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	� BONE FRACTURE

Osteocyte- specific dentin matrix 
protein 1

THE ROLE OF MINERALIZATION REGULATION IN LOW- MAGNITUDE 
HIGH- FREQUENCY VIBRATION ENHANCED OSTEOPOROTIC FRACTURE 
HEALING

Aims
There is an increasing concern of osteoporotic fractures in the ageing population. Low- 
magnitude high- frequency vibration (LMHFV) was shown to significantly enhance osteo-
porotic fracture healing through alteration of osteocyte lacuno- canalicular network (LCN). 
Dentin matrix protein 1 (DMP1) in osteocytes is known to be responsible for maintaining the 
LCN and mineralization. This study aimed to investigate the role of osteocyte- specific DMP1 
during osteoporotic fracture healing augmented by LMHFV.

Methods
A metaphyseal fracture was created in the distal femur of ovariectomy- induced osteoporotic 
Sprague Dawley rats. Rats were randomized to five different groups: 1) DMP1 knockdown 
(KD), 2) DMP1 KD + vibration (VT), 3) Scramble + VT, 4) VT, and 5) control (CT), where 
KD was performed by injection of short hairpin RNA (shRNA) into marrow cavity; vibration 
treatment was conducted at 35 Hz, 0.3 g; 20 minutes/day, five days/week). Assessments in-
cluded radiography, micro- CT, dynamic histomorphometry and immunohistochemistry on 
DMP1, sclerostin, E11, and fibroblast growth factor 23 (FGF23). In vitro, murine long bone 
osteocyte- Y4 (MLO- Y4) osteocyte- like cells were randomized as in vivo groupings. DMP1 KD 
was performed by transfecting cells with shRNA plasmid. Assessments included immunocy-
tochemistry on osteocyte- specific markers as above, and mineralized nodule staining.

Results
Healing capacities in DMP1 KD groups were impaired. Results showed that DMP1 KD sig-
nificantly abolished vibration- enhanced fracture healing at week 6. DMP1 KD significantly 
altered the expression of osteocyte- specific markers. The lower mineralization rate in DMP1 
KD groups indicated that DMP1 knockdown was associated with poor fracture healing pro-
cess.

Conclusion
The blockage of DMP1 would impair healing outcomes and negate LMHFV- induced enhance-
ment on fracture healing. These findings reveal the importance of DMP1 in response to the 
mechanical signal during osteoporotic fracture healing.
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Article focus
	� Osteocytes are mechano- sensors that 

respond to mechanical stimulation and 
are suggested to mediate bone formation 
and resorption.

	� Low- magnitude high- frequency vibration 
(LMHFV) is a non- invasive intervention 
that has been shown to accelerate osteo-
porotic fracture healing.
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	� It is hypothesized that osteocyte- specific dentin 
matrix protein 1 (DMP1) plays a regulatory role in 
bone mineralization during LMHFV- accelerated oste-
oporotic fracture healing.

Key messages
	� Mineralization process was shown to be impaired 

after knockdown of DMP1 in both in vivo and in vitro 
models.
	� Knockdown of DMP1 altered osteocyte- specific 

protein expressions, which delayed osteoporotic frac-
ture healing in the metaphyseal fracture model.
	� LMHFV- induced enhancement on fracture healing 

was negated by blockage of DMP1.

Strengths and limitations
	� This is the first study to investigate the role of DMP1 in 

LMHFV- accelerated osteoporotic fracture healing on a 
clinically relevant metaphyseal fracture model.
	� Both in vivo and in vitro models cannot fully simulate 

the real clinical situation and further human studies 
are needed.

Introduction
Osteoporosis has become a major problem in the ageing 
population. Osteoporotic patients have an increased risk 
of fragility fractures; it is estimated that 2 million people 
suffer from a fragility fracture each year in the USA.1 Cell 
metabolism decreases with increasing age, which often 
impairs healing capacity, leading to prolonged bed- rest 
and healing times.2 As a result, the economic burden on 
fracture care rises annually, with costs at $17.9 billion and 
£4 billion in the USA and UK, respectively.3 There is an 
emerging need for effective therapeutic interventions to 
accelerate fracture healing.

Low- magnitude high- frequency vibration (LMHFV) is a 
non- invasive, systemic biophysical intervention that can 
accelerate osteoporotic fracture healing by enhancing 
callus formation and mineralization.4,5 Previous studies 
also showed that LMHFV improved stem cell recruitment 
and angiogenesis, which facilitated initiation of fracture 
healing.6- 8 Recent reports have demonstrated that LMHFV 
could accelerate fracture healing by enhancing inflam-
matory response in osteoporotic fracture and fibrinolysis 
for better vascularization during the healing process.9- 11 
All these findings supported LMHFV to be beneficial in 
accelerating fracture healing.

Osteocytes, which make up 90% of bone cells, are 
well known for their mechano- sensing function. Studies 
have shown that osteocytes can facilitate mechanotrans-
duction, which enables them to coordinate activities of 
osteoblasts and osteoclasts.12- 14 Osteocytes can regulate 
bone remodelling by altering the production of scle-
rostin (SOST) and receptor activator of nuclear factor 
kappaB ligand (RANKL). Bone formation and resorp-
tion are adjusted according to the mechanical environ-
ment.15 Moreover, osteogenic and chondrogenic cells 
are responsive to gravitational force, where the changes 

in loading condition can contribute to different bone 
and cartilage pathologies that can affect the fracture 
healing process.16,17 A previous study by Cheung et al18 
showed that LMHFV could increase osteocyte numbers 
and modify their morphology. Vibration therapy can 
stimulate the formation of osteocyte dendrites in which 
their extensions are linked to form a widespread lacuno- 
canalicular network (LCN), which increases the sensitivity 
to mechanical stimulation. Enhanced LCN can facilitate 
fracture healing as the osteocyte network becomes more 
capable of transmitting signals and transporting solute 
molecules.18- 20 However, the underlying mechanism in 
how these events affect fracture healing is still largely 
unknown.

Osteocyte- specific proteins are recognized as playing 
important roles in determining osteocyte maturation and 
regulating mineralization. E11, known as the early osteo-
cyte marker, is responsible for regulating cell transition 
from osteoblast to osteocyte.21 Dentin matrix protein 1 
(DMP1) is a glycoprotein that is negatively charged and 
can be phosphorylated to create more highly negatively 
charged sites with high affinity for calcium ion binding.22,23 
This also facilitates the nucleation of hydroxyapatite and 
initiates mineralization during bone formation. DMP1 
in osteocytes is responsible for maintenance of LCN 
and regulation of mineralization.24,25 They are highly 
expressed in mature osteocyte dendrites and expression 
is increased in response to mechanical stimulation.18,26 
Gluhak- Heinrich et al27 suggested that DMP1 localized 
along osteocyte dendrites could mediate response to 
mechanical loading by interacting with actin in the cyto-
skeleton, which was able to remodel the microenviron-
ment according to loading- induced changes in strain 
and fluid flow in LCN. Previous studies also reported 
the importance of DMP1 in fracture healing, especially 
on the coordination of osteogenesis and osteoclastic 
bone resorption.28,29 Fibroblast growth factor 23 (FGF23) 
is primarily secreted from osteocytes and acts on the 
kidney,30,31 and contributes to osteocytes’ ability of phos-
phate homeostasis.32 SOST secreted from osteocytes is a 
well- known inhibitor of bone formation by interrupting 
the Wnt signalling pathway.33,34 All these factors are 
mainly found in osteocytes, but their mechanisms in oste-
oporotic fracture healing are yet to be explored.

Based on current evidence, it was hypothesized 
that osteocyte- specific DMP1 played a role in LMHFV- 
augmented osteoporotic fracture healing by altering 
osteocyte- specific protein expression. This study aimed 
to investigate the role of osteocyte- specific DMP1 under 
application of LMHFV in the osteoporotic metaphyseal 
fracture rat model and in vitro model of murine long 
bone osteocyte- Y4 (MLO- Y4) osteocyte- like cells.

Methods
Study design. A total of 90 six- month- old female Sprague 
Dawley rats were obtained with approval from the 
Animal Experimentation Ethics Committee of The Chinese 
University of Hong Kong. All rats underwent bilateral 
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ovariectomy under general anaesthesia and were housed 
for three additional months for the development of oste-
oporosis, confirmed by a significant drop in bone miner-
al density (BMD) at lumbar spine, proximal femur, and 
distal femur. BMD was measured by dual energy X- ray 
absorptiometry (DXA; UltraFocus, Faxitron, USA) at pre- 
ovariectomy (six months) and pre- fracture creation (nine 
months).

The rats were randomly divided into five groups (n = 
6/group/timepoint): vehicle control (CT), vehicle control 
vibration (VT), DMP1 knockdown (KD), DMP1 knock-
down vibration (KD + VT), and Scramble control vibra-
tion group (Sb + VT). Rats in vibration groups stood on 
a bottomless compartmented cage on the vibration plat-
form (V- Health Ltd, Hong Kong) that provided LMHFV at 
35 Hz 0.3 g (g = gravitational acceleration). They received 
treatment 20 minutes/day, five days/week, starting from 
two days after fracture creation.6,9,18 Rats in CT and KD 
groups stood on the vibration platform with power off. 
Rats were harvested at week 1, 3, and 6 post- fracture. 
Serial weekly radiographs and micro- CT (µCT) were used 
to monitor fracture healing progress. Bone mineralization 
was assessed by dynamic histomorphometry and µCT. 
Protein expressions across timepoints were assessed by 
immunohistochemical (IHC) staining.
Knockdown procedure. Selected DMP1 shRNA se-
quence was packaged into adeno- associated vi-
rus 9 (AAV9) vector where DMP1- shRNA (targeting 
5’- GACC AAAA TACT GAAT CTGAAA- 3’; 5’- TTTC AGAT 
TCAG TATT TTGGTC- 3’) or scramble control (targeting 
5’-GACCATCAATATGACTAGA- 3’; 5’- TCTA GTCA TCAT 
ATTG ATGGTC- 3’) (Division of Life Science, Hong Kong 
University of Science and Technology (HKUST)) were 
used. Rats were positioned laterally and a hole was drilled 
perpendicular to the femoral condyle. A bent needle was 
used to deliver the AAV9 vector into the marrow cavity.35 
The AAV9 vector (1 × 1011 titer) was injected two weeks 
before fracture creation, allowing sufficient time for effec-
tive knockdown.36,37

Metaphyseal fracture model. All ovariectomy- induced os-
teoporotic rats underwent metaphyseal fracture creation 
according to established protocol.38,39 A 2.5 cm incision 
was created along the lateral aspect of the left distal fe-
mur, exposing the femur from the femoral condyle to 
mid- shaft. The patella was dislocated medially to allow 
better access to the osteotomy site. A six- hole 1 mm T- 
shaped mini- plate (T- plates, Biortho, China) was used to 
fix the lateral femur with two 8 mm cortical screws insert-
ed at the distal femoral condyle and three 6 mm screws 
inserted perpendicular to the femur shaft. An oscillat-
ing micro- saw 0.35 mm in width (OT7S- 3, Piezosurgery 
Touch, Metron, Italy) was used to create an osteotomy 
proximal to the growth plate at the metaphysis. The en-
tire circumference of the bone cortex was cut according 
to established protocol from previous studies.9,19,39 The 
patella was reduced back to position and the wound was 
closed in layers. Buprenorphine (0.03 mg/kg Temgesic, 
Schering- Plough, USA) was given postoperatively to 

reduce pain. Rats with implant failure or signs of pain 
were euthanized and replaced. All rats were allowed free 
movement in their cage and ad libitum access to stand-
ard rodent diet and water. The procedures adhered to 
ARRIVE guidelines and an ARRIVE checklist is included in 
the Supplementary Material.
Serial radiography. Healing of the fracture was moni-
tored weekly by lateral radiographs (UltraFocus DXA, 
Faxitron) taken at an exposure of 40 kVp. All rats were po-
sitioned in the same manner for radiographs according to 
established protocol.9,19,39 Radiopacity of the metaphyseal 
osteotomy site was selected and normalized with radi-
opacity of metal implant. Relative opacity was quantified 
by image analysis software ImageJ (National Institutes of 
Health (NIH), USA).
Micro-CT analysis. To assess the bone microarchitecture 
and healing status of the fractured femur, harvested sam-
ples were scanned with a µCT system (µCT- 40, Scanco 
Medical, Switzerland). Implants were removed carefully 
before µCT scan to avoid metal artefacts. The region of in-
terest (ROI) was 1.8 mm above and below the osteotomy 
site at metaphyseal region. Morphological parameters 
were evaluated, including tissue volume (TV, mm3), bone 
volume (BV, mm3), bone volume fraction (BV/TV), BMD 
(mg HA/ccm), and trabecular thickness (Tb.Th, mm). All 
assessments were performed according to manufactur-
er’s protocols.
Dynamic histomorphometry. The rate of mineralization 
was assessed by labelling newly formed bone within sev-
en days. Calcein Green (5 mg/kg, MilliporeSigma, USA) 
and Xylenol Orange (90  mg/kg, MilliporeSigma) were 
injected two weeks and one week before euthanasia, re-
spectively, to label corresponding newly mineralized sur-
face on day of injection. The fractured left femur bone 
samples were harvested at week 3 and week 6. After im-
plant removal and µCT scan, samples were dehydrated 
and embedded in methylmethacrylate (MMA; Technovit 
9100, Kulzer, Germany). The samples were sectioned 
by a saw cutting system (300 CP Contact Point Sawing 
System, EXAKT, USA), ground, and polished (Phoenix 
4000, Buehler, USA) to 100 µm. The newly mineralized 
surfaces (two weeks and one week before euthanasia) 
were labelled with green and red fluorescence accord-
ingly (Calcein Green and Xylenol Orange). The fluores-
cence labels were assessed with ultraviolet fluorescent 
microscope (DM5500B, Leica, Germany) and mean dis-
tance between two lines was measured from the middle 
of the label lines using analysis software OsteoMeasure 
Histomorphometry System (OsteoMetrics, USA).
Immunohistochemistry. Osteocyte- specific protein ex-
pression was evaluated by IHC staining of ROI at cortical 
region 1 mm above and below the fracture line. Harvested 
bone samples were fixed in buffered formalin and decal-
cified with formic acid. They were embedded in paraffin 
and sectioned at 5 µm thickness using fully automated 
rotary microtome (RM2255, Leica). IHC staining was per-
formed using horseradish peroxidase/3,3'-diaminobenzi-
dine (HRP/DAB) detection IHC kit (ab64264, Abcam, UK) 
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following supplier’s protocol. The expression of DMP1, 
SOST, E11, and FGF23 were assessed using anti- DMP1 
antibody (LS- B1122650, LifeSpan, USA), anti- SOST anti-
body (ab63097, Abcam), anti- E11 antibody (bs- 1048R, 
Bioss, USA), and anti- FGF23 antibody (LS- C411984, 
LifeSpan). The slides were counterstained with haema-
toxylin and mounted with DPX. Images were obtained 
using microscopy (DM5500B, Leica) at a magnification of 
40×. Positively stained osteocyte numbers were counted 
to assess for DMP1, E11, and FGF23 expression at four 
randomly selected sites above and below the fracture gap 
for each sample.19 The mean was then calculated. The rel-
ative positively stained area was measured for SOST as 
it was extensively expressed in cluster.40 ImageJ analysis 
was performed to quantify the area fraction segmented 
by colour thresholding.
MLO-Y4 osteocyte-like cell culture. MLO- Y4 murine 
osteocyte- like cell line was cultured on 0.15 mg/ml rat tail 
type I collagen (A1048301, Thermo Fisher Scientific, USA) 
coated plates and coverslips. The cells were maintained 
in alpha- Minimum Essential Medium (αMEM, 11900- 024) 
supplemented with 5% fetal bovine serum (FBS; 10270- 
106), 5% calf serum (CS, 16010167), and 1% penicillin- 
streptomycin solution (15640055, all Thermo Fisher 
Scientific) in a humidified incubator at 5% CO2 and 37°C. 
Cultured osteocyte- like cells were divided into five groups 
including CT, VT, KD, KD+VT, and Sb+VT, as in vivo part. 
The cells in VT groups received 20 minutes/day, five days/
week of vibration treatment using a vibration platform 
providing LMHFV at 35 Hz, 0.3 g.41- 44 Treatment lasted for 
three, seven, and 14 days before being harvested for as-
sessments including immunocytochemical (ICC) staining 
and mineralized nodule staining.
DMP1 knockdown in MLO-Y4 cell line. In total, 5 × 105 
MLO- Y4 cells were seeded in collagen- coated T- 75 flask 
and transfected with DMP1 shRNA after 80% conflu-
ence was reached. Plasmids with DMP1- shRNA (target-
ing 5’- GACC AAAA TACT GAAT CTGAAA- 3’;5’- TTTC AGAT 
TCAG TATT TTGGTC- 3’) or scramble- shRNA (targeting 
5’-GACCATCAATATGACTAGA- 3’;5’- TCTA GTCA TCAT 
ATTG ATGGTC- 3’) (Division of Life Science, HKUST) were 
transfected to MLO- Y4 according to the protocol of 
Lipofectamine 3000 (L3000015, Thermo Fisher Scientific). 
Medium was changed after 24 hours of intervention to 
remove waste and dead cells. Cell culture was expanded 
until 80% confluence and the cells were trypsinated for 
seeding further experiment sets. The knockdown efficien-
cy was confirmed by quantitative polymerase chain re-
action (qPCR) of extracted RNA from transfected MLO- Y4 
cell culture at day 7 according to established protocol 
using RNAisol Plus (9109, Takara, Japan) and Power SYBR 
Green PCR Master Mix (4367659, Applied Biosystems, 
USA). The results were calculated using 2–∆∆Ct method 
and normalized to glyceraldehyde 3- phosphate dehydro-
genase (GAPDH) expression.
Immunocytochemistry. Immunocytochemical stain-
ing was performed to assess the expression of 
osteocyte- specific proteins after interventions. MLO- Y4 

osteocyte- like cells were seeded on collagen- coated cov-
erslip at 1.5 × 103 cells/slip and cultured in six- well plates. 
Cells were harvested at days 3, 7, and 14 for ICC staining 
of DMP1, SOST, E11, and FGF23. Cells were fixed with 
4% paraformaldehyde and cover slips were removed 
from the well plates. ICC staining was performed using 
HRP/DAB detection IHC kit following the supplier’s proto-
col with counterstain of haematoxylin. Images were ob-
tained by microscopy, where positively stained area was 
measured at four randomly selected sites as a mean for 
each sample. ImageJ analysis was performed to select the 
areas that were stained brown and quantify the area frac-
tion segmented by colour thresholding relative to ROI. 
Threshold values of H:50- 160, S:0- 20, and B:0- 200 were 
used for segmentation, and selected area was quantified 
as a proportion to the total area of photo.
Mineralized nodule staining. MLO- Y4 osteocyte- like cells 
were seeded on collagen coated six- well plates at 3.5 
× 104  cells/well. The medium was changed to mineral-
ization induction medium (αMEM + 10% FBS + 10 mM 
β-glycerophosphate (MilliporeSigma) + 50 µg/ml ascor-
bic acid (MilliporeSigma)) when the culture reached 
80% confluence. Cells were harvested and fixed at days 
7 and 14, followed by adding 1 ml of 40 mM Alizarin Red 
S staining (MilliporeSigma) and incubation for 20  min-
utes. Stained cells were washed and then removed by 
cell scraper to assess the concentration. Absorbance of 
samples and their repeats were measured at 405  nm. 
The results were averaged (mean) and subtracted by the 
background absorbance.
Statistical analysis. All quantitative data were expressed 
as means (standard deviation (SD)). One- way analysis 
of variance (ANOVA) with post- hoc Bonferroni multiple 
comparison tests were performed to analyze the differ-
ences among included groups and timepoints. All sta-
tistical analyses were performed with SPSS version 26.0 
(IBM, USA). Statistical significance was set at p ≤ 0.05.

Results
Confirmation of DMP1 knockdown. The knockdown of 
DMP1 could be confirmed because DMP1 expression was 
decreased and maintained throughout all timepoints, 
as shown by immunostaining of both localized bone 
fracture site and MLO- Y4 cell culture model. DMP1 ex-
pression in fractured bone of KD group was significantly 
decreased at weeks 3 and 6 (p = 0.003 and p < 0.001, re-
spectively). For the in vitro model, a significant decrease 
of DMP1 expression was found in KD group on days 3 
and 7 of MLO- Y4 cell culture (p = 0.001 and p = 0.003, re-
spectively). Knockdown efficiency of 71.1% was achieved 
as shown in qPCR results from MLO- Y4 osteocyte- like 
cells (Supplementary Figure a).
Serial radiography. Mean relative radiopacity increased 
in all groups towards week 6 (Figure 1). Sb + VT group 
(0.248 (SD 0.056)) had a significantly higher mean radi-
opacity than KD + VT group (0.169 (SD 0.064)) at week 
1 (p = 0.004). KD + VT group (0.383 (SD 0.041)) had a 
significantly lower mean radiopacity than Sb + VT group 
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(0.481 (SD 0.011)) and VT group (0.476 (SD 0.02)) at 
week 6 (p = 0.013  and p = 0.012, respectively). DMP1 
knockdown groups generally had lower relative radi-
opacity than control groups as shown at all timepoints.
Micro-CT analysis. The µCT results showed a general im-
provement of bone microarchitecture in all groups during 
six weeks of fracture healing. BMD increased gradually in 
all groups, reaching the highest level at week 6. Tissue 
volume of the VT and Sb + VT group was significantly 
higher than that of the KD + VT group (p = 0.012 and p = 
0.007, respectively) at week 1. For bone volume, knock-
down groups had less bone at weeks 3 and 6 compared 
with the VT and Sb + VT groups, whereas the KD + VT 
group had significantly lower bone volume than Sb + 
VT group at week 3 (p = 0.010). There was an increas-
ing trend of bone volume fraction across the timepoints 
in all groups, but the percentage change in knockdown 
groups (17%) was lower than those of the other two 
vibration groups (30%). Bone volume fraction of Sb + 
VT group was significantly higher than that of KD + VT 
group (p = 0.034) at week 3. For trabecular thickness, Sb 
+ VT group was significantly higher than KD + VT group 
at week 3 (p = 0.021) (Figure 2).
Dynamic histomorphometry. Mineralization was found 
towards the end of the healing process, where mineral 
apposition rate (MAR) reached the highest level at week 
6 post- fracture (Figure  3). Knockdown groups showed 
decreased MAR at all timepoints, in which the KD + VT 
group had significantly lower MAR than the VT group (p = 
0.036) at week 6. Also, the thicker fluorescence label lines 

in VT and Sb + VT groups demonstrated higher amounts 
of mineral accumulation on these bone surfaces.
Immunohistochemistry. DMP1 expression of knockdown 
groups remained at a low level across all timepoints 
(Figure 4b). CT, VT, and Sb + VT groups showed steady 
increase of DMP1 towards week 6, where a significant dif-
ference was reached between CT group and KD group 
(p = 0.033). VT group had significantly higher DMP1 ex-
pression than KD + VT group at both week 3 and week 
6 (p = 0.008 and p < 0.001, respectively). A significant 
difference was also found between Sb + VT and KD + VT 
groups at week 6 (p = 0.030).

The expression of SOST in knockdown groups was 
higher at all timepoints compared to the other three 
groups (Figure 4c). Vibration groups generally had lower 
SOST expression but the KD + VT group had an opposite 
result, for which this expression was significantly higher 
than VT and Sb + VT groups (p = 0.001, and p = 0.007, 
respectively) at week 6.

There was a decreasing trend of E11 expression among 
all groups towards the end of the healing process at week 
6 post- fracture (Figure  4d). The KD group had signifi-
cantly higher E11 expression than the CT group at week 
1 (p = 0.050). The KD + VT group also showed signifi-
cantly increased expression of E11 compared with the Sb 
+ VT group at both week 1 and week 3 (p = 0.024 and p 
= 0.008, respectively) and the VT group at week 3 (p = 
0.048).

The expression of FGF23 followed an increasing trend 
towards week 3 and decreased at week 6 (Figure 4e). The 

Fig. 1

a) Serial radiography of healing outcome at weeks 1, 3, and 6 post- fracture. Arrowheads indicate the fracture site and the degree of bridging of the gap. 
Scale bar: 1 mm. b) Relative opacity of all groups at weeks 1, 3, and 6 post- fracture. DMP1 knockdown + vibration (KD + VT) group had a significantly lower 
radiopacity than Scramble control + vibration (Sb + VT) group at weeks 1 and 6, and significantly lower radiopacity than vibration (VT) group at week 6. Bars 
represent means (standard deviation), *p ≤ 0.05 and **p ≤ 0.01. Statistical analysis was conducted by one- way analysis of variance with post- hoc Bonferroni 
tests.
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Fig. 2

Parameters assessed in micro- CT analysis at weeks 1, 3, and 6 post- fracture. a) Increasing bone mineral density (BMD) towards fracture healing. b) Tissue 
volume (TV) in DMP1 knockdown + vibration (KD + VT) group was significantly decreased compared to vibration (VT) and Scramble control + vibration (Sb + 
VT) groups at week 1. c) Bone volume (BV) was comparatively lower in knockdown groups and a significant difference was recorded between KD + VT group 
and Sb+ VT group at week 3. d) Bone volume fraction (BV/TV) increased steadily toward week 6. Significant difference was recorded at week 3 in Sb + VT 
compared to KD + VT. e) Trabecular thickness (Tb.Th) of KD + VT group was significantly lower than that of Sb + VT group at week 3. Bars represent means 
(standard deviation), *p ≤ 0.05 and **p ≤ 0.01. Statistical analysis was conducted by one- way analysis of variance with post- hoc Bonferroni tests.

Fig. 3

a) Mineral apposition rate (MAR) at week 6 post- fracture, where the mean distance between the lines of mineral deposition (green fluorescence and red 
fluorescence labels with Calcein Green and Xylenol Orange, respectively) was measured. Magnification: 20×, scale bar: 25 µm. b) Knockdown groups had 
significantly lower MAR at week 6. Bars represent means (standard deviation), *p ≤ 0.05. Statistical analysis was conducted by one- way analysis of variance 
with post- hoc Bonferroni tests. KD, knockdown; Sb, Scramble; VT, vibration.
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KD groups had comparatively higher FGF23 expression at 
all time points compared to the other groups. Vibration 
treatment had reduced the FGF23 expression in VT and 

Sb + VT groups compared to CT group, but this reduc-
tion was not found in the KD + VT group.

Fig. 4

a) Immunohistochemical staining of osteocyte- specific proteins at their corresponding significantly expressed timepoints (dentin matrix protein 1 (DMP1) 
and sclerostin (SOST) expression at week 6, E11, and fibroblast growth factor 23 (FGF23) expression at week 3). Magnification: 40×, scale bar: 50 µm. 
b) Representative image of the overall view of bone sample showing the region of interest (ROI) for quantification of positive signals, produced by 
immunohistochemical staining. Four sites were selected for measurement. Magnification: 2.5×, scale bar: 500 µm. c) Significantly decreased DMP1- positive 
osteocytes in DMP1 knockdown (KD) groups showed successful knockdown of DMP1 and consistency throughout the healing period. d) Vibration induced 
suppression of SOST was not seen in knockdown (KD) groups. SOST expression was significantly higher in DMP1 KD + vibration (KD + VT) group than VT 
and Scramble control + VT (Sb + VT) groups at week 6. e) E11 expression in DMP1 KD + VT group was significantly higher than Sb + VT group at both week 
1 and week 3, indicating delayed fracture healing as E11 was pre- osteocyte formed during the healing process. f) FGF23 expression increased at week 3 and 
decreased at week 6. FGF23 expression in osteocytes was elevated with the knockdown of DMP1. Bars represent means (standard deviation), *p ≤ 0.05, **p ≤ 
0.01, and ***p ≤ 0.001. Statistical analysis was conducted by one- way analysis of variance with post- hoc Bonferroni tests.
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Fig. 5

a) Representative images of immunocytochemical staining of osteocyte- specific proteins in murine long bone osteocyte- Y4 (MLO- Y4) cell culture at Day 7. 
Osteocytes in brown indicate a positive signal. Magnification: 40×, scale bar: 50 µm. b) Vibration significantly increased dentin matrix protein 1 (DMP1) 
expression and knockdown had negated vibration effect. c) DMP1 knockdown + vibration (KD + VT) group had significantly higher fibroblast growth factor 
23 (FGF23) positive osteocytes than vibration (VT) and Scramble control + vibration (Sb + VT) groups at all timepoints. Vibration reduced FGF23 expression 
at all timepoints as DMP1 expression was increased after vibration. d) Sclerostin (SOST) expression was significantly suppressed by vibration at all timepoints. 
KD + VT group had significantly higher SOST expression than VT and Sb + VT groups at all timepoints as vibration effect was abrogated by DMP1 KD. e) E11 
expression in MLO- Y4 culture increased at day 7 and decreased at day 14. The number of pre- osteocytes was increasing but later decreased as the culture 
reached its confluency. Bars represent means (standard deviation), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. Statistical analysis was conducted 
by one- way analysis of variance with post- hoc Bonferroni tests.
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Immunocytochemistry. Osteocyte- specific protein ex-
pression in MLO- Y4 culture was assessed by ICC stain-
ing (Figure 5a). There was an increasing trend of DMP1 
expression in all groups across all timepoints and this 
reached the highest level on day 14 (Figure 5b). The VT 
and Sb + VT groups significantly enhanced the expression 
of DMP1 on day 3 and day 7 of cell culture compared with 
the CT group (p = 0.033 and p = 0.025, respectively). The 
KD group significantly reduced DMP1 expression on day 
3 and day 7 (p = 0.012 and p < 0.001, respectively) com-
pared with the CT group. The expression of DMP1 in the 
KD + VT group was significantly decreased compared to 
the VT and Sb + VT groups at all timepoints (day 3: p < 
0.001 for both groups; day 7: p < 0.001 for both groups; 
day 14: p < 0.001 and p = 0.005, respectively).

The expression of FGF23 decreased steadily across all 
timepoints (Figure  5c). VT group significantly reduced 
FGF23 expression when compared to CT group (p = 
0.009) on day 3. The expression of FGF23 in KD group 
was significantly increased compared to CT group on 
both day 7 and day 14 (p = 0.025 and p = 0.008, respec-
tively). The expression of FGF23 in KD + VT group was 
significantly increased compared to VT and Sb + VT 
groups at all timepoints (day 3: p < 0.001 and p = 0.007; 

day 7: p = 0.004 and p = 0.002; day 14: p = 0.002 and p 
= 0.018, respectively).

There was a gradual decline in SOST expression 
towards 14  days of culture (Figure  5d). The expression 
of SOST in VT and Sb + VT groups remained at a low 
level compared to the other three groups. CT group had 
significantly higher SOST expression at all time points 
compared to VT and Sb + VT groups (p < 0.001 for both 
groups). The expression of SOST in KD + VT group was 
significantly higher than those of VT and Sb + VT groups 
at all timepoints (day 3: p = 0.006 and p = 0.007; day 7: p 
= 0.013 and p = 0.008; day 14: p = 0.010 and p = 0.013, 
respectively).

E11 expression level fluctuated within a small range 
across the timepoints, where it reached the highest level 
on day 7 and decreased on day 14 (Figure 5e). VT and Sb 
+ VT groups generally showed increased E11 expression 
compared with the CT group. Knockdown groups had a 
relatively lower level of expression of E11. There was no 
significant difference among groups across all timepoints.
Mineralized nodule staining. In general, all experimental 
groups showed elevated mineralized nodules on day 14 
compared to day 7 (Figure 6). The mineralized nodules 
in the KD group were significantly reduced compared to 

Fig. 6

a) Staining of mineralized nodules at day 7 and day 14 of murine long bone osteocyte- Y4 (MLO- Y4) culture. Positive signals were stained red. Magnification 
2.5×, scale bar: 1 mm. b) Dentin matrix protein 1 (DMP1) knockdown (KD) reduced mineralization as the mineralized nodules in DMP1 KD + vibration (KD 
+ VT) were significantly lower compared to VT and Scramble control + VT (Sb + VT) groups. Vibration enhancement on mineralization was also negated by 
DMP1 KD. Bars represent means (standard deviation), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. Statistical analysis was conducted by one- way 
analysis of variance with post- hoc Bonferroni tests.
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the CT group on both day 7 and day 14 (p = 0.001 and 
p < 0.001, respectively). Vibration treatment significantly 
increased mineralization in VT and Sb + VT groups com-
pared to CT group on day 7 (p < 0.001 for both groups). 
The mineralized nodules in KD + VT group was signifi-
cantly decreased compared to VT and Sb + VT groups at 
both timepoints (day 7: p < 0.001 for both groups; day 
14: p = 0.017 and p = 0.002, respectively).

Discussion
This study investigated the role of osteocyte- specific 
DMP1 in LMHFV enhanced osteoporotic fracture healing 
through evaluating the healing capacity and changes 
in osteocyte- specific protein expression after the knock-
down of DMP1. In this study, in vivo results demonstrated 
that DMP1 knockdown could impair fracture healing by 
altering the expression of different osteocyte- specific 
proteins and interrupting the mineralization process. 
Additionally, the vibration effect on accelerating fracture 
healing was negated by the blockage of DMP1. In vitro 
results also showed a similar trend of protein expres-
sion changes and the impairment of mineralization after 
knockdown of DMP1 in osteocyte- like cell culture. Taken 
together, osteocyte- specific DMP1 played an important 
role in regulating mineralization and also in mediating 
LMHFV- augmented osteoporotic fracture healing.

Various studies had demonstrated that vibration treat-
ment could accelerate osteoporotic fracture healing and 
facilitate positive changes in osteocyte- specific protein 
expression. The increase in relative radiopacity after 
LMHFV indicated more tissue growth and bone remod-
elling at the fracture site, which were substantiated by 
previous studies.9,18 The elevated DMP1 expression after 
vibration treatment implied an increase in osteocyte 
number and elongation of osteocyte dendrites. As DMP1 
is highly expressed in mature osteocyte dendrites and is 
responsible for regulation of mineralization, the higher 
mineral apposition rate in the VT group compared to the 
CT group had again proved the positive effect of vibra-
tion on acceleration of the healing process. Our results 
also demonstrated the suppression of SOST after appli-
cation of mechanical loading, which was consistent with 
previous studies.18,45 Fracture healing was accelerated 
under the inhibition of SOST, which could activate the 
Wnt/β catenin pathway and promote bone formation.46- 48

In order to investigate the role of osteocyte- specific 
DMP1 in osteoporotic fracture healing, DMP1 knock-
down was performed in both animal model and in vitro 
model. Both results showed undesirable mineralization 
outcomes, including the reduction in rate and amount 
of mineral deposition. As the phosphorylated C terminal 
fragment of DMP1 could work as a nucleator of hydroxy-
apatite crystals, knocking down DMP1 would reduce the 
targets for hydroxyapatite nucleation and impede the 
initiation of mineralization.25,49 Healing activities were 
impaired in the knockdown group, and provision of 
LMHFV could not rescue the healing process. There was 
no significant difference found in all assessments when 

comparing DMP1 knockdown group with and without 
vibration. These observations confirmed that vibration- 
induced increase in mineralization was negated by the 
knockdown of DMP1. As the KD + VT group was signifi-
cantly different from the VT group in terms of radiopacity, 
mineralization rate, and protein expression, blockage of 
DMP1 was proven to cause delayed osteoporotic frac-
ture healing. Besides, our in vivo results demonstrated an 
increase in E11 expression in DMP1 knockdown groups, 
which indicated a comparatively slower healing process 
where pre- osteocytes were still transiting from osteo-
blasts and fewer DMP1- expressing mature osteocytes 
were formed.21

To our knowledge, this is the first study to investigate 
the role of osteocyte- specific DMP1 in LMHFV enhanced 
osteoporotic fracture healing by knockdown of DMP1 
in a rat metaphyseal fracture model. There have been 
several studies which used the DMP1- null mice model, 
but these mainly focused on mineral metabolism and 
phosphate homeostasis.24,50- 52 Hypophosphatemia 
and osteomalacia are common with the loss of DMP1. 
These phenotypes are mainly caused by phosphate 
imbalance and defective maturation of osteocytes.50,51 
DMP1 is essential in maintenance of osteocyte LCN, and 
mineralization is impaired due to the disorientated LCN 
matrix.24 In consideration of the LCN modelling process, 
vibration treatment could enhance mechanosensing 
ability and signal transmission in osteocyte network, 
which could later affect the healing capacity by regu-
lating mineralization.18,19 The knockdown of DMP1 led 
to defective osteocytes and impairment in mechano- 
sensing ability. Our study provides an insight into the 
critical regulatory role of DMP1 in the relationship 
between vibration treatment and osteoporotic fracture 
healing. Our results also confirmed that loss of DMP1 
would weaken healing performance, i.e. the bridging of 
fracture gap and bone microarchitecture.

Apart from maintenance of LCN and direct regulation 
of mineralization, DMP1 is also a negative regulator of 
FGF23.25 Elevated expression of FGF23 was extensively 
reported from previous studies using the DMP1- null mice 
model.24,50,51 Increased level of FGF23 could inhibit active 
vitamin D synthesis and phosphate reabsorption in the 
kidney.30,32,51,53 Both our in vivo and in vitro results were 
consistent with previous studies’ findings that knock-
down of DMP1 resulted in elevated FGF23 expression. 
A defective mineralization process was also observed in 
our findings. FGF23 was associated with renal phosphate 
wasting, which resulted in a low serum phosphate level 
and the availability of free phosphate was thus greatly 
hindered.31,54 As phosphate is one of the components of 
the bone matrix, insufficiency of free phosphate would 
delay mineralization.55 Furthermore, both our in vivo and 
in vitro results demonstrated an increase in SOST expres-
sion after knockdown of DMP1. Previous studies have 
found that increased SOST could result in elevated matrix 
extracellular phosphoglycoprotein (MEPE) expression. 
The acidic serine aspartate- rich MEPE- associated motif 
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(ASARM) of MEPE was reported to interrupt mineraliza-
tion by binding to hydroxyapatite crystal and thereby 
preventing nucleation.54,56,57 These findings suggested 
that DMP1 not only regulates mineralization by altering 
FGF23 expression and kidney reabsorption, but also 
affects the presence of ASARM and hydroxyapatite crystal 
nucleation.

The limitation of this study is that the rat model cannot 
fully simulate real situations of bone healing in humans, 
as the two species have different metabolic rates. Further-
more, as rats are quadrupedal and humans are bipedal, the 
transmission of vibration force is different. Moreover, the 
animal model employed was not a complete knockout of 
DMP1 where remnant effect of DMP1 could be observed. 
Complete knockout can be done in mice models, but 
osteoporotic fracture creation at the metaphyseal region 
is technically demanding in mice. Furthermore, the meta-
bolic pathways in humans are complicated and interde-
pendent. There are many mechanisms that can affect the 
bone healing process including osteogenesis, inflamma-
tory response, and macrophage polarization. The path-
ways involved in osteogenesis and osteoimmunology 
may be related to osteocyte function and DMP1 mecha-
nism, and further investigations are needed to delineate 
this relationship.58- 61 Also, microRNAs and gut microbiota 
contribute to homeostasis of the musculoskeletal system, 
and studies have reported that they affect BMD and facili-
tate fracture healing; further studies may investigate their 
relationship with osteocytes and their role in healing.62- 66

In conclusion, our results showed impaired miner-
alization and fracture healing after the knockdown of 
DMP1. This study has demonstrated the important role 
of DMP1 in LMHFV enhanced osteoporotic fracture 
healing by altering osteocyte- specific protein expres-
sion. Moreover, there are multiple pathways which 
contribute to regulating mineralization, including 
FGF23- mediated phosphate homeostasis in the kidney 
and SOST- associated regulation of mineralization. 
Further studies are required to delineate the mecha-
nism behind the complicated regulatory role of DMP1. 
Through a better understanding of the DMP1 mecha-
nism in mineralization, new therapeutic drugs can be 
developed to treat osteoporotic fracture patients.

Supplementary material
  Figure displaying dentin matrix protein 1 knock-

down efficiency, and an ARRIVE checklist showing 
that the ARRIVE guidelines were adhered to in this 

study.
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