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ABSTRACT:Osteoporosis is amajorhealthproblem,makingbones fragile and susceptible to fracture.Previousworks
showed thatmechanical loading stimulatedbone formationandaccelerated fracturehealing. Focusingon the roleof
Wnt3a (wingless/integrated 3a), this study was aimed to assess effects of mechanical loading to the spine, using
ovariectomized (OVX)miceasamodelofosteoporosis.Two-weekdailyapplicationof thisnovel loading (4N, 10Hz,
5 min/d) altered bone remodeling with an increase in Wnt3a. Spinal loading promoted osteoblast differentiation,
endothelial progenitor cell migration, and tube formation and inhibited osteoclast formation, migration, and ad-
hesion. A transient silencing of Wnt3a altered the observed loading effects. Spinal loading significantly increased
bone mineral density, bone mineral content, and bone area per tissue area. The loaded OVX group showed a
significant increase in the number of osteoblasts and reduction in osteoclast surface/bone surface. Though ex-
pression of osteoblastic genes was increased, the levels of osteoclastic genes were decreased by loading. Spinal
loading elevated a microvascular volume as well as VEGF expression. Collectively, this study supports the notion
that Wnt3a-mediated signaling involves in the effect of spinal loading on stimulating bone formation, inhibiting
bone resorption, and promoting angiogenesis in OVX mice. It also suggests that Wnt3a might be a potential
therapeutic target for osteoporosis treatment.—Li, X., Liu, D., Li, J., Yang, S., Xu, J., Yokota, H., Zhang, P. Wnt3a
involved in the mechanical loading on improvement of bone remodeling and angiogenesis in a postmenopausal
osteoporosis mouse model. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Osteoporosis is a common skeletal disease, affecting 1 in 3
women during the course of their lifetime (1). It is char-
acterized by reduced bone mass, microarchitectural de-
teriorationof bone tissue, andan increased riskof fractures

(2). Bone remodeling is a continuous process of mineral
metabolism, undertaken mainly by bone-forming osteo-
blast cells and bone-resorbing osteoclast cells (3). Di-
minished bone formation by osteoblasts or excessive bone
resorption by osteoclasts results in osteoporosis (4). In
postmenopausal women, osteoporosis is induced by a
decrease in the production of estrogen, which is known to
maintain the appropriate ratio of osteoblasts to osteoclasts
(5, 6). To treat postmenopausal osteoporosis, the most
widely prescribed medications are bisphosphonates such
as alendronate and zolendronic acid, although their long-
term administration may increase the incidence of osteo-
necrosis of the jawbone and fracture of the femur (7, 8).
Other treatments include administration of estrogen and
estrogen analogs as well as parathyroid hormone (ter-
iparatide) (9). However, increased risks of breast cancer
and blood clots have been reported as side effects (10).
Angiogenesis is essential for bone remodeling in the repair
of the bone disorders such as fracture, osteonecrosis, and
tumor metastasis to bone (11, 12). However, a therapy of
osteoporosis coupling angiogenesis to bone remodeling
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remains elusive. The aim of this study is to evaluate a
potential therapeutic role of spinal loading as a physical
therapy in postmenopausal osteoporosis, focusing on
bone remodeling and angiogenesis.

Bone is a dynamic tissue whose structure is con-
stantly altered in response to its mechanical environ-
ments (13). Indeed, many loading modalities including
axial loading and whole-body vibration can influence
the bone-remodeling process (14–16). Joint loading
modalities have been developed and reported in our
works (17), in which lateral loads are applied to syno-
vial joints such as the elbow (18), knee (19–21), and
ankle (22). Our previous studies showed that wound
healing was stimulated with knee loading both in the
femoral neck and tibia (23). Knee loading not only
stimulates bone formation and prevents cartilage de-
generation, but it also promotes vessel remodeling and
bone healing in the necrotic femoral head (20, 24, 25).
Spinal loading is one form of mechanical stimulation
modalities, in which gentle compressive loads are dy-
namically applied to the lumbar spine. The question
herein is whether spinal loading may induce not only
local but also global anabolic responses in osteoporotic
bones.

Mechanical loading activates aWnt signaling pathway
(25–27), and it plays a critical role inbonehomeostasis (28).
It stimulates osteoblastogenesis and bone formation
through b-catenin–dependent or –independent mecha-
nisms (29). Wnt signaling is also important for osteoclast
differentiation and bone resorption (30). Furthermore,
Wnt signaling is implicated in angiogenesis and the acti-
vation of VEGF expression (31).

We hypothesized that Wnt3a involves in the effect of
spinal loading on promoting both bone remodeling and
angiogenesis in ovariectomized (OVX) mice. Using bone
marrow–derived cells, we examined formation, migra-
tion, and adhesion of osteoclasts as well as differentiation
of osteoblasts. Endothelial progenitor cells (EPCs) from
bone marrow were evaluated by their tube formation us-
ing Matrigel and a migration assay. To investigate a
Wnt3a-mediated underlying mechanism, expression of
varying genes involved in bone remodeling and angio-
genesis were determined in bone marrow–derived cells
using small interfering RNA (siRNA) specific to Wnt3a.
Using the sham-treatedOVXandOVXmice,weevaluated
the effects of spinal loading on bone remodeling by de-
termining bone mineral density (BMD), bone mineral
content (BMC), and bone area per tissue area (B.Ar/T.Ar).
Using bone histomorphometry, we evaluated develop-
ment of osteoblasts and osteoclasts on bone surface in vivo.
The vessels in the distal femora were evaluated with ink
perfusion angiography.

MATERIALS AND METHODS

Animal and material preparation

Female C57BL/6mice (14wk old; Animal Center ofAcademy of
Military Medical Sciences, Beijing, China) were used. A total of
150 mice were randomly divided into the following 3 groups:

sham-treated control group (sham,n=50),OVXgroup (OVX,n=
50), and spinal loading–treated OVX group (OVX loading, n =
50). Four to five mice per cage were fed with mouse chow and
water ad libitum. Mice were housed on a 12-h light/dark cycle at
room temperature of 25°C under pathogen-free conditions. All
experiments were carried out according to the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health,
Bethesda, MD, USA) and were approved by the Ethics Com-
mittee of Tianjin Medical University.

Cytokines were purchased from PeproTech (Rocky Hills,
NC, USA). Medium, fetal bovine serum (FBS), bovine serum
albumin, Lipofectamine 3000 Reagent, penicillin, streptomy-
cin, and trypsin were purchased from Thermo Fisher Scien-
tific (Waltham,MA, USA). Endothelial cell growthmedium-2
(EGM-2) BulletKit was obtained from Lonza (Walkersville,
MD, USA). Matrigel was purchased from Life Sciences
(Tewksbury,MA, USA). Scrambled siRNA andWnt3a siRNA
were purchased from GenePharma (Shanghai, China). 3, 39-
diaminobenzidine (DAB) substrate kit was purchased from
ZSGB-BIO (Beijing, China). Primary antibodies specific to
Wnt3a, runt-related transcription factor 2 (RUNX2), osteo-
calcin (OCN), receptor activator of nuclear factor k-B ligand
(RANKL), and cathepsin K (CTSK) were purchased from Cell
Signaling Technology (Danvers, MA, USA). The antibodies
for alkaline phosphatase (ALP), nuclear factor of activated
T cells, cytoplasmic 1 (NFATc1), vascular endothelial growth
factor (VEGF), and b-actin were purchased from Abcam
(Cambridge, MA, USA). Other chemicals were purchased
from MilliporeSigma (Burlington, MA, USA) unless other-
wise stated.

Ovariectomy

The animals were anesthetized with 1.5% isoflurane (IsoFlo;
Abbott Laboratories, North Chicago, IL, USA) at a flow rate of
1.0 L/min. We placed the mouse in prone position, shaved the
hair, and sterilized the skin. We made a midline dorsal skin in-
cision using a scalpel and excised the ovaries with scissors (32).
For sham-treated OVX-operated mice, the same procedure was
conductedwithout removing the ovaries. In order to alleviate the
painassociatedwith surgery, themousewasadministeredadose
of 0.05 mg/kg buprenorphine hydrochloride every 8 h for the
first 3 postoperative days. After surgery, 1% pramoxine hydro-
chloride ointment was applied on the incision sites everyday for
the first 3 postoperative days.

In vivo mechanical stimulation

The OVX-loaded mice were subject to mechanical stimulation.
During mechanical spinal loading, the mouse was mask-
anesthetized using 1.5% isoflurane. A custom-made mechanical
loader was employed to apply loads for 5 min/d for 2 wk (7 d/
wk) to the lumbar spine in the dorsal-ventral direction (Fig. 1A).
The upper diameter of the loaderwas 10mm, and it connected to
a stator that is right above lumbar spine of mice (123 5 mm). A
soft pad (603 15mm)was placed on the loading table to support
themouse abdomen during spinal loading. Dynamic loads were
given sinusoidally by the upper end of the statormoving up and
down gently in proper force, frequency, and time. The OVX and
sham-treatedOVXgroups received sham loading, inwhichmice
were positioned on the loading table without receiving dynamic
loading to the spine. After loading, the mouse was allowed
normal cage activity. In the current study, loadswith 10Hz and 4
N were given for 5 min/d for 14 consecutive days. The loading
force of 4 N was determined via preliminary experiment using 3
loading forces (2, 4, and 6 N; unpublished results). Though
data indicated that all loading forces inhibited osteoclast
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Figure 1. Role of Wnt3a in the effect of spinal loading on bone remodeling and angiogenesis in the OVX mice. A) Experimental
setup. Timeline and loading site for spinal loading. B) Immunohistochemistry staining of Wnt3a in the femur was conducted in
vivo. Scale bars, 50 mm; n = 10. C) Western blot analysis of Wnt3a and b-catenin in the femur of OVX treated with mechanical
loading in vivo (n = 6). D) Western blot analysis of Wnt3a, ALP, NFATc1, and VEGF in bone marrow–derived cells, which were
transfected with siRNA Wnt3a in vitro (n = 6). NS, not significant. *P , 0.05, **P , 0.01, ***P , 0.001.
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development, forces of 4 and 6 N and not 2 N stimulated osteo-
blast differentiation. The loading device was calibrated using a
load cell (Model LLB130; Futek Advanced Sensor Technology,
Irvine, CA, USA) to determine peak compressive force for in-
creasing actuator voltage.

Western blot analysis

Femurs were lysed in a RIPA lysis buffer to isolate proteins.
Primary antibodies specific to Wnt3a, RUNX2, OCN, ALP,
NFATc1, RANKL, CTSK, VEGF, and b-actin were employed.
Signals were detected with ECL. Quantification of signal in-
tensities was performed using the software Quantity One
(Bio-Rad, Hercules, CA, USA), following the manufacturer’s
instructions. Signal intensities of Wnt3a, RUNX2, OCN, ALP,
NFATc1, RANKL, CTSK, and VEGF were normalized to
b-actin intensity (33).

Bone histomorphometry and
immunohistochemistry

The femurs were fixed in 10% neutral buffered formalin for
2 d, decalcified in 10%EDTA (pH7.4) for 2wk, and embedded
in paraffin. The samples were cut at 5-mm–thick slices along
the coronal plane. Sections were stained with hematoxylin
and eosin (H&E) for examining histologic parameters in
the distal metaphysis. Bone volume fraction, B.Ar/T.Ar (in

percent), was determined within 1.6-mm2 sample area on
0.8 mm proximal distance from the growth plate (30). Fur-
thermore,weused tartrate-resistant acid phosphatase (TRAP)
staining to determine osteoclast surface/bone surface (Oc.S/
BS; ratio of a length of TRAP-positive cells to a total circum-
ference of bone trabecula), which represented osteoclast-
activity. MacNeal’s staining was used to normalize the
osteoblast number by the trabecular bone surface (osteoblast
number/bone surface, N.Ob/BS; mm) for identifying osteo-
blasts (24).

For immunohistochemistry, we used an immunohistochem-
ical kit and a DAB substrate kit (ZSGB-BIO). The femurs were
embedded in paraffin and coronally cut for 5-mm–thick slices.
One of every 10 slices and a total of 5 slices were chosen for
quantification in each tissue. Sections of the distal femur were
incubated with primary antibodies against Wnt3a. Quantitative
analysis was conducted in a blinded fashion on the area of the
proximal femur. To quantify Wnt3a expression, we counted the
number of positively stained cells in 10 fields at 3200 magnifi-
cation per section and calculated the ratio of positively stained
cells to all cells (34).

Transfection

Wnt3a siRNA was transfected into bone marrow–derived cells
using Lipofectamine 3000 Reagent in antibiotic-free Opti-MEM
following themanufacturer’s protocol (35). Cells were incubated

Figure 2. Effect of silencing Wnt3a on osteoblast differentiation and mineralization with spinal loading in OVX mice in vitro. A)
Representative images of osteoblast differentiation by ALP staining. Scale bar, 50 mm. B) Representative images of osteoblast
mineralization by Alizarin Red staining. Scale bar, 500 mm. C) Quantitative analysis of ALP+ cells (percent). D) Optical density of
calcium deposition after Alizarin Red staining. NS, not significant. n = 6 per treatment group. *P , 0.05, **P , 0.01, ***P , 0.001.
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for 6 h, and themediumwas replaced with Opti-MEMmedium.
Cells were incubated for 48 h after transfection and used for
experiments.

Bone marrow–derived cell isolation and
osteoclast development

Bone marrow–derived cells were collected as previously de-
scribed in ref. 25.We flushed the iliac and femurwithDulbecco’s
Modified Eagle’s Medium (DMEM) containing 2% FBS. Bone
marrow–derived cells were separated by Ficoll density gradient
centrifugation and seeded in 6-well dishes (36). Cells were cul-
tured inminimumessentialmediumalpha (MEM-a)with 30ng/
ml murine macrophage-colony stimulating factor (M-CSF) and
20 ng/ml RANKL. On d 4, the medium of cells was replaced by
MEM-awith30ng/mlM-CSFand60ng/mlRANKLandgrown
for 3 additional days (37, 38).

An osteoclast formation assay was performed using bone
marrow–derived cells, which were isolated from the sham-
treated OVX mice, OVX mice, and spine-loaded OVX mice, as
previously described in refs. 34 and 37. During 6-d experiments,
culturemediumwas exchangedonce ond4.Cellswere fixed and
stainedwith aTRAP-stainingkit according to themanufacturer’s

instructions. TRAP-positive multinuclear cells (.3 nuclei) were
identified as osteoclasts and their numbers were counted (39).

A transwell assay was conducted to evaluate migration of
osteoclasts (34, 38). To obtain osteoclast precursor cells, bone
marrow–derived cells (2 3 106/ml in 6-well plates) were
cultured for 4 d, and TRAP stainingwas conducted to identify
osteoclast precursors. The identified osteoclast precursor cells
(1 3 105 cells/well) were loaded onto the upper chamber of
transwells. The bottom chamber contained MEM-a with 1%
bovine serum albumin and 30 ng/ml M-CSF. The cells in the
lower chamber were stained with crystal violet and counted
after 6 h.

The identified osteoclast precursor cells (1 3 105 cells/well)
were placed into 96-well plates coated with 5 mg/ml vitronectin
and 30 ng/ml M-CSF for an osteoclast adhesion assay, as pre-
viously described (34, 40). Cells were fixed with 4% para-
formaldehyde for 10–15 min and stained with crystal violet. The
number of adhesion cells was counted.

Osteoblast differentiation and
mineralization assay

Bone marrow–derived cells (2 3 106/ml in 6-well plates) were
plated to osteogenic differentiation medium with 10 mM

Figure 3. Effect of silencing Wnt3a on osteoclast formation, migration, and adhesion with spinal loading in OVX mice in vitro. A)
Representative images of osteoclast formation by TRAP staining. B) Representative images of preosteoclasts migration by crystal
violet staining. C) Representative images of preosteoclasts adhesion by crystal violet staining. D–F) Quantitative analysis of
formation (D), migration (E), and adhesion (F) cells. LFP, low power field; NS, not significant. n = 6 per treatment group. *P ,
0.05, **P , 0.01, ***P , 0.001. Scale bars, 200 mm.
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b-glycerophosphate, 50 mg/ml ascorbic acid 2-phosphate, and
10 nM dexamethasone (34). Cells were fixed in citrate-buffered
acetone and incubated in the alkaline-dye mix for ALP staining
after being cultured for 2 wk. Cells were counterstained with
Mayer’s hematoxylin, and the percentages of ALP-positive cells
were counted (41).

Using Alizarin Red staining to test mineralization of osteo-
blasts, bone marrow-derived cells were incubated for 3 wk after
osteogenic differentiation. Cells were fixed in 4% para-
formaldehyde for 15 min and stained with Alizarin Red S for
30min (2%ofAlizarin Red S dissolved in distilledwaterwith the
pH adjusted to 4.2). To quantify the mineral material in the cul-
ture, the stainwas dissolvedwith 10% cetylpyridinium chloride,
and the absorbance was measured at 570 nm (42).

Migration and tube formation assays of bone
marrow–derived EPCs

EPCs were isolated from bone marrow–derived cells using
density gradient centrifugation and cultured in 6-well dishes
with selective EGM-2 (43). Prior to migration and tube for-
mation assays, immunostaining with antibodies specific to
CD34 and vascular endothelial growth factor receptor 2
(VEGFR2) was conducted to confirm that the cultured cells
were EPCs (unpublished results) (44). Migration of EPCs was
evaluatedwith 8mmTranswell filters as previously described
(45). Cells were incubated on the upper chambers, and the

bottom chamber contained EGM-2 with 20% FBS. The cells in
the lower chamber were stained with crystal violet and
counted after 12 h. The 24-well plates were coated with
Matrigel and preincubated at 37°C for tube formation assay.
EPCs were incubated on the 24-well plates for 12 h, and cu-
mulative tube lengths were counted (45).

Measurements of BMD and BMC in vivo

BMD and BMC were determined by peripheral dual-energy X-
ray absorptiometry (pDEXA; PIXImus II; Lunar, Madison, WI,
USA) (23). The animal was anesthetized and placed in the prone
position, and an image was acquired in ;5 min. Both BMD
(grams per square centimeter) and BMC (milligrams) of the
whole body were determined without including the head. BMD
and BMC of whole body, lumbar spine, humerus, ulna, femur,
and tibia were also evaluated separately using mouse-specific
software (Lunar, Madison, WI, USA; v.1.47).

Blood perfusion assay

We performed an ink perfusion assay using Chinese ink to ana-
lyze angiogenesis of the distal femora (34, 46). A needle with
heparin-saline solution (25,000 U in 250 ml of 0.9% sodium
chloride) was inserted into the left ventricle for liquid infusion. A
5% gelatin and ink solutionwas injected after clear liquid flowed

Figure 4. Effect of silencing Wnt3a on EPCs migration and tube formation with spinal loading in OVX mice in vitro. A)
Representative images of EPCs tube formation. B) Representative images of EPCs migration by crystal violet staining. C)
Quantitative analysis of cumulative tube lengths. D) Quantitative analysis of EPCs migratory. FV, field of vision; NS, not
significant. n = 6 per treatment group. Scale bars, 100 mm. *P , 0.05, **P , 0.01, ***P , 0.001.
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fromthe right atrium.The femorawereharvestedafter the skinof
animals became uniformly black. These tissues were fixed with
10%neutral buffered formalin for 2dandweredecalcified in 14%
EDTA for 2 wk. Samples were embedded in paraffin and sec-
tioned into 15-mm–thick slices along the sagittal plane. The ratio
of a vessel area to a total area was determined.

Statistical analysis

The data were expressed as means 6 SEM. For more than a 2-
groupcomparison, 1-wayANOVAwas conducted followedbya
posthoc test using Fisher’s protected least significant difference.
For a 2-group comparison, Student’s t test was conducted. All
comparisons were 2-tailed, and statistical significance was as-
sumed at P, 0.05.

RESULTS

Theanimals used forOVXand spinal loading tolerated the
procedures, and any abnormal behavior or diminished
food intake was not observed. No obvious bruising or
tissue damage was detected at the surgical and loading
site.

Wnt3a-mediated promotion of bone
remodeling and angiogenesis by
spinal loading

To evaluate the role ofWnt3a in spinal loading onOVX at
themolecular level,we examinedactivities ofWnt3a in the
femur. Immunohistochemistry and Western blot analy-
sis showed that compared with the OVX group, the

expression of Wnt3a was significantly increased by spi-
nal loading, which also increased the protein level of
b-catenin (Fig. 1B, C).

To further examine Wnt3a’s role in bone remodeling
and angiogenesis, the expressions of ALP, NFATc1, and
VEGF were determined in bone marrow–derived cells in
the presence and absence of siRNA specific toWnt3a. The
result showed that the levels of ALP and VEGF were in-
creased by spinal loading, and a silencing of Wnt3a de-
creased load-driven up-regulation of ALP and VEGF. The
level of NFATc1 was down-regulated by spinal loading,
whereas transfection of Wnt3a siRNA altered the loading
effect on NFATc1 (Fig. 1D).

Stimulation of osteoblast differentiation and
mineralization by spinal loading via Wnt3a
in vitro

In the osteoblast differentiation assay, a significant in-
crease in the number of ALP-positive cells was detected in
the loaded OVX mice compared with those isolated from
theOVXmice (P, 0.001). Comparedwith the transfection
of scrambled siRNA, Wnt3a siRNA transfection down-
regulateddifferentiationofosteoblasts in theOVX-loading
group (P, 0.01; Fig. 2A–C).

Alizarin Red staining showed that OVX decreased the
number of mineralized nodules, whereas spinal loading
significantly elevated mineralization of osteoblasts (P ,
0.05). Furthermore, a silencing ofWnt3a decreased a load-
driven increase in osteoblast mineralization (P, 0.01; Fig.
2B–D).

Figure 5. Effects of ovariectomy and spinal loading on BMD and BMC. A) BMD of whole body. B) BMC of whole body. C) BMD
of lumbar spine. D) BMC of lumbar spine. E) BMD of femur and tibia. F) BMC of femur and tibia. n = 10 per treatment group;
n = 10 for lumbar spine; n = 20 for femur and tibia. *P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 6. Effects of ovariectomy and spinal loading on bone remodeling and angiogenesis in vivo. A) The histologic parameters of
trabecular bone on the proximal side of the growth plate in distal femur were determined by H&E staining. Scale bar, 200 mm;
n = 10. The arrows indicate trabecular bone. B) MacNeal’s staining was used to determine the number of osteoblasts in trabecular

(continued on next page)
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Suppression of osteoclast formation,
migration, and adhesion by spinal
loading via Wnt3a in vitro

Four weeks after ovariectomy, the bone marrow–derived
cells isolated from the OVX mice exhibited a significant
increase in the surface area occupied by multinucleated
osteoclasts (P , 0.01). In contrast, the cells isolated from
the loaded OVX mice presented a significant reduction
(P, 0.05), and transfection ofWnt3a siRNA altered load-
driven reduction in osteoclast formation (P , 0.05; Fig.
3A–D).

Preosteoclast cells isolated from the OVX mice were
more active inmigration than those from the sham-treated
OVX mice (P , 0.01). In addition, preosteoclast cells
isolated from the loaded mice presented a significant re-
duction in the migration rate (P , 0.05). In M-CSF–
mediatedadhesion toavb3 integrin, the cells isolated from
the OVX mice presented stronger adhesion than those
fromthe sham-treatedOVXcontrols (P,0.01).Compared
with the cells isolated from the OVX mice, the cells from
the spine-loaded mice exhibited a significant reduction in
osteoclast adhesion (P , 0.05), whereas Wnt3a siRNA
transfection down-regulated load-driven effects on mi-
gration (P , 0.01) and adhesion of osteoclasts (P , 0.05;
Fig. 3B–F).

Promotion of endothelial cell migration and
tube formation by spinal loading via Wnt3a
in vitro

Analysis of tube formation in bone marrow–derived
EPCs showed that comparedwith the OVXmice, spinal
loading significantly increased cumulative tube lengths
(P, 0.05) andmigration of EPCs (P, 0.01). However, a
silencing of Wnt3a decreased load-driven up-regulation
of EPCmigration (P, 0.05) and tube formation (P, 0.01;
Fig. 4).

Increase in BMD and BMC by spinal loading
in vivo

Compared with the sham-treated OVX mice 4 wk after
ovariectomy, OVX mice presented a significant reduction
in BMD in thewhole body, lumbar spine, femur, and tibia
(all P, 0.001). Likewise, the OVX mice showed a signifi-
cant decrease in BMC in a whole body (P, 0.01), lumbar
spine, and hind limb (both P , 0.001). Two-week appli-
cation of daily spinal loading completely suppressed
OVX-induced reduction in BMD and BMC. Compared
with the OVX mice, loaded OVX mice exhibited a signifi-
cant increase in BMD in whole body (P , 0.05), lumbar

spine (P , 0.01), femur (P , 0.01), and tibia (P , 0.001).
Similarly, spinal loading significantly elevated BMC of
whole body (P , 0.01), lumbar spine, and hind limb (all
P, 0.001; Fig. 5).

Enhancement of bone volume fraction,
B.Ar/T.Ar, by spinal loading in vivo

Compared with the sham-treated OVX-operated mice,
H&E-stained sections of the OVX mice exhibited a lower
ratio of the trabecular volume to the tissue volume (B.Ar/
T.Ar) in the distal femur (P , 0.001). Compared with the
OVX group, spinal loading significantly increased B.Ar/
T.Ar in the loaded OVX mice (P, 0.001; Fig. 6A).

Inhibition of bone-resorbing osteoclasts and
improvement of bone-forming osteoblasts by
spinal loading in vivo

Compared with the sham-treated OVX group, MacNeal’s
staining for the OVX mice presented a significant re-
duction in the number of osteoblasts on the trabecular
bone surface (N.Ob/BS/mm) (P , 0.001). However, spi-
nal loading increased the osteoblast number in the loaded
OVX mice (P , 0.001; Fig. 6B). Furthermore, the expres-
sion of osteblastic genes such as OCN, RUNX2, and ALP
was significantly increased by spinal loading.

Compared with the sham-treated OVX-operated mice,
TRAP staining in the distal femur showed that Oc.S/BS
was significantly increased in the OVX group (P, 0.001).
However, this increase as well as osteoclastic gene ex-
pression was significantly suppressed by spinal loading
(P , 0.001; Fig. 6C). Western blot analysis showed that
spinal loading also significantly decreased the protein
levels ofNFATc1,RANKL, andCTSK in the femur (Fig. 6).

Increase of microvascular volume by spinal
loading in vivo

Microvessels in the distal femora of postmenopausal os-
teoporosis were determined using ink perfusion angiog-
raphy. The OVX group had a decreased vessel area,
whereas spinal loading increased it (both P , 0.001; Fig.
6D). The expression of VEGF, which is one of the most
important factors in angiogenesis, was also significantly
increased by spinal loading (Fig. 6E).

DISCUSSION

The current study demonstrates that spinal loading is
able to protect from OVX-induced bone loss by

bone surface in distal metaphysis of femur. Scale bar, 50 mm; n = 10. Osteoblasts, located on trabecular bone surface, are
indicated by the arrows. Loading-induced increase in osteoblasts numbers in OVX mice. C) TRAP staining was used to evaluate
bone resorption in the distal metaphysis of femur. Scale bar, 50 mm; n = 10. TRAP-positive cells, in red, are indicated by the
arrows. D) Ink blood perfusion angiography was used to analyze the density of microvessels. Scale bar, 100 mm; n = 10. E) Western
blot showed the protein level of OCN, RUNX2, ALP, NFATc1, RANKL, CTSK, and VEGF in OVX treated with spinal loading (n =
6). F) Proposed mechanism of Wnt3a in the effect of mechanical loading on postmenopausal osteoporosis. *P , 0.05, **P ,
0.01, ***P , 0.001.
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promotion of bone remodeling as well as angiogenesis
in a mouse model of postmenopausal osteoporosis,
andWnt3a-mediated signaling is involved in the effect
of spinal loading on osteoporosis (Fig. 6F). The protein
level of Wnt3a was increased by spinal loading, and
Wnt3a siRNA altered the load-driven effects on oste-
oblasts and osteoclasts as well as EPCs. To further
evaluate loading effects, BMD and BMC were de-
termined. A 2-wk application of daily spinal loading
significantly suppressed OVX-induced reduction in
BMD and BMC. Consistent with the observed effects
on BMD and BMC, the loaded OVX mice exhibited a
significant increase in bone mass (B.Ar/T.Ar). Fur-
thermore, spinal loading increased the number of os-
teoblasts on the trabecular bone surface, stimulating
expression of OCN, RUNX2, and ALP. Spinal loading
also suppressed bone resorption of osteoclasts (such as
Oc.S/BS) as well as the level of the osteoclastic genes
such as NFATc1, RANKL, and CTSK. Moreover, it
increased microvascular volume, together with ex-
pression of VEGF. Collectively, the results indicated
Wnt3a-mediated beneficial effects of spinal loading in
postmenopausal osteoporosis.

A Wnt/b-catenin signaling pathway is essential for
the responses to mechanical loading in bone (47). Our
previous work showed that mechanical loading in-
creased the expression Wnt3a in articular cartilage of
the tibia, and it exerted protective effects on osteoar-
thritis by suppressing osteoclastogenesis (25). Spinal
loading significantly increases the level of Wnt3a in
femur after OVX. Wnt signals not only play important
roles in osteoblastogenesis and osteoclastogenesis (48,
49) but also in angiogenesis (31). Though the role of
Wnt3a in osteoclastogenesis was previously evaluated
in in vitro analysis (50), the current in vitro and in vivo
study is an extended analysis of the role of Wnt3a, not
only in osteoclasts but also in osteoblasts and EPCs.We
found that a silencing of Wnt3a decreased load-driven
differentiation andmineralization of osteoblasts aswell
as migration and tube formation of EPCs in the OVX
mice. Wnt3a siRNA increased the effects of spinal
loading on formation, migration, and adhesion of os-
teoclasts. The load-driven effect on ALP, NFATc1, and
VEGF was also altered by Wnt3a siRNA. These results
indicated that Wnt3a signaling is involved in the reg-
ulation of osteoblasts, osteoclasts, and endothelial cells
in response to spinal loading.

Bone remodeling is modulated by cytokines and che-
mokines, hormones, and biomechanical external stimuli
(51). Here, spinal loading, as a unique form of mechanical
stimulations, is showntosignificantly restorebonequality,
including the directly loaded lumbar spine as well as in-
directly loaded upper limb (humerus and ulna) and hind
limb (femur and tibia). Of note, spinal loading is not the
only loading modality to prevent bone loss. Other stimu-
lations, such as whole-body vibration, are reported to en-
hance bone formation and accelerate fracture healing (52,
53). Notably, local load application of spinal loading can
exert global effects by a remote crosstalk. Our previous
studies have shown that knee loading can stimulate bone
formation and accelerate healing of injured bones (17–19).

The result in this study showed that spinal loading ele-
vated theosteoblastnumberon the trabecularbonesurface
of the femur. In vitro assays with bone marrow–derived
cells showed that spinal loading stimulated differenti-
ation andmineralization of osteoblasts, and it increased
expression of the osteoblastic genes such as OCN,
RUNX2, and ALP in vivo. These findings indicated that
spinal loading is effective to promote local and global
bone formation.

Antiresorption by inhibiting osteoclasts is one of the
most important therapies to reduce bone loss (54). Os-
teoclasts originate from haemopoietic stem cells and
differentiate from monocyte-macrophage lineage pre-
cursor cells. Activated osteoclasts are multinucleated
cells for bone resorption (2). Postmenopausal osteopo-
rosis is one of the osteoclast-related disorders with im-
balance of bone remodeling from excessive resorption
by osteoclasts (55). In this study, OVX mice showed
significantly higher in Oc.S/BS in vivo and stimulated
differentiation of multinucleated osteoclasts, stronger
migration, and adhesion in vitro than sham-treated
OVX mice. Spinal loading suppressed proliferation of
preosteoclasts as well as their differentiation to mature
multinucleated osteoclasts. Consistent with its effects
on in vitro experiments, the loaded OVXmice exhibited
a significant decrease in the osteoclast number on bone
surface in vivo. Spinal loading significantly suppressed
bone resorption in a mouse model of postmenopausal
osteoporosis. No loaded effect on the development of
osteoclasts was found in the sham-treated OVX mice
(unpublished results).

Neovascularization takes place along the endos-
teal surface and remodeling sites of bone (56). Mi-
crovascular tissues are required for bone remodeling
and play a role in coupling bone resorption and for-
mation. The reduction of VEGF, which is one of the
most important factors in angiogenesis, can be re-
lated to bone loss and a decrease in bone vascularity,
possibly leading to osteoporosis (57). Herein, the ef-
fect of mechanical loading on angiogenesis in OVX
micewas also evaluated. Spinal loading increased not
only the microvascular volume but also expression of
VEGF in the femur. The loaded OVX mice showed
migration and tube formation of EPCs. Previous
studies have shown the role of angiogenesis in the
pathogenesis of osteoporosis (58). Our data sup-
ported the notion that enhanced angiogenesis by
spinal loading contributes to preventing bone loss in
the OVX mice.

In summary, the results herein demonstrate that spinal
loading is effective in elevating global bone mass, BMD,
and BMC and attenuating OVX-linked symptoms. The
results with spinal loading are expected to provide a
guideline of physical therapy for treatment of post-
menopausal osteoporosis. By regulating osteoblasts and
osteoclasts as well as EPCs in bone marrow, the observed
beneficial outcome of spinal loading is a dual stimulatory
role in bone remodeling and angiogenesis. Because the
mechanism of loading effects is linked to Wnt3a, Wnt3a
mayserveasa therapeutic target for angiogenesis-coupled
bone remodeling.
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