51-0030-0

Hard cover, 296 pages

Publisher InTech

Published online 10, February, 2012
Published in print edition February, 2012

This book provides an in-depth overview of current knowledge about Osteogenesis, including molecular
mechanisms, transcriptional regulators, scaffolds, cell biology, mechanical stimuli, vascularization and
osteogenesis related diseases. Hopefully, the publication of this book will help researchers in this field to
decide where to focus their future efforts, and provide an overview for surgeons and clinicians who wish to be
directed in the developments related to this fascinating subject.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Carlos Vinicius Buarque de Gusmao, José Ricardo Lenzi Mariolani and William Dias Belangero (2012).
Mechanotransduction and Osteogenesis, Osteogenesis, Prof. Yunfeng Lin (Ed.), ISBN: 978-953-51-0030-0,
InTech, Available from: http://www.intechopen.com/books/osteogenesis/mechanotransduction-and-
osteogenesis

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




