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Introduction

Osteoporosis (OP) is a systemic metabolic disorder 
characterized by reduced bone mass, decreased bone 
strength as well as increased incidence of fractures1. 
Osteoporosis is increasingly becoming a global health 
epidemic which negatively affects patients’ health and 
quality of life2,3.

In the bone marrow microenvironment, there are a 
large number of osteoblasts, osteoclasts, hematopoietic 

stem cells, and BMSCs4. Among these cells, BMSCs 
belong to the class of adult stem cells with the abilities 
of self-renewal and multi-directional division potential, 
which makes them able to transform into adipocytes, 
chondrocytes, osteoblasts, as well as nerve cells under 
different induction conditions5,6. BMSCs are characterized 
by age-dependent decreased osteoblast differentiation 
and increased adipocyte differentiation. It ultimately 
leads to the increase of adipocytes and the decrease of 
osteoblasts in bone marrow microenvironment, resulting 
in bone loss and even OP in patients7-9. In addition, due 
to the characteristics of multi-directional differentiation, 
low immunogenicity, negative immunoregulation and 
easy amplification in vitro, BMSCs play essential roles in 
maintaining bone homeostasis and providing important 
cell sources for bone growth and repair. It is commonly 
seen in medications for bone regeneration as well as in the 
seed cells of bone tissue engineering.

MicroRNAs (miRNAs) are small, non-coding, single-
stranded RNAs in eukaryotes with length of approximately 
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18-25 nucleotides, whose hairpin structure is formed 
by single-stranded RNA precursor processed by Dicer 
enzyme10,11. miRNA binds straight to the 3’-non-coding 
area in the targeted messenger RNA. It degrades the target 
RNA and inhibits its genetic translation, and participates in 
the regulation of post-transcriptional gene expression12. 
Researches revealed that miRNAs are able to manage 
the osteogenesis and adipogenesis processes in BMSCs 
either positively or negatively13-15. Therefore, it is of great 
significance to find the key miRNAs that can regulate 
osteogenic/adipogenic differentiation of BMSCs for the future 
research on OP16. As an important miRNA, miR-21 is involved 
in the occurrence and progression of osteosarcoma, fracture, 
multiple myeloma and other bone-related diseases17-19. It 
has been reported that miR-21 can affect the biological 
function of the pulmonary cancerous cells by regulating its 
target gene PTEN20. In addition, miR-21 inhibits oxidative 
stress and inflammation by regulating PTEN, and mediates 
the cardioprotective effect of glycoside on endothelial injury 
caused by the oxidized low-density lipoprotein21. By means of 
PTEN/AKT signaling regulated by miR-21, Puerarin hinders 
the epithelial-mesenchymal passage, which further inhibits 
invasion and metastasis of liver cancer22. Therefore, miR-21/
PTEN is crucial in regulating cell proliferation, differentiation, 
invasion, oxidative stress and inflammation.

Our previous experiments showed that the miR-21 
expression was remarkably reduced in the bone tissue 
and BMSCs in mice with OP, so we hypothesized that miR-
21 might be closely associated with the occurrence of OP. 
However, no research has shown if miR-21 can regulate 
osteogenic/adipogenic divergence of BMSCs. Thus, we 
explored the regulatory ability of miR-21 in the osteogenic/
adipogenic differentiation in BMSCs, along with relevant 
mechanisms in this study, aiming to present a novel basis for 
the OP treatment.

Materials and methods

Establishment of OP mouse model

Before modeling, 48 C57BL/6J mice of 8 weeks old 
and weighed around 18 g (Shanghai Vital River Laboratory 
Animal Technology Co., Ltd., Animal Approval Number: SYXK 
(Hei) 2016-001) were divided into simulation group and 
model group after adaptive feeding for one week, with 24 
mice in each group. Before surgery, mice were fasted for 12 
h and injected intraperitoneally with 1% pentobarbital. The 
mice in the model group were performed bilateral ovarian 
dissection through the dorsal approach. In the sham group, 
the bilateral ovaries were not removed from the mice, and 
the other operations were the same as those in the model 
group. Eight weeks later, mouse bone tissue and BMSCs were 
isolated for subsequent experiments.

Quantitative real-time polymerase chain reaction (qRT-PCR)

The quantitative PCR enzyme mixture kit (ABI, 
4366596, USA) and ABI 7900 (ABI, USA) real-time 

fluorescence quantitative PCR apparatus were used 
for detection. qRT-PCR was carried out in the 95°C 
environment for 30 minutes, with a succession of 40 cycles 
at the same temperature for 15 seconds and then at 60°C 
for 30 seconds. The trials were repeated three times, and 
the relative expression degrees of targeted genes (ALP, 
Runx2, OPN, OCN, CEBPα, CEBPβ, FABP4, PPARγ) were 
calculated by 2-∆∆Ct method. All primer sequences are 
presented in detail in Table 1.

Isolation and culture of mouse BMSCs

Bilateral femur and tibia of 16-week-old osteoporotic 
C57BL/6J mice were separated by blunt dissection. Then, 1 
mL syringe was used to rinse out the bone marrow, and the 
same volume of Percoll solution was added to separate the 
mononuclear cell layer by density-gradient centrifugation. 
Thereafter, the mononuclear cell layer was rinsed three times 
with F12-DMEM (Hyclone, USA), which consists of 10% fetal 
bovine serum (FBS; Invitrogen, USA) and 1% double antibody 
(Beyotime, China). The cellular suspension was accustomed 
to the concentration of 2×106 cells /mL, which was then 
injected into a culture bottle of 25 cm2 (NEST, China) and kept 
in a cell incubator (Thermo, USA) in the 37°C environment 
of 5% CO

2
. After a 24-hour period, the fluid was changed, 

followed by observation of the degree of cell convergence 
after 72 h. When the cell confluence reached about 90%, 
pancreatin (Beyotime, China) was applied for digestion, and 
cells underwent three passages were used for subsequent 
experiments.

Table 1. Primer sequence.

Gene Primers (5’ to 3’)

Runx2
Upstream: AGAAGGCACAGACAGAAGCTTGA

Downstream: AGGAATGCGCCCTAAATCACT

ALP
Upstream: ACAACCTGACTGACCCTTCG

Downstream: TCATGATGTCCGTGGTCAAT

OCN
Upstream: TTCTGCTCACTCTGCTGACC

Downstream: TTTGTAGGCGGTCTTCAAGC

OPN
Upstream: ACACTTTCACTCCAATCGTCC

Downstream: TGCCCTTTCCGTTGTTGTCC

CEBPα
Upstream: GTGTGCACGTCTATGCTAAACCA

Downstream: GCCGTTAGTGAAGAGTCTCAGTTTG

CEBPβ
Upstream: TGGACAAGCTGAGCGACGAG

Downstream: GAACAAGTTCCGCAGGGTGC

FABP4
Upstream: TTCCTGTCGTCTGCGGTGATT

Downstream: GATGCCTTTGTGGGAACCTGG

PPARγ
Upstream: TCACAAGAGGTGACCCAATG

Downstream: CCATCCTTCACAAGCATGAA

β-actin
Upstream: ACTGCCGCATCCTCTTCCT

Downstream: TCAACGTCACACTTCATGATGGA
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Osteogenic differentiation of BMSCs

Mouse BMSCs after three passages were inoculated into 
a 6-well plate or a 24-well plate. When a 60% convergence 
was reached, the F12-DMEM of 10% FBS and 1% double 
antibody was replaced with the F12-DMEM of 10% FBS, 10-7 
mmol/L dexamethasone, 50 μg/mL vitamin-C, and 10 ng/
mL β-glycerophosphate. The culture medium was altered 
every two days. Follow-up experiment was carried out after 
14 days.

Adipogenic differentiation of BMSCs

BMSCs were injected onto a 24-well plate with the density 
of 2.5×104 cells/well. When a 70% convergence was reached, 
the cells were then generated by DMEM consisting of 10% 
FBS, 10 μmol/L rosiglitazone, and 1 μmol/L dexamethasone. 
The solution was substituted every three days, and used for 
subsequent experiments after 20 days.

Cell transfection

The 3rd generation BMSCs grown in logarithmic phase were 
transfected with miR-21 by lipofection, and divided into four 
groups of miR-21 mimics, negative control (NC) mimics, miR-
21 inhibitors and NC inhibitors. First, the cell culture medium 
was discarded, and Opti-MEM medium (Hyclone, USA) was 
added for 2 h of starvation treatment. At the beginning of 
transfection, the transfection reagent X-treme (Invitrogen, 
USA) was applied to make the transfection reagent easier to 
enter the cells. During transfection, the ultimate densities of 
miR-21 mimics and miR-21 inhibitors were 50 nmol/L and 
100 nmol/L, respectively. After 48 h of transfection, the 
culture medium was substituted with either of the osteogenic 
and adipogenic induction media for further culture.

RNA extraction and reverse transcription reaction

Bone tissues and cells of mice were collected, of which the 
total RNA was extricated with Trizol reagent (Thermo, USA). 
All operations were conducted in strict accordance with 
reagent instructions. After extraction, RNA concentration 
and purity were detected by Nanodrop (Thermo, USA). 
Then based on the guidelines in the reverse transcription 
kit (Promega, USA), RNA was inversely transcribed into 
cDNA under the reaction conditions at 37°C for 60 min, and 
95°C for 5 min. Thereafter, tissue and cells were stored in a 
refrigerator (Thermo, USA) -20°C for later use.

Alkaline phosphatase staining

The induction suspension was discarded while the BMSCs 
got rinsed with PBS for 3 times 14 days of the osteogenic 
induction. Staining of alkaline phosphatase was achieved 
based on the kit instructions (Nanjing Jiancheng, China). 
Finally, the BMSCs were rinsed by PBS, and examined using 
an inverted microscope (Nikon, Japan) and photographed 
after PBS removal.

Alizarin red staining

The induction suspension was discarded and BMSCs 
were rinsed with PBS for 3 times 14 days of the osteogenic 
induction. Then, the cells were amended with 1 mL of 4% 
paraformaldehyde (Beyotime, China) and placed at room 
temperature for 30 minutes. After immobilization, the cells 
were incubated with 1% Alizarin red dye mixture (Saiye, 
China) for 20 minutes. Finally, BMSCs were rinsed by PBS, 
and examined using an inverted microscope (Nikon, Japan) 
and photographed after PBS removal. 

Oil red O staining

Following the removal of lipid induction medium, the 
cells were cleansed 3 times with PBS, added with 1 mL of 
4% paraformaldehyde (Beyotime, China), and left at room 
temperature for 30 minutes. After fixation, the suspension 
was discarded and the oil red O working mixture was 
introduced and kept for a 30-minute-incubation at room 
temperature. Finally, the staining mixture was discarded, 
then the cells rinsed with PBS for three times. The 
formation of lipid droplets was discovered using an inverted 
microscope, and the field of vision was unmethodically 
chosen for photos.

Western blot

The treated cells were collected, followed by the extraction 
of their complete protein. The density of protein was then 
analyzed by BCA protein quantitative kit (Beyotime, China). 
Then, 20 μg total protein was introduced into each well, 
segregated by 10% SDS-PAGE, then moved to a PVDF 
membrane by wet transfer method. After that, the layer 
was securely covered with 5% skimmed milk powder, with a 
supplement of primary antibody target gene PTEN (1:1000, 
ab32199, Abcam, UK) or internal reference gene β-actin 
(ab8226, Abcam, UK) respectively for hybridization at 4°C 
overnight. The gray values of each band were calculated by 
Image J software.

Bioinformatics prediction

The targeted genes of miR-21 were anticipated by the 
online bioinformatics website TargetScan (HTTP: //www. 
targetScan. org), and the functions of these target genes 
were initially analyzed to keep investigating on the regulatory 
mechanism of miR-21 in the osteoblastic/adipogenic 
differentiation of BMSCs.

Statistical methods

All statistics and data were analyzed by SPSS 17. 0 software, 
with measurement data manifested in the mean±standard 
deviation (x±s), followed by an inter-group comparison 
performed by the T test. All trials were performed for at 
least 3 times. The difference was considered of statistical 
significance if P<0.05 (*P<0.05, **P<0.01, ***P<0.001).
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Results

miR-21 is down-regulated in OP mice

The micro-CT scanning was used to detect the bone 
microstructure indexes of mice 8 weeks after the 
establishment of OP-bone mouse model and sham-bone 
mouse model. The results revealed that the bone density and 

trabecular number of OP mice significantly decreased (Figure 
1A, 1B), in comparison with the control group. In addition, 
the structural model index and trabecular separation of 
OP mice significantly increased (Figure 1C, 1D). The above 
results proved that the OP mouse model was successfully 
established. Bone tissue and BMSCs of two groups of mice 
were collected for the determination of miR-21 expression by 

Figure 1. Expression of miR-21 in OP mice. (A-D) Detection of bone-related indexes by microCT, SMI = structure model index; (E) qRT-
PCR detection of the expression of miR-21 in bone tissue of OP mice; (F) qRT-PCR detection of the expression of miR-21 in mouse BMSCs 
in OP group.

Figure 2. miR-21 expression changes before and after differentiation in BMSCs of mice. (A) qRT-PCR detection of the expression of miR-
21 before and after osteogenesis of mouse BMSCs; (B) qRT-PCR detection of the expression of miR-21 before and after adipogenesis of 
mouse BMSCs.
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qRT-PCR. The outcomes revealed that the miR-21expression 
in bone tissue as well as mouse BMSCs from the OP group 
was notably down-regulated, in contrast to that from the 
sham group (P=0.0053 and P=0.0035, Figure 1E, 1F).

Changes of miR-21 expression after osteogenic/adipogenic 
differentiation in BMSCs

The mouse BMSCs were isolated and cultured, and were 
induced for osteogenesis for 0 days and 14 days, respectively. 
The miR-21 expressions before and after osteogenesis of 
mouse BMSCs were observed by qRT-PCR. Illustrated by 
Figure 2A, the miR-21 expression was significantly up-
regulated on day 14 of BMSCs osteogenesis compared with 
day 0, and the dissimilarity was statistically remarkable 
(P=0.0052). In addition, BMSCs were induced into 
adipogenesis for 0 days and 20 days respectively. And also, 
the miR-21 expressions in mouse BMSCs before and after 
adipogenesis were observed by qRT-PCR. Demonstrated in 
Figure 2B, the miR-21 expression was significantly down-
regulated after 20 days of adipogenesis in BMSCs compared 
with that of day 0, and the dissimilarity was statistically 
remarkable (P=0.029).

miR-21 overexpression promotes the osteogenic 
differentiation in BMSCs

BMSCs were transfected with miR-21 mimics and NC 
mimics separately. 48 hours into the process, miR-21 
expression in BMSCs was observed by qRT-PCR. The 
outcomes revealed a more remarkable miR-21 expression in 
the miR-21-transcribed BMSCs than that in those transfected 
with NC mimics (P=0.0389, Figure 3A).

BMSCs were managed by the osteogenic differentiation 
after the transfections by miR-21 and NC mimics for 48 h. 
After 14 days, alkaline phosphatase and alizarin red staining 
methods were utilized to discover the calcium nodules 
emergence in BMSCs. Compared with those undergone the 
transfection of NC mimic, the BMSCs transfected by miR-21 
mimics showed a remarkable increase in the concentration 
of calcium nodules (Figure 3B, 3C). In addition, qRT-PCR 
was exploited to observe the expression of osteogenesis-
related genes, including ALP, Runx2, OPN, and OCN, in 
BMSCs of mice. The results revealed that, in contrast to 
those undergone the transfection of NC mimic, the BMSCs 
transfected with miR-21 mimics revealed a remarkable 
growth in the expression of osteogenic related genes, 

Figure 3. Effects of overexpression of miR-21 on osteogenic differentiation of mouse BMSCs. (A) Observation of miR-21 expression in 
mouse BMSCs by qRT-PCR; (B) Detection of calcium nodule formation in BMSCs by alkaline phosphatase staining; (C) Manifestation of 
calcium nodule emergence in BMSCs by Alizarin red staining; (D) Detection of the expression degrees of osteogenesis-related genes 
Runx2, ALP, OCN and OPN in mouse BMSCs by qRT-PCR.



573http://www.ismni.org

Y. Zhou et al.: miR-21 regulates osteogenic and adipogenic differentiation of BMSCs by targeting PTEN

including Runx2, ALP, OPN, and OCN, with the dissimilarity 
of statistical signicifance (Figure 3D).

miR-21 overexpression inhibits the adipogenic differentiation 
in BMSCs

After the transfections with miR-21 mimics and NC 
mimics for 48 h, BMSCs were processed for adipogenic 
differentiation. After 20 days, oil red O staining was utilized 
to illustrate the lipid droplets establishment in BMSCs. 
The results revealed that, in contrast to those undergone 
the transfection of NC mimic, the BMSCs transfected with 
the miR-21 mimics revealed a significant reduction in the 
lipid droplet establishment (P=0.0018, Figure 4A, 4B). In 
addition, qRT-PCR was exploited to observe the expression 
of adipogenesis-related genes, including CEBPα, CEBPβ, 
PPARγ, and FABP4 in mouse BMSCs. The results revealed 
that, in contrast to those undergone the transfection of 
NC mimic, the BMSCs transfected with the miR-21 mimics 
showed a remarkable decline in the expression degrees 
of adipogenesis-related genes, including CEBPα, CEBPβ, 
PPARγ, and FABP4. The dissimilarity between the two groups 
of BMSCs is of statistical significance (Figure 4C).

miR-21 targets PTEN to regulate BMSCs differentiation

The connection points of miR-21 and PTEN were predicted 
by bioinformatics website (Figure 5A). The correlation 
between miR-21 and PTEN was determined by dual 
luciferase reporter assay, and the outcomes revealed an 
inversely correlated regulation between the two (Figure 5B). 
Furthermore, BMSCs were transfected with miR-21 mimics, 
NC mimics, miR-21 inhibitors and NC inhibitors, followed 
by the observation of the PTEN expression by qRT-PCR 
after 48 h. BMSCs transfected by miR-21 mimic showed a 
remarkable lower expression of PTEN, compared with those 
transfected by NC mimic. Meanwhile, the PTEN expression 
was much more notable in BMSCs transfected by miR-21 
inhibitors, in comparison with that in BMSCs transfected by 
NC inhibitors. The dissimilarity was of statistical significance 
with P=0.0068 and P=0.0197, (Figure 5C). BMSCs were 
then transfected by miR-21 mimics, NC mimics, miR-21 
inhibitors and NC inhibitors, followed by the observation of 
PTEN’s protein expression in BMSCs, with the aid of Western 
blot after 48 hours of transfection. The outcomes showed 
that the PTEN expression was remarkably lower in miR-21 
mimic transfected BMSCs, in comparison with that in NC 
mimic transfected BMSCs. Meanwhile, the PTEN expression 

Figure 4. Effect of overexpression of miR-21 on adipogenic differentiation of mouse BMSCs. (A) Detection of the formation of lipid 
droplets in BMSCs by oil red O staining; (B) Quantitative results of oil red O staining; (C) Detection of the expression levels of adipogenesis 
related genes CEBPα, CEBPβ, FABP4 and PPARγ in mouse BMSCs by qRT-PCR.
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was found notably higher in BMSCs transfected with miR-21 
inhibitors, in comparison with that in BMSCs transfected by 
NC inhibitors (P=0.0001 and P=0.005, Figure 5D, 5E).

Discussion

BMSCs are easy to expand while capable of multiple 
differentiations. Studies have shown that BMSCs can 
differentiate into osteoblasts and adipocytes, under 
certain conditions. If the proportion of these two types of 
cells in adult bones is unbalanced (decreased osteoblasts 
and increased adipocytes), a decline in bone mass will 
occur, which may lead to OP23,24. However, there are few 
studies on BMSCs regarding their potential osteogenic/
adipogenic differentiation. Therefore, the regulatory 
process of BMSCs osteogenic/adipogenic differentiation 
is a difficult and hot research topic. miRNAs are highly 
conserved, participating in the regulation of more than 
30% of human gene expression. In addition, they are 
involved in cell growth, differentiation, division, apoptosis 
regulation of gene expression, humoral regulation, 

bone formation, wound healing, inflammation, rhythm 
regulation and endocrine regulation, miRNAs are crucial 
in the regulation of the development, and progression 
of diseases25,26. The relationship between miRNA and 
potential targets of protein coding genes, which can 
be utilized in the treatment and diagnostic process of 
diseases, may become the focus of future researches 
on genes and diseases27. The purpose of this study was 
to investigate the regulatory influences of miR-21 on the 
osteoblastic/adipogenic differentiation in BMSCs, and to 
further explore its mechanism, so as to provide new basis 
and targets for the treatment of OP.

The results of this study showed that the miR-21 
expression in bone tissue and BMSCs of OP mice was 
significantly down-regulated, so we speculated that miR-
21 is potentially related to the emergence and evolvement 
of OP. Furthermore, it was demonstrated that the miR-21 
expression was remarkably up-regulated 14 days into the 
BMSCs osteogenesis induction, while it was significantly 
down-regulated 20 days after adipogenesis induction. 
Therefore, we hypothesized that miR-21 is potentially 

Figure 5. miR-21 negatively regulates PTEN expression. (A) The binding site of miR-21 and PTEN; (B) Luciferase reporter assay was used 
to detect the regulatory association between miR-21 and PTEN; (C) Detection of PTEN mRNA expression by qRT-PCR; (D) Detection of 
the protein expression of PTEN was observed by western blot; (E) Statistical results of western blot.
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associated with the development and progression of OP by 
regulating osteogenesis and adipogenesis in BMSCs.

In this study, alkaline phosphatase and alizarin red staining 
were exploited and revealed the miR-21 overexpression 
could significantly promote the formation of calcium 
nodules in BMSCs. ALP is considered a relative early marker 
of osteoblast differentiation and promotes extracellular 
matrix mineralization of osteoblasts28. OPN is a marker of 
osteoblast metaphase differentiation and a regulatory gene 
of matrix mineralization, which can promote hydroxyapatite 
formation, osteoblast mineralization and bone formation29. 
As to OCN, it is a marker of osteoblast formation in the 
middle and late stage, which promotes bone formation by 
combining with calcium and hydroxyapatite30. Fragmented 
Runx2 gene has been reported to improve bone mass by 
promoting BMSCs to differentiate into osteoblasts31. The 
expression levels of osteogenesis-related genes, including 
ALP, Runx2, OPN, and OCN, were discovered by qRT-
PCR. The outcomes revealed that miR-21 overepxression 
could remarkably increase osteogenesis-related genes 
manifestations, including those of ALP, Runx2, OPN, and 
OCN, in BMSCs. The miR-21 overexpression also showed 
a significant impact on the inhibition of lipid droplet 
establishment in BMSCs, as manifested by the oil red O 
staining. PPARγ is the main transcription factor regulating 
adipogenesis, which can inhibit osteogenic differentiation 
by promoting ester differentiation32. The CCAAT-enhancer 
binding proteins (C/EBP) are also crucial for the adipocyte 
production33,34. The expressions of adipogenesis-related 
genes, including those of CEBPα, CEBPβ, PPARγ, and 
FABP4, were observed by qRT-PCR. The outcomes revealed 
that miR-21 overexpression could have an impactful role in 
inhibiting the manifestations of adipogenesis-related genes 
in BMSCs, including those of CEBPα, CEBPβ, PPARγ, and 
FABP4.

A group of researchers found that miR-21 enhanced 
bone formation and accelerated bone remodeling in mice 
with maxillary defects35. Another group revealed that miR-
21 could initiate the THE PI3K/Akt pathway to enhance 
the healing of fractures36. Zou et al. claimed that miR-21 
expression could remarkably improve health conditions in 
patients, such as compulsory spondylitis; and miR-21 may 
be involved in inflammation and bone formation37. However, 
the miR-21’s influences on the osteogenic/adipogenic 
differentiation in BMSCs and its mechanism have not been 
demonstrated. In this study, we concluded that miR-21 
can target and regulate the expression of its targeted 
gene PTEN, thus promoting the osteogenic differentiation 
while hindering the adipogenic differentiation in BMSCs. 
To sum up, this study confirmed that miR-21 is capable 
of enhancing the osteogenic differentiation in BMSCs 
while inhibiting the adipogenic differentiation through 
the negative regulation of PTEN. As a potential treatment 
for OP, miR-21 and PTEN provide new potential methods 
for early diagnosis, prevention, as well as treatment for 
OP, which brings new hope to OP patients, with favorable 
clinical application value.
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