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Abstract. The effects of mechanical stress release on osteo-
clastogenesis may be as important as those of mechanical 
stress application. However, the direct effects of mechanical 
stress on the behavior of osteoclasts has not been thoroughly 
investigated and there is limited information on the results 
of the release from mechanical stress. In this study, the 
effects of mechanical stress application and its release on 
osteoclast differentiation were examined. The number of 
tartrate-resistant acid phosphatase (TRAP)-positive multi-
nucleated osteoclasts derived from RAW264.7 cells were 
measured and the expression of osteoclast differentiation 
genes, which was altered in response to the release from 
mechanical stress according to the Flexercell tension system 
was evaluated by real-time PCR. Osteoclast differentiation 
and fusion were suppressed by mechanical stress application 
and were rapidly induced after mechanical stress release. 
The mRNA expression of the osteoclast specific genes, 
TRAP, matrix metalloproteinase-9 (MMP-9), cathepsin-K 
(cath-k), calcitonin receptor (CTR), ATPase H+ transporting 
vacuolar proton pump member I (ATP6i), chloride channel-7 
(ClC7) and dendritic cell-specific transmembrane protein 
(DC-STAMP) was decreased with mechanical stress applica-
tion, and increased up to 48 h after the release from it. These 
alterations in gene mRNA expression were associated with 
the number of osteoclasts and large osteoclasts. Inducible 
nitric oxide synthetase (iNOS) mRNA was increased with 
mechanical stress and decreased after its release. Nitric 
oxide (NO) production was increased with mechanical stress. 
Nuclear factor of activated T cells cytoplasmic (NFATc) 
family mRNAs were not altered with mechanical stress, but 
were up-regulated up to 48 h after the release from it. These 
findings indicate that the suppression of osteoclast differentia-

tion and fusion induced by mechanical stress is the result of 
NO increase via iNOS, and that the promotion of osteoclast 
differentiation and fusion after the release from mechanical 
stress is related to the NFATc family genes, whose expres-
sion remained constant during mechanical stress but was 
up-regulated after the release from mechanical stress.

Introduction

Bone homeostasis is maintained by the balance between 
bone formation and bone resorption (1). Tipping the balance 
in favor of osteoclasts leads to diseases with a low bone 
mass, including osteoporosis, whereas impaired osteoclastic 
bone resorption results in diseases with high bone mass, 
including osteopetrosis (2). The relationship between the 
immune and skeletal systems has gradually become clearer 
(3,4). Accumulating data on the molecular mechanisms of 
osteoclast differentiation have demonstrated that the receptor 
activator of nuclear factor-κB (RANK)-ligand (RANKL) 
pathway and the macrophage colony-stimulating factor 
(M-CSF) are necessary and sufficient for the differentiation 
of osteoclasts (5,6). In addition, the role of the nuclear factor 
of activated T cells cytoplasmic (NFATc) 1 gene, a master 
switch for the regulation of the terminal differentiation of 
osteoclasts which functions downstream of RANKL, has 
been demonstrated both in vitro and in vivo (7-9). NFATc1 
expression is dependent on both the TRAF6/NF-κB and the 
c-Fos pathways. The NFAT family of transcription factors 
was originally discovered in T cells of the immune system, 
but they are involved in the regulation of various biological 
systems including the Ca2+-regulated pathway (9).

Mechanical stress can largely affect this balanced bone 
metabolism. Bone adjusts to load by changing its mass, shape 
or microarchitecture (10). It has been reported that removing 
the load results in bone loss (11), whereas application of 
a load causes bone apposition (12). However, the precise 
mechanism by which loading is transduced into cellular 
control of bone remodeling is unknown. A number of studies 
in vitro and in vivo have described the effects of mechanical 
stress on the bone cells. To investigate the influence of 
mechanical stress on the cells, several in vitro models have 
been established with varying methods, including sheer stress 
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(fluid flow) (13,14) compressive (15,16) and tensile force (17), 
hydrostatic pressure (18), microgravity (19), and so on (20,21). 
Furthermore, in addition to an in vivo experimental system 
including transgenic mice, many studies have indicated the 
effect of mechanical stress on the bone's adaptive remodeling 
behavior in osteocytes (22), osteoblasts (23) and in a co-culture 
between osteoblasts and osteoclasts (24). Several studies have 
shown that nitric oxide (NO) acts as a mediator of mechani-
cally induced bone remodeling (10,25,26). However, the direct 
effect of mechanical stress on the behavior of osteoclasts (27) 
has only been investigated in a few studies and there is limited 
information on the effects of the release from mechanical 
stress, which thus became the focus of the present study.

The aim of this study was to elucidate which osteoclast 
differentiation genes are altered in response to the release 
from mechanical stress and whether such an alteration is 
mediated by loading-induced NO production. To validate 
that NO may modulate the differentiation of osteoclasts in 
response to mechanical stress, we inhibited the release of NO 
by an NO synthetase (NOS) inhibitor.

Materials and methods

Cell culture and the Flexercell tension system. We used the 
murine monocyte/macrophage cell line RAW264.7 cells 
(RAW cells) (ATCC no. TIB-71™, USA) as osteoclast precur-
sors. The cells were grown to subconfluence in 100 mm 
standard dishes (Falcon™, Becton-Dickinson, Franklin 
Lakes, NJ, USA) with Dulbecco's modified Eagle's medium 
(DMEM) (Wako Pure Chemical, Japan) supplemented with 
10% heat-inactivated fetal bovine serum (FBS) (Invitrogen, 
MD, USA) and kanamycin sulfate (Meiji Seika, Japan) at 
37˚C in a humidified atmosphere of 95% air and 5% CO2. 
Subsequently, RAW cells (3x104 cells/well) were transferred 
to Flexcell 6-well culture plates with a type I collagen-coated 
and flexible-bottomed well (Flexcell Corp., Hillsborough, 
NC, USA), and cultured with α-MEM (Wako Pure Chemical) 
supplemented with 10% heat-inactivated FBS, 50 ng/ml 
RANKL (Oriental Yeast, Japan), 2 mM L-alanyl-L-glutamine 
(Sigma-Aldrich, St. Louis, MO, USA), 284 µM L-ascorbic 
acid 2-phosphate (Sigma-Aldrich) and 66.7 µg/ml kanamycin 
sulfate at 37˚C in a humidified atmosphere of 95% air and 
5% CO2. RAW cells differentiated into TRAP-positive 
multinucleated osteoclastic cells in the presence of RANKL 
(27). Mechanical stress was applied to RAW cells with a 
Flexercell tension system (28). In this device, a flexible 
silicon membrane is stretched across a loading post by the 
application of a vacuum pressure. The experimental regimens 
used in this study delivered 10% elongation at 30 cycles per 
min (0.5 Hz) (29). Mechanical stress was applied for a period 
of 48 h over 3-4 days (3-4 MS). After the termination of the 
mechanical stress application, culturing of the RAW cells 
continued for the indicated periods. The culture medium was 
replaced on days 2, 3, 5 and 7 of culturing.

Tartrate-resistant acid phosphatase (TRAP) staining. The 
cells cultured for a given period were fixed with 10% neutral 
formalin. They were then washed with distilled water and 
stained in the TRAP staining solution (pH 5.0) with Fast 
Red Violet LB salt (Sigma-Aldrich) (30). TRAP-positive 

cells with >2 nuclei under a light microscope were counted 
as osteoclasts. Osteoclasts with >2 nuclei were distinguished 
from large osteoclasts with ≥8 nuclei (27). The control culture 
was grown under the same condition without mechanical 
stress. The counted range was 1 cm2 dividing the circle in a 
fan-shape.

Reverse transcription-polymerase chain reaction and real 
time PCR. Total RNA was extracted using the TRIzol reagent 
isolation kit (Invitrogen) (31). Reverse transcription was 
performed with 1 µg of total RNA in a total volume of 
20 µl per reaction. cDNA was amplified by Rever Tra Ace‑α 
FSK-101 (Toyobo, Japan). The following primers (Applied 
Biosystems, USA) were used: RANK, M-CSF receptor (c-fms), 
osteoclast-associated receptor (OSCAR), TRAP, matrix 
metalloproteinase-9 (MMP-9), cathepsin-K (cath-k), calcitonin 
receptor (CTR), dendritic cell-specific transmembrane protein 
(DC-STAMP) ATPase H+ transporting vacuolar proton pump 
member I (ATP6i), chloride channel-7 (ClC7), NFATc1, 
NFATc2, NFATc3, inducible NOS (iNOS) neuronal NOS 
(nNOS) and interferon-β (IFN-β) as shown in Table I. As an 
internal control for RNA quantity, the same cDNA was ampli-
fied using primers specific for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) mRNA. All amplification reactions 
were performed in triplicate. The ABI Prism 7300 sequence 
detection system (Applied Biosystems) (32) was used for real-
time PCR analysis. At the end of each PCR run, the data were 
automatically analyzed by the system and amplification plots 
were obtained. The ΔΔCt method was used to calculate the 
real-time PCR results (amount of target = 2-∆∆Ct).

Inhibition of nitric oxide production. NO release was inhib-
ited by the addition of NG-Nitro-L-arginine methyl ester, 
hydrochloride (L-NAME), (Dojindo, Japan). L-NAME was 

Table I. The assay ID of the primers used.

Gene	 Assay ID

RANK	 Mm00475698_m1
c-fms	 Mm00432689_m1
OSCAR	 Mm00558663_m1
NFATc1	 Mm00479445_m1
NFATc2	 Mm00477776_m1
NFATc3	 Mm01249194_m1
IFN-β	 Mm00439546_s1
iNOS	 Mm00440485_m1
nNOS	 Mm00435175_m1
TRAP	 Mm00475698_m1
CTR	 Mm00432271_m1
MMP-9	 Mm00432271_m1
cath-k	 Mm00484036_m1
ClC7	 Mm00442400_m1
ATP6i	 Mm00469395_g1
DC-STAMP	 Mm01168058_m1
GAPDH	 Mm99999915_g1
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dissolved in PBS and added to the culture medium (final 
concentration, 100 µM) (33).

Nitrite and nitrate measurements. The NO metabolite (NO2 
and NO3) levels were analyzed in the conditioned medium 
by means of a colorimetric assay kit: NO2/NO3 Assay kit-C 
II (Dojindo). Samples were read at 540 nm with a Spectra 
Microplate Auto reader (Bio-Rad Model 680, Hercules, CA, 
USA).

Statistics. All results are given as mean ± SD. Comparisons 
between 2 groups were analyzed using the 2-tailed unpaired 
Student's t-test. P-values of <0.05 were considered statistically 
significant.

Results

The number of osteoclasts increased rapidly after the release 
from mechanical stress. The effect of mechanical stress and 
the release from mechanical stress on osteoclast differentiation 
was examined. Mechanical stress was applied for 48 h over 
3-4 days. The number of TRAP-positive multinucleated osteo-
clasts was assessed every 24 h after the release from mechanical 
stress up to 72 h. The control group was grown under the same 
conditions without mechanical stress. Mechanical stress 
caused suppression in the number of osteoclasts to less than 
one third of that in the control group (Fig. 1A). The mechanical 
stress-induced decrease in the number of large osteoclasts 
with ≥8 nuclei (Fig. 1B) was more pronounced than that in 
the osteoclasts with >2 nuclei. On the other hand, osteoclast 
differentiation and fusion were rapidly promoted after the 
release from mechanical stress and exceeded the control group 
48 h after the release from it (Fig. 1).

The effects of mechanical stress application and its release 
on the expression of osteoclast differentiation genes. We 
investigated how the expression of osteoclast differentiation 
genes was altered by mechanical stress application and its 
release, using a real-time PCR analysis (Fig. 2) for osteoclast 

specific genes (TRAP, CTR, MMP-9, cath-k, ClC7, ATP6i), 
which are differentiation markers detected after the formation 
of mature osteoclasts, and for DC-STAMP. The expression 
of these genes was decreased in the mechanical stress group, 
and increased after the release from mechanical stress up 
to 48 h compared to the control group. The expression of 
iNOS mRNA was increased in the mechanical stress group, 
and then decreased after the release from mechanical stress 
compared to the control group. On the other hand, the 
expression of nNOS mRNA was slightly decreased in the 
mechanical stress group, and remained fairly constant after 
the release from mechanical stress compared to the control 
group. We could not detect eNOS mRNA expression in these 
osteoclastic RAW cells (data not shown). The expression of 
IFN-β mRNA was significantly decreased in the mechanical 
stress group, and then continued decreasing after the release 
from mechanical stress compared to the control group. The 
mRNA expression of NFATc family gene members was 
not altered during mechanical stress application, and was 
up-regulated after the release from mechanical stress and 
up to 48 h compared to the control group. The expression of 
RANK mRNA was unchanged and that of OSCAR mRNA 
was increased 48 h after the release from mechanical stress, 
although they were slightly decreased in the mechanical stress 
group compared to the control group. The expression of c-fms 
mRNA was increased 24 h after the release from mechanical 
stress, although it was not significantly difference in the 
mechanical stress group compared to the control group.

Mechanical stress suppressed osteoclastogenesis and 
increased NO production and the NOS inhibitor, L-NAME, 
reduced the effect of mechanical stress. A significant increase 
in NO production was observed in the mechanical stress 
group. The concentration of NO2

¯/NO3
¯ in the conditioned 

medium with the mechanical stress showed an approximately 
2-fold increase compared to the control group (Fig. 3). The 
concentration of NO2

¯/NO3
¯ in the conditioned medium with 

the mechanical stress and L-NAME showed a decrease 
compared with the mechanical stress only group (Fig. 3). 

Figure 1. The number of TRAP-positive multinucleated osteoclasts was suppressed with mechanical stress, and then was increased after mechanical stress 
release through osteoclast differentiation. Mechanical stress was applied for 48 h over 3-4 days, but not to control. After the release from mechanical stress, 
TRAP-positive multinucleated osteoclasts were counted until 72 h every 24 h. (A) The number of TRAP-positive multinucleated cells. (B) The number of 
large osteoclasts with ≥8 nuclei. magnification x100. Results are shown as mean ± SD (n=12).
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L-NAME had no effect on differentiation under basal condi-
tions in osteoclasts (Fig. 4A). Addition of L-NAME to the 
culture medium with mechanical stress partially blocked the 
effect of mechanical stress on osteoclast differentiation and 

fusion. The number of both osteoclasts and large osteoclasts 
induced by mechanical stress application and L-NAME treat-
ment was increased approximately 2-fold compared to the 
mechanical stress only group (Fig. 4).

The effect of mechanical stress and L-NAME on the expres-
sions of osteoclast differentiation genes. In order to confirm 
the affect of nitrite accumulation induced by mechanical 
stress and L-NAME treatment, we employed real-time 
PCR (Fig. 5). The expression of osteoclast specific gene 
mRNAs (TRAP, CTR, MMP-9, cath-k, ClC7, ATP6i) and 
DC-STAMP mRNA was increased with L-NAME treatment 
in the mechanical stress group compared to the mechanical 
stress only group. The expression of iNOS mRNA showed a 
tendency to decrease, however, the difference was not statisti-
cally significant. The expression IFN-β mRNA significantly 
increased with L-NAME treatment in the mechanical stress 
group compared with the mechanical stress only group. 
The expression of RANK, c-fms and NFATc1 mRNA was 
unchanged between the two groups.

Discussion

Application of mechanical stress on bone tissue generates 
extracellular matrix deformation, and contributes to the regu-
lation of bone modeling and remodeling. Thereby, mechanical 
stress is translated into mechanical signals. Several studies 
have shown that these mechanical signals could adaptively 
change the functions of osteoblasts, osteocytes and bone 
stromal cells (10,34,35). In contrast, very few studies have 
focused on the direct effects of mechanical stress on osteo-
clast RAW cells. Furthermore, many studies have shown that 
loading is necessary to generate an anabolic effect in the 
bone (36), and that the anabolic response to loading declines 
soon after loading is initiated and mechanosensitivity is 
increased by the insertion of rest periods (37). However, the 
precise consequences of the removal of mechanical signals 
from bone tissue are currently difficult to predict in vivo, 
because they are dependent on the interactions between 
genetics, gender and the specific anatomical site. The effects 

Figure 3. Mechanical stress (MS) increased nitric oxide (NO) production 
and L-NAME reduced the effect of mechanical stress on osteoclastogenesis 
in RAW cells. Mechanical stress was applied to RAW cells with a Flexercell 
tension system for a period of 48 h over 3-4 days (grey bar), but not to the 
control (white bar) in the absence (-) or in the presence (+) of L-NAME. 
Total NO2

- + NO3
- accumulated in the conditioned medium were shown as 

NO production. The data shown are representative of the results obtained in 
three experiments. Results are shown as the mean ± SD (n=3).

Figure 2. Effects of mechanical stress application and release on the expres-
sions of RANK, c-fms, OSCAR, the NFATc family, iNOS, nNOS, IFN-β, 
TRAP, CTR, MMP-9, cath-k, ClC7, ATP6i and DC-STAMP. Real-time 
PCR analysis was performed with indicated primers in the mechanical 
stress group (A), and at 24 h (B), 48 h (C) and 72 h (D) after the release of 
mechanical stres. Results are shown as fold-changes or relative quantitation 
of target expression (2-∆∆Ct method) relative to control after normalization 
against GAPDH expression and as mean ± SD (n=6). The control group 
which was cultured for the same days without mechanical stress was defined 
as the standard (n=1).
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Figure 5. Effect of mechanical stress together with L-NAME on the expression of TRAP, CTR, MMP-9, cath-k, ClC7, ATP6i, DC-STAMP, IFN-β, iNOS, 
RANK, c-fms and NFATc1. RAW cells were cultured in Flexcell 6-well plates with mechanical stress in the absence (grey bar) or in the presence (black 
bar) of L-NAME. Results are presented as the mean ± SD (n=3) of fold-changes or relative quantitation of target expression (2-∆∆Ct method) relative to the 
mechanical stress group after normalization against GAPDH expression. The mechanical stress group were defined as the standard (=1). MS, mechanical 
stress group; MS + L-NAME, treatment of L-NAME with MS.

Figure 4. Suppression of the number of TRAP-positive multinucleated osteoclasts induced by mechanical stress (MS) was partially recovered by treatment 
with the NOS inhibitor, L-NAME. RAW cells were cultured in Flexcell 6-well plates with RANKL in the absence (-) or in the presence (+) of L-NAME. 
(A) The number of TRAP-positive multinucleated cells. (B) The number of large osteoclasts with ≥8 nuclei. Magnification x100. Results are shown as the 
mean ± SD (n=3).
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of release from mechanical stress may be as important as the 
effects of mechanical stress. For this reason, in the present 
study we have evaluated the effects of mechanical stress 
applied with the Flexercell tension system and of the release 
from mechanical stress on osteoclastogenesis and further 
investigated the molecular mechanisms involved.

Previously, we have shown that mechanical stress directly 
suppresses osteoclast differentiation suggesting delayed 
differentiation in RAW cells (27). In the present study, we 
have demonstrated that the suppression of osteoclast differ-
entiation and fusion with mechanical stress is related to the 
increase of NO via iNOS, and that the promotion of osteoclast 
differentiation and fusion after the release from mechanical 
stress is related to the NFATc family genes, whose expres-
sion remained constant during mechanical stress but was 
up-regulated after the release from mechanical stress. NO is 
a small, diffusible, diatomic free radical involved in several 
biological processes, including the regulation of bone forma-
tion, resorption, remodeling, mechanotransduction and repair 
in physiological or pathophysiological conditions. NO is an 
important regulator of the response of the bone to mechanical 
stress, and is produced through the activities of constitutive 
eNOS or iNOS (38). Several in vitro studies have shown that 
NO rapidly increases in response to mechanical stress in bone 
cells (39). NO mediates adaptive bone formation, protects 
osteocytes against apoptosis and mediates osteoclast activity 
(26). High levels of NO reduce osteoclast activity, while the 
inhibition of NO production increases osteoclastogenesis and 
osteoclast activity (40). iNOS has been detected in osteocytes, 
osteoclasts and chondrocytes and is expressed in response 
to inflammatory cytokines. Once induced, iNOS produces 
large amounts of NO (38). Thus, our results together with the 
previous findings may further contribute to the understanding 
of the relationship between mechanical stress and NO in 
osteoclasts. Indeed, in the present study we have shown that 
NO via iNOS is increased with mechanical stress applica-
tion and suppresses osteoclast differentiation and fusion, 
although we could not detect eNOS mRNA expression in 
these osteoclastic RAW cells. IFN-β has been identified as 
a RANKL-stimulated autocrine negative feedback inhibitor 
that limits osteoclastogenesis and triggers iNOS/NO as an 
important negative feedback signal during osteoclastogen-
esis (41). In this study, the expression of IFN-β mRNA is 
decreased during mechanical stress and after the release from 
mechanical stress and is increased with L-NAME treatment. 
This result might contribute, at least in part, to the above-
mentioned negative feedback signal.

NFATc1-deficient embryonic stem cells fail to differentiate 
into osteoclasts in response to RANKL stimulation and ectopic 
expression of NFATc1 causes precursor cells to undergo effi-
cient differentiation without RANKL signaling, indicating that 
NFATc1 is a master switch for regulating the terminal differ-
entiation of osteoclasts, functioning downstream of RANKL 
(7). Transcriptional activation of NFATc1 in osteoclasts is 
mediated by the RANKL/TRAF6/c-Fos signaling pathway 
because NFATc1 rescues osteoclastogenesis in precursors 
lacking c-Fos (3). In the present study, the mRNA expression 
of NFATc family genes was constant in spite of the suppres-
sion of osteoclast-specific genes, and was up-regulated after 
the release from mechanical stress. This result suggests that 

homeostasis was maintained under conditions of mechanical 
stress through various courses of action.

With respect to the osteoclast specific genes (TRAP, 
CTR, MMP-9, cath-k, ClC7, ATP6i) and DC-STAMP which 
are essential for cell to cell fusion in osteoclasts (42), the 
expression of these mRNA was decreased with mechanical 
stress, and then increased after the release from mechanical 
stress up to 48 h compared to the control group, correlating 
with the number of both osteoclasts and large osteoclasts. 
However, 72 h after the release from mechanical stress, CTR 
whose expression inhibits osteoclast activity both in vitro and 
in vivo (43) was increased. This result might stand opposite 
to the osteoclasts which increased rapidly after the release 
from mechanical stress. Expression of the c-fms receptor is 
necessary for osteoclastogenesis and increased 24 h after the 
release from mechanical stress, although it was not signifi-
cantly different in the mechanical stress group compared 
to the control group. RAW cells did not require exogenous 
M-CSF for RANKL-induced osteoclast formation. The 
capability of producing M-CSF in response to RANKL may 
enable RAW cells to differentiate into osteoclasts in the pres-
ence of RANKL alone (44). This capability may be different 
between physiological osteoclast precursors and RAW cells. 
OSCAR is critical for osteoclast differentiation. OSCAR 
mRNA expression was increased 48 h after the release from 
mechanical stress, although it was slightly decreased in the 
mechanical stress group compared to the control group. 
FcRγ-mediated signal transduction by OSCAR is involved in 
osteoclast differentiation (45). FcRγ-associated receptors are 
only activated by osteoblasts. In the RANKL/M-CSF system 
DAP12-associated receptors may be activated by endogenous 
ligands provided by osteoclast precursor cells themselves. 
DAP12 and FcRγ compensated for each other in the activation 
of the ITAM signal, and the cooperation of the RANKL and 
ITAM signals is essential for NFATc1 induction and osteo-
clastogenesis (9). Hence c-fms and OSCAR mRNA expression 
may be associated only to a small extent with the effects of 
mechanical stress on the osteoclastogenesis of RAW cells.

In summary, we have shown that the effects of the release 
from mechanical stress may be as important as the effects 
of mechanical stress on osteoclastogenesis. Our aim was 
to investigate the osteoclast differentiation genes which are 
altered in response to the release from mechanical stress 
applied with the Flexercell tension system. We have found 
that the suppression of osteoclast differentiation and fusion 
induced by mechanical stress resulted from the increase of NO 
via iNOS, and that the promotion of osteoclast differentiation 
and fusion after the release from mechanical stress is related 
to the NFATc family genes, whose expression remained 
constant during mechanical stress but was up-regulated after 
the release from mechanical stress.
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