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Damage accumulation in the bone under continuous daily loading causes local mechanical overloading
known to induce osteocyte apoptosis, which promotes bone resorption to repair bone damage.
However, only a few studies have investigated the mechanism of apoptosis in mechanically overloaded
osteocytes. As mechanically stimulated osteocytes produce nitric oxide (NO), which triggers apoptosis in
various cell types, we aimed to elucidate the mechanism underlying apoptosis in mechanically over-
loaded osteocytes, focusing on intracellular NO. To investigate the effects of force magnitude on apoptosis
and intracellular NO production, we isolated osteocytes from DMP1-EGFP mice and subjected them to
quantitative local forces via fibronectin-coated micro beads targeting integrin on the cell surface using
a magnetic tweezer. Cell shrinkage was microscopically examined, and intracellular NO production
was visualized using DAR-4 M. Mechanical stimulation revealed relationships between force magnitude,
apoptosis, and intracellular NO production. The application of a smaller force resulted in no significant
cell shrinkage or intracellular NO production; however, a larger force caused a rapid increase in intracel-
lular NO production followed by cell shrinkage. Besides, intracellular NOS (NO synthase) inhibition and
NO donation revealed the pro-apoptotic roles of NO in osteocytes. L-NAME (NOS inhibitor)-treated cells
displayed no significant shrinkage under a larger force, whereas SNP (NO donor)-treated cells showed cell
shrinkage and Annexin V fluorescence, indicating apoptosis. Collectively, our study demonstrates that
larger force leads to NO production-mediated osteocyte shrinkage, implying an initial apoptotic response
and highlighting the importance of NO production in bone damage.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bone continuously accumulates damage (Vashishth et al., 2000)
due to mechanical load that eventually leads to bone fractures
(Yeni and Fyhrie, 2002); thus, damaged bone is repaired to main-
tain its structural integrity. Bone damage is repaired by osteoclas-
tic bone resorption followed by osteoblastic bone formation
(Cardoso et al., 2009). Studies have shown that osteocyte apoptosis
promotes bone resorption in mechanically overloaded bone
regions (Kogianni et al., 2008; Verborgt et al., 2000). Microscopic
observations have indicated numerous apoptotic osteocytes
around micro-cracks and resorbed regions in mechanically over-
loaded bone (Verborgt et al., 2000), whereas apoptotic osteocytes
reportedly accelerate bone resorption facilitated by osteoclast dif-
ferentiation on the bone surface (Kogianni et al., 2008). These find-
ings imply that osteocyte apoptosis is pivotal to osteoclastic bone
resorption during bone repair; however, the mechanisms underly-
ing osteocyte apoptosis following mechanical overloading remain
unclear.

In vitro studies have shown that osteocytes response to
mechanical stimuli is mediated by intracellular signaling mole-
cules, such as nitric oxide (NO) (Bacabac et al., 2008; KleinNu-
lend et al., 1995; Vatsa et al., 2006) and calcium ions (Ca2+)
(Adachi et al., 2009a, 2009b; Thi et al., 2013). NO is synthesized
from L-arginine and O2 by nitric oxide synthase (NOS) (Knowles
and Moncada, 1994) and induces apoptosis in various cell types,
including macrophages (Albina et al., 1993), neurons (Simmons
and Murphy, 1992) and chondrocytes (Blanco et al., 1995). In sev-
eral cell types (Kanaoka et al., 2000; Mancini et al., 2000; Shen
et al., 1998; Yoshioka et al., 2003), the pro-apoptotic effects of
NO occur at high concentrations, whereas anti-apoptotic effects
at low concentrations. Thus, higher intracellular NO concentration
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by mechanical stimulation could be a notable factor for osteocyte
apoptosis. Although, under fluid flow shear stress, endothelial cells
(Dimmeler et al., 1999) and chondrocytes (Lee et al., 2003) exhibit
NO-mediated anti- and pro-apoptotic effects, respectively, the
relationship between mechanical stimuli, NO, and apoptotic
responses in osteocytes is unclear as these cells are located in
unique mechanical environment. In lacunar-canalicular space
(LCS) of bone, osteocytes attach to the bone matrix at locally
located focal points, where mechanical stimuli affect cells via inte-
grin under interstitial fluid flow in the LCS (Wang et al., 2007).

Magnetic tweezer mimics the in vivo mechanical environment
surrounding osteocytes by locally applying mechanical stimuli to
cells via magnetic beads attached to the cell surface, such as, focal
adhesion translocation (Mack et al., 2004) and chromatin stretch-
ing (Tajik et al., 2016). In previous single-cell experiments, mag-
netic tweezer has been used to probe the effects of different
stimuli on microscopically visualized cellular responses. Similarly,
this study utilizes confocal microscopy combined with a magnetic
tweezer and fibronectin-coated magnetic beads targeting cell sur-
face integrin, to locally apply variable magnitude of force to osteo-
cytes, detect apoptosis, and observe intracellular NO.

Herein, we elucidate the mechanism of apoptosis in mechani-
cally overloaded osteocytes, focusing on the pro-apoptotic roles
of NO. Osteocytes isolated from DMP1-EGFP mice were subjected
to quantitative local mechanical stimuli using a magnetic tweezer.
Cells were observed to examine the effects of force magnitude on
apoptotic responses, especially focusing on cell shrinkage, repre-
sented by cell area decrease in several types of apoptotic cells
(Kim et al., 2004; Porcelli et al., 2004; Tian et al., 2016). Further-
more, the cells were monitored to investigate the effects of force
magnitude on intracellular NO production, whereas intracellular
NOS inhibition indicated NO production necessary for mechani-
cally stimulated apoptosis, and NO donation revealed the pro-
apoptotic roles of NO in osteocytes.
2. Material and methods

2.1. Fibronectin-coated culture dishes

For osteocytes adhering to glass culture dishes (MatTek, Ash-
land, Massachusetts), their surface was modified with fibronectin,
targeting integrin avb3 (Adair et al., 2005), which is dominantly
expressed on osteocytes (Cabahug-zuckerman et al., 2018). The
surface was treated with the linker molecule 0.2% poly-D-lysine
(Sigma, Saint Louis, Missouri) at 37℃ for 1 h, rinsed with sterilized
water, and modified with 0.2% fibronectin (Millipore, Burlington,
Massachusetts) at 37℃ for 1 h. The plates were then rinsed with
sterilized water and maintained dry until cell seeding.
2.2. Osteocyte isolation and primary culture

Osteocytes were isolated as described previously (Nakashima
et al., 2011) from DMP1-EGFP mice (CAG-CAT-EGFP/Dmp1-Cre
double-transgenic C57BL/6JJmsSlc) that express EGFP only when
expressing the osteocyte-specific protein DMP1 (Toyosawa et al.,
2001). Briefly, calvariae were extracted from 7 to 10-day-old mice,
dissected, and collagen dissolved using collagenase solution (0.1%
collagenase (Wako, Japan) and 0.2% Dispase Ⅱ (Godo Shusei, Japan)
in BIB) at 37℃ for 20 min. The solution was removed by rinsing
with PBS, and the mineralized bone tissue was decalcified using
5 mM EDTA (Dojindo, Japan) at 37℃ for 15 min. After further PBS
rinsing to remove EDTA, the calvaria fragments were treated again
with collagenase solution and EDTA in the same manner. Following
the second and third collagenase treatments, the mixture was cen-
trifuged at 500 rcf for 3 min, and the supernatant was added to the
2

culture medium (a-MEM (Gibco, Waltham, MA) supplemented
with 10% FBS (Gibco) and 1% antibiotics). Osteocytes were col-
lected by repeated centrifugation, sparsely seeded on fibronectin-
coated glass dishes at densities of 9.9 � 104 to 4.5 � 105 cells/
cm2, and cultured at 37℃ under 5% CO2 for 2 h. Mice experiments
were approved by the Animal Experimentation Committee (#Z-
19–2-2) and Safety Committee for Recombinant DNA Experiments
(#200004) of Kyoto University.

2.3. Fluorescence staining of F-actin in bone cells

To examine cellular morphology, F-actin was visualized by flu-
orescence staining. Briefly, the cells were fixed with 4%
paraformaldehyde (Sigma, Saint Louis, Missouri) for 60 min, rinsed
with PBS, incubated with Alexa Fluor 546 Phalloidin (Invitrogen,
Carlsbad, California) for 60 min, and then rinsed with PBS.

2.4. Detection of osteocyte apoptosis

Cell shrinkage (Kim et al., 2004; Porcelli et al., 2004; Tian et al.,
2016) is an initial apoptotic response. To detect osteocyte shrink-
age, the changes in cell area A(t) (mm2, where t (s) indicates the
time from the start of mechanical stimulation) defined as the
EGFP-positive area were microscopically monitored, and then
quantitatively assessed, as described in section 2.11. Additionally,
plasma membrane degeneration, which is another apoptotic event,
was visualized using Alexa Fluor 488 conjugated Annexin V (Tait
et al., 1989) (Invitrogen) during early-apoptosis. Apoptotic cells
were stained by incubation with Annexin V solution (2% Annexin
V and 1.5 mM CaCl2 in culture medium) at 37℃ under 5% CO2 for
30 min and indicated much higher fluorescence intensity than GFP.

2.5. Fluorescence staining of intracellular NO in osteocytes

Intracellular NO in osteocytes was visualized using DAR-4 M
AM (Goryo Chemical, Japan), which remains in the cytoplasm with
hydrolyzed AM groups and exclusively emits fluorescence when
bound to NO (Kojima et al., 2001). After exposure to DAR-4 M
AM solution (1.25 � 10-3% DAR-4 M AM in culture medium, includ-
ing 0.01% Pluronic F-127 and 5.00 � 10-3% Cremophor EL for cell
membrane permeability) at 37℃ under 5% CO2 for 30 min, the cells
were incubated in fresh culture medium for 30 min to promote AM
group hydrolyzation.

2.6. Inhibition of NO production in osteocytes

To examine the effects of NO on osteocyte apoptosis under
mechanical stimulation, intracellular NOS was inhibited using L-
NAME (Tan et al., 2007) (Dojindo, Japan). The cells were seeded
with L-NAME at a final concentration of 1 mM, which was main-
tained constant during the experiments by supplementing addi-
tional L-NAME.

2.7. Introducing NO into osteocytes

To directly examine the effects of NO on osteocyte apoptosis,
NO donation was conducted with SNP (Chen et al., 2005) (Sodium
nitrosylpentacyanoferrate (III) dehydrate; Nacalai Tesque, Japan).
First, osteocytes were isolated from the calvariae of 8–10-day-old
C57BL/6JJmsSlc mice (Shimizu Laboratory Supplies, Japan) and cul-
tured, as described in section 2.2. Second, ten Annexin V-negative
osteocytes with slender cell processes were microscopically
selected. Osteocytes were then treated with SNP at a final concen-
tration of 50 mM at 37℃ under 5% CO2 for 2 h. An observation
interval longer than that in mechanical experiments was set to
ensure to detect Annexin V fluorescence. Subsequent microscopic
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observation detected Annexin V fluorescence in the selected osteo-
cytes. Experiments were repeated five times. Each SNP experiment
was independently performed on five different days, and the ten
osteocytes tested for each experiment were selected from the same
dish.

2.8. Magnetic tweezer and beads

Mechanical stimuli were applied to osteocytes using a magnetic
tweezer (MagTw10-1200; RF Innovation, Japan; Fig. 1A; left) con-
sisting of a PC permalloy (Ni 78%) round bar coiled with 1200 turns
(100 turns per layer) of copper wire. The cone-shaped bar tip was
polished at 45� from the central axis of the bar (Fig. 1A; right).

Magnetic beads (4.5 mm diameter; Dynabeads MyOne Tosylacti-
vated, Invitrogen) were modified with fibronectin for adhering to
osteocytes. Briefly, the beads were rinsed with PBS and incubated
with fibronectin solution (200 mg/mL fibronectin and 0.1% BSA in
sodium borate buffer) at 37℃ for 24 h for covalent binding of their
tosyl groups to fibronectin. After removing the solution, the beads
were treated with EDTA solution (2 mM EDTA and 0.1% BSA in PBS)
at 5℃ for 5 min and incubated in 0.2 M Tris with 0.1% BSA at 37℃
for 4 h to inactivate the remaining tosyl groups.

2.9. Osteocyte mechanical stimulation using a magnetic tweezer

For osteocyte mechanical stimulation, the dishes were placed in
a stage incubator (STG-IX3W and WSKMX-A17F, Tokai Hit, Japan)
on the stage of a confocal laser scanning microscopy (FV-3000;
Olympus, Japan; Fig. 1B). A three-degree-of-freedom micro manip-
ulator (QP-3LH; Micro Support, Japan) was fixed at the central
angle of the magnetic tweezer at 45� from the dish, and the twee-
zer tip was placed near EGFP-positive cells with a single bead. The
tweezer applied mechanical stimuli to cells at a magnitude of 500
or 1000 pN that can experientially cause a difference in NO produc-
tion, while 10 mm, which is higher than cell height, above the base
of the dish to prevent any contacts (Fig. 1C). To correctly apply the
set forces to the cells, the manipulator set the tweezer tip-bead dis-
tance at d (mm), as determined using force-distance (F-d) calibra-
tion curves (Fig. 1D; left). The electric currents driving the
tweezer were set using a square-shaped wave with an amplitude
of 0.1 or 0.3 A, frequency of 1 Hz, and duration of 600 s
(0 s � time t (s) � 600 s; Fig. 1C). Each osteocyte of three controls
(1000 pN force, 500 PN force, and 1000 pN + L-NAME) was tested
on different days.

2.10. Calibration of F-d relationship

To calibrate the F-d relationship, magnetic beads were diffused
into standard liquid for calibrating viscometers (JIS14000 Lot
No.135; Nippon Grease, Japan) in glass dishes maintained at 37℃
by the stage incubator. Using a micro manipulator, the tweezer
tip was placed in the liquid, and forces were applied to the beads
using an electromagnetic force application device (MagF-
Prototype; RF Innovation, Japan) with a square-wave electric cur-
rent set at 0.01 Hz and a duty rate of 99%. Bead movements were
monitored microscopically.

Images were analyzed using ImageJ (NIH) to evaluate the rela-
tionship between the force applied to the beads and tweezer tip-
bead distance d (mm) based on bead movement (Fig. 1D; right).
Bead velocity v (mm/s; Dd/Dt) was measured as barycentric coordi-
nate displacement following the binarization of bead images. The
force F (pN) applied to the beads was calculated using Stokes’
equation:

FðvÞ ¼ 6pgrv ; ð1Þ
3

where, g (kg/mms) and r (mm) represent liquid viscosity and
bead radius, respectively. Force F (pN) is expressed as follows:

Fðd; IÞ ¼ F0 � d
d0

� �C Ið Þ
; ð2Þ

where, F0 (pN), d0 (mm), and I (A) (0.1 or 0.3 A) represent the
force constant, distance constant, and electric current amplitude,
respectively. Under constant I, the least square method determined
estimated F-d curves using the measured F and d (Fig. 1D; left).
2.11. Osteocyte observation and image analysis

In mechanical stimulation experiments, confocal laser scanning
microscopy was used to observe time-course changes in EGFP,
DAR-4 M, and Annexin V fluorescence intensity in osteocytes with
an exposure time of 200–500 ms at 1 s intervals for 3660 s (-
60 s � t � 3600 s). Microscopic observation with transmitted light
was conducted simultaneously. Fluorescence images were ana-
lyzed using ImageJ, with cell area A(t) (mm2) and ROIs for DAR-
4 M analysis defined as the EGFP-positive area at time t. Within
the ROIs, DAR-4 M fluorescence intensity was measured, averaged
by the cell area A(t), and normalized by its value at t = -60 s.
Another image processing step prevented fluorescent variation in
DAR-4 M images due to cell state and/or staining conditions. Total
fluorescence intensity within each cell image was set as 600 at t = -
60 s and, at t s, multiplied by the original rate of the total intensity
at t s compared with that at -60 s.

In SNP experiments, cell body outlines, except for narrow pro-
cesses and blebs, were traced in transmitted light images manually
using ImageJ, and then cell area A (mm2) was measured. To exclude
the effects of arbitrary drawing on cell area tendency, an author
without knowing SNP addition determined the lines in a random
cell order. Thereafter, cell area averaged per single cell was calcu-
lated to compare between 0 and 2 h after SNP addition or only
culture.
2.12. Statistical analysis

Paired t-tests were used to determine significant changes in
normalized fluorescence intensity and cell area A(t) as temporally
averaged values before (-60 s � t � 0 s) and after
(600 s � t � 660 s) mechanical stimulation. Student’s t-tests were
conducted to determine significant changes in the averaged cell
area at 0 and 2 h after SNP addition or only culture, and the num-
ber of Annexin V-positive cells with and without SNP.
3. Results

3.1. Osteocyte isolation

To confirm successful osteocyte isolation from DMP1-EGFP
mice, fluorescence imaging was performed to reveal the relation-
ship between intracellular EGFP expression and osteocyte-
specific morphology in the bone cells. In EGFP-positive cells
(Fig. 2; upper left), fluorescence-labeled F-actin (Fig. 2; lower left)
visualized several narrow cell processes elongating radially from
the cell body, consistent with reported osteocyte-specific morpho-
logical characteristics (Hasegawa et al., 2018). Conversely, the
labeled-F-actin in EGFP-negative cells (Fig. 2; upper right) revealed
a cell morphology without slender cell processes (Fig. 2; lower
right), indicating that these cells were not osteocytes. These find-
ings demonstrated that EGFP-labeled osteocytes were successfully
isolated from the mice.



Fig. 1. Schematic representation of mechanical stimulation in osteocytes using a magnetic tweezer. (A) Magnetic tweezer (left), whose tip surface (right) was polished at an
angle of 45� from the central axis (dashed-dotted lines). (B) Installation of the magnetic tweezer on a microscope stage with a manipulator controlling the position of the
tweezer tip in culture dishes in the stage incubator. (C) Mechanical stimulation of osteocytes using the tweezer. Through the input of electric currents (right), the tweezer
applied mechanical stimuli of force F = 500 or 1000 pN to the cells via magnetic beads at distance d (mm) between the magnetic bead and tweezer tip. (D) Calibration of F-d
relationship. Force F (pN) was calculated using Stokes’ equation F = 6pgrv (right), and the distance d was measured. The relationship was fitted to F = F0(d/d0)C(I) (F0, d0, C(I):
constant). Blue and orange indicate electric current of 0.1 A (for 500 pN force) and 0.3 A (for 1000 pN force), respectively. Data dots and solid lines indicate measured data and
approximate curves, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Osteocyte shrinkage by a larger force

Mechanical stimulations were performed to clarify the effects of
force magnitude on osteocyte apoptosis. A magnetic tweezer
applied a force of 500 or 1000 pN to osteocytes at 1 Hz for 600 s.
To detect apoptosis, changes in cell area were observed over time
4

t (stimulation: 0 � t � 600 s). Mechanical stimulation at 500 pN
did not cause cell shrinkage, as indicated by time-course cell obser-
vation (Fig. 3A EGFP and DIC) and the quantitative analysis (paired
t-test; Fig. 3B) of cell area A (mm2; i.e. EGFP-positive area) before
and after stimulation. However, cell area gradually decreased after
(t � 600 s) stimulation at 1000 pN (Fig. 3E EGFP and DIC), with sig-
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Fig. 2. Fluorescence images of bone cells derived from DMP1-EGFP mice calvariae.
Left and right images indicate EGFP-positive (EGFP (+)) and -negative (EGFP (-))
cells, respectively. The upper and lower images show the intracellular fluorescence
of EGFP and actin filaments, respectively. Scale bars 10 lm.
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nificant shrinkage in cell area A (paired t-test, p < 0.05; Fig. 3F).
Together, these findings showed that greater mechanical stimula-
tion results in the shrinkage of osteocytes.
3.3. NO production in osteocytes by a larger force

Confocal microscopy was used to investigate the behavior of
intracellular NO in mechanically stimulated osteocytes, with the
NO indicator DAR-4 M. Mechanical stimulation at 500 pN did not
induce NO production (Fig. 3A; DAR-4 M); however, DAR-4 M flu-
orescence intensity rapidly increased during (0 s � t � 600 s) and
after (600 s � t � 1000 s) stimulation at 1000 pN in most cells
(Fig. 3E; DAR-4 M). Besides, the quantitative analysis results indi-
cated that the normalized fluorescence intensity (fluorescence
intensity divided by cell area A (t) and intensity at t = -60 s) did
not increase with 500 pN stimulation, except for a slight increase
in DAR-4 M intensity at later stages within some cells, (Fig. 3C),
whereas it drastically increased during and after stimulation at
1000 pN (Fig. 3G). DAR-4 M behaviors were validated by statistical
comparison between normalized fluorescence intensity before and
after stimulation (paired t-test; Fig. 3D and H). Thus, these data
showed that larger force results in NO production in osteocytes.
3.4. Effects of NO production on osteocyte apoptosis

To investigate the roles of NO in mechanically stimulated apop-
totic osteocytes, cells were subjected to NOS inhibition using L-
NAME. After mechanical stimulation at 1000 pN, L-NAME-treated
osteocytes did not produce NO, as indicated by DAR-4 M imaging
and analysis (Fig. 4A; DAR-4 M, Fig. 4C and D), and displayed no
significant cell shrinkage, as indicated by time-lapse observation
(Fig. 4A; EGFP and DIC) and quantitative analyses of cell area
(Fig. 4B). These data support that larger force causes intracellular
NO production-mediated shrinkage of osteocytes.

To directly test whether NO induces osteocyte apoptosis, apop-
tosis was investigated in SNP (NO donor)-treated osteocytes. The
Fig. 3. Apoptosis and NO production in mechanically stimulated osteocytes. The magn
osteocytes. (A)(E) Microscopic imaging of cell area and intracellular NO. Mechanical stim
(-60 s � t � 0 s). EGFP (upper) and DIC (middle) images showing time-course changes
intracellular NO. Yellow lines are cell outlines. Scale bars 10 lm. (B)(F) Effects of force
evaluated as temporally averaged values before (-60 s � t � 0 s) and after (600 s � t
4 M�normalized fluorescence intensity with enlarged views (0 � t � 700 s). Vertical
respectively. (D)(H) Effects of force F on normalized fluorescence intensity. Paired t-test
temporally averaged values before (-60 s � t � 0 s) and after (600 s � t � 660 s) mecha
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majority of cells cultured without SNP for 2 h (SNP (-) cells) dis-
played no cell shrinkage or Annexin V fluorescence, which is an
apoptosis marker (Fig. 4E-G; SNP (-)). However, significantly more
cells cultured with SNP for 2 h (SNP (+) cells) displayed both cell
shrinkage and Annexin V fluorescence (Fig. 4E-G; SNP (+), F; stu-
dent’s t-test, p < 0.001, G; student’s t-test, p < 0.05). These findings
confirm the pro-apoptotic roles of intracellular NO.

These findings demonstrate that larger force causes osteocyte
shrinkage, suggesting an initial apoptotic response, via intracellu-
lar NO production.
4. Discussion

In this study, the quantitative local mechanical stimulation to
osteocytes using a magnetic tweezer revealed that larger force
induces intracellular NO production followed by an initial apop-
totic sign i.e. cell shrinkage. Moreover, NOS inhibition and NO
donation were performed to examine the pro-apoptotic roles of
NO in osteocytes. To the best of our knowledge, our study is the
first to imply an initial apoptotic response in osteocytes stimulated
by large magnitude of force, mediated by intracellular NO
production.

Previous studies have reported osteocyte apoptosis around both
the bone surface and resorption areas in mechanically overloaded
bones (Verborgt et al., 2000) and that apoptotic osteocytes pro-
mote osteoclastic differentiation (Kogianni et al., 2008). Although
these studies indicate that mechanically overloaded apoptotic
osteocytes are vital for bone resorption, few reports have focused
on the apoptosis mechanism of mechanically overloaded osteo-
cytes. Previous experiments using isolated osteocytes have demon-
strated that cell apoptosis is triggered by substrate deformation via
ERK activation, which is involved in cell growth (Hoshi et al.,
2014); however, ERK reportedly suppresses apoptosis in
osteocyte-like cells under substrate deformation (Plotkin et al.,
2005). As ERK is activated by NO (Kim et al., 2002), rapid NO pro-
duction may affect osteocyte apoptosis mediated by excessive ERK
activation. Nevertheless, the effects of NO on apoptosis in mechan-
ically overloaded osteocytes are poorly understood, and this study
is the first to investigate such effects.

Osteocytes are subjected to mechanical stimuli due to bone
matrix deformation (Adachi et al., 2009a) and interstitial fluid flow
in the lacunar-canalicular system (Thi et al., 2013), which are
thought to be transmitted intracellularly (Thi et al., 2013; You
et al., 2004) via plasma membrane proteins, such as integrin
(Cabahug-zuckerman et al., 2018) and piezo1 (Sasaki et al.,
2020). Here, we used a magnetic tweezer to locally apply mechan-
ical stimuli to membrane proteins via micro beads adhering to the
cell surface.

NO production requires NOS (Knowles and Moncada, 1994),
which has three different isozymes: nNOS, eNOS and, iNOS
(Marletta, 1993). nNOS (Bredt and Snyder, 1990) and eNOS
(Forstermann et al., 1991) are activated in the presence of intracel-
lular Ca2+, which increases in mechanically stimulated osteocytes
(Adachi et al., 2009a, 2009b; Thi et al., 2013), likely inducing NO
production as observed in this study. Several types of Ca2+ channels
are co-expressed with integrin in osteocytes (Cabahug-zuckerman
etic tweezer applied mechanical stimuli of F = 500 pN (A-D) or 1000 pN (E-H) to
uli (0 � time t (s) � 600 s) were applied to the cells after a no-stimulation period
in the cell area. DAR-4 M fluorescence images (lower) indicating the behavior of
F on cell area A. Paired t-tests determined significant changes in cell area A (mm2)
� 660 s) mechanical stimulation (*p < 0.05). (C)(G) Time-course changes in DAR-
left and right dashed lines indicate the start and end of mechanical stimulation,
s determined significant change in normalized fluorescence intensity evaluated as
nical stimulation (*p < 0.05).

"
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Fig. 4. Effects of NO on apoptosis in mechanically stimulated osteocytes. (A) Effects of NOS inhibition on mechanically stimulated osteocytes. As a negative control, the
magnetic tweezer applied 1000 pN force to L-NAME (NOS inhibitor)-treated osteocytes. EGFP (upper) and DIC (middle) images showing the time-course changes in the cell
area. DAR-4 M fluorescence images (lower) indicating the behavior of intracellular NO. (B) Effects of force F on cell area. A paired t-test determined significant changes in cell
area A (mm2) evaluated as temporally averaged values before (-60 s � t � 0 s) and after (600 s � t � 660 s) mechanical stimulation. (C) Time-course changes in DAR-4 M
normalized fluorescence intensity with enlarged views (0 � t � 700 s). Vertical left and right dashed lines indicate the start and end of mechanical stimulation, respectively.
(D) Effects of force F on normalized fluorescence intensity. A paired t-test determined significant changes in normalized fluorescence intensity evaluated as temporally
averaged values before (-60 s � t � 0 s) and after (600 s � t � 660 s) mechanical stimulation. (E-G) Effects of NO donation on osteocyte apoptosis. As a positive control,
Annexin V fluorescence was examined in osteocytes with or without 2 h of exposure to a NO donor (SNP). (E) Microscopic observation showing Annexin V fluorescence and
cell shrinkage in SNP-treated cells. (F, G) Student’s t-tests determined significant change in (F) cell area A (mm2) during 2 h treatment, and (G) the number of Annexin V-
positive cells between SNP (-) and (+) cells (*p < 0.05, **p < 0.001). A single SNP experiment tested ten cells. For reproducibility, independent experiments were repeated five
times. Yellow lines indicate cell outlines. Scale bars 10 lm.
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et al., 2018); therefore, the influx of extracellular Ca2+ may result
from the mechanical opening of Ca2+ channels via membrane pro-
teins, such as integrin. Moreover, fluid flow stress experiments
have demonstrated an increase in both intracellular Ca2+ concen-
tration and NO production in osteocyte-like cells (Bakker et al.,
2009). However, the relationships between mechanical overload,
Ca2+ influx, and NO production in osteocytes remain unclear.
7

Unlike nNOs and eNOS, iNOS-mediated NO production is
induced in a Ca2+-independent manner (Stuehr et al., 1991) and
is triggered by biochemical stimuli such as cytokines, in neurons
(Chiou et al., 2000) and myocytes (Balligand et al., 1994). Similar
to neurons (Chiou et al., 2000), mechanically overloaded osteocytes
may undergo iNOS-mediated apoptosis; however, our experiments
did not show drastic NO production induced by a rapid increase in
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underexpressed intracellular iNOS (Balligand et al., 1994; Chiou
et al., 2000). Therefore, further studies are required to identify
NOS isozymes that are involved in the process.

In our study, 1000 pN force resulted in a rapid increase in intra-
cellular NO concentration in osteocytes, followed by cell shrinkage.
Increased NO concentration affects the activities of cell death-
related biomolecules; in fact, the state and effects of various intra-
cellular proteins are dependent on intracellular NO concentration
(Ridnour et al., 2005; Thomas et al., 2008, 2004). For instance, in
breast cancer cells, ERK and apoptosis-inducing factors such as
HIF-1a and p53 are reportedly activated and stabilized under
specific concentrations of NO, respectively (Thomas et al., 2004).
Similarly, the angiogenesis-inhibiting factor TSP1 is expressed in
a NO concentration-dependent manner in endothelial cells
(Ridnour et al., 2005). Moreover, NO concentration may affect cell
fate by promoting and suppressing endothelial cell apoptosis at
high and low concentrations, respectively (Shen et al., 1998). Sim-
ilarly, macrophages undergo apoptotic chromatin condensation
under high NO concentration, whereas they survive under low con-
centration (Yoshioka et al., 2003). Regarding bone cells, a previous
study reported that a high NO donor concentration induced
apoptosis-specific DNA fragmentation in osteoblasts, whereas
low NO donor concentration induced osteoblast growth but caused
no DNA fragmentation (Mancini et al., 2000). Similarly, apoptosis
of osteoclasts occurred under high NO concentration, but not under
low concentration (Kanaoka et al., 2000). The previously reported
anti-apoptotic effects of NO in osteocytes (Hasegawa et al., 2018)
may have occurred under low NO concentrations induced by small
forces such as 500 pN in this study. Therefore, the reported effects
of NO concentration on cell fate could explain osteocyte apoptosis
mediated by intracellular drastic NO production.

Mechanical stimulation with a 1000 pN force did not evoke
Annexin V fluorescence in all but one osteocyte which emitted flu-
orescence following cell shrinkage (Fig. A1). Longer cell observa-
tion might enable to detect Annexin V fluorescence in force
experiments as cell membrane regeneration detected by Annexin
V could clearly occur after hours of apoptosis induction
(Demchenko, 2013). Similarly, blebbing observed in SNP experi-
ments was rarely detected in force experiments. As osteocyte bleb-
bing could occur after cell shrinkage in apoptotic process as
reported in melanoma cells (Andrade et al., 2010) and neurons
(Tanaka et al., 2015), SNP-induced blebbing might occur as a later
apoptotic event due to longer observation time or higher NO con-
centration than that in force experiments.

This study did not quantitatively compare intracellular NO
levels between two distinct conditions, namely mechanical stim-
Fig. A1. Apoptosis and NO production in a single mechanically stimulated osteocyte. Th
time from the beginning of mechanical stimulation. DIC, DAR-4 M fluorescence, and Anne
plasma membrane degeneration, respectively. Scale bars 10 lm.
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ulation and NO addition; therefore, NO concentrations in largely
mechano-stimulated osteocytes may not be as high as that in
NO-donated osteocytes and may be insufficient to induce apop-
tosis. The effects of intracellular NO concentration on apoptosis
(discussed above) do not allow to quantitatively compare SNP
data with mechanical stimulation data. However, SNP experi-
ments showed pro-apoptotic effects of intracellular NO in osteo-
cytes, and L-NAME data (Fig. 4A-D) indicated intracellular NO
production required for cell shrinkage, implying that
mechanically-stimulated intracellular NO production triggers
osteocyte apoptosis. Further studies should confirm NO-induced
osteocyte apoptosis by removing the effects of other NOS-
mediated products such as L-citrulline. Future studies should
elucidate how force magnitude determines NO production,
which cell surface proteins stimulate NOS, and which molecules
NO affects in the apoptotic signaling pathway.

5. Conclusion

Mechanical overload-induced apoptosis plays a pivot role in
damaged bone resorption and repair. This study aimed to elucidate
the mechanism underlying apoptosis in mechanically overloaded
osteocytes, with a focus on the pro-apoptotic roles of intracellular
NO. We found that large magnitude of force induces NO
production-mediated osteocyte shrinkage, implying an initial
apoptotic response. Thus, our study proposes that NO production
is crucial for the remodeling of damaged bone.
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Appendix

(See Fig. A1)
e magnetic tweezer applied a force of 1000 pN to the osteocyte. Time t (s) indicates
xin V fluorescence images indicating cell shrinkage, intracellular NO production, and
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