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Abstract 

Background: The combination of drugs and exercise was the effective treatment in 
bone injure and rebuilding in clinic. As mechanical strain has potential in inducing the 
differentiation of osteoblasts in our previous study, the further research to investigate 
the combination of mechanical strain and icariin stimulation on inducing osteoblast 
proliferation, differentiation and the possible mechanism in MC3T3‑E1 cell line.

Methods: A whole cell enzyme‑linked immunosorbent assay that detects the 
bromodeoxyuridine incorporation during DNA synthesis was applied to evaluate the 
proliferation. The mRNA expression of alkaline phosphatase (ALP), osteocalcin (OCN), 
type I collagen (Col I), bone morphogenetic protein‑2 (BMP‑2) and BMP‑4 was detected 
by real‑time reverse‑transcription polymerase chain reaction. The activity of ALP was 
analyzed by ELISA and the protein expression of OCN, Col I and BMP‑2 was assessed 
by western blot. Moreover, the activity of nuclear transcription factor kappa‑B (NF‑κB) 
signaling pathway was investigated with the expression of inhibitor of κB (IκB) α, phos‑
phorylation of IκB‑α (P‑IκB‑α), p65, P‑p65 by western blot.

Results: We observed that compared to single mechanical strain or icariin stimula‑
tion, the mRNA and protein expressions of ALP (P < 0.05 or P < 0.01), OCN (P < 0.01) 
and Col I (P < 0.05 or P < 0.01) were increased significantly by the combination of 
mechanical strain and icariin stimulation. Moreover, the combination of mechanical 
strain and icariin stimulation could up‑regulate the expression of BMP‑2 (P < 0.01) and 
BMP‑4 compared to single mechanical strain or icariin stimulation. The combination 
of mechanical strain and icariin stimulation could activate NF‑κB signaling pathway by 
increasing the expression of IκB α, P‑IκB‑α, p65, P‑p65 (P < 0.01).

Conclusion: The combination of mechanical strain and icariin stimulation could acti‑
vate the NF‑κB pathway to improve the proliferation, differentiation of osteoblast‑like 
cells.
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Background
The regular load is important for maintaining the integrity of bone described by Wolff’s 
law on the relationship between bone morphology and mechanical load [1]. Disuse or a 
lack of load, such as prolonged bed rest, spinal cord injury or space flight, could result in 
the rapid loss of bone mass and even osteoporosis in some cases [2]. Moreover, pathologi-
cal bone modeling, remodeling, or microdamage resulted from accumulated overloaded 
strain could result in fracture of bone [3–5].

Bone remodeling is a complex biological process depending on genetic, hormonal, 
metabolic and mechanical environment [6]. Mechanical loading plays an important role 
in the regulation of bone remodeling, since suitable mechanical stimulation could main-
tain normal bone volume [7]. Mechanical stimulation could be transmitted through the 
extracellular matrix (ECM) to resident osteoblasts, osteocytes, periosteal cells and oste-
oclasts in bone [8]. Osteoblasts were important mechanical receptors that transformed 
mechanical stimulation into biochemical signals, and also could secrete bone matrix to 
promote bone matrix mineralization [9].

Mechanical strain could not only promote matrix mineralization of osteoblasts [10], 
but increase the expression of ECM-related proteins of osteoblasts, such as bone mor-
phogenetic protein 2 (BMP-2), osteopontin (OPN), osteocalcin (OCN) and type I colla-
gen (Col I) [11]. Bone morphogenetic proteins (BMPs), a kind of secretory glycoprotein 
purified from bone matrix, are potent osteoblastic differentiation factors in remodeling 
and formation of bone [12]. Our previous study showed that mechanical strain can acti-
vate p38 mitogen-activated protein kinase (MAPK)/NF-κB pathway by up-regulating 
BMP-2 expression in MC3T3-E1 cells [13]. Biomechanical signals are essential for bone 
homeostasis, growth, adaptation, healing and remodeling [14–17]. Mechanical strains 
have been shown to activate many types of signal transduction cascades, including the 
NF-κB signal pathway [18–20]. NF-κB exists in most cells as homodimeric or heter-
odimeric complexes of p50 and p65 subunits and remains inactive in the cytoplasm of 
cells associated with the NF-κB inhibitory protein (I-κB) [21]. Activated NF-κB could 
increase nuclear p65 protein associated with decreased cytosolic I-κB protein [21]. The 
resulting free NF-κB is then translocated into the nucleus, where it binds to κB binding 
sites in the promoter region of target genes [22–24]. Our previous study has shown that 
mechanical strain could induce osteoblast proliferation, differentiation and mineraliza-
tion by activating NF-κB pathway [13]. Although mechanical loading plays an important 
role in the regulation of bone remodeling, drugs are still the first choice for treatment of 
bone injury and remodeling.

Icariin, the main active flavonoid glucoside isolated from Herba epimedii (HEF), is 
used in traditional Chinese medicine for treatment of kidney, joints, and other disorders. 
It was shown that icarrin could prevent ovariectomy-induced bone loss and restored 
femoral strength [25–27]. Moreover, icariin could induce osteoblast proliferation, dif-
ferentiation and mineralization though estrogen receptor-mediated extracellular signal-
regulated kinases (ERK) and c-Jun N-terminal kinase (JNK) signal activation [28]. It was 
reported by National Aeronautics and Space Administration (NASA)’s Johnson Space 
Center that exercise with medicine (alendronate pill and vitamin D) could prevent the 
loss of bones and muscle mass of astronauts compared to those using exercise or drug 
only [29]. Since exercise or drug alone has not been entirely successful in accelerating 
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bone remodeling and preventing bone loss, the combined effects of exercise and drugs 
may be a better choice. Although our previous studies have shown that mechanical 
strain could induce osteoblast proliferation, differentiation and mineralization, the com-
bination of mechanical strain and icariin stimulation was not investigated, moreover, the 
mechanism of the combination of mechanical strain and icariin on inducing osteoblast 
proliferation, differentiation was still not clear.

The present study was aimed to study the mechanical strain, icariin and the combina-
tion of mechanical strain and icariin stimulation on inducing osteoblast proliferation, 
differentiation, and investigate the possible mechanism in osteoblast-like cells (MC3T3-
E1), which will provide strong scientific evidence for the treatment of bone injury and 
remodeling by combination of exercise and drugs in clinic.

Methods
Reagents

The α-modified Eagle’s medium–high glucose (α-MEM) was purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Cell Proliferation ELISA (BrdU) kit was purchased 
from Roche (Mannheim, Germany). ALP vitality assay kit was purchased from Nanjing 
Jiancheng Biotechnology Co., Ltd. (Jiangsu, China). BCA Protein Assay Kit was obtained 
from Pierce (Rockford, IL, USA). Mammalian Cell Lysis Kit and UNIQ-10 column Trizol 
total RNA extraction kit were bought from Sangon Biological Engineering Technology and 
Services Co., Ltd. (Shanghai, China). Improm-II Reverse Transcription System was pur-
chased from Promega Corporation (Madison, WI, USA). FastStart Universal SYBR Green 
Master (ROX) kit was purchased from Roche (Mannheim, Germany). P-IκB-α, IκB-α, p65, 
P-p65 monoclonal antibodies and peroxidase-conjugated secondary antibody were pur-
chased from Cell Singaling Technology (USA), and β-actin monoclonal antibody was pur-
chased from Sigma-Aldrich Co. (USA). NF-κB inhibitor BAY 11-7082 was purchased from 
Beyotime Institute of Biotechnology (China). Col I, OCN, BMP-2 monoclonal antibodies 
and peroxidase-conjugated secondary antibody were purchased from Santa Cruz Biotech-
nology (CA, USA). Icariin was purchased from the Chinese National Institute for Control 
of Pharmaceutical and Biological Products (Beijing, China).

Cells and cell culture

Murine MC3T3-E1 cell line was obtained from Cell Culture Center of Chinese Academy 
of Medical Sciences (Beijing, China). MC3T3-E1 cells were maintained in α-MEM sup-
plemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL strep-
tomycin at 37°C in a humidified incubator containing 5% CO2. Icariin (1 × 10−5 M) was 
added in α-MEM 1 h prior to mechanical strain application and remained in the culture 
media throughout the experiment.

Application of mechanical strain to cultured cells

The MC3T3-E1 cells were seeded on mechanical loading dishes that were reformed 
from cell culture dishes (Nalge Nunc International, Roskilde, Denmark) and subjected to 
mechanical tensile strain of 2,500 microstrain (με) at 0.5  Hz of 1  h/day for 3  days. The 
mechanical strain was generated by a specially designed four-point bending device, as pre-
viously described [30–32]. Control cells were incubated under the same conditions except 
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for application of mechanical stimulation. The device was driven by a stepping motor (con-
trolled by a single chip microcomputer) and has been shown to produce homogenous cell 
culture substrate that is composed predominantly of uniaxial cells with the same deforma-
tions [33, 34] (Figure 1).

BrdU ELISA for cell proliferation

The proliferation of MC3T3-E1 cells were determined using a colorimetric immunoassay 
for the quantification of cell proliferation based on the detection of 5-bromo-20-deoxyu-
ridine (BrdU) incorporation during DNA synthesis [35]. After stimulation of mechanical 
strain and icariin for 3 days, BrdU was added to a final concentration of 10 μM. After incu-
bation for 18 h, DNA synthesis was assayed with the Cell Proliferation ELISA (BrdU) Kit 
(Roche, Germany) using colorimetric detection according to the manufacturer’s instruc-
tions. Newly synthesized BrdU-DNA was determined using a multifunctional microplate 
reader (FlexStation 3, Molecular Devices, USA).

ALP activity analysis

After stimulation of mechanical strain and icariin, the cells were washed three times with 
cold PBS. Cells were collected by centrifugation and washed once with PBS. The washed 
cell pellets were resuspended in extraction lysis buffer (50 mM HEPES pH 7.0, 250 mM 
NaCl, 5  mM EDTA, 0.1% Nonidet P-40, 1  mM PMSF, 0.5  mM DTT, 5  mM NaF and 
0.5  mM sodium orthovanadate) containing aprotinin and leupeptin (5  mg/mL), respec-
tively, and incubated for 20 min at 4°C. Cell debris was removed by centrifugation, and 
supernatants were rapidly frozen. The protein was detected by BCA method (Pierce, USA). 
ALP activities in each sample were examined by an ALP vitality assay detection kit (Nan-
jing Jiancheng Biotechnology Co. Ltd, Nanjing, China) and the absorbance was measured 
at 520 nm on a multifunctional microplate reader (FlexStation 3, Molecular Devices, USA). 
Values of ALP activity were normalized by protein concentration.

Real‑time RT‑PCR for detecting the mRNA expression of ALP, BMP‑2, BMP‑4, OCN, Col I

Total RNA was isolated using Sangon UNIQ-10 column Trizol total RNA extraction kit 
according to the instructions of the manufacturer. RNA (1 μg) was reversely transcribed 
using ImProm-II Reverse Transcription System cDNA synthesis kit. The real-time RT-
PCR oligonucleotide primers used for mouse ALP, BMP-2, BMP-4, OCN, Col I and β-actin 
are shown in Table 1. The reactions were setup in duplicates in 25 μL total volumes with 
1 μL of each primer (0.3 μM final concentrations), 12.5 μL of FastStart Universal SYBR 
Green Master (ROX) (Roche), and 1 μL of template. The PCR cycle was as follows: 95°C 

Figure 1 The loading device drawing (a) on MC3T3‑E1 cells and strain distribution drawing of loading 
device (b). The cells seeded in C–D would be loaded with the same deformations.
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for 10 min, 40 cycles of 95°C for 15 s, 60°C for 1 min. A melt curve analysis was performed 
to verify that a single product per primer pair was amplified at the end of each experi-
ment. The amplification and analysis were performed using an ABI Prism 7500 Real-Time 
PCR System. Samples were compared using the relative CT method. The fold decrease or 
increase was determined relative to a blank control after normalized to a housekeeping 
gene using 2−��CT [36, 37].

Western blot for analyzing the protein expression of BMP‑2, OCN, Col I

The cells were washed three times with cold PBS and collected by centrifugation and 
washed once with PBS. The washed cell pellets were resuspended in extraction lysis buffer 
(50 mM HEPES pH 7.0, 250 mM NaCl, 5 mM EDTA, 0.1% Nonidet P-40, 1 mM PMSF, 
0.5 mM DTT, 5 mM NaF and 0.5 mM sodium orthovanadate) containing aprotinin and 
leupeptin (5 mg/mL), and incubated for 20 min at 4°C. Cell debris was removed by centrif-
ugation, and supernatants were rapidly frozen. The protein was detected by BCA method 
(Pierce, USA). Of cellular protein, 40  mg protein from cell extracts was electro-blotted 
onto a polyvinylidene difluoride (PVDF) membrane following separation on a 10% SDS-
polyacrylamide gel electrophoresis. The immunoblot was incubated for 1 h with blocking 
solution (5% skim milk) at room temperature, and then incubated overnight with a 1:500 
dilution of anti-BMP-2, anti-OCN, anti-Col I, β-actin antibody (Cell Singaling Technology, 
USA) at 4°C. Blots were washed three times with Tween 20/Tris-buffered saline (TTBS) 
and then incubated with a 1:2,000 dilution of horseradish peroxidase-conjugated second-
ary antibody (Santa Cruz Biotechnology, USA) for 1 h at room temperature. Blots were 
washed five times with TTBS and then developed by Horseradish peroxidase substrate 
(Millipore Corporation, USA) and data were captured by exposure to Kodak BioMax Light 
films.

NF‑κB activity assay

Our previous study showed that NF-κB signaling pathway could be activated at 30 min and 
the maximum expression levels were observed at 60 min after initiating mechanical stimu-
lation [13]. The cells were pre-treated with icariin (1 × 10−5 M) for 1 h, and then the cells 
were subjected to mechanical tensile strain of 2,500 με at 0.5 Hz for 1 h to investigate the 

Table 1 The real-time RT-PCR oligonucleotide primers

Gene Primer Sequence (5′–3′) PCR product (bp)

ALP Forward TGACCTTCTCTCCTCCATCC 183

Reverse CTTCCTGGGAGTCTCATCCT

OCN Forward TGCTTGTGACGAGCTATCAG 148

Reverse GAGGACAGGGAGGATCAAGT

Col I Forward GAGCGGAGAGTACTGGATCG 142

Reverse GTTCGGGCTGATGTACCAGT

BMP‑2 Forward CCCCAAGACACAGTTCCCTA 169

Reverse GAGACCGCAGTCCGTCTAAG

BMP‑4 Forward TGAGCCTTTCCAGCAAGTTT 180

Reverse CTTCCCGGTCTCAGGTATCA

β‑Actin Forward AGAGGGAAATCGTGCGTGAC 138

Reverse CAATAGTGATGACCTGGCCGT
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combined effect of mechanical strain and icariin on the NF-κB activity. The expressions of 
IκB-α, P-IκB-α, p65, P-p65 were analyzed by western blot. The extraction and detection of 
total protein were performed as described above. Protein from treated and untreated cell 
extracts were electro-blotted onto a PVDF membrane following separation on a 10% SDS-
polyacrylamide gel electrophoresis. The immunoblot was incubated for 1 h with blocking 
solution (5% skim milk) at room temperature, and then incubated overnight with a 1:1,000 
dilution of anti-IκB-α, anti-P-IκB-α, anti-p65, anti-P-p65, β-actin antibody (Cell Singal-
ing Technology, USA) at 4°C. Blots were washed three times with Tween 20/Tris-buffered 
saline (TTBS) and then incubated with a 1:5,000 dilution of horseradish peroxidase-conju-
gated secondary antibody (Cell Singaling Technology, USA) for 1 h at room temperature. 
Blots were washed five times with TTBS and then developed by Horseradish peroxidase 
substrate (Millipore Corporation, USA) and data were captured by exposure to Kodak Bio-
Max Light films.

Statistical analysis

All values were represented as mean ± SD from at least three independent experiments. 
Statistically significant differences between groups were determined by one way analysis 
of variance (ANOVA) followed by Scheffe’s multiple range test. The criterion for statistical 
significance was P < 0.01 or P < 0.05.

Results
Cell proliferation

The comparable results for differences in proliferation behavior, expressed as the amount 
of newly synthesized DNA were shown in Figure  2. The DNA synthesis of MC3T3-E1 
cells after mechanical strain, icariin, the combination of mechanical strain and icariin 
stimulation for 18 h revealed that MC3T3-E1 cells could proliferate after different stimula-
tion. Compared to blank control group, proliferation with mechanical strain, icariin, the 

Figure 2 Effect of mechanical strain, icariin, the combination of mechanical strain and icariin stimulation on 
proliferation of MC3T3‑E1 cells. After stimulation of mechanical strain, icariin, the combination of mechani‑
cal strain and icariin on MC3T3‑E1 cells of 1 h/day for 3 days, BrdU was added and cells were reincubated for 
additional 18 h. BrdU incorporation was determined using a cell ELISA method. Data represent mean ± SD 
values from three independent experiments. *P < 0.05, **P < 0.01 (n = 4) compared with control group, 
#P < 0.05, ##P < 0.01 compared with mechanical strain or icariin stimulation.
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combination of mechanical strain and icariin stimulation was significantly higher (P < 0.01 
or P < 0.05) than blank control group. In addition, the cell proliferation with the combi-
nation of mechanical strain and icariin stimulation was significantly higher than that of 
mechanical strain or icariin alone (P < 0.01).

Effect of mechanical strain, icariin, combination of mechanical strain and icariin  

stimulation on ALP activity in MC3T3‑E1 cells

ALP was believed to be one major characteristics of osteoblast activity. As shown in  
Figure 3a, ALP activity was increased significantly (P < 0.01 or P < 0.05) after mechani-
cal strain, the combination of mechanical strain and icariin stimulation compared to 
blank control group. Furthermore, compared to the stimulation of icariin, the combina-
tion of mechanical strain and icariin stimulation could increase ALP activity remarkably 
(P < 0.05). The mRNA expression of ALP was also investigated after mechanical strain, 
icariin, combination of mechanical strain and icariin stimulation in MC3T3-E1 cells. 

Figure 3 Effect of mechanical strain, icariin, the combination of mechanical strain and icariin stimulation on 
ALP activity and mRNA expression. After stimulation of mechanical strain, icariin, the combination of mechan‑
ical strain and icariin on MC3T3‑E1 cells of 1 h/day for 3 days, the total protein and mRNA of MC3T3‑E1 cells 
were extracted. The ALP activity was analyzed by ALP vitality assay detection kit (a) and the mRNA expres‑
sion of ALP was analyzed by real‑time RT‑PCR (b). Data represent mean ± SD values from three independent 
experiments. *P < 0.05, **P < 0.01 (n = 4) compared with control group, #P < 0.05, ##P < 0.01 compared with 
mechanical strain or icariin stimulation.
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As shown in Figure  3b, the mRNA expression of ALP was up-regulated significantly 
(P < 0.01) after mechanical strain, the combination of mechanical strain and icariin stim-
ulation compared to blank control group. Moreover, the increased level of combination of 
mechanical strain and icariin stimulation was notable than the stimulation of mechanical 
strain.

Effect of mechanical strain, icariin, combination of mechanical strain and  

icariin stimulation on BMP‑2, BMP‑4 expression

The mRNA expressions of BMP-2 and BMP-4 were investigated using real-time RT-PCR. 
As shown in Figure  4, compared to the blank control group, the mRNA expression of 
BMP-2 was up-regulated significantly (P  <  0.01) after mechanical strain, the combina-
tion of mechanical strain and icariin stimulation in MC3T3-E1 cells. The combination 
of mechanical strain and icariin stimulation had significant advantages on up-regulating 
the mRNA expression of BMP-2 than the stimulation of mechanical strain or icariin 
alone (P < 0.01). Moreover, the protein expression of BMP-2 was investigated by west-
ern blot. As shown in Figure 4, the combination of mechanical strain and icariin stimula-
tion could increase the protein expression of BMP-2 remarkably (P < 0.01) compared to 
the stimulation of mechanical strain or icariin alone. The mRNA expression of BMP-4 
was up-regulated significantly (P < 0.01) after mechanical strain, icariin, the combination 

Figure 4 Effect of mechanical strain, icariin, the combination of mechanical strain and icariin stimulation on 
expression of BMP‑2 and BMP‑4. After stimulation of mechanical strain, icariin, the combination of mechanical 
strain and icariin on MC3T3‑E1 cells of 1 h/day for 3 days, the total protein and mRNA of MC3T3‑E1 cells were 
extracted. The mRNA expression of BMP‑2 (a), BMP‑4 (b) was analyzed by real‑time RT‑PCR, and the protein 
expression of BMP‑2 (c) was detected by western blot. The β‑actin protein was used as internal controls. Opti‑
cal density analysis (d) was obtained with the Image‑Pro Plus version 6.0. Data represent mean ± SD values 
from three independent experiments. *P < 0.05, **P < 0.01 (n = 4) compared with control group, #P < 0.05, 
##P < 0.01 compared with mechanical strain or icariin stimulation.
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of mechanical strain and icariin stimulation compared to the blank control group in 
MC3T3-E1 cells.

Effect of mechanical strain, icariin, combination of mechanical strain  

and icariin stimulation on OCN, Col I expression

The mRNA expressions of OCN, Col I were investigated using real-time RT-PCR, and 
the protein expressions of OCN, Col I were investigated by western blot. As shown 
in Figure  5a, compared to the blank control group, the mRNA expression of OCN was 
up-regulated significantly (P < 0.01) after mechanical strain, combination of mechanical 
strain stimulation. The combination of mechanical strain and icariin stimulation could 

Figure 5 Effect of mechanical strain, icariin, the combination of mechanical strain and icariin stimulation on 
the protein and mRNA expression of OCN. After stimulation of mechanical strain, icariin, the combination of 
mechanical strain and icariin on MC3T3‑E1 cells of 1 h/day for 3 days, the total protein and mRNA of MC3T3‑
E1 cells were extracted. The mRNA expression of OCN was analyzed by real‑time RT‑PCR (a), and the protein 
expression of OCN (b) was detected by western blot. The β‑actin protein was used as internal control. Optical 
density analysis (c) was obtained with the Image‑Pro Plus version 6.0. Data represent mean ± SD values 
from three independent experiments. *P < 0.05, **P < 0.01 (n = 4) compared with control group, #P < 0.05, 
##P < 0.01 compared with mechanical strain or icariin stimulation.
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up-regulated the mRNA expression of OCN significantly (P < 0.01) than that of mechani-
cal strain or icariin alone. The protein expression of OCN was up-regulated significantly 
(P  <  0.01) after mechanical strain, icariin, combination of mechanical strain and icariin 
stimulation compared to blank control group (Figure 5b). The combination of mechanical 
strain and icariin stimulation could up-regulated the protein expression of OCN signifi-
cantly (P < 0.01) compared to the stimulation of mechanical strain or icariin alone.

As shown in Figure  6a, in comparison with the stimulation of mechanical strain or 
icariin alone, the mRNA expression of Col I was up-regulated significantly (P < 0.01 or 
P < 0.05) after the combination of mechanical strain and icariin stimulation. The combi-
nation of mechanical strain and icariin stimulation could increase the protein expression 
of Col I significantly (P < 0.05) than that of mechanical strain, icariin alone (Figure 6b).

Figure 6 Effect of mechanical strain, icariin, the combination of mechanical strain and icariin stimulation on 
the protein and mRNA expression of Col I. After stimulation of mechanical strain, icariin, the combination of 
mechanical strain and icariin on MC3T3‑E1 cells of 1 h/day for 3 days, the total protein and mRNA of MC3T3‑
E1 cells were extracted. The mRNA expression of Col I was analyzed by real‑time RT‑PCR (a), and the protein 
expression of Col I (b) was detected by western blot. The β‑actin protein was used as internal control. Optical 
density analysis (c) was obtained with the Image‑Pro Plus version 6.0. Data represent mean ± SD values 
from three independent experiments. *P < 0.05, **P < 0.01 (n = 4) compared with control group, #P < 0.05, 
##P < 0.01 compared with mechanical strain or icariin stimulation.
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Effect of mechanical strain, icariin, combination of mechanical strain  

and icariin stimulation on regulating NF‑κB signaling pathway

NF-κB signaling is associated with bone metabolism and considered to be an important 
signal transduction pathway in osteoblasts differentiation [38, 39]. In order to investigate 
effect of mechanical strain, icariin, combination of mechanical strain and icariin stimu-
lation on NF-κB signaling pathway, we first investigated the expressions of IκB-α, phos-
phorylation of IκB-α (P-IκB-α), p65, P-p65 (phosphorylation of P-p65) which were the 
important protein in activation of NF-κB pathway. Figure 7 showed that IκB-α degradation 
was blocked by mechanical strain, combination of mechanical strain and icariin stimu-
lation significantly (P < 0.01 or P < 0.05). Furthermore, to determine whether this IκB-α 
degradation was related to IκB-α phosphorylation, we examined the effect of the mechani-
cal strain, icariin, combination of mechanical strain and icariin stimulation on P-IκB-α by 
western blot, and found that combination of mechanical strain and icariin stimulation also 
could increase IκB-α phosphorylation significantly (P < 0.01) in comparison with mechani-
cal strain or icariin alone. The combination of mechanical strain and icariin stimulation 
could increase the expression of p65 and p65 phosphorylation significantly (P < 0.01) com-
pared to mechanical strain or icariin alone. NF-κB inhibitor BAY 11-7082 was used to 
investigate the activation of NF-κB pathway, BAY 11-7082 could inhibit the activation of 
NF-κB by the combination of mechanical strain and icariin stimulation. The β-actin pro-
tein was used as internal controls.

Discussion
Mechanical loading is considered as a fundamental physiological factor for regulating the 
structure and function of bones, moreover, absence of mechanical loading could lead to 
the loss of bone mass, while suitable mechanical force could stimulate bone formation 
[40]. Several studies have illustrated that mechanical stresses, such as compression or ten-
sion, can elicit cellular responses [41]. Osteoblasts, deriving from the MSCs, locate on the 
surface of cancellous bone and cortical bone. Osteoblasts, which are the crucial effector 
cells sensitive to mechanical stimulation, could be activated to promote bone formation. 
Our previous studies have shown that mechanical strain could induce osteoblast prolifera-
tion, differentiation and mineralization in mouse osteoblast-like cells (MC3T3-E1) [13, 32, 
42]. In this study we compared the effect of combination of mechanical strain and drugs 
(icariin) stimulation to mechanical strain stimulation or drugs alone on inducing osteo-
blast proliferation, differentiation, and the possible mechanism was investigated in mouse 
osteoblast-like cells (MC3T3-E1).

In present study, we have introduced a whole cell ELISA that detected the BrdU incor-
poration during DNA synthesis to evaluate the proliferation of MC3T3-E1 cells after 
stimulation of mechanical strain, icariin, combined of mechanical strain and icariin in 
vitro. The cell proliferation with combination of mechanical strain and icariin stimu-
lation was significantly higher than that with the stimulation of mechanical strain or 
icariin (P  <  0.01), which revealed that the combination of mechanical load and drugs 
could promote the cell proliferation of osteoblast significantly compared to stimulation 
of mechanical load or drugs alone.

ALP, Col I and OCN are the major biological markers in osteoblasts differentiation. 
Our study showed that ALP activity and mRNA expression were increased significantly 
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Figure 7 Effect of mechanical strain, icariin, the combination of mechanical strain and icariin stimulation on 
NF‑κB signaling pathway. After stimulation of mechanical strain, icariin, the combination of mechanical strain 
and icariin on MC3T3‑E1 cells of 1 h/day for 3 days, the total protein were then prepared and western blotted 
for IκB‑α, p‑IκB‑α, p65, P‑p65 using specific IκB‑α, p‑IκB‑α, p65, P‑p65 antibodies (a). The β‑actin protein was 
used as internal control. Optical density analysis (b) was obtained with the Image‑Pro Plus version 6.0. Data 
represent mean ± SD values from three independent experiments. *P < 0.05, **P < 0.01 (n = 4) compared 
with control group, #P < 0.05, ##P < 0.01 compared with mechanical strain or icariin stimulation.

by the combination of mechanical strain and icariin stimulation compared to stimula-
tion of mechanical strain or icariin alone. Moreover, the mRNA and protein expression 
of Col I and OCN were up-regulated remarkably by the combination of mechanical 
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strain and icariin stimulation than that of mechanical strain or icariin alone. The results 
of protein expression corresponded with the results of mRNA expression on ALP, Col 
I and OCN, which suggested that the combination of mechanical strain and icariin 
stimulation on protein expression might have resulted from the transcriptional increas-
ing of ALP, Col I and OCN gene. The results showed that there was a coupling effect of 
mechanical strain and icariin on the mRNA and protein expression of ALP, Col I and 
OCN, which suggested that combination of mechanical strain and drug (icariin) stimu-
lation would induce osteoblast proliferation, differentiation better compared to mechan-
ical single strain or drug (icariin) stimulation.

BMPs, potent osteoblastic differentiation factors, play an important role in the reg-
ulatory signaling network of bone formation and remodeling [43]. BMP-2 and BMP-4, 
the vital members of BMPs families, have the ability to promote chondrogenesis, osteo-
genesis, and have been paid more attention to the field of biomechanics [44]. The pre-
sent study showed that mechanical strain, icariin, combination of mechanical strain 
and icariin stimulation could up-regulate the mRNA of BMP-2 and BMP-4 significantly 
compared to control group, and the protein expression of BMP-2 was also enhanced sig-
nificantly. Moreover, compared to mechanical strain or icariin stimulation, the combina-
tion of mechanical strain and icariin stimulation made a significant increasing of BMP-2 
mRNA and protein expression.

NF-κB signaling was associated with bone metabolism and considered to be the 
important signal transduction pathway in osteoblasts differentiation [45]. In rest-
ing cells, the NF-κB heterodimer was held in the cytoplasm through interaction with 
IκB inhibitory proteins [46]. NF-κB activation resulted from the phosphorylation and 
proteasome-mediated degradation of inhibitory IκB proteins, and the phosphorylation 
of IκB proteins was the key point in the regulation of NF-κB pathway in mechanical 
responses, which was followed by the nuclear translocation and DNA binding of NF-κB, 
where it could activate the target genes [47]. The present study showed that the combi-
nation of mechanical strain and icariin stimulation could increase the degradation and 
P-IκB-α significantly (P  <  0.01) compared to mechanical strain or icariin stimulation. 
Moreover, p65 protein, one of transcription factors in the NF-κB/Rel family, contained 
a C-terminal activation domain that was crucial to induce target genes expression in 
NF-κB pathway. In present study, the phosphorylation of p65 was increased significantly 
(P  <  0.01) by the combination of mechanical strain and icariin stimulation compared 
to mechanical strain or icariin stimulation. The combination of mechanical strain and 
icariin stimulation could up-regulate BMP-2/BMP-4 expression by activating the NF-κB 
pathway to enhance osteogenic gene expressions.

Conclusions
Although the mechanical strain promoted the proliferation, differentiation of osteoblast-
like cells (MC3T3-E1) reported by our previous studies, the combination of mechanical 
strain and icariin stimulation on it was first explored. The present study demonstrated 
that there was a coupling effect of mechanical strain and icariin, which could not only 
significantly increase the expression of ALP, Col I, OCN, but up-regulate the expres-
sion of BMP-2/BMP-4 by the increase of signaling cascades leading to the activation of 
NF-κB compared to single mechanical strain or icariin stimulation on the proliferation, 
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differentiation of osteoblast-like cells. The present study will provide scientific evidence 
that combination of exercise and drug could better than single exercise recovery or drug 
on treatment of bone injury and remodeling in clinic.
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