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Abstract. Mechanical stimulation plays an important role in 
maintaining the growth and normal function of the skeletal 
system. Mechanical unloading occurs, for example, in astro-
nauts spending long periods of time in space or in patients on 
prolonged bed rest, and causes a rapid loss of bone mass. Casein 
kinase 2‑interacting protein‑1 (CKIP‑1) is a novel negative 
bone regulation factor that has been demonstrated to reduce 
bone loss and enhance bone formation. The aim of this study 
was to investigate the effect of constrained dynamic loading 
(Loading) in combination with CKIP‑1 gene knockout (KO) on 
unloading‑induced bone loss in tail‑suspension mice. The blood 
serum metabolism index [alkaline phosphatase (ALP) activity 
and osteocalcin (OCN) levels], tibia mechanical behavior 
(including bone trabecular microstructure parameters and tibia 
biomechanical properties), osteoblast‑related gene expression 
[ALP, OCN, collagen I and bone morphogenetic protein‑2 and 
osteoprotegerin (OPG)] and osteoclast‑related gene expres-
sion [receptor activators of NF‑kB ligand (RANKL)] were 
measured. The results demonstrated that mice experienced a 

loss of bone mass after four weeks of tail suspension compared 
with a wild type group. The mechanical properties, microar-
chitecture and mRNA expression were significantly increased 
in mice after Loading + KO treatment (P<0.05). Furthermore, 
compared with loading or KO alone, the ratio of OPG/RANKL 
was increased in the combined treatment group. The combined 
effect of Loading + KO was greater than that observed with 
loading or KO alone (P<0.05). The present study demonstrates 
that Loading + KO can counter unloading‑induced bone loss, 
and combining the two treatments has an additive effect. These 
results indicate that combined therapy could be a novel strategy 
for the clinical treatment of disuse osteoporosis associated with 
space travel or bed rest.

Introduction

With an increase in the average age of the population, disuse 
osteoporosis has become a serious health issue in the elderly 
(International Osteoporosis Foundation, http://www.iofbone-
health.org/). Furthermore, young adults who are bedridden for 
long periods of time due to conditions such as joint arthrodesis 
or paralysis may also suffer from unloading‑induced loss of 
bone mass (1). Following long periods in zero gravity, healthy 
astronauts suffer from a rapid loss of bone mass, which can 
seriously affect their health and re‑adaptation to Earth's 
gravity (2‑4). There is a well‑established link between disuse 
and bone mass loss, and mechanical unloading is known to 
be responsible for suppressing bone formation and activating 
bone resorption. The underlying mechanism responsible for 
disuse‑induced bone loss has been investigated in a number 
of studies (1‑6). However, there are few therapies that are able 
to effectively counteract unloading‑induced bone mass loss. 
Many of the traditional treatments for disuse osteoporosis work 
by preventing bone resorption rather than promoting bone 
formation (7,8). It is therefore necessary to find an effective 
treatment to prevent bone loss and increase bone formation in 
mechanical unloading‑induced disuse osteoporosis.

Mechanical load is critical for maintaining the integrity and 
normal function of the skeletal system (9). According to Wolff's 
law and Frost's ‘mechanostat’, bone growth and bone loss are 
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stimulated by the local mechanical elastic deformation of bone, 
which defines bone modeling and remodeling (10,11). Bone 
formation varies depending on load amplitude and frequency. 
Loading frequencies in the range of 10‑30 Hz are optimal for 
promoting osteogenic activity and bone formation (12,13). Our 
previous study revealed that constrained dynamic loading can 
increase bone formation, which in turn increases bone density 
to counter bone loss caused by ovariectomy (14).

Casein kinase 2‑interacting protein‑1 (CKIP‑1) is 
considered to be a novel negative bone regulation factor that 
primarily influences bone formation as opposed to bone 
resorption (15,16). There is a reciprocal relationship between 
CKIP‑1 and Smad1/5 (16). Smad1/5 are significant signaling 
molecules in the bone morphogenetic protein (BMP) signaling 
pathway and play an important role in bone formation. 
CKIP‑1‑deficient mice have been reported to have higher bone 
density, higher bone formation rate and increased ALP activity 
compared with normal mice. These differences are also exac-
erbated by age. CKIP‑1 knockout in osteoblasts dramatically 
increases the differentiation and proliferation of osteoblasts 
and promotes osteogenesis  (16). Baas  et  al reported that 
CKIP‑1 knockout has a significant effect on myoblast fusion in 
zebra fish (17). A recent study showed that CKIP‑1 regulates 
bone formation in rat mandibular distraction osteogenesis via 
the Wnt3 α/β‑catenin signaling pathway (18). Furthermore, an 
across species CKIP‑1 siRNA sequence was used in human, 
rhesus, rat and mouse osteoblast‑like cells in vitro to promote 
osteogenic differentiation without any immunostimulatory 
activity, and was demonstrated to increase bone formation 
and attenuate bone loss in osteoporotic mice (19). A previous 
study reported that NT‑GPP/siCKIP‑1 promotes osteogenic 
differentiation in MC3T3‑E1 cells, increases the expression 
of ALP and Col‑I and enhances extracellular matrix (ECM) 
mineralization to increase bone formation in vivo (20). These 
results indicate that CKIP‑1 may be a potential target for the 
clinical treatment of osteoporosis.

Mechanical loading and CKIP‑1 gene knockout have been 
demonstrated to play important roles in the regulation of bone 
remodeling. However, to the best of our knowledge, the combi-
nation of mechanical strain and CKIP‑1 gene knockout has 
not yet been investigated. The National Aeronautics and Space 
Administration (NASA) reported that the combination of exer-
cise and medicine (alendronate pill and vitamin D) was more 
effective in preventing bone and muscle mass loss in astronauts 
compared to treatment using exercise or medication alone (21). 
Our previous study also demonstrated that the combina-
tion of mechanical strain stimulation and icariin improved 
osteoinduction in MC3T3‑E1 cells and ovariectomy‑induced 
osteoporotic mice (22,23).

The objective of this study was to explore the effect of 
constrained dynamic loading combined with CKIP‑1 gene 
knockout on bone loss in tail‑suspension mice. Markers of 
bone formation and resorption were assessed. The results of 
the present study may provide a basis for a novel treatment 
protocol for disuse osteoporosis.

Materials and methods

Animals and reagents. Wild type (WT) C57BL/6J mice were 
purchased from the Military Academy of Medical Science 

(Beijing, China). CKIP‑1‑deficient mice were donated by 
Professor Ling‑qiang Zhang (Beijing Proteomics Research 
Center, Beijing, China). CKIP‑1‑deficient and WT C57BL/6J 
mice were backcrossed more than 10 times and the genotype of 
the offspring was determined using PCR. All mice were housed 
in the animal room of our research laboratory. The present 
study was conducted according to the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication 8th edition, 2011). The 
animal experimental protocol was approved by the Academy 
of Military Medical Sciences (Beijing, China). A mouse OCN 
ELISA kit was purchased from Cloud‑Clone Corp. (Houston, 
TX, USA). A tail DNA determination kit and an ALP assay 
kit were obtained from the Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). SYBR Green MIX and TRIzol were 
purchased from Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). High‑capacity cDNA reverse transcription kits were 
purchased from Thermo Fisher Scientific, Inc.

Experiment design. A total of 48 WT C57BL/6J mice (2‑3 months 
old) were randomly separated into three groups: WT (untreated 
wild type mice; n=16), TS (mice underwent tail‑suspension; 
n=16) and TS + Loading (mice underwent tail‑suspension and 
constrained dynamic loading; n=16). A total of 32 CKIP‑1 
knockout were separated into two groups: TS + KO (underwent 
tail suspension; n=16) and TS + Loading + KO (underwent tail 
suspension and constrained dynamic loading; n=16). For tail 
suspension, mice were allowed to acclimate for one week and 
tail suspension was carried out as previously described (24,25). 
Mice in the TS + Loading and TS + Loading + KO groups 
underwent constrained dynamic loading on their left tibia (the 
peak strain of the middle tibia was ~2,500 µε) Mice were subse-
quently sacrificed and the tibias were removed without soft 
tissue. Serum was also collected.

Operation of constrained dynamic loading. In our previous 
study, using FEA (Finite Element Analysis), curve‑fitting 
and theoretical calculations on mouse tibia bone model, we 
finally choose a sinusoidal displacement curve (y=0.045 sin 
(30 π x t) (mm)). With 0.5 N preload and 0.045 mm amplitude, 
the diaphyseal peak strain on the tibia will be in a range of 
220 and 3,000 µε. However, consider the real situation of bone 
tissue, the actual diaphyseal peak strain on the tibia will be 
in 1,000 and 3,000 µε range (the vast majority was 2,500 µε) 
after the impact energy was absorbed by the joint and muscle. 
Then, we use the Instron 5685 (Instron, Norwood, MA, USA) 
to perform constrained dynamic loading on their left tibia with 
a frequency of 15 Hz for 30 min every 3 days over a period of 
4 weeks (14).

Mechanical behaviour of tibias. Micro CT images 
(Skyscan  1076; SkyScan, Kontich, Belgium) were used to 
analyse bone microarchitecture. The scanning voltage was set at 
50 KV, and the scanning resolution was 9 µm. A 3‑mm proximal 
area of cancellous bone was selected as the region of interest. 
The bone volume fraction (BV/TV), trabecular number (Tb.N), 
trabecular thickness (Tb.Th), trabecular pattern factor (Tb.Pf) 
and trabecular separation (Tb.Sp) were measured. The clas-
sical three‑point bending test was conducted using an Instron 
5685 (Instron) in order to determine the tibial biomechanical 
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properties. 0.1‑N preloading force and a 3‑mm/min loading 
rate were applied, and fracture load, fracture energy, fracture 
displacement and fracture stress were measured.

Bone turnover marker evaluation. Serum was separated by 
centrifugation at 1,000 x g for 15 min. Serum alkaline phos-
phatase (ALP) activity and osteocalcin (OCN) content were 
determined using the ALP kit and OCN ELISA kit, respec-
tively, according to the manufacturer's instructions.

Real‑time PCR analysis. A liquid nitrogen grinding method 
was applied on the collected tibias. Total RNA was extracted 
using TRIzol according to the manufacturer's instructions. 
cDNA was synthesized using a high‑capacity cDNA reverse 
transcription kit. The primer sequences are listed in Table I. 
PCR reactions were performed in 25‑µl reaction volumes with 
12.5 µl SYBR Green PCR master mix and 1 µl each primers. 
Thermocycling conditions were as follows: 95˚C for 2 min 
followed by 38 cycles of 95˚C for 15 sec, 60˚C for 30 sec and 
melting at 55‑95˚C for 30 sec per 0.5˚C. Samples were analyzed 
using the 2‑ΔΔCq method (26). The results were calculated rela-
tive to the TS group after normalization to the β‑actin gene.

Data analysis. Data were expressed as the mean ± SD from 
at least three independent experiments. One‑way analysis of 
variance (ANOVA) was used to analyze the experimental data. 
Tukey's post hoc test was used to compare the groups. P<0.05 
indicated that results were significantly different.

Results

Expression of CKIP‑1 in unloaded bone in WT mice. We first 
determined changes in the expression of CKIP‑1 in the bone 
after tail suspension for 0, 1, 2, 3 or 4 weeks. As shown in Fig. 1, 
the expression of CKIP‑1 mRNA was decreased at week 1 
(P>0.05); however, no significant differences in CKIP‑1 expres-
sion were observed at week 3 or 4 compared with week 2.

Effects of loading + KO on trabecular microarchitecture. We 
examined the effects of combined treatment with constrained 
dynamic loading and CKIP‑1 gene knockout after 4 weeks 
of tail‑suspension. As shown in Fig. 2, micro‑CT and histo-
morphometric analysis of the trabecular bone showed that 

TS significantly reduced the relative bone volume (BV/TV), 
trabecular thickness (Tb.Th) and trabecular number (Tb.N) 
compared with WT mice. In contrast, trabecular separation 
(Tb.Sp) and trabecular pattern factor (Tb.Pf) were significantly 
increased compared with WT mice. After treatment with 
Loading, KO, or Loading + KO, trabecular microarchitecture 
was improved, with significant increases in relative bone 
volume (BV/TV), trabecular thickness (Tb.Th) and trabecular 
number (Tb.N), as well as reduced trabecular separation 
(Tb.Sp) and trabecular pattern factor (Tb.Pf) relative to the TS 
group (P<0.05). Compared to treatment with Loading or KO 
alone, combined Loading + KO treatment resulted in a signifi-
cantly greater improvement in trabecular microarchitecture in 
mouse tibias (P<0.05).

Effects of Loading + KO on tibia mechanical properties. The 
macro‑mechanical properties of tibia bone tissues are shown 
in Fig. 3. Fracture load, fracture energy, fracture displacement 
and fracture stress were significantly reduced (P<0.05) in the 
TS group after 4 weeks of tail suspension compared with the 
WT group. The biomechanical properties were significantly 
(P<0.05) improved in the Loading, KO and Loading + KO 
groups compared with the TS group. Consistent with the 
results for trabecular microarchitecture, mechanical proper-
ties in the Loading + KO group were significantly improved 
compared with the Loading and KO groups (P<0.05).

Figure 1. CKIP‑1 expression in mouse tibias following tail suspension for 0, 
1, 2, 3 and 4 weeks. Results are shown as the mean ± SD from three indepen-
dent experiments. CKIP‑1, casein kinase 2‑interacting protein‑1.

Table I. Primers sequences in this study.

Gene 	 Forward: 5'‑3'	 Reverse: 5'‑3'

BMP‑2	 TGTGAGGATTAGCAGGTCTT	 TCGTTTGTGGAGCGGATG
COL‑I	 CAGTGGCGGTTATGACTT	 CTGCGGATGTTCTCAATCT
ALP	 AAGGAGGCAGGATTGAC	 ATCAGCAGTAACCACAGTC
OCN	 CCATCTTTCTGCTCACTCT	 ACTACCTTATTGCCCTCCT
OPG	 AGTCTGAGGAAGACCATGAG	 AAACAGCCCAGTGACCATTC
RANKL	 CCAAGATGGCTTCTATTACC	 TCCCTCCTTTCATCAGGTTAT
β‑actin	 GATTACTGCTCTGGCTCCT	 ACTCCTGCTTGCTGATCC

BMP‑2, bone morphogenetic protein 2; COL‑I, collagen type I; ALP, alkaline phosphatase; OCN, osteocalcin; OPG, osteoprotegerin; RANKL, 
receptor activators of NF‑κB ligand.
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Effect of Loading + KO on ALP activity and OCN content in 
serum. ALP and OCN are markers of osteoblast differentiation 
and osteogenic activity. As shown in Fig. 4, the serum ALP activity 
and OCN content were significantly lower (P<0.05) following 
4 weeks of tail suspension compared with the WT group. However, 
ALP activity and OCN content were significantly higher (P<0.05) 
in the Loading, KO and Loading + KO groups compared with the 
TS group. Moreover, compared with the Loading group, serum 
ALP activity and OCN content were significantly higher in the 
Loading + KO group (P<0.05). However, no significant difference 
in ALP activity or OCN content was observed between the KO 
and Loading + KO groups.

Effect of loading + KO on BMP‑2, Col‑I, ALP, and OCN 
mRNA expression. The expression of BMP‑2, Col‑I, ALP and 
OCN mRNA was investigated using RT‑qPCR. As shown in 
Fig. 5, the expression of BMP‑2, Col‑I, ALP and OCN mRNA 

was significantly downregulated in the group treated with 
4 weeks of tail suspension (P<0.05) compared with the WT 
group. However, compared with the TS group, the expression 
of BMP‑2, Col‑I, ALP and OCN mRNA was significantly 
upregulated (P<0.05) in the Loading, KO and Loading + KO 
groups. Moreover, treatment with Loading + KO resulted in a 
significantly greater upregulation of BMP‑2, Col‑I, ALP and 
OCN expression (P<0.05) compared with KO alone.

Effect of Loading + KO on OPG/RANKL ratio. The 
OPG/RANKL ratio is a critical factor in the regulation of 
bone metabolism, especially in osteoblast and osteoclast 
development. As shown in Fig.  6, the expression of OPG 
mRNA in the TS group was significantly decreased (42.65%; 
P<0.05) compared with the WT group, while RANKL expres-
sion was upregulated (12.24%; P>0.05). Compared with the 
TS group, RANKL expression was downregulated in the 

Figure 2. Effects of Loading, KO and Loading + KO on tibia cancellous bone microarchitecture as measured by micro‑CT. (A) Tibia bone region‑of‑interest, 
(B) BV/TV, (C) Tb.Th, (D) Tb.N, (E) Tb.Pf and (F) Tb.Sp in different groups. Results are shown as the mean ± SD from three independent experiments. 
*P<0.05 vs. WT, **P<0.05 vs. TS, #P<0.05 vs. TS + Loading or TS + KO. WT, wild type; TS, tail suspension; Loading, constrained dynamic loading; KO, 
CKIP‑1 gene knockout; BV/TV, bone volume fraction; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Pf, trabecular pattern factor; Tb.Sp, 
trabecular separation.
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Loading (12.13%; P>0.05), KO (12.01%; P>0.05) and Loading 
+ KO (33.34%; P<0.05) groups, while OPG expression was 
upregulated (19.39%, P<0.05; 20.94%, P<0.05; 50.01%, P<0.05, 
respectively). The OPG/RANKL ratio was increased following 
treatment with Loading, KO and Loading + KO. Furthermore, 
compared with Loading or KO alone, Loading + KO resulted 
in a greater increase in the OPG/RANKL ratio.

Discussion

Mechanical unloading had serious harmful effects on the 
cardiovascular system, the brain and bone metabolism. A 
loss of mechanical stress may lead to bone loss and disuse 
osteoporosis. For example, one month of microgravity may 
result in a loss of bone mass equivalent to that experienced 
by a postmenopausal woman in one year (27‑29). Drug treat-
ment has limitations, including inhibited bone resorption and 
no increase in bone formation, while physical therapy takes 
a long time to take effect. As such, combined treatment with 
gene therapy and physical methods may be a better choice. 
CKIP‑1 is a scaffold protein with excellent osteogenic effects 
and no immunostimulatory effects (19). Our previous study 
revealed that constrained dynamic loading could strengthen 
bone structure and reduce bone fractures. Apparent strain 
(1,200 µε, 2,500‑2,800 µε) can improve osteoblast prolif-
eration and differentiation, increase osteoblast activity and 
counter osteoporosis in ovariectomized mice in  vitro and 

MC3T3‑E1 cells in  vivo  (30‑32). In the present study, we 
first explored the effect of constrained dynamic loading in 
combination with CKIP‑1 knockout in a tail suspension mouse 
model. The results show that unloading due to tail suspension 
damaged the trabecular microarchitecture, downregulated 
osteogenic‑related gene expression, reduced tibial mid‑shaft 
strength properties and decreased the OPG/RANKL ratio. 
These results demonstrate the process of bone loss due to 
disuse osteoporosis in healthy young mice. Osteoporosis is a 
condition characterized by progressive loss of bone density, 
thinning of bone tissue and increased vulnerability to frac-
tures. We found that constrained dynamic loading and CKIP‑1 
knockout can counter unloading‑induced bone loss or disuse 
osteoporosis, promote bone formation, enhance the bone 
strength and reduce fracture risk, and the combination of both 
treatments significantly increases this effect. These results 
indicate that combined therapy with constrained dynamic 
loading and CKIP‑1 knockout may be an effective treatment 
for disuse‑induced bone loss or osteoporosis in mice.

To confirm whether unloading has an effect on CKIP‑1, 
we measured the level of CKIP‑1 mRNA in mice following 
tail suspension. Compared to week 0, CKIP‑1 mRNA was 
downregulated at other time points; however, no significant 
difference was observed. In our previous study, gene chip 
and bioinformatics technology was used, and we found that 
CKIP‑1 was the target gene of miR‑98‑5p in MC3T3‑E1 
cells (33). In addition, miR‑98‑5p was found to be upregulated 

Figure 3. Effects of Loading, KO and Loading + KO on tibia cancellous bone biomechanical properties as assessed using the three‑point bending test. 
(A) Fracture load, (B) fracture energy, (C) fracture displacement and (D) fracture stress in different groups. Results are shown as the mean ± SD from three 
independent experiments.  *P<0.05 vs. WT, **P<0.05 vs. TS, #P<0.05 vs. TS + Loading or TS + KO. WT, wild type; TS, tail suspension; Loading, constrained 
dynamic loading; KO, CKIP‑1 gene knockout.
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under mechanical unloading conditions (data unpublished). It 
was therefore hypothesized that the downregulation of CKIP‑1 
mRNA following tail suspension may be associated with an 
accumulation of miR‑98‑5p.

Bone microarchitecture and biomechanical properties 
are important indicators used to evaluate, diagnose and treat 
bone loss or osteoporosis (34,35). Micro‑CT is a conventional 
method that can be used to directly observe changes in bone 
microarchitecture. The classical three‑point bending test is 
a method used to measure bone biomechanical properties in 
macromechanics. Osteoporosis is characterized by bone loss 

and an increased risk of bone fractures. In the present study, 
mice tibial metaphyseal bone structure and function was signif-
icantly decreased after four weeks of tail suspension, mainly 
by reducing the bone volume fraction, trabecular number and 
trabecular thickness, and increasing the trabecular pattern 
factor and trabecular separation, which is consistent with the 
results of previous studies (36,37). The three‑point bending 
test results revealed lower fracture load, fracture energy, frac-
ture displacement and fracture stress, in accordance with our 
previous study (30). These results confirmed that the disuse 
osteoporosis model had been successfully constructed and that 

Figure 5. Effect of Loading, KO and Loading + KO on the expression of osteoblast differentiation markers following tail suspension. Expression of (A) BMP‑2, 
(B) COL‑I, (C) ALP and (D) OCN mRNA as assessed by qRT‑PCR. Results are shown as the mean ± SD from three independent experiments. *P<0.05 vs. WT, 
**P<0.05 vs. TS, #P<0.05 vs. TS + Loading or TS + KO. WT, wild type; TS, tail suspension; Loading, constrained dynamic loading; KO, CKIP‑1 gene knockout; 
BMP‑2, bone morphogenetic protein‑2; Col I, collagen I; ALP, alkaline phosphatase; OCN, osteocalcin; qRT‑PCR, reverse transcription‑quantitative poly-
merase chain reaction.

Figure 4. Serum (A) ALP activity and (B) OCN content were measured using ELISA kits. Results are shown as the mean ± SD from three independent experi-
ments. *P<0.05 vs. WT, **P<0.05 vs. TS, #P<0.05 vs. TS + Loading or TS + KO. WT, wild type; TS, tail suspension; Loading, constrained dynamic loading; KO, 
CKIP‑1 gene knockout; ALP, alkaline phosphatase; OCN, osteocalcin.
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mechanical unloading is a critical factor in bone loss. One of 
the aims of the present study was to compare the effects of 
Loading, KO and Loading + KO on bone loss in mice who 
had been subjected to unloading. In this study, treatment with 
Loading, KO or Loading + KO effectively maintained bone 
mass, suppressed the destruction of bone microarchitecture 
and increased bone formation following tail suspension. 
Loading and KO treatments were demonstrated to prevent 
bone loss caused by unloading and there was an additive effect 
of Loading + KO.

As well as analyzing bone microarchitecture and bone 
biomechanical properties, we investigated changes in 
bone‑related gene expression. Bone morphogenetic proteins 
(BMPs) have been shown to play an important role in regu-
lating osteoblast differentiation and bone formation  (38). 
BMP‑2 is a critical factor in bone remodeling and rebuilding in 
the BMP family and is applied in many fields, including tissue 
engineering, oncology and osteoporosis treatment  (39‑42). 
ALP, OCN and Col‑I are major biological markers and potent 
osteoblastic factors (43). Our study showed that the expression 
of BMP‑2 mRNA was significantly increased by dynamic 
loading or CKIP‑1 gene knockout following tail suspension, 
and that combined treatment with dynamic loading and 
CKIP‑1 gene knockout had a coupling effect. The combina-
tion of dynamic loading and CKIP‑1 knockout may increase 
bone formation via the BMP signaling pathway. Furthermore, 
serum ALP activity, OCN content and the expression of ALP, 
OCN and Col‑I mRNA were consistent with that of BMP‑2. 
The results suggest that combined treatment with dynamic 
loading and gene knockout (CKIP‑1) is more effective than 
either treatment alone.

The OPG/RANKL pathway affects osteoblasts and 
osteoclasts and serves an important role in maintaining 
bone balance. By interacting with the receptor activator of 
NF‑κB (RANK), RANKL induces osteoclast differentiation 
and promotes bone resorption. OPG is a decoy receptor and 
RANKL inhibitor. The OPG/RANKL ratio can be used to 
measure bone mass loss and bone rebuilding (44‑47). The 
present study showed that Loading + KO could upregulate 
the expression of OPG mRNA and downregulate the expres-
sion of RANKL mRNA by increasing the OPG/RANKL 
ratio, suggesting that Loading + KO not only promotes bone 
formation but suppresses bone resorption. These results 
are in agreement with our previous study and indicate a 

potential mechanism by which Loading + KO affects bone 
metabolism.

In our previous study, we found that mechanical loading 
had no effect on CKIP‑1 expression (unpublished). However, 
previous research has shown that mechanical loading inhibits 
the expression of Smurf1 while CKIP‑1 knockout inhibits 
Smurf1 activity (16,48). Research indicates that constrained 
dynamic loading affects osteoblast proliferation and differen-
tiation via the Wnt/β‑catenin pathway (49,50); moreover, CK2 
may bind with phosphorylate signaling molecules in the Wnt 
signaling pathway to affect gene regulation (51,52). In future 
studies, we plan to investigate whether CKIP‑1 affects the Wnt 
signaling pathway to regulate bone formation.

In the present study, we assessed biomarkers and analysed 
bone mechanical behaviour in the early stages of disuse 
osteoporosis. In future, the long‑term effects and treatment 
should be considered. The present study was limited, as only 
one species model was utilised; ideally, two or more different 
species models should be used and immunity problems should 
be considered.

As an animal study, we first must consider if the present 
study results can be used for human therapies. Mechanical 
stimulation (physical exercise) and periodic vibration 
with high frequency (10‑50  Hz) could reverse bone loss 
in astronaut, which has been supported by NASA funded 
doctors (21,53,54). CKIP‑1 was widely expressed in muscu-
loskeletal tissues and slightly expressed in liver, kidney and 
other tissue. In addition, there were no disfunctions in other 
organs after the CKIP‑1 gene knockout in the mice and 
without any immunostimulatory activity in human mono-
cytes (55). Guo et al reported that using cross‑species CKIP‑1 
siRNA sequence (bone‑targeting siRNA, tiny‑level exposure 
in non‑skeletal tissues) could increase osteoblast differentia-
tion and stimulated bone formation in vitro and in vivo (19), 
which suggest us a clinical application for disuse osteoporosis. 
Taken together, it indicated that the combined therapy may be 
a potential clinical implication in osteoporosis. However, as 
a basic research, there is a long way to go to prove whether 
it can be used in the clinical trial and we believed that the 
combination stimulations would bring goodly foreground in 
treating related disease in orthopedics.

In conclusion, we found that constrained dynamic loading 
and CKIP‑1 knockout are effective treatments for mechanical 
unloading‑induced bone loss, and the effect of combined 

Figure 6. Effect of Loading, KO and Loading + KO on the expression of (A) OPG and (B) RANKL mRNA and the (C) OPG/RANKL ratio. Results are 
shown as the mean ± SD from three independent experiments.  *P<0.05 vs. WT, **P<0.05 vs. TS, #P<0.05 vs. TS + Loading or TS + KO. WT, wild type; TS, 
tail suspension; Loading, constrained dynamic loading; KO, CKIP‑1 gene knockout; OPG, osteoprotegerin; RANKL, receptor activators of NF‑κB ligand.



HAN et al:  PREVENTION OF BONE LOSS BY MECHANICAL LOADING AND CKIP-1 2513

treatment is significantly greater compared with either treat-
ment alone. Combined treatment may represent an effective 
novel treatment for bone injury and rebuilding.
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