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Summary 
Fluid shear stress (FSS) plays an important role in osteoblast 
apoptosis. However, the role of miRNA in osteoblast apoptosis 
under FSS and possible molecular mechanisms remain unknown. 
Our aim of the study was to explore whether miR-146a-5p 
regulates osteoblast apoptosis under FSS and its molecular 
mechanisms. FSS could down-regulate the expression of miR-
146a-5p in MC3T3-E1 cells. We confirm that up-regulation of 
miR-146a-5p promotes osteoblasts apoptosis and down-
regulation of miR-146a-5p inhibits osteoblasts apoptosis. We 
further demonstrated that FSS inhibits osteoblast apoptosis by 
down-regulated miR-146a-5p. Dual-luciferase reporter assay 
validated that SMAD4 is a direct target gene of miR-146a-5p. In 
addition, mimic-146a-5p suppressed FSS-induced up-regulation 
of SMAD4 protein levels, which suggests that FSS elevated 
SMAD4 protein expression levels via regulation miR-146a-5p. 
Further investigations showed that SMAD4 could inhibit 
osteoblast apoptosis. We demonstrated that miR-146a-5p 
regulates osteoblast apoptosis via targeting SMAD4. Taken 
together, our present study showed that FSS-induced down-
regulation miR-146a-5p inhibits osteoblast apoptosis via target 
SMAD4. These findings may provide novel mechanisms for FSS to 
inhibit osteoblast apoptosis, and also may provide a potential 
therapeutic target for osteoporosis. 
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Introduction 
 

Mechanical stimulation plays an important role 
in modulating cellular responses and regulating bone 
remodeling and bone homeostasis [1]. The lack of 
mechanical stimulation owing to aging or exposure to  
an external mechanical unloading environment (e.g., 
prolonged bed rest, hindlimb unloading, or under 
conditions of microgravity) may reduce bone formation, 
weaken the bone structure, and accelerate the loss of bone 
quantity and quality, further leading to the development 
of osteoporosis [2-5]. Fluid shear stress (FSS) was  
a major mechanical stimulus within bone tissue and plays 
an important role in the process of bone metabolism, it 
could promote osteoblast proliferation and inhibits 
osteoblast apoptosis through activating various signal 
transduction pathways [6, 7]. 

MicroRNAs are short-stranded non-coding 
RNAs, which can regulate gene expression by inhibiting 
the translational efficiency of mRNAs or leading to 
mRNA degradation [8]. It plays an important role in 
various physiological and pathological processes, such as 
cell differentiation, proliferation, apoptosis, and 
tumorigenesis [9-11]. MicroRNAs have recently been 
found to be involved in the process of bone metabolism. 
Park et al. [12] found that miR-23 plays an important role 
in inhibiting bone formation and maintaining bone 
homeostasis in mice. Chen et al. [13] found that miR-34a 
inhibits osteoblast differentiation and bone formation. 

MiR-146a-5p was a mechanosensitive miRNA 
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and sensitive to various mechanical stimuli. Troidl et al. 
[14] found that FSS could up-regulate the expression of 
miR-146a-5p in vascular cells. Iwawaki et al. [15] found 
that the expression level of miR-146a-5p was increased in 
MC3T3-E1 cells under compressive forces. Recent 
studies have shown that miR-146a-5p is closely 
associated with bone formation and osteoblasts [16, 17]. 
Zheng et al. [18] demonstrated that miR-146a-5p is a key 
repressor in bone formation. They found that mice with 
miR-146a-5p knockout showed increased bone formation 
and bone mass in vivo. In addition, they found that the 
expression of miR-146a-5p in the femurs of female mice 
and female patients gradually increased with age, and 
miR-146a-5p deletion could delay age-induced bone loss 
in female mice. These findings suggest that miR-146a-5p 
may be a potential target to improve osteoporosis. 
However, little is known about whether miR-146a-5p has 
an influence on osteoblast apoptosis under FSS and the 
underlying mechanism of this effect. Based on the above 
theory, we propose the hypothesis: of whether FSS 
affects miR-146a-5p expression level in osteoblasts and 
further affects osteoblast apoptosis, and how miR-146a-
5p regulates osteoblast apoptosis under FSS. 

In the present study, we investigated the 
expression of miR-146a-5p under FSS. We explore the 
role of miR-146a-5p in osteoblast apoptosis and found 
that FSS-induce down-regulate miR-146a-5p could 
inhibit osteoblast apoptosis. Next, we further examine 
SMAD4 as a direct target gene of miR-146a-5p and 
found that FSS-induced down-regulation miR-146a-5p 
inhibits osteoblast apoptosis by targeting SMAD4. The 
study may provide some new mechanisms for FSS to 
inhibit osteoblast apoptosis and also may provide 
a potential target for the treatment of osteoporosis. 

 
Materials and Methods 
 
Cell culture 

The mouse osteoblastic MC3T3-E1 cells were 
obtained from the Chinese Academy of Medical Sciences 
(Beijing, China). Cells were cultured with α-MEM 
containing 10 % fetal bovine serum (FBS) and were 
maintained in a moist environment containing 5 % CO2  
at 37 °C. 

 
FSS experiment 

The MC3T3-E1 cells were seeded on 20 × 50 
mm coverslips. When cells were close to 90 % 
confluence, cells were incubated in a serum-free medium 

for 6 h before being exposed to FSS at 12 dyn/cm2 for 
1 h. Cells were exposed to laminar flow in parallel plate 
flow chambers. This system can provide continuous 
hydrostatic pressure to drive the medium through the 
channel of the parallel plate flow chamber to generate  
a precise FSS. During the FSS experiment, the system 
was maintained at 37 °C. 
 
Cell transfection 

The miRNA regulator (mimic and inhibitor) was 
purchased from Ribo Biotechnology, China. Cells were 
seeded on 20 × 50 mm coverslips. When cells were close 
to 50-75 % confluence and then transfected with miRNA 
regulators using a transfection reagent (Ribo 
Biotechnology, China). The transfection concentration of 
miR-146a-5p mimic and its negative control was 50 nM. 
The transfection concentration of miR-146a-5p inhibitor 
and its negative control was 100 nM. GP-transfect-Mate 
(GenePharma, China) was used for the transfection of 
siRNA-SMAD4 (GenePharma, China) or pcDNA3.1-
SMAD4 (GenePharma, China). siRNAs were transfected 
at a concentration of 50 nM. Plasmids were transfected at 
a concentration of 0.5-1.5 ug. MC3T3-E1 cells were 
transfected for 48 h. 

 
Western blot analysis 

After washing twice with PBS, cells were lysed 
with RIPA buffer (Beyotime Biotechnology, China) 
containing protease and phosphatase inhibitors 
supplemented with 1 mmol/LPMSF. Cell debris was 
removed by centrifugation at 12000 rpm for 20 min at 
4 °C after on ice for 20–30 min, and the protein 
concentration was detected using a BCA protein assay kit 
(Beyotime Biotechnology, China). A mixture containing 
cell lysate and 4x protein loading buffer was boiled for 
5-10 min. The proteins were separated with 10 or 12 % 
SDS-PAGE and transferred to PVDF membranes. The 
membranes were blocked with QuickBlock™ Western 
blocking buffer (Beyotime Biotechnology, China) for  
30 min at room temperature. The membranes were then 
incubated with primary antibodies including β-actin 
(1:20000, Proteintech, USA), caspase-3 (1:1000, Cell 
Signaling Technology, USA), Bax (1:5000, Proteintech, 
USA), Bcl-2 (1:2000, Proteintech, USA) and SMAD4 
(1:1000, Cell Signaling Technology, USA) overnight 
4 °C. Next, after washing three times with 1×Tris 
Buffered Saline with Tween (TBST), the membranes 
were incubated with horseradish peroxidase (HRP)-
conjugated immunoglobulin G (lgG) secondary antibody 
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(1:1500, ZSGB-BIO, China) for 2 h at room temperature. 
Finally, the blotted bands were observed using the Super 
Signal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific Inc., USA) and imaged by a VersaDoc 
Imaging System (Bio-Rad Laboratories Co., USA). 
Quantitative analysis of the results was performed using 
Image-Pro Plus 6.0 software. 

 
RNA extraction and real-time PCR analysis 

We carefully extracted total RNA from  
MC3T3-E1 cells with the TRIzol Reagent (Invitrogen, 
USA). The concentration and purity of total RNA were 
detected by measuring absorbance at 260 nm and 280 nm 
using a NanoDrop ND-1000 Spectrophotometer (Thermo 
Fisher). For miRNA, the Mir-X miRNA First-Strand 
Synthesis Kit (TaKaRa, Japan) was used to synthesize 
cDNA. Then, quantitative real-time PCR was 
accomplished by using an SYBR Green Pro Taq HS 
Premix (Accurate biology, China). Small nuclear RNA 
U6 was selected as an internal reference for miR-146a-
5p. For mRNA, Evo M-MLV RT Kit with gDNA Clean 
for qPCR (Accurate biology, China) was used to 
synthesize cDNA. The expression levels of mRNA were 
detected quantitatively by an LC-96 real-time PCR 
detection system (Roche, USA) using SYBR Green Pro 
Taq HS Premix (Accurate biology, China) according to 
the manufacturer’s protocols. GAPDH was selected as  
an internal reference for mRNA. Primer sequences used 
for qPCR were shown in Table 1. Relative expression 
levels (fold change) were calculated using the  
2−ΔΔCt methods. 

 
Immunofluorescence assay 

After rinsing three times with PBS, cells were 
fixed using 4 % paraformaldehyde for 15 min, 

permeabilized with 0.1 % Triton X-100 for 30 min, 
blocked with 10 % goat serum for 1 h at 37 ℃, and 
incubated with anti-SMAD4 primary antibody (1:100, 
Proteintech, USA) overnight at 4 °C. Re-warm for 1 h at 
37 ℃, the cell incubated with Alexa Fluor 488-
conjugated secondary antibody (1:300, ProteinTech, 
USA) for 1 h at 37 °C in the darkroom. All cells were 
stained with 10 % DAPI for 10-15min at room 
temperature in the dark. Cells were observed by 
immunofluorescence microscopy (Olympus, Japan). 
 
Dual-luciferase assay 

293T cells were selected for dual-luciferase 
experiments due to low endogenous expression. Wild-
type (WT) or mutant (MUT) 3 ′ UTR fragments of 
mouse-derived SMAD4 were provided by Gemma 
(Shanghai, China). SMAD4 WT or MUT 3′UTR reporter 
vector and miR-146a-5p (mimic, inhibitor, or their 
negative controls) were co-transfected into the cells using 
GP-transfect-Mate (GenePharma, China) as instructed by 
the manufacturer. Cells were harvested 48 h after 
transfection. The value of fluorescence detected by the 
luciferase assay kit (Promega, USA) according to the 
manufacturer’s protocol. 

 
Hoechst 33258 staining 

The MC3T3-E1 cells were seeded on 20 ×  
50 mm coverslips. When cells were close to 75 % 
confluence, cells were rinsed three times with PBS. After 
fixation with 4 % paraformaldehyde for 15 min at room 
temperature, the cell was stained with Hoechst 33258 for 
10 min at room temperature in the dark. The nuclear 
morphological changes were observed by fluorescence 
microscope (Olympus, Japan) after rinsing three times 
with PBS. 

 
 
Table 1. Sequences of the primers for qRT-PCR 
 

Name Forward (5’-3’) Reverse (5’-3’) 

Bax GGATGCGTCCACCAAGAAG CAAAGTAGAAGAGGGCAACCAC 
Bcl-2 GATGACTTCTCTCGTCGCTAC GAACTCAAAGAAGGCCACAATC 
Caspase-3 GAAACTCTTCATCATTCAGGCC GCGAGTGAGAATGTGCATAAAT 
SMAD4 AGTTCACAATGAGCTTGCATTC TTCAAAGTAAGCAATGGAGCAC 
miR-146a-5p CGCTGAGAACTGAATTCCATGGGTT 
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT 
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 
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TUNEL assay 

TdT mediated dUTP nick end labeling (TUNEL) 
assay was used to further detect apoptotic cells by 
TUNEL apoptosis detection kit (Yeasen, China) 
according to the manufacturer’s instruction. Firstly, the 
prepared cells were fixed with 4 % paraformaldehyde for 
15 min, permeabilized with 0.1 % Triton X-100 for  
30 min, and then incubated with 100 ul 1×equilibration 
buffer for 30 min at room temperature. Next, the cell was 
incubated with a TUNEL reaction mixture in 
a humidified atmosphere for 1 h at 37℃ in the dark, then 
stained with DAPI for 10 min at room temperature after 
rinsing three times with PBS. Finally, the sample was 
analyzed by a fluorescent microscope. 

 
Flow cytometry 

FITC Annexin V apoptosis detection kit I (BD 
Biosciences, USA) was used to detect the apoptosis rate 
of MC3T3-E1 cells. Cells were washed twice with cold 
PBS and then resuspended in 1×binding buffer. Gently 
vortex the cells and incubate for 15 min at room 
temperature in the dark after adding 5ul of FITC Annexin 
V and 5ul PI. The apoptosis rate was detected by a flow 
cytometer (BECKMAN CytoFLEX, USA). 

 
Statistical analysis 

GraphPad Prism version 8.0 was used as 
statistical analysis software. All data are presented as the 
mean ± SD. All statistical analyses were performed 
through one-way ANOVA. For the post hoc test, Tukey 
was used. P-values＜0.05 were considered statistically 
significant.  
 
Results 
 
Down-regulation of miR-146a-5p in MC3T3-E1 cell 
under FSS 

To explore whether the expression of miR-146a-
5p in MC3T3-E1 cells was affected by FSS, MC3T3-E1 
cells were exposed to FSS (12 dyn/cm2) for 0, 30, 60, 90, 
and 120 min. Then, total RNA was extracted from cells, 
and the expression level of miR-146a-5p was detected by 
the qRT-PCR assay. The results (Fig. 1) showed that the 
expression level of miR-146a-5p in MC3T3-E1 cells was 
significantly down-regulated in response to FSS, and the 
expression level was the lowest for 60 min. 

 
miR-146a-5p promotes apoptosis of MC3T3-E1 cells 

To investigate the biological effect of miR-146a-
5p on osteoblast apoptosis, we up-regulate and down-

regulate the expression of miR-146a-5p in MC3T3-E1 
cells by 146a-5p-mimic and 146a-5p-inhibitor, 
respectively. The protein expressions of genes associated 
with cell apoptosis were assessed by western blot. The 
results showed that the expression levels of Bax and 
Cleaved Caspase-3 significantly increased following 
transfection with mimic-146a-5p and decreased markedly 
following transfection with inhibitor-146a-5p compared 
with the transfection of mimic-NC or inhibitor-NC, the 
expression level of Bcl-2 protein was significantly 
reduced after transfection with mimic-146a-5p and 
increased after transfection with inhibitor-146a-5p 
compared with the transfection of mimic-NC or inhibitor-
NC (Fig. 2A-D). In addition, the effect of miR-146a-5p 
on osteoblast apoptosis was further validated by 
observing cell morphological changes using TUNEL 
assay and Hoechst 33258 staining. TUNEL assay results 
showed that the number of TUNEL-positive cells was 
increased in the mimic-146a-5p group compared with that 
in the mimic-NC group, while the number of TUNEL-
positive cells was decreased in the inhibitor-146a-5p 
group compared with that in the inhibitor-NC group 
(Fig. 2E,F). The same result was observed in Hoechst 
33258 staining (Fig. 2G,H). These results suggested that 
miR-146-5p is a promoter of osteoblast apoptosis. 

 
Up-regulation of miR-146a-5p partially attenuates the 
effect of FSS to inhibit osteoblast apoptosis 

Our previous studies have suggested that FSS 
could inhibit osteoblast apoptosis [7, 19]. To explore 

  
Fig. 1. The expression level of miR-146a-5p in MC3T3-E1 cells 
was downregulated in response to FSS. The expression level of 
miR-146a-5p in MC3T3-E1 cells was examined by qRT-PCR after 
being exposed to FSS (12 dyn/cm2) for 0 (control), 30, 60, 90, 
and 120 min. The data were expressed as mean ± SD of three 
independent experiments. ** p<0.01 vs control. 
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Fig. 2. miR-146a-5p promotes apoptosis of MC3T3-E1 cells. The protein expression level of Bax, Bcl-2, and Cleaved Caspase-3 were 
examined by western blot (A). The ratios of Bax/β-actin, Bcl-2/β-actin, and Cleaved Caspase-3/β-actin in different groups were 
quantified (B-D). Apoptotic cells are labeled with TUNEL. Staining of cells with DAPI (blue) and TUNEL (red), respectively. Scale bar = 
50 μm (E). The percentage of TUNEL-positive cells was statistically analyzed in each group (F). Hoechst 33258 staining analysis  
MC3T3-E1 cells apoptosis, scale bar = 50 μm (G). The percentage of Hoechst-positive cells was statistically analyzed in each group (H). 
The data were expressed as mean ± SD of three independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 

 
 

whether miR-146a-5p is involved in osteoblast apoptosis 
regulated by FSS, MC3T3-E1 cells were exposed to FSS 
for 1h after being transfected with mimic-146-5p and its 
negative control. The results of the qRT-PCR assay and 
western blot demonstrated that FSS significantly down-
regulated the mRNA levels and protein levels of Bax and 
Caspase-3, and up-regulated the mRNA levels and 
protein levels of Bcl-2 compared with the control group. 
In addition, overexpression of miR-146a-5p can markedly 
weak the decreases of Bax and Caspase-3 levels and the 
increases of Bcl-2 levels induced by FSS (Fig. 3). These 
results suggested that up-regulation of miR-146a-5p 
inhibits the anti-apoptotic effect of FSS. 
 
SMAD4 is a target gene of miR-146a-5p 

To obtain more information about the molecular 
mechanisms by which miR-146a-5p regulates osteoblast 

apoptosis. Target genes for miRNA were predicted using 
three web-based programs: miRDB, miRWalk, and 
Target Scan. Among these candidate genes, we noticed 
SMAD4 mRNA, because it is known to be involved in 
osteoblast apoptosis [20, 21]. We performed dual-
luciferase reporters containing either the wild-type 
SMAD4 3′UTR sequence (WT) or a SMAD4 3′UTR 
mutant sequence (MUT) of the miR-146a-5p binding site 
to determine whether miR-146a-5p directly regulates 
SMAD4 (Fig. 4A). The binding sites for miR-146a-5p 
were located in the 3’ UTR 356-363 sequence of the 
SMAD4 gene (Fig. 4B). We found that mimic-146a-5p 
significantly decreased the luciferase reporter activity of 
SMAD4 3′UTR WT compared to the mimic-146a-5p 
negative control (mimic-NC), but not SMAD4 
3′UTRMUT reporter activity (Fig. 4C). These results 
demonstrate that SMAD4 is a direct target gene of miR-



840   Liu et al.  Vol. 71 
 
 
146a-5p. We performed western blot and qRT-PCR 
analysis to further identified the interaction between miR-
146a-5p and SMAD4, the results showed that protein and 
mRNA levels of SMAD4 are influenced by miR-146a-5p 
(Fig. 4D-F). Immunofluorescence assays suggested that 
mimic-146a-5p decreased and inhibitor-146a-5p 
increased the fluorescence activity of SMAD4 (Fig. 4G). 
 
Up-regulation of miR-146a-5p decreases the protein level 
of SMAD4 induced by FSS 

To examine the effect of FSS on expression 
levels of SMAD4, the MC3T3-E1 cells were exposed to 
FSS for 1h after transfected mimic-146a-5p and mimic-
NC. The mRNA and protein expression levels of SMAD4 
were detected by western blot and qRT-PCR analysis. 
The results showed that FSS increased the mRNA and 
protein expression levels of SMAD4 compared to the 
control group. Furthermore, mimic-146a-5p could 
weaken the up-regulation of mRNA and protein levels of 
SMAD4 induced by FSS (Fig. 5A-C). The same trend 
was also shown in immunofluorescence assays (Fig. 5D). 

 

SMAD4 suppresses osteoblast apoptosis 
To investigate the role of SMAD4 in osteoblast 

apoptosis, we overexpressed SMAD4 with  
an overexpression vector (pcDNA3.1-SMAD4) and 
knocked down SMAD4 with RNA interference (siRNA- 
SMAD4) in MC3T3-E1 cells. Western blotting revealed 
that SMAD4 up-regulation decreased the protein levels of 
Bax and Cleaved Caspase-3 but increased the protein 
level of Bcl-2. On the contrary, SMAD4 down-regulation 
elevated the protein levels of Bax and Cleaved Caspase-3 
but reduced the protein levels of Bcl-2 (Fig. 6A-D). 
Moreover, Hoechst 33258 staining suggested that 
overexpression of SMAD4 inhibited osteoblast apoptosis, 
whereas knockdown of SMAD4 facilitated osteoblast 
apoptosis (Fig. 6E,F). The follow-up flow cytometric 
analysis further demonstrates that the apoptosis rate was 
significantly down-regulation in pcDNA3.1-SMAD4 
transfected cells compared with negative control, while 
the apoptosis rate was observably up-regulation in 
siRNA-SMAD4 transfected cells compared with negative 
control (Fig. 6G,H). These results suggest that SMAD4 
plays a role of inhibit osteoblast apoptosis. 

 
 

  
Fig. 3. Up-regulation of miR-146a-5p partially attenuates the effect of FSS to inhibit osteoblast apoptosis. qRT-PCR analysis of the 
mRNA expression levels of Bax, Caspase-3, and Bcl-2 (A-C). The protein expression level of Bax, Bcl-2, and Cleaved caspase-3 were 
examined by western blot (D). The ratios of Bax/β-actin, Bcl-2/β-actin, and Cleaved caspase-3/β-actin in different groups were 
quantified (E-G). The data were expressed as mean ± SD of three independent experiments. * p<0.05, ** p<0.01, **** p<0.0001. 
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Fig. 4. SMAD4 is a target gene of miR-146a-5p. A schematic illustration of the design of luciferase reporters containing the SMAD4 
3′UTR WT or SMAD4 3′UTR MUT (A). The predicted SMAD4 binding sites in miR-146a-5p (B). The interaction between miR-146a-5p 
and SMAD4 is identified by luciferase reporter assay (C). The protein level of SMAD4 was examined by western blot (D). The ratios of 
SMAD4/β-actin in different groups were quantified (E). qRT-PCR analysis of the mRNA expression levels of SMAD4 (F). Immunostaining 
analysis of the SMAD4 protein expression in each group, scale bar = 50 μm (G). The data were expressed as mean ± SD of three 
independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 
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Fig. 5. Up-regulation of miR-146a-5p 
decreases the protein level of SMAD4 
induced by FSS. The protein level of 
SMAD4 was examined by western blot 
(A). The ratios of SMAD4/β-actin in 
different groups were quantified (B). 
qRT-PCR analysis of the mRNA 
expression levels of SMAD4 (C). 
Immunostaining analysis of the SMAD4 
protein expression in each group, scale 
bar = 50 μm (D). The data were 
expressed as mean ± SD of three 
independent experiments. *p<0.05, 
**p<0.01, ***p<0.001. 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 6. SMAD4 suppresses osteoblast apoptosis. The protein level of Bax, Bcl-2, and Cleaved caspase-3 were examined by western blot 
(A). The ratios of Cleaved caspase-3/β-actin, Bax/β-actin, and Bcl-2/β-actin in different groups were quantified (B-D). Hoechst 33258 
staining analysis MC3T3-E1 cells apoptosis, scale bar = 50 μm (E). The percentage of Hoechst-positive cells was statistically analyzed in 
each group (F). The apoptosis rates of MC3T3-E1 cells were evaluated by flow cytometry (G). The apoptosis rates were statistically 
analyzed in each group (H). The data were expressed as mean ± SD of three independent experiments. * p<0.05, ** p<0.01, 
*** p<0.001. 
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Fig. 7. SMAD4 mediates miR-146a-5p regulated osteoblast apoptosis. The protein level of Bax, Bcl-2, and Cleaved caspase-3 were 
examined by western blot after the co-transfection of mimic-146a-5p and pcDNA3.1-SMAD4 or their negative controls (A). The ratios of 
Bax/β-actin, Cleaved caspase-3/β-actin, and Bcl-2/β-actin in different groups were quantified (B-D). qRT-PCR analysis of the mRNA 
expression levels of Bax, caspase-3, and Bcl-2 after the co-transfection of mimic-146a-5p and pcDNA3.1-SMAD4 or their negative 
controls (E-G). The protein level of Bax, Bcl-2 and Cleaved caspase-3 were examined by western blot after the co-transfection of 
inhibitor-146a-5p and siRNA-SMAD4 or their negative controls (H). The ratios of Bax/β-actin, Cleaved caspase-3/β-actin, and  
Bcl-2/β-actin in different groups were quantified (I-K). qRT-PCR analysis of the mRNA expression levels of Bax, caspase-3, and Bcl-2 
after the co-transfection of inhibitor-146a-5p and siRNA-SMAD4 or their negative controls (L-N). The data were expressed as  
mean ± SD of three independent experiments. * p<0.05, ** p<0.01, *** p<0.001. 

 
SMAD4 mediates miR-146a-5p regulated osteoblast 
apoptosis 

To further confirm whether SMAD4 is involved 
in osteoblast apoptosis by miR-146a-5p, we co-
transfected 146a-5p-mimic with pcDNA3.1-SMAD4 and 
146a-5p-inhibitor with siRNA-SMAD4 into MC3T3-E1 
cells, respectively. Western blot and qRT-PCR analysis 
were used to detect the protein and mRNA expression 
levels of the apoptosis gene. The results showed that 

pcDNA3.1-SMAD4 significantly reversed the increased 
Bax and Cleaved Caspase-3 and decreased Bcl-2 induced 
by up-regulation of miR-146a-5p (Figure 7 (A-G)), while 
siRNA-SMAD4 remarkably blocked the decreased Bax 
and Cleaved caspase-3 and increased Bcl-2 induced by 
down-regulation of miR-146a-5p (Figure 7 (H-N)). These 
results suggested that miR-146a-5p promotes apoptosis 
via regulating SMAD4 in MC3T3-E1 cells. 
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Discussion 

 
As a common physiological stress stimulation in 

bone, FSS plays an important role in bone metabolism. 
Numerous studies showed that many molecules and 
signaling pathways are involved in FSS-induced 
proliferation, apoptosis, and differentiation. FSS induces 
osteoblasts proliferation and differentiation through 
NOS/NO and COX/PGI2/PGE2 signaling pathways [22]. 
Our laboratory found that FSS promotes the proliferation 
of osteoblasts via activation of ERK-5 [23-25], and 
inhibits the apoptosis of osteoblasts via the ERK5-AKT-
FoxO3a-Bim/FasL pathway [19]. Recent studies revealed 
that many miRNAs are involved in bone metabolic 
processes under the induction of FSS. Wang et al. [26] 
found that miR-33-5p is involved in FSS-induced 
osteoblast differentiation. Qi et al. [27] reported that 
miR-132 plays an important role in the differentiation and 
proliferation of periodontal ligament cells induced by 
FSS. Our laboratory found that FSS promotes osteoblast 
proliferation and inhibits osteoblast apoptosis through 
miRNAs [6,7,28]. Although many studies have identified 
the molecular mechanism by which FSS inhibits 
osteoblast apoptosis, the role of miR-146a-5p in FSS-
induced inhibition of osteoblast apoptosis remains 
unknown. In this study, we found that FSS could inhibit 
the apoptosis of osteoblasts by down-regulate the 
expression level of miR-146a-5p. 

As a non-coding RNA, miR-146a-5p is involved 
in the regulatory process of metabolism in various 
tissues. miR-146a-5p is involved in the development of 
various tumors, including esophageal cancer [29], ovarian 
cancer [30], pancreatic cancer [31], prostate cancer [32], 
breast cancer [33], and gastric cancer [34]. In addition, as 
mentioned earlier in the introduction, miR-146a-5p has 
been verified as an indispensable regulator of osteoblast 
apoptosis and bone formation. The present study extends 
these early findings. Our study results showed that up-
regulation of miR-146a-5p could promote osteoblast 
apoptosis and down-regulation of miR-146a-5p inhibit 
osteoblast apoptosis. Furthermore, up-regulation of  
miR-146a-5p could partially attenuate the effect of FSS 
inhibiting osteoblast apoptosis. These results indicated 
that miR-146a-5p was involved in the process of FSS 
inhibiting osteoblast apoptosis. 

Studies have shown that miRNAs function 
mainly by regulating the expression of target genes. Hu  
et al. [35] reported that miR-146a promoted cervical 
cancer cell viability by targeting IRAK1 and TRAF6. 

Chen et al. [36] found that miR-146a promoted the 
apoptosis of gastric cancer cells by targeting TAK1.  
Shi et al. [37] demonstrated that miR-146a increased the 
sensitivity of cell lung cancer to chemotherapeutic drugs 
through downregulating CCNJ. Gao et al. [38] found that 
miR-146a regulates the proliferation of breast cell 
carcinoma through the target gene BRCA1. Crucially, 
SMAD4 was also shown to be a target gene of miR-146a-
5p. Karthikeyan et al. [39] demonstrated that miR-146a-
5p inhibits the activity of microglia and affects the 
progression of gliomas by targeting the SMAD4. Kim et 
al. [40] reported that miR-146a-5p promoted the 
proliferation of gastric cancer cells by downregulating 
SMAD4. Pu et al. [41] found that miR-146a promoted 
the migration and invasion of melanoma cells by 
targeting SMAD4. Qiu et al. [42] discovered that  
miR-146a-5p regulated BeWo cell proliferation and 
apoptosis by targeting SMAD4. Zhang et al. [43] found 
that miR-146a-5p targeting SMAD4 and TRAF6 inhibits 
adipogenesis through TGF-β and AKT/mTORC1 signal 
pathways. In the present study, we demonstrated that 
SMAD4 is a direct target gene of miR-146a-5p. MiR-
146a-5p overexpression inhibited SMAD4 protein 
expression, whereas miR-146a-5p inhibition promoted 
SMAD4 protein expression, which indicated that miR-
146a-5p promotes osteoblast apoptosis through 
negatively regulated expression of SMAD4 at the post-
transcriptional level. 

SMAD4, as a member of the SMAD family, is  
a common mediator in various types of signaling 
transduction processes of the TGF-β family. SMAD4 is 
involved in various cellular processes mainly by binding 
to phosphorylated SMAD to form a complex and then 
entering the nucleus to regulate the transcription and 
expression of genes. SMAD4 has been found to play  
a critical role in various tumors. Mutations in the SMAD4 
gene are an unfavorable prognostic marker in colorectal 
cancer, and loss of SMAD4 expression is associated with 
poor disease-free survival and overall survival [44]. The 
expression of SMAD4 is increased in hepatocellular 
carcinoma and is associated with poor prognosis [45]. 
SMAD4 is also involved in the development of other 
tumors, including non-small cell lung cancer [46], 
prostate cancer [47], and breast cancer [48]. Recently, 
SMAD4 has also been demonstrated to be involved in 
processes of bone metabolism. Moon et al. [20] found 
that SMAD4 controlled bone homeostasis by 
significantly increasing the number of osteoblasts and 
decreasing osteoclast activity in the trabecular and 
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cortical regions of mouse femurs. Tan et al. [49] 
demonstrate that SMAD4 silencing significantly inhibited 
the proliferation and function of osteoblasts, furthermore, 
osteoblast numbers and bone formation rate were 
remarkably reduced in SMAD4 mutant mice. It has also 
been confirmed that SMAD4 is involved in osteoblast 
differentiation under the regulation of miRNAs [50, 51]. 
Xiu et al. [21] found that SMAD4 could significantly 
inhibit H2O2-induced osteoblast apoptosis, which 
indicated that SMAD4 was able to ameliorate oxidative 
stress-induced osteoblast injury. In our study, we found 
that FSS could up-regulate SMAD4 expression, and 
overexpression of miR-146a-5p could partially decrease 
FSS-induced up-regulation of SMAD4 expression. We 
also demonstrated that SMAD4 was able to inhibit 
osteoblast apoptosis. Additionally, SMAD4 was  
a downstream regulator of miR-146a-5p and is involved 
in the mechanism by which miR-146a-5p regulates 
osteoblast apoptosis. 

In conclusion, we found that the expression of 
miR-146a-5p was down-regulated in MC3T3-E1 cells 
under FSS, and the down-regulation of miR-146a-5p 
could inhibit osteoblast apoptosis. Additionally, we also 
demonstrated that SMAD4 is a direct target gene of miR-
146a-5p, and the up-regulation of SMAD4 was able to 
inhibit osteoblast apoptosis. Depending on our 
experimental results, we can conclude that FSS-induced 
miR-146a-5p down-regulation inhibits osteoblast 
apoptosis through the target gene SMAD4. Our findings 

may provide a novel molecular mechanism for the FSS to 
inhibit osteoblast apoptosis and new ideas for further 
research on the effects of mechanical stress on 
osteoblasts, which offers a new potential target for the 
treatment of osteoporosis. 
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