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Recently we have developed a dynamic hydraulic stimulation (DHS) as a loading modality to induce ana-
bolic responses in bone. To further study the functional process of DHS regulated bone metabolism, the
objective of this study was to evaluate the effects of DHS on cortical bone and its alterations on gene
expressions of osteogenic growth factors and transcription factors as a function of time. Using a model
system of 5-month-old hindlimb suspended (HLS) female Sprague–Dawley rats, DHS was applied to
the right tibiae of the stimulated rats with a loading frequency of 2 Hz with 30 mmHg (p–p) dynamic
pressure, 5 days/week, for a total of 28 days. Midshafts of the tibiae were analyzed using lCT and histol-
ogy. Total RNA was analyzed using RT-PCR on selected osteogenic genes (RUNX2, b-catenin, osteopontin,
VEGF, BMP2, IGF-1, and TGF-b) on 3-, 7-, 14- , and 21-day. Results showed increased Cort.Th and Ct.BV/TV
as well as a time-dependent fashion of gradual changes in mRNA levels upon DHS. While DHS-driven fold
changes of the mRNA levels remained low before Day-7, its fold changes started to elevate by Day-14 and
then dropped by Day-21. This study further delineates the underlying molecular mechanism of DHS-
derived mechanical signals, and its time-dependent optimization.

� 2014 Published by Elsevier Inc.
Introduction signals to the skeleton can provide an alternate non-pharmacolog-
Physical regulation plays a critical role in skeletal growth and
function. This function involves the perception of extracellular sig-
nals and their transformation into intracellular molecular activi-
ties. Increasing the surrounding mechanical signals directly
activates signaling pathways that promote chondro- and osteo-
blastic differentiation and proliferation, which further regulate
bone metabolism [1–3]. In contrast, unchanged or reduced bone
formation and increased matrix resorption by osteoclasts can
result from reduced or absence of mechanical stimuli [1,4,5].
Therefore, based on mechanical loading as a powerful anabolic
stimulus for bone, interventional modalities delivering mechanical
ical approach to treat disuse osteoporosis.
Dynamic hydraulic stimulation (DHS)1 is a recently developed,

non-invasive loading modality as a potential countermeasure for
osteopenia/osteoporosis. DHS is achieved through an inflatable cuff
placed around the hindlimb of an experimental rat. The inflation
and deflation of the cuff provide external dynamic pressure com-
pressions with established pressure magnitudes and loading fre-
quencies. Demonstrating in a 4-week functional disuse hindlimb
suspension (HLS) rat model, 2 Hz DHS with 30 mmHg static pressur-
e + 30 mmHg (p–p) dynamic pressure for 20 min/day, 5 days/week
was able to mitigate tibial trabecular bone loss under such disuse
condition [6]. Direct intramedullary pressure (ImP) and strain mea-
surements using surgical approach further suggested the possible
mechanism of DHS-driven trabecular bone adaptation. Local ImP,
with minimal strain, can be generated by oscillatory DHS as a func-
tion of stimulation frequency, where the induced dynamic ImP may
later enhance bone fluid flow (BFF) [7]. To further study the func-
tional process of DHS-derived mechanical signals in bone metabo-
lism, the objective of the present study was to evaluate the effects
of DHS on disuse cortical bone and the alterations of the gene
expressions of osteogenic growth factors and transcription factors.
These effects may underlie the response to the mechanical stimuli
derived from DHS, i.e. eliciting downstream molecular response.
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Secretion of growth factors following mechanical stimulation
aids to trigger bone regeneration. Some of the most potent growth
factors include the transforming growth factor-b (TGF-b), the insu-
lin-like growth factors (IGFs), the bone morphogenetic protein-2
(BMP-2) [8,9], and vascular endothelial growth factor (VEGF)
[8,10]. Functions of these growth factors include enhancement of
osteoprogenitor cells’ and osteoblasts’ proliferation during bone
regeneration [9,11], involvement in marrow stromal cells regu-
lated osteoblast proliferation and osteoblastogenesis induction
[9,12], facilitation of the differentiation of mesenchymal stem cells
(MSCs) to osteochondroblastic lineage [11,13], and promotion of
osteoblast differentiation and increases of mineralization of regen-
erated bone [10]. Converging with growth factors, intracellular sig-
naling pathways are activated upon mechanical stimulation, which
in turn activate transcription factors that promote bone formation
[8]. Committed osteoprogenitor cells from MSCs further differenti-
ate into osteoblasts, which then express osteoblast phenotypic
genes once become mature and functional [14]. As a principal tran-
scription factor, RUNX2 regulates osteoblast differentiation [15].
Downstream of RUNX2, b-catenin is a transcription factor that
contributes to the control of osteoblastogenesis [16]. Other tran-
scription factors, such as osteopontin, modulate both osteoblastic
and osteoclastic functions in response to cytokines and mechanical
signals [17].

Bone formation progresses over time after the initiation of
mechanical loading. Within 24–48 hr after mechanical loading
starts, new osteoblasts lay on the bone surface and contribute to
bone formation that is observed after 96 hr of loading. Bone forma-
tion follows a time-dependent manner, in which it increases
between 5 and 12 days of loading and returns back to baseline
levels after 6 weeks of loading. These data suggest that the whole
cycle of bone formation, including osteoblast recruitment followed
by matrix production, lasts for about 5 weeks before declining back
to baseline levels [2,18–21]. It then becomes an interesting
research focus to look into the molecular regulatory mechanism
in bone subjected to mechanical loading. However, this mechanism
is not fully understood.

Knowing the phenotypic response of trabecular bone to DHS,
the present study aimed to confirm the effect of DHS on cortical
bone and to elucidate the alterations of the gene expressions of
osteogenic growth factors and transcription factors in response
to DHS over a time course. It was hypothesized that DHS activates
the gene expressions of osteogenic growth factors and transcrip-
tion factors that are involved in mechanotransduction and bone
metabolism, and the sequence of the events is time-dependent.
In this study, we evaluated DHS-induced cortical bone thickening
over 4 weeks and the expressions of selected osteogenesis related
genes over a time course of 3, 7, 14, and 21 days.
Materials and methods

Animal study 1

The Institutional Animal Care and Use Committee (IACUC) at
Stony Brook University approved all experimental procedures.
Thirty-six 5-month-old female Sprague–Dawley virgin rats
(Charles River, MA) were used to investigate the effects of DHS
on cortical bone adaptation under disuse condition. Animals were
housed in 18’’ � 18’’ � 24’’ (L �W � H) stainless steel HLS cages
with standard rodent chow and water ad libitum. The tempera-
ture-controlled animal room had a 12:12 hr light:dark cycle. Ani-
mals were randomly assigned to three groups: age-matched
control (n = 14), HLS (n = 14), and HLS + DHS (n = 8). Functional dis-
use in the rat hindlimbs was introduced by HLS, with similar pro-
cedure as previously described [6]. Animal’s tail was cleaned using
70% alcohol and then coated with Tincture of Benzoin. The end of
the tail was attached to a piece of surgical tape that formed a loop.
Using three strips of elastic adhesive bandage to secure the surgical
tape, the loop was linked to a tail harness apparatus and a swivel
hook which allowed suspension from the top of the cage. With
an approximately 30� head-down tilt, the animal’s hindlimbs were
about 2 cm above ground while its forelimbs were fully allowed for
movements. All, animals’ body weights and overall health were
carefully monitored throughout the entire study.

Animal study 2

Ninety-six 5-month-old female Sprague–Dawley virgin rats
(Charles River, MA) were used to investigate the alterations of
the gene expressions of osteogenic growth factors and transcrip-
tion factors in response to DHS. The housing condition of the ani-
mals and the HLS procedure were the same as in Animal Study 1.
The groups of the animals were: (1) age-matched – day 3 (n = 8),
(2) HLS – day 3 (n = 8), (3) HLS + DHS – day 3 (n = 8), (4) age-
matched – day 7 (n = 8), (5) HLS – day 7 (n = 8), (6) HLS + DHS –
day 7 (n = 8); (7) age-matched – day 14 (n = 8), (8) HLS – day 14
(n = 8), (9) HLS + DHS – day 14 (n = 8), (10) age-matched – day
21 (n = 8), (11) HLS – day 21 (n = 8), (12) HLS + DHS – day 21
(n = 8).

DHS loading protocols

For both Animal Study 1 and Animal Study 2, daily DHS was
applied to the stimulated animals in conjunction with HLS. With
the similar setup as in a previous study [6], DHS was delivered to
the right tibia by placing a costume-made inflatable cuff
around the right hindlimb over the tibia. Dynamic frequencies
and magnitudes were controlled through an actuator-driven
syringe connected to a programmable 100 MHz waveform/signal
generator (Model 395, Wavetek). DHS was given with a stimula-
tion frequency of 2 Hz and a magnitude of 30 mmHg static pressur-
e + 30 mmHg (p–p) dynamic pressures. For Animal Study 1, the
daily stimulation of ‘‘10 min on – 5 min off – 10 min on’’ was
applied to each stimulated animal while under anesthesia (isoflu-
rane inhalation) 5 days/week, for 4 weeks. For Animal Study 2,
daily loading regime was set as ‘‘10 min on – 5 min off – 10 min
on’’ over a time course of 3, 7, 14, and 21 days. Rats in the 3-day
group were stimulated for 2 days, and rats in the other groups
were stimulated for 5 days/week. In the end, the rats from both
studies were euthanized at the corresponding time points.

lCT evaluation

For the samples obtained from Animal Study 1, the mid-shaft
portions of the tibiae were scanned for cortical bone morphology
using a high resolution lCT scanner (lCT-40, SCANCO Medical
AG, Bassersdorf, Switzerland) with a spatial resolution of 36 lm.
All images were evaluated using a Gaussian filter, with sigma of
0.1, support of 1, and threshold of 400. A 2880 lm region of the
cortical bone in the mid-shaft region was analyzed for each sam-
ple. Values for cortical bone thickness (Cort.Th, mm), periosteal
surface (Peri.S, mm2), and endosteal surface (Endo.S, mm2) were
evaluated for each mid-shaft cortical bone region.

Histology evaluation

After the lCT scans, the mid-shaft portions of the tibial samples
from Animal Study 1 were dehydrated with isopropanol, and then
infiltrated and embedded with the mixture of methyl methacry-
late, benzoyl peroxide, and n-butyl phthalate. The samples were
sectioned to 8 lm slices cross-sectionally using a microtome (Leica
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Fig. 1. Graphs show mean ± SD values for (A) cortical bone thickness (Cort.Th, mm),
(B) periosteal surface (Peri.S, mm2), (C) endosteal surface (Endo.S, mm2), and
representative 3D lCT images of mid-diaphyseal region of the tibiae. DHS at 2 Hz
produced a significant change in Cort.Th, compared to values obtained in 4-week
HLS. ⁄p < 0.05 vs. HLS.
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2165, Wetzlar, Germany). Osteomeasure software (OsteoMetrics
Inc., Decatur, GA) was used to perform histology evaluation of
the mid-shaft cortical bone by tracing the bone images. Histologi-
cal bone volume fraction (Ct.BV/TV-Histo, %), cortical bone thick-
ness (Ct.Th-Histo, mm), and cortical marrow area (Ct.Ma.Ar,
mm2) were calculated by the software.

RNA isolation

The stimulated right tibiae and the age-matched controls were
harvested from Animal Study 2 to determine the mRNA levels of
the selected genes. The bone marrow within the tibiae was flushed
out, and the surrounding soft tissues were dissected out from the
bone samples. The bone tissue samples were then incubated
immediately in RNAlater RNA Stabilization Reagent (Qiagen) and
stored at �80 �C until ready for analysis. The frozen bone samples
were ground with a mortar and pestle in an RNeasy Plus lysis buf-
fer while remaining frozen. A QIA shredder spin column (Qiagen)
was used to remove the tissue debris. Total RNA was collected
using a standard procedure with an RNeasy plus mini kit (Qiagen)
[22]. The total RNA samples were diluted down to 20 ng/lL. By
using the high capacity cDNA reverse transcription kits (Applied
Biosystems), �200 ng of total RNA per sample was reverse tran-
scribed into cDNA.

Quantitative real-time PCR

After extracting the RNA from the samples of Animal Study 2,
Quantitative Real-Time PCR was conducted to examine the expres-
sions of the selected genes (RUNX2, b-catenin, osteopontin, VEGF,
BMP2, IGF-1, and TGF-b) along with a housekeeping gene GAPDH
as an internal control (Gene Expression Assays, Applied Biosys-
tems). The following quantitative real-time PCR was performed
using TaqMan Gene Expression Master Mix Kit (Applied Biosys-
tems) [22]. Following the calibration using the GAPDH mRNA lev-
els, the mRNA levels of the HLS and HLS + DHS samples were
normalized with the corresponding averaged mRNA levels of the
age-matched control samples to derive the relative mRNA fold
changes.

Statistical analysis

Statistical outliers of Animal Study 2 were excluded via Grubbs’
test method with Alpha = 0.05 significance level using GraphPad
QuickCalcs Outlier Calculator. Specifically, these outliers include
HLS – day 3 (n = 2), HLS + DHS – day 3 (n = 1), HLS + DHS – day 7
(n = 2), HLS – day 14 (n = 1), HLS – day 21 (n = 1). Values as
mean ± SD were used for the statistical analysis of the results. Dif-
ferences between groups were determined using GraphPad Prism
4.0 Software (GraphPad Software Inc, La Jolla, CA). One-way ANO-
VA with Tukey’s post hoc test was performed with normal equal
variance to determine the differences among groups. The level of
significance is established at p < 0.05.
Results

lCT evaluation

Results of lCT analysis with representative scanned images are
shown in Fig. 1 for the tibial mid-diaphyseal region. The lack of
weight-bearing activity for 4 weeks greatly reduced cortical bone
quantity, demonstrated by a 2.21% decrease in Cort.Th compared
to the age-matched group. However, animals with DHS loading
showed significant improvement in the cortical thickness com-
pared to the disused bone. With DHS loading at 2 Hz, there was
an increase in Cort.Th by 5.42% (p < 0.05). When compared to
age-matched animals, animals received HLS + 2 Hz DHS showed a
3.09% increase (Fig. 1A). Although not statistically significant, HLS
increased Peri.S and decreased Endo.S compared to age-matched
controls by 1.14% and 8.9%, respectively. DHS, on the other hand,
increased Peri.S and decreased Endo.S compared to HLS by 1.19%
and 3.82%, respectively (Fig. 1B and C).

Histology evaluation

The histology data showed great improvements in the histo-
morphometric Ct.BV/TV and Ct.Th in response to DHS (Fig. 2).
HLS significantly reduced Ct.BV/TV compared to age-matched con-
trols by 5.33% (p < 0.01). However, HLS + 2 Hz DHS-treated rats
showed significant increases in Ct.BV/TV compared to the HLS
group by 7.61% (p < 0.001) (Fig. 2A). For histomorphometric Ct.Th,
the data showed similar trend to Ct.BV/TV, although it was not sta-
tistical significant. HLS reduced the Ct.Th by 9.92% compared to
age-matched controls, while DHS was able to mitigate this reduc-
tion by 9.42% compared to HLS (Fig. 2B). In addition, HLS induced a



Fig. 2. Histology analysis on tibial mid-diaphysis. Values are mean ± SD. (A) HLS
significantly reduced Ct.BV/TV compared to age-matched controls, while HLS + 2 Hz
DHS-treated rats showed significant increases in Ct.BV/TV compared to the HLS
group. (B) HLS reduced the Ct.Th compared to age-matched controls, while DHS
loading at 2 Hz was able to mitigate this reduction. (C) HLS increased Ct.Ma.Ar
compared to age-matched controls, while 2 Hz DHS loading mitigated disuse
related marrow space expansion. #p < 0.01 vs. age-matched; ⁄p < 0.001 vs. HLS.
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7.29% increase of Ct.Ma.Ar compared to age-matched control,
while DHS treatment reduced 22.90% compared to HLS (Fig. 2C).

mRNA levels in the tibiae – Day 3

After the first three days, HLS greatly reduced the mRNA levels
of all the selected genes compared to age-matched controls (Fig. 3).
For instance, the fold changes of the HLS group were lowered by
51%, 89%, 87%, 61%, 70%, 47%, and 86% compared to age-matched
controls, respective to RUNX2, b-catenin, osteopontin, VEGF,
BMP2, IGF-1, and TGF-b. At this stage, the effect of DHS was not
obvious, where the mRNA levels in the DHS-treated group were
similar to the HLS group for most of the selected genes, except
for RUNX2. Interestingly, RUNX2 mRNA level of the DHS-treated
group was 59% lower compared to the HLS group.

mRNA levels in the tibiae – Day 7

By day 7, the overall reduction of the mRNA levels in the HLS
group compared to age-matched controls was lower than the
Day-3 data (Fig. 4). At this stage, HLS reduced the mRNA of the se-
lected genes by 28%, 24%, 44%, 21%, 31%, 26%, and 21% compared to
age-matched controls respective to RUNX2, b-catenin, osteopontin,
VEGF, BMP2, IGF-1, and TGF-b. The mRNA levels of the DHS-treated
group of all the selected genes remained low. For instance, the fold
change of the DHS-treated group was 0.06 (RUNX2), 0.04 (b-cate-
nin), 0.54 (osteopontin), 0.07 (VEGF), 0.05 (BMP2), 0.05 (IGF-1),
and 0.05 (TGF-b).

mRNA levels in the tibiae – Day 14

By day 14, the selected genes in the DHS-treated group were
greatly upregulated. For instance, the fold change of the DHS-trea-
ted group was 3.0 (RUNX2), 4.5 (b-catenin), 3.5 (osteopontin), 3.5
(VEGF), 3.7 (BMP2), 4.6 (IGF-1), and 3.2 (TGF-b). Comparing to
the HLS group, the DHS-driven fold change increased by 64%, 94%
102%, 187%, 79%, 102%, and 44% respective to RUNX2, b-catenin,
osteopontin, VEGF, BMP2, IGF-1, and TGF-b (Fig. 5).

mRNA levels in the tibiae – Day 21

By day 21, the elevated mRNA levels of the DHS-treated group
were slightly less pronounced compared to the Day-14 data.
Specifically, the DHS-driven fold change was 1.2 (RUNX2), 2.4
(b-catenin), 1.8 (osteopontin), 1.9 (VEGF), 2.5 (BMP2), 2.2 (IGF-1),
and 2.4 (TGF-b). By comparing to the HLS group, the DHS-driven
fold change increased by 110%, 80% 128%, 60%, �8%, 92%, and
14%, respective to RUNX2, b-catenin, osteopontin, VEGF, BMP2,
IGF-1, and TGF-b (Fig. 6).
Discussion

The present study evaluated the phenotypic changes of cortical
bone tissue and described the osteogenic gene expression analyses
of load-driven responses to a novel form of mechanical loading –
DHS, in which its mitigation effect on disuse trabecular bone loss
had been demonstrated in a previous study [6]. Specifically, daily
DHS treatment with low magnitude and frequency on hindlimb
suspended rats significantly mitigated disuse related reductions
in cortical bone volume and thickness of the loaded bone. Longitu-
dinal real-time PCR analysis of the selected osteogenesis related
genes showed an interesting time-dependent behavior of DHS
loading on encountering the gene suppression under disuse condi-
tion. The time-dependent changes of the expressions of the osteo-
genesis related genes by DHS outlined their potential contributions
to the phenotypic changes in the bone tissue, which provided us a
deeper understanding on the underlying mechanotransductive
mechanism. The external DHS loading may directly couple with
oscillatory marrow fluid pressure and further lead to influences
in BFF, regulating skeletal mechanotransductive mechanisms that
ultimately lead to bone formation.

DHS provided direct circular compressions with low pressure
magnitude on the surrounding soft tissues which eliminate matrix
deformation. This had been demonstrated in one of our recent pub-
lications, which showed that DHS over a range of loading frequen-
cies induced local ImP within the loaded bone without generating
bone strain [7]. DHS provided low-magnitude loads on the tibial
diaphysis while its compressions may potentially alter the pres-
sure within the marrow cavity, influencing BFF related bone adap-
tation. In the present study, it was shown that the compressions of
DHS directly stimulated the periosteal surface and increased its
surface area compared to the HLS group. The mCT Endo.S and histo-
logical Ct.Ma.Ar both showed a strong trend of the positive effect of
DHS loading on the endosteal surface of the cortical mid-shaft,
which contributed to the thickening of the cortical bone. Based



Fig. 3. Graphs show mean ± SE of mRNA levels in the tibiae – day 3. HLS greatly reduced the mRNA levels of all the selected genes compared to age-matched controls. The
effect of DHS was not obvious, where the mRNA levels in the DHS-treated group were similar to the HLS group for most of the selected genes, except for RUNX2. ap < 0.01 vs.
age-matched; bp < 0.001 vs. age-matched; cp < 0.01 vs. HLS; dp < 0.01 vs. age-matched.

Fig. 4. Graphs show mean ± SE of mRNA levels in the tibiae – day 7. The overall reduction of the mRNA levels in the HLS group compared to age-matched controls was lower
than the day-3 data. Interestingly, the mRNA levels of DHS-treated group of all the selected genes remained low. ap < 0.01 vs. age-matched; bp < 0.001 vs. age-matched;
cp < 0.01 vs. HLS; dp < 0.01 vs. age-matched; ep < 0.05 vs. age-matched; fp < 0.001 vs. HLS.
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on the muscle pump theory, DHS may compress the veins within
the skeletal muscle and increase the vasculature pressure gradient
that promotes capillary blood flow in bone [23–25]. Increase of
capillary filtration may further increase ImP and induce BFF that
ultimately promote bone regeneration [26].

Bone formation by osteoblasts is one of the crucial steps of bone
remodeling, which is an essential function for continuous bone re-
newal to maintain the structural integrity and metabolic capacity
of the skeleton throughout one’s lifetime [8]. Osteoblasts are orig-
inated from MSCs and form the bone multicellular unit with other
bone-forming cells (e.g. osteocytes and bone-lining cells), bone-
resorbing cells (e.g. osteoclasts), and their progenitor cells and
associated cells (e.g. endothelial cells) [27–29]. The growth and dif-
ferentiation of MSCs towards osteoblastogenesis play a critical role
in bone regeneration, and this process is determined by a complex
array of growth factors and intracellular signaling [8]. Since MSCs
are mostly located in bone marrow, ImP induction by DHS delivers
mechanical signals that may ultimately stimulate MSC growth and
differentiation towards osteoblastogenesis, which ultimately bene-
fits the bone formation on the endosteal surface. Further, the



Fig. 5. Graphs show mean ± SE of mRNA levels in the tibiae – day 14. The selected genes in the DHS-treated group were greatly upregulated. For instance, the fold change of
the DHS-treated group was 3.0 (RUNX2), 4.5 (b-catenin), 3.5 (osteopontin), 3.5 (VEGF), 3.7 (BMP2), 4.6 (IGF-1), and 3.2 (TGF-b). ap < 0.01 vs. age-matched; bp < 0.001 vs. age-
matched; cp < 0.01 vs. HLS; dp < 0.01 vs. age-matched; ep < 0.05 vs. age-matched; fp < 0.001 vs. HLS; gp < 0.05 vs. HLS.

Fig. 6. Graphs show mean ± SE of mRNA levels in the tibiae – day 21. The elevated mRNA levels of the DHS-treated group were slightly less pronounced compared to the Day-
14 data. Specifically, the DHS-driven fold change was 1.2 (RUNX2), 2.4 (b-catenin), 1.8 (osteopontin), 1.9 (VEGF), 2.5 (BMP2), 2.2 (IGF-1), and 2.4 (TGF-b). ap < 0.01 vs. age-
matched; bp < 0.001 vs. age-matched; cp < 0.01 vs. HLS; dp < 0.01 vs. age-matched; ep < 0.05 vs. age-matched.
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‘‘cambium layer’’ of the periosteum is full of adult mesenchymal
skeletal progenitor cells that provide bone forming and regenera-
tive capacity [43,44]. Mechanical signals derived from the direct
DHS compressions may also stimulate these cells and increase
bone formation on the periosteal surface. Interestingly, beneficial
effects of DHS in bone formation was observed on both endosteal
and periosteal surfaces in the present study.

Augmented external biomechanical stimulation, such as DHS in
the present study, may trigger the secretion of growth factors that
act as local regulators for osteogenesis. Potent growth factors,
including IGF, TGF-b, BMP and VEGF, strongly modulate the osteo-
blastic activities as well as other bone growth regulators [8]. IGF-1
has been shown to trigger proliferation of osteoblasts, which con-
tributes to a gradual bone mass gain in vivo [9,30]. Committed
bone cell replication and matrix synthesis of osteoblast can be in-
duced by TGF-b [31–33]. The replication of early bone precursors
and osteoblast differentiation commitment can be influenced by
BMP-2 [9,34,35]. VEGF has been suggested as a promoter for osteo-
blast differentiation and bone mineralization [10,36]. Moreover,
activation of intracellular signal transduction pathways and
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growth factors converge to activate transcription factors. For
example, RUNX2 regulates osteoblast differentiation, whereas
b-catenin that acts downstream of RUNX2 contributes to the
control of osteoblastogenesis [8]. Osteopontin is necessary for
mechanical stress-dependent signals that take effects to bone
marrow cells in bone [37]. Altogether, these genes play critical
roles in the fate of osteoblastogenesis, which is crucial for bone
formation. In the current study, amplification of expressions of
these genes was observed upon DHS over 14 days, strongly indicat-
ing the anabolic effect of DHS in bone.

Studies have shown that significantly altered gene expressions
of 140 osteogenesis related genes, including RUNX2 in 2T3 preos-
teoblasts, were observed under weightlessness condition. Specifi-
cally, only 3 days of unloading decreased the mRNA levels of ALP,
RUNX2, and PTHR1 by 5, 2, and 5-fold, respectively [38,39]. Similar
observations were seen in our present study. By day 3 of HLS, un-
loaded tibial bones showed greatly reduced mRNA levels of the se-
lected osteogenesis-related genes. This observed reduction
continued over 21 days.

On the other hand, studies of mechanical loading have demon-
strated the effect of BFF stimulation on growth factor and tran-
scription factor expression levels. For instance, in vitro cyclic and
static stretching of osteoblasts (MC3T3-E1) was shown to increase
IGF-mediated signaling, leading to differentiation of late osteo-
blasts and early osteocytes [9,30]. Mechanical strains of 2000 le
on human osteoblast-like cells (SaOS-2) induced bone-forming
indices, whereas strains of 200,000–300,000 le led to reductions
[31–33]. Inductions of BMP-mediated up-regulation of RUNX2
and smad1 phosphorylation were observed in human SaOS in re-
sponse to compression force. BMP mRNA level was elevated by
in vitro sinusoidal cyclic stretch on human spinal ligament cells
[9,34,35]. In cultured osteoblasts, load-driven up-regulation of
Fig. 7. Summary of mRNA fold changes of the selected osteogenesis related genes ove
general, the mRNA levels of the selected genes in the HLS groups attempted to catch up t
HLS + DHS groups did not elevate until day 14. ap < 0.01 vs. age-matched; bp < 0.001 vs. a
fp < 0.001 vs. HLS; gp < 0.05 vs. HLS.
ALP and RUNX2 has been reported in cultured osteoblasts [39–
41]. Our present study showed mechanical loading-dependent
up-regulation of the mRNA levels of the selected genes in an
in vivo setting. By 14 days, pronounced increases in the mRNA lev-
els of the selected genes were shown in the DHS-treated group
compared to the HLS group. This increase of gene expressions con-
tinued but started to diminish by 21 days. Our group previously
presented a longitudinal study of bone marrow MSC quantification
under DHS in a rat HLS model, where the MSC number was greatly
increased in response to DHS by day 14 and diminished by day 21.
MSCs may have completed proliferation and begun to differentiate
towards osteoblastogenesis at this stage. In the meantime, the in-
duced mRNA levels of the selected genes that we observed in the
present study may couple the process of transforming MSC prolif-
eration and differentiation into osteoblasts, which commit to the
subsequent bone formation. Strong mitigation effect of DHS on dis-
use trabecular bone loss has been demonstrated in our previous
published work. Altogether, the in vivo study on the phenotypic
change in the bone tissue as well as the longitudinal studies on
bone marrow MSC quantification and mRNA levels of osteogenesis
related genes compile these events as a sequential pathway of how
DHS exerts its mechanical signals to bone cells. How bone cells re-
spond to such stimuli contributes to the phenotypic change in
bone.

Interestingly, DHS did not counteract the reduction of the oste-
ogenic gene expressions at the earlier time points (e.g. 3 and
7 days), while these mRNA levels of the HLS groups rebounded
and approached to the levels of the age-matched levels starting
from Day 7 (Fig. 7). The HLS and HLS + DHS groups present differ-
ent patterns and time frames of osteoblastogenic gene expressions
in response to HLS and HLS + DHS, respectively. Incorporating the
longitudinal bone marrow MSC quantification data during the first
r the 21-day time course. Graphs show mean ± SE of mRNA levels in the tibiae. In
o the according age-matched levels. However, the mRNA levels of these genes in the
ge-matched; cp < 0.01 vs. HLS; dp < 0.01 vs. age-matched; ep < 0.05 vs. age-matched;
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7 days, bone marrow MSCs of the HLS + DHS group seemed to ac-
tively proliferate and the total MSC number increased compared
to HLS group [42]. A strong time-dependent manner of bone mar-
row MSC induction was observed in response to DHS, which
peaked on Day 14. Based on the sequential events of MSC prolifer-
ation and differentiation, it is suggesting that since the differentia-
tion process had not begun yet, expressions of the osteogenesis
related genes were still inactive.

In summary, this study indicated that the mRNA levels of the
selected osteogenesis related genes were positively influenced by
the mechanical signals derived from DHS generated BFF, which
provides important understanding of the downstream molecular
mechanism of DHS on bone adaptation. The mRNA expression
has demonstrated the loading time dependent function, in which
the optimized response of mRNA peaked at two weeks following
the initial bone fluid flow loading. This implies that DHS is not only
a novel, non-invasive intervention for regulating skeletal adapta-
tion, but also serves as a unique signal to trigger the molecular
mechanotransduction process in response to fluid flow stimuli in
bone. Future directions include analysis of DHS mechanotransduc-
tion on other cell types, such as osteocytes for their mechano-
sensing property. Further investigations, such as temporal MSC
differentiation analysis, are also needed to fully understand the
interrelationships between bone tissue response, MSC proliferation
and differentiation, and the underlying molecular response of bone
cells and progenitor cells. Furthermore, while the current PCR data
were mainly derived from the cortical bone region, it would be in
great relevant to also derive PCR data from the surrounding soft
tissues, e.g. muscles, to study the bone-muscle interrelationship
related to in vivo observations.
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