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While mechanotransductive signal is proven essential for tissue regeneration, it is critical to determine specific cellular responses to
suchmechanical signals and the underlyingmechanism.Dynamic fluid flow induced bymechanical loading has been shown to have
the potential to regulate bone adaptation andmitigate bone loss.Mechanotransduction pathways are of great interests in elucidating
howmechanical signals produce such observed effects, including reduced bone loss, increased bone formation, and osteogenic cell
differentiation.The objective of this review is to develop amolecular understanding of themechanotransduction processes in tissue
regeneration, which may provide new insights into bone physiology. We discussed the potential for mechanical loading to induce
dynamic bone fluid flow, regulation of bone adaptation, and optimization of stimulation parameters in various loading regimens.
The potential for mechanical loading to regulate microcirculation is also discussed. Particularly, attention is allotted to the potential
cellular and molecular pathways in response to loading, including osteocytes associated with Wnt signaling, elevation of marrow
stem cells, and suppression of adipotic cells, as well as the roles of LRP5 and microRNA. These data and discussions highlight the
complex yet highly coordinated process of mechanotransduction in bone tissue regeneration.

1. Introduction

High physical activity level has been associated with high
bone mass and low fracture risk and is therefore recom-
mended to reduce fractures [1–3]. The ability of muscu-
loskeletal tissue to respond to changes in its functional
milieu is one of the most intriguing aspects of such living
tissue and certainly contributes to its success as a structure.
Bone and muscle rapidly accommodate changes in their
functional environment to ensure that sufficient skeletal
mass is appropriately placed to withstand the regions of
functional activity, an attribute described as Wolff ’s Law
[4, 5]. This adaptive capability of musculoskeletal tissues
suggests that biophysical stimulimay be able to provide a site-
specific, exogenous treatment to control both bone mass and
morphology. The premise of mechanical influence on bone
morphology has become a basic tenet of bone physiology
[6–8]. Absence of functional loading results in loss of bone
mass [9–12], while exercise or increased activity results in
increased bone mass [13–15]. Similarly, increasing exercise
of musculoskeletal tissue can significantly increase blood

flow, oxygen, and the exchange of fluid in muscle. During
muscle contraction, several mechanisms regulate blood flow
to ensure a close coupling between muscle oxygen delivery
and metabolic demand [16–21]. Based on the muscle pump
theory, vascular arteries and veins within skeletal muscles are
compressed upon muscle contraction, therefore increasing
the arteriovenous pressure gradient and promoting capillary
filtration [22–24]. To define the formal relationship between
mechanicalmilieu and the adaptive response, the relationship
between muscle pump and interstitial fluid flow will prove
instrumental in devising a mechanical intervention for mus-
culoskeletal disorders such as osteoporosis, muscle fatigue,
and atrophy, designing biomechanical means to accelerate
fracture healing, and promoting bony ingrowth.

To adapt to the changing demands of mechanics, bone
mass and bonemorphology can be regulated via bone remod-
eling at specific sites.This crucial process of structural remod-
eling of the bone involves bone resorption and the subsequent
bone formation. However, difficulties to determine specific
mechanical components will hamper our understanding of
bone remodeling related diseases, as well as limiting our
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judgments on bone fractures and healing capacity.Therefore,
continuous studies of the bone remodeling process, for exam-
ple, to determine the mechanical model of this remodeling
process, can ultimately benefit the intervention on prevention
and treatment of musculoskeletal disorders.

1.1. Bone Adaptation to Mechanical Loading. In the past few
decades, researchers have suggested that the strain and stress
are the main regulation parameters of bone cell response
to mechanical signals. For instance, some researchers have
proposed “invariant” parameter whose strength does not
depend on a reference system, which is similar to “strain
energy density” [25, 26] that is capable of modulating bone
cell response to mechanical signals. This theory is consistent
with the idea of bone self-regulation [27, 28]. There are
many theories regarding bone self-regulation, including the
degree of strain regulation on bone modeling process, time-
dependent bone modeling, and remodeling processes [27].
A regulatory model with a variety of influential factors,
including the magnitude of strain/stress, number of loading
cycles, number of loading occurrences, tensor of strain, and
the strain energy density, can result in bone self-regulation. It
is still difficult to distinguish the independent effects of these
factors and to determine the specific factors that regulate
bone remodeling. To explore these mechanical hypotheses,
it must be determined whether bone cells are directly or
indirectly regulated by these mechanical parameters. By
far, there is little evidence in the relationship between the
maximal strain, stress, and bone morphology [9]. Specific
mechanical parameters to initiate or discontinue mechanical
response of bone cells remain to be further determined.

1.2. The Role of Dynamic and Temporal Mechanical Signals.
A recent discovery mainly uses the temporal portion of the
stimulus signal, such as the number of strain cycles, loading
frequency, and strain gradient, to explain the mechanism
of bone response to mechanical stimuli at the cellular level.
Under stimuli with the same strain magnitude, higher strain
cycle will cause a more significant adaptive response [29, 30].
Similarly, signals at 15 to 60Hz, in comparison to signals
at about 1Hz, can stimulate more bone growth [31, 32]
(Figure 1). Maintenance of the existing bone mass requires
different frequencies (1 to 60Hz) of stimuli with continuous
sinusoidal signal (10minutes/day) to achieve different loading
magnitude “threshold value.” Experiments have shown that
stimulation at 1Hz requires 700 𝜇𝜀 of longitudinal strain to
maintain the existing cortical bonemass, while stimulation at
30Hz only requires 400𝜇𝜀. If 60Hz of the stimulation signal
is used, only 270𝜇𝜀 of strain signal is sufficient to maintain
the amount of cortical bone. A strong link has been found
between this frequency-sensitive cortical bone remodeling
process and the magnitude of bone fluid flow, in which the
flow is directly regulated by the frequency (𝑅 = 0.8) [33].
Turner et al. have found that increased loading rate with a
constant loading strain on the adult rat tibia can significantly
improve bone formation [34]. Meanwhile, the amount of
new bone formation is directly proportional to the strain
loading rate. If we associate the external mechanical loading

parameters with bone remodeling, then we will most likely
be able to predict the periosteal new bone formation based
on the strain gradient [9, 35, 36]. Many in vivo and in vitro
experimental evidences have pointed out that bone adapts to
dynamic mechanical loads rather than a static load [34, 37,
38]. All these show that dynamic and temporal mechanical
signals, alongwith the potential load-induced fluid dynamics,
are necessary for promoting the bone adaptation.

1.3. Mechanotransduction and Interstitial Bone Fluid Flow.
Tensile strain is closely related to interstitial bone fluid flow
caused by bone matrix deformation. Mechanical loading can
cause variations of bone matrix deformation and interstitial
fluid pathways within bone, thereby generating hydraulic
pressure gradient within the capillary bed, leading to inter-
stitial bone fluid flow [39]. Fluid flow-induced shear stress
within bone has been considered as the source of how bone
cells sense mechanical stimulation [40–44]. Bone interstitial
fluid is filling a variety of voids and channels within the bone
matrix, including lacunae-canaliculi, bone tubules,Haversian
canal and Volkmann canal, and osteon [45]. Mechanical
loading-induced interstitial bone fluid flowmay play a role in
mechanical sensing, bone cells response, signal transmission,
transfer of nutrients, and so forth. This interstitial fluid flow
within cortical bone is thought to be a critical regulator for
bone mass and morphology [46–48]. We believe that this is
a key mechanism of how bone, at certain loading frequency,
strain, strain cycle, and strain gradient, leads to load-induced
bone modeling, remodeling, and maintenance.

1.4. The Use of Noninvasive Dynamic Flow Stimulation to Pre-
vent Bone Loss. Experiments on dogs during development
have shown that increased venous pressure can promote new
bone formation in the periosteum [49]. The data indicated
that increased venous pressure will increase blood supply
from the capillaries to the bone tissue, whichmay lead to new
bone formation in the periosteum. In a rat tail suspension
experiment, suturing tibial vein increased tibial marrow cav-
ity pressure (ImP) (27.8mmHg versus 16.4mmHg, 𝑃 < 0.05)
in the experimental group compared to the control, which
suggested that the pore fluid flow pressure reinforced by the
suture is inversely proportional to the bone cross section. In
the experimental group of vein suture, bone mineral content
and trabecular bone density were significantly higher within
19 days [50]. These results indicated that bone fluid flow may
not solely rely on themechanical loads to cause bone adaptive
response. Moreover, intravenous fluid pressure is directly
related to hydraulic ImP, which implies that the adaptive
response can be altered by intravenous bone muscle pump
hydraulic effect that prevents bone loss noninvasively.

1.5. Marrow Pressure and Bone Strain Generated by Mechan-
ical Loading. Recent studies have revealed that induced
marrow fluid pressure and bone strain by mechanical stim-
ulation were dependent on dynamic loading parameters and
optimized at certain loading frequencies [33]. A previous
study has evaluated oscillatory electrical muscle stimulation-
(MS-) induced ImPandbone strain as function of stimulation
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Figure 1: Maintaining bone mass as a function of daily loading cycle number requires a certain strain threshold (microstrain). A curve fitting
to the data shows daily loading cycle numbers from less than one cycle to greater than 100,000 cycles. The necessary strain to maintain bone
mass is reduced as the daily loading cycle number increases.

frequency. MS generated femoral ImP and bone strain were
measured with frequencies of 1–100Hz in rats. A maximum
ImP of 45 ± 9mmHg at 20Hz and a maximummatrix strain
of 128 ± 19 𝜇𝜀 at 10Hz were generated by oscillatory MS.
These results suggest that muscle force alone, if applied at a
low rate, such as resistant weight lifting with high intensity,
would not be able to generate sufficient strain and fluid
pressure in bone. MS with a relatively high rate and a small
magnitude, however, can trigger significant fluid pressure in
the skeleton. To identify induced ImP dynamics and bone
strain factors in vivo using a noninvasive method, a more
recent study used dynamic hydraulic stimulation (DHS) and
evaluated its immediate effects on local and distant ImP and
bone strain in response to a range of loading frequencies of
1Hz to 10Hz [51–54]. DHS-induced ImP in the stimulated
tibia was in a nonlinear fashion over the range of loading
frequencies, where they peaked at 2Hz with a maximum
ImP of 14.48 ± 3.10mmHg. Maximal bone strain was less
than 8𝜇𝜀, measured at all loading frequencies. No detectable
induction of ImP or bone strain was observed in the distant
site away from the stimulation. Oscillatory DHSmay regulate
local fluid dynamics with minimal mechanical matrix strain,
which is highly frequency dependent.

1.6. Mechanical Loading-Induced Bone Loss Attenuation and
Fracture Healing. An in vivo study used a rat functional
disuse model to evaluate the mitigation potential of MS in
disused trabecular bone and investigated the importance of
the optimized stimulation frequency (1, 20, 50, and 100Hz)
in the loading regimen [52]. Analyzed by microCT and
histomorphometry, MS for 10min/day with a total of 4
weeks showed improvements inmetaphyseal trabecular bone
quantity and structure at midfrequency (20Hz and 50Hz),
in which 50Hz of stimulation demonstrated the greatest
preventive effect on the skeleton against functional disuse
(up to +147% in bone volume fraction, +38% in trabecular
number, and −36% in trabecular separation compared to
HLS control). These data imply that MS, applied at a high
frequency with a low magnitude for a short duration, is
able to mitigate bone loss induced by the functional disuse

(Figure 2). In addition, another study used DHS that elevates
in vivo oscillatory BFF via ImP, to evaluate the effects of DHS
onmitigation of trabecular bone loss and structural alteration
in a rat disuse model [53–56]. DHS of 2Hz for 20min/day, 5
days/week, and a total of 4-week experiment improved the
bone quantity and microarchitecture (+83% in bone volume
fraction, +25% in trabecular number, and −26% in trabecular
separation compared to HLS control). The data demonstrate
DHS’s potentials to mitigate bone loss induced by functional
disuse (Figure 3).

Taking into account that MS can increase blood flow
and ImP in the muscle and marrow cavity [33, 57] and that
blood flow has a close relationship with fracture healing, it
is likely that applying MS may result in an enhancement of
fracture healing. Using a rabbit model with a 3mm tibial
transverse osteotomy, Park and Silva have shown that fracture
treated withMS showed 31% higher mineral content and 27%
larger callus area than control osteotomies at eight weeks. In
addition, the maximum torque, torsional stiffness, angular
displacement at maximum torque, and energy required for
failure of specimens in the study group were 62%, 29%,
34.6%, and 124%higher, respectively, compared to the control
at eight weeks [58]. The results suggested that the use of
MS can enhance callus mineralization and biomechanical
strength in the callus region. This may, at least partially,
be the result of MS enhanced blood circulation. Using a
bone chamber, Winet and his group observed that muscle
contractions directly increased bone blood flow rates by 130%
but uncoupled from mechanical loading, while heart rates
and blood pressure did not significantly increase due to the
MS treatment [59]. Thus, enhanced fluid flow by MS may
directly involve increasing fluid flow in callus and trigger
anabolic response under such acute conditions, for example,
fracture healing.

2. Potential Cellular and Molecular Pathways
of Mechanotransduction

Bone remodeling involves all related cell types, that
is, osteoblast, osteoclast, osteocyte, T-cells, B-cells,



4 BioMed Research International

Age-matched HLS 1Hz MS 50Hz MS20Hz MS 100Hz MS

A
ge

-m
at

ch
ed

H
LS

1
H

z

5
0

H
z

2
0

H
z

10
0

H
z 

Ba
se

lin
e

BV
/T

V

0.25

0.2

0.15

0.1

0.05

0

70

80

60

50

40

30

20

10

0

C
on

n.
D

 (1
/m

m
3
)

A
ge

-m
at

ch
ed

H
LS

1
H

z

5
0

H
z

2
0

H
z

10
0

H
z 

Ba
se

lin
e

0.5
1

1.5
2

2.5
3

3.5
4

4.5

0

Tb
.N

A
ge

-m
at

ch
ed

H
LS

1
H

z

5
0

H
z

2
0

H
z

10
0

H
z 

Ba
se

lin
e

0.25
0.2
0.15
0.1

0.45
0.4

0.5

0.35
0.3

0.05
0

Tb
.S

p 
(m

m
)

A
ge

-m
at

ch
ed

H
LS

1
H

z

5
0

H
z

2
0

H
z

10
0

H
z 

Ba
se

lin
e

#+

#+

#+
#+

#+
#+

#+

#+

∗∗

∗∗∗∗

∗

∗
∗∗∗

∗∗∗∗

∗∗∗

∗∗∗

∗∗∗

Figure 2: Representative 3D 𝜇CT images of trabecular bone in distal femur. Graphs showmean± SD values for bone volume fraction (BV/TV,
%), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and separation (Tb.Sp,mm).MS at 50Hz produced a significant
change in all indices, compared to HLS. #𝑃 < 0.001 versus baseline; +𝑃 < 0.001 versus age-matched; ∗𝑃 < 0.05 versus HLS and 1Hz MS;
∗∗
𝑃 < 0.01 versus HLS and 1Hz MS; ∗∗∗𝑃 < 0.001 versus HLS and 1Hz MS.

megakaryocyte, and lining cells. Thus, all these cells are
potentially mechanosensitive and even interrelated. These
cells respond to mechanical loading with expression of
specific molecular pathways. This section will discuss several
potential pathways involved in mechanical stimulation
induced adaptation.

2.1. Basic Multicellular Units (BMU). To explore the interre-
lation among overall bone cells, a cluster of bone forming
and bone resorption cells among dynamic and temporal
adaptation structures are known as “basicmulticellular units”
(BMUs) [60, 61]. Bone adaptation occurs constantly and each
cycle may take over several weeks. Such processes are per-
formed with combination of resorption and formation. Each
phase can involve targeted molecular and gene activations.
An active BMU consists of a leading front of bone-resorbing
osteoclasts. Reversal cells, of unclear phenotype, follow the
osteoclasts, covering the newly exposed bone surface, and
prepare them for deposition of replacement bone, following
a deposition of an unmineralized bone matrix known as

osteoid. Related molecular and genetic factors are repre-
sented in this temporal sequence (Figure 4).

In response to mechanical loading, the first stage of
remodeling reflects the detection of initiating triggering
signals such as fluid flow and/or any other physical stimu-
lation, for example, pressure, electrical, and acoustic waves.
Prior to activation, the resting bone surface is covered with
bone-lining cells, including preosteoblasts intercalated with
osteomacs. B-cells are present in the bonemarrow and secrete
osteoprotegerin (OPG) that suppresses osteoclastogenesis.
During the activation phase, the endocrine bone remodel-
ing signal parathyroid hormone (PTH) binds to the PTH
receptor on preosteoblasts. Damage to the mineralized bone
matrix results in localized osteocyte apoptosis, reducing the
local transforming growth factor 𝛽 (TGF-𝛽) concentration
and its inhibition of osteoclastogenesis. In the resorption
phase, in response to PTH signaling, MCP-1 is released from
osteoblasts and recruits preosteoclasts to the bone surface.
Additionally, osteoblastic expression of OPG is decreased,
and production of CSF-1 and RANKL is increased to pro-
mote proliferation of osteoclast precursors anddifferentiation
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Figure 3: Representative 3D 𝜇CT images of trabecular bone in distal femur. Graphs showmean± SD values for bone volume fraction (BV/TV,
%), connectivity density (Conn.D, 1/mm3), trabecular number (Tb.N, 1/mm), and separation (Tb.Sp,mm).DHS at 2Hz produced a significant
change in all indices, compared to HLS. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

of mature osteoclasts. Mature osteoclasts anchor to RGD-
binding sites, creating a localized microenvironment (sealed
zone) that facilitates degradation of the mineralized bone
matrix. In the reversal phase, reversal cells engulf and remove
demineralized undigested collagen from the bone surface.
Transition signals are generated that halt bone resorption
and stimulate the bone formation process. During the for-
mation phase, formation signals and molecules arise from
the degraded bonematrix,mature osteoclasts, and potentially
reversal cells. PTH and mechanical activation of osteocytes
reduce sclerostin expression, allowing forWnt-directed bone
formation to occur. Finally, in the termination phase, scle-
rostin expression likely returns, and bone formation ceases.
The newly deposited osteoid ismineralized; the bone surfaces
return to a resting state with bone-lining cells intercalated

with osteomacs, and the remodeling cycle ends. Mechanical
stimulation is likely involved in each of these phases and
eventually regulates related molecular and genetic factors.
This unique spatial and temporal arrangement of cells within
the BMU is critical to bone remodeling, ensuring coordi-
nation of the distinct and sequential phases of this process:
activation, resorption, reversal, formation, and termination.

2.2. Osteocyte and Its Response to Mechanical Signals Coupled
with Wnt Signaling. Osteocytes, cells embedded within the
mineralized matrix of bone, are becoming the target of
intensive investigation [61–64]. Osteoblasts are defined as
cells that make bone matrix and are thought to translate
mechanical loading into biochemical signals that affect bone
modeling and remodeling. The interrelationship between
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osteoblasts and osteocytes would be expected to have the
same lineage, yet these cells also have distinct differences,
particularly in their responses to mechanical loading and
utilization of the various biochemical pathways to accomplish
their respective functions. Among many factors, Wnt/𝛽-
catenin signaling pathwaymay be recognized as an important
regulator of bone mass and bone cell functions [61, 64].
While osteocytes are embedded within the mineral matrix,
Wnt/𝛽-catenin signaling pathway may serve as a transmitter
to transfer mechanical signals sensed by osteocytes to the
surface of bone. Further, new data suggest that the Wnt/𝛽-
catenin pathway in osteocytes may be triggered by crosstalk
with the prostaglandin pathway in response to loading which
then leads to a decrease in expression of negative regulators
of the pathway such as sclerostin (Sost) and Dickkopf-
related protein 1 (Dkk-1) [64, 65]. Figure 5 indicates potential
pathway in response to mechanical loading.

It has been shown that the Wnt pathway is closely
involved in bone cell differentiation, proliferation, and apop-
tosis [64, 66]. Regulation of the Wnt/𝛽-catenin signaling
pathway is vested largely in proteins that either act as com-
petitive binders of Wnts, notably the secreted frizzled-related
proteins (sFRP) family, or act at the level of low-density

lipoprotein receptor-related protein 5 (LRP5), including the
osteocyte specific protein, sclerostin (the Sost gene product),
and the Dkk proteins, particularly Dkk-1 and Dkk-2 [64,
66–69]. Sclerostin has been shown to be made by mature
osteocytes and inhibits Wnt/𝛽-catenin signaling by binding
to LRP5 and preventing the binding of Wnt. Dkk-1 is highly
expressed in osteocytes [67–69]. Clinical trial studies using
antibodies to sclerostin have also been shown to result in
increased bone mass, suggesting that targeting of these neg-
ative regulators of Wnt/𝛽-catenin signaling pathway might
be anabolic treatments for diseases such as osteoporosis
[67]. Finally, mechanical loading has been shown to reduce
sclerostin levels in bone [67], suggesting that one of the
targets of the pathways, activated by the early events after
mechanical loading, is the genes encoding these negative
modulators of the Wnt/𝛽-catenin signaling pathway.

2.3. Mechanical Signal Triggered Bone Marrow Cells Alter-
ation. The data from disuse osteopenia and clinical osteo-
porosis have shown significant reduction of bone density
and structural integrity, culminating in an elevated risk of
skeletal fracture. Concurrently, a marked reduction in the
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available bone-marrow-derived population of mesenchymal
stem cells (MSCs) [70] jeopardizes the regenerative potential
that is critical to the recovery from bone loss, musculoskele-
tal injury, and diseases. A potential way to combat the
deterioration involves harnessing the sensitivity of bone to
mechanical signals, which is crucial in defining, maintaining,
and recovering bone mass. As discussed above, bone cells,
that is, osteoblast, osteoclast, and osteocyte, may sense
external mechanical loading directly and perform balance
of formation and resorption in the remodeling process;
specific mechanotransductive signals may also bias MSC
differentiation towards osteoblastogenesis and away from
adipogenesis.Mechanical targeting of the bonemarrow stem-
cell pool might, therefore, represent a novel, drug-free means
of slowing the age-related decline of the musculoskeletal
system.

Exercise is important in stemming both osteoporosis and
obesity, with the fact that MSCs are progenitors of both
osteoblasts and adipocytes (fat cells), as well as the anabolic
response of the skeletal system to mechanical loadings. It was
then hypothesized that mechanical signals anabolic to bone
would invariably cause a parallel decrease in fat production.
In an in vivo setting, seven-week-oldC57BL/6Jmice on a nor-
mal chow diet were randomized to undergo low magnitude

high frequency loading (90Hz at 0.2 g for 15minutes per day)
or placebo treatment [71]. At 15 weeks, with no differences in
food consumption between groups, in vivo CT scans showed
that the abdominal fat volume of mice subjected to loading
was 27% lower than that of the controls (𝑃 < 0.01) [72,
73]. Wet weights of visceral and subcutaneous fat deposits
in loading mice were correspondingly lower. Confirmed by
fluorescent labeling and flow cytometry studies [72, 73], these
data indicated that the influence of mechanical signals is
not only on the resident bone cell (osteoblast/osteocyte)
population but also on their progenitors, biasing MSC differ-
entiation towards bone (osteoblastogenesis) and away from
fat (adipogenesis). In a follow-up test of this hypothesis,
mice fed with a high fat diet were subjected to low mag-
nitude loading or placebo treatment [72, 73]. Suppression
of adiposity by the mechanical signals was accompanied
by a “mechanistic response” at the molecular level, which
shows that loading significantly influenced MSC commit-
ment to either osteogenic runt-related transcription factor 2
(Runx2), a transcription factor central to osteoblastogenesis,
or adipogenic (peroxisome proliferator-activated receptor
[PPAR]𝛾, a transcription factor central to adipogenesis).
Runx2 expression was greater and PPAR𝛾 expression was
decreased in the mice that underwent LMMs compared with
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controls. The PPAR𝛾 transcription factor, when absent or
present as a single copy, facilitates osteogenesis at least partly
through enhanced canonical Wnt signaling [74, 75], a path-
way critically important to MSC entry into the osteogenic
lineage and expansion of the osteoprogenitor pool. Notably,
low magnitude mechanical loading treatment also resulted
in a 46% increase in the size of the MSC pool (𝑃 < 0.05)
[72, 73]. These experiments, although not obviating a role
for the osteoblast/osteocyte syncytium, provide evidence that
bone marrow stem cells are capable of sensing exogenous
mechanical signals and responding with an alteration in the
cell fate that ultimately influences both the bone and fat phe-
notypes. Importantly, the inverse correlation of bone and fat
phenotypes has increasing support in the clinical literature.
Although controversial, and despite the presumption that
conditions such as obesity will inherently protect the skeleton
owing to increased loading events, data in humans evaluating
bone-fat interactions indicate that an ever-increasing adipose
burden comes at the cost of bone structure and increased risk
of fracture [76].

2.4. The Role of LRP5 in Bone Responding to Mechanical
Loading. LRP5 has been shown to have important functions
in the mammalian skeleton. Experimental evidences have
pointed LRP5 as a critical factor in translating mechani-
cal signals into the proper skeletal response. For example,
loss-of-function mutations in LRP5 have been reported to
cause the autosomal recessive human disease osteoporosis-
pseudoglioma syndrome (OPPG), which leads to significant
reduction of BMDs, and are more susceptible to skeletal
fracture and deformity [77–79]. Moreover, the mechanical
importance of LRP5 has been demonstrated in LRP5−/−
mice, which were found with an almost complete abla-
tion in ulnar loading-induced bone formation compared
to wild-type controls [79, 80]. Multiple single nucleotide
polymorphisms (SNPs), located in exons 18 and 10, have been
reported, which can significantly affect the interconnection
between physical activity and bonemass [79, 81]. A high bone
mass (HBM) phenotype in humanswas reported to be caused
by certain missense mutations near the N-terminus of LRP5
[82, 83]. An LRP5 overexpression mutation is, on the other
hand, associated with high bonemass and induced osteoblast
proliferation [82]. Increased sensitivity to load due to a lower
threshold for initiating bone formation was also reported
with this mouse [83]. A recent study done by Zhong et al.
showed that in vitro tension on MC3T3-E1 cells increased
LRP5 gene expression at 1, 3, and 5 hours of loading [84].

2.5. MicroRNA and Its Role in Mechanotransduction in Tis-
sue. The newly discovered microRNAs (miRNAs) are short
noncodingRNAs,which can be complementary tomessenger
RNA (mRNA) sequences to silent gene expression by either
degradation or inhibitory translation of target transcripts
[85, 86]. Regulation of Runx2, bone morphogenic protein
(BMP), and Wnt signaling pathways is by far the most well-
studied miRNA related osteoblast function. Positive and
negative regulations of miRNAs on Runx2 expression have

been shown to affect skeletal morphogenesis and osteoblas-
togenesis [87]. Inhibition of osteoblastogenesis can result
from miRNA-135 and miRNA-26a regulated BMP-2/Smad
signaling pathway [88]. Activation of Wnt signaling through
miRNA-29a-targeted Wnt inhibitors is upregulated during
osteoblast differentiation [89]. In addition, studies have been
done to investigate the miRNA function on self-renewal
and lineage determination for tissue regeneration via human
stromal stem cells [90, 91]. Moreover, extensive studies have
also been done to assess the effects of miRNAs on osteogenic
functions in committed cell lines including osteoprogenitors,
osteoblasts, and osteocytic cell lines. In general, actions of
miRNA may affect bone cell differentiation in either positive
or negative ways [85, 91].

Recent research has gained interests in studying the
transcription andmicroRNA regulation to better understand
gene expression regulation in a mechanical loading model.
Transcription factors can bind to motifs in the promoter
of genes and directly affect their expression; therefore,
mechanotransduction in bone may result in transcription
factors alteration for regulation. Using a predictive bioin-
formatics algorithm, a recent study investigated the time-
dependent regulatorymechanisms that governedmechanical
loading-induced gene expression in bone. Axial loading
was performed on the right forelimb in rodents. A linear
model of gene expression was created and 44 transcription
factor binding motifs and 29 microRNA binding sites were
identified to predict the regulated gene expression across the
time course. It may be important in controlling the loading-
induced bone formation process via the time-dependent
regulatory mechanisms.

2.6.Mechanotransductive Implication in BoneTissue Engineer-
ing. Development of artificial scaffold for musculoskeletal
applications could take advantage of the mechanotransduc-
tion phenomena to achieve its integrity and function, which
can lead to tissue healing. Mechanical signals delivered to
bone cells may be interfered by the scaffold deformation
and should be taken into account. Fortunately, mechan-
otransduction could be used to control the proliferation
and differentiation of bone cells [55, 56, 92–94]. Fluid
flow has been proposed as an important mechanical aspect
to be considered when developing bone scaffolds [53–56,
94]. Studies using bioreactors have helped us understand
the phenomena of mechanotransduction used in scaffold
design [92]. For example, rotating bioreactors, flow perfusion
bioreactors, and other mechanical stimuli such as strain
have been designed to increase mass transfer by inducing
dynamic flow conditions in culture, to create osteoinductive
factors on mesenchymal stem cells by the generated fluid
shear stress [95], and to induce the osteogenic differentiation
of mesenchymal stem cells [96], respectively. Among all,
mimicking the natural bone strain to favor osteogenesis is one
of the most rational aims for scaffold development. Matching
of the strain histograms of a scaffold and the actual bone
can be performed using microCT measurements and finite
element method [55, 97, 98].
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3. Summary

Functional tissue regeneration has been shown to be signifi-
cantly influenced by mechanical loading and mechanotrans-
duction under both in vitro and in vivo conditions. There
are close interrelationships among bone, muscle, cellular,
molecular pathways, and biomaterial remodeling by such
physiological stimulation. The effects of mechanobiology
may be harnessed in such a way that dynamic fluid flow stim-
ulation can act as a mechanobiological mediator in scaffold
to regulate cellular and tissue regeneration and proliferation.
Such signals must be performed and conducted in a dynamic
manner and potentially served as a noninvasive approach.
The increase of physiological stimulation may ultimately
enhance interstitial fluid flow and mechanotransduction in
tissue and engineered constructs. Furthermore, dynamic
stimulation, if applied at an optimal frequency, has shown the
potential to attenuate osteopenia in disuse while promoting
formation in osteogenesis, which may potentially serve as
a biomechanical intervention for treating osteoporosis and
muscle atrophy.
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