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 Introduction

Although bone tissue has strong self-remodeling and 
repair regeneration potential, clinical problems of bone 
defects, osteonecrosis, and bone non-healing still exist. 
Bone tissue engineering is currently the most promising 
method for treating osteonecrosis and bone defect repair, 
and with seed cells as one of the three elements of tissue 
engineering, their selection and cultivation is the most basic 
link in bone tissue engineering. Mesenchymal stem cells 
(MSCs) have been reported to be capable of multidirectional 
differentiation (such as adipogenic differentiation or 
osteogenic differentiation) and are considered to be the most 

potent seed cells1. MSCs are capable of self-proliferation, 
have multidirectional differentiation potential, and can 
differentiate into the desired cells for research under the 
action of cytokines2,3.

Bone reconstruction is hot research in the field of 
regenerative medicine. Tissue engineering materials and 
methods that promote bone growth have been widely applied 
to regenerate bone tissue and repair bone defects. In bone 
regeneration engineering, the MSCs as seed cells have broad 
application prospects, and the repair of fractures and bone 
defects has become a research hotspot4,5. Based on the 
characteristics of MSCs cultured in vitro and their ability to 
differentiate into osteoblasts in vivo or in vitro, researchers 
have begun to use in vitro expanded MSCs to implant into 
defects in bone tissue, which has opened up a new way for bone 
regeneration6. However, multiple cells signaling pathways in 
MSCs affect cell renewal and generational alternation. The 
mechanism of directional osteogenic differentiation still 
requires an exploration of the key issues and the related 
effects between signals.

Bone morphogenetic protein (BMP) is considered to be 
an important growth factor for bone tissue engineering and 

Abstract

Objectives: Mesenchymal stem cells (MSCs) have become seed cells and basic elements for bone regeneration and bone 
tissue engineering. The aim of the present study was to investigate the roles and mechanisms of bone morphogenetic 
protein 2 (BMP-2) on osteogenic differentiation of MSCs. Methods: Primary MSCs were isolated from the femur and tibia 
bone of rats and then transfected with BMP-2 and PGC-1α adenovirus vectors. Alkaline phosphatase (ALP) activity and 
alizarin red staining were used to measure osteogenic differentiation of MSCs. Real-time PCR and western blot assays were 
performed to assess osteogenic differentiation-related proteins levels. The activities of mitochondrial respiratory chain 
complexes I and II and mitochondrial fluorescence intensity were used to explore mitochondria status during osteogenic 
differentiation of MSCs. Results: We found that the ability of BMP-2 overexpressed (OE) group osteogenic differentiation 
was significantly improved, compared with the negative control (NC) group. The results also indicated that BMP-2 can 
promote the activity of mitochondria. We further used the gain- and loss-of-function approaches to demonstrate that BMP-
2 promotes mitochondrial activity by up-regulating PGC-1α to promote osteogenic differentiation of MSCs. Conclusions: 
These results explored the important role of BMP-2 in the osteoblast differentiation of MSCs from a new perspective, 
providing a theoretical and experimental basis for bone defect and repair.

Keywords: BMP-2, Mitochondrial Activity, MSCs, Osteoblast Differentiation, PGC-1α

The authors have no conflict of interest.

Corresponding author: Xiaoning Yang, Department of orthopaedics, Xuzhou 
No.1 People’s Hospital, Xuzhou, 221000, China
E-mail: Guke3181@163.com

Edited by: G. Lyritis
Accepted 29 June 2021

Journal of Musculoskeletal
and Neuronal InteractionsJ Musculoskelet Neuronal Interact 2022; 22(1):123-131

P
ub

lis
he

d 
un

de
r 

C
re

at
iv

e 
C

om
m

on
 L

ic
en

se
 C

C
 B

Y
-N

C
-S

A
 4

.0
 (A

tt
ri

bu
ti

on
-N

on
 C

om
m

er
ci

al
-S

ha
re

A
lik

e)



124http://www.ismni.org

Y. Li et al.: BMP-2 promotes osteogenic differentiation of MSCs

a member of the transforming growth factor superfamily 
(TGF-β)7. BMPs promote cell proliferation and differentiation, 
regulate cell adipogenic differentiation and chemotaxis, and 
participate in vascularization and organ development in most 
tissues of vertebrates. BMPs were originally discovered 
to have the ability to induce MSC to differentiate into 
chondrocytes and osteoblasts, as well as initiate osteogenic 
differentiation and participate in the regulation of this entire 
process8. BMP-2, BMP-7, BMP-9 and BMP-6 can induce 
osteogenic differentiation of MSCs.

As a member of the BMP family with strong osteogenesis 
and cartilage regenerative potential, BMP-2 has been 
widely studied by scholars worldwide9. At present, it is 
believed that bone growth factors can accelerate cell 
proliferation, differentiation, promote vascularization and 
adhesion and proliferation of osteoblasts, thereby changing 
osteogenesis and cell product production, which is the key 
link of bone regeneration10. It has been shown that BMP-
2 can effectively treat bone defects and nonunion, but the 
molecular mechanism of BMP-2 promoting bone formation 
is still unclear. In particular, the interaction of BMP signaling 
pathways in other osteogenic differentiation cell mediator 
pathways is relatively rare11. Mitochondria provide a place for 
the life activity of cells and are the main sites for intracellular 
oxidative phosphorylation and ATP formation. Changes in the 
mitochondrial function and number are verified to play a vital 
role in cell proliferation and differentiation. Mitochondrial 
ROS production and changes in mitochondrial membrane 
potential directly affect cell survival, so mitochondria are 
thought to play a key role in the proliferation and apoptosis 
of cells12. In addition, the activity and number of mitochondria 
have also been confirmed to play a key role in the proliferation 
and differentiation of the cell13. The long-term culture of 
MSCs and induced osteogenic differentiation are widely used 
in the study of osteoblast differentiation, but the changes 
in mitochondrial production during differentiation have not 
been clearly reported14.

Therefore, in the present study, we speculated that BMPs 
and mitochondrial activity interact in the process of MSCs 
transformation into osteoblast, and can cause the expression 
of some key factors downstream of this pathway. This study 
demonstrated that overexpression of BMP-2 can promote 
osteogenic differentiation. Moreover, the relationship 
between BMP-2 overexpression and mitochondrial activity 
was explored. Since the expression of PGC-1α is closely 
related to mitochondrial activity, the relationship between 
BMP-2 and PGC-1α was further explored. This study explored 
the role of BMP-2 in osteoblast differentiation from a new 
perspective, providing a theoretical and experimental basis 
for bone defect and repair.

Method and materials

Isolation, culture, and confirmation of MSCs

We designed and carried out the animal experiment 
according to the ARRIVE checklist (https://www.nc3rs.org.

uk/arrive-guidelines)15,16. Primary MSCs were isolated as 
described previously17. Briefly, 8 female Sprague Dawley 
(SD) rats weighing between 280-300 g at 3 months old 
were purchased from the Model Animal Research Center of 
Nanjing University. The animals were housed for 7 days in the 
condition with appropriate humidity and temperature under 
a 12-hour light/dark circadian rhythm, providing sufficient 
food and water. The rats were observed every day by two 
animal behavior specialists to define the condition of the rats 
for further experiments. Next, the rats were anesthetized 
by injecting 200 mg/kg of pentobarbital into the abdominal 
cavity. Determine the animals were fully anesthetized by 
observing the animal didn’t respond to the squeeze on 
the animal’s paw or tail. Then the rat’s neck was severed 
to death. Femur and tibia bone of SD rats were obtained, 
washed with 75% ethanol for 10-30s D-Hanks solution 
5-8 times. Take the bone marrow cavity and washed it 
twice with α-MEM containing 10% fetal bovine serum (FBS). 
After centrifugation at 1000 r/min for 5 min, the obtained 
cells were seeded in culture flasks at 37°C and 5% CO

2
 

saturated humidity incubator. Then the MSCs were seeded 
in a 6-well plate with a density of 1.0×109/L. Replace half of 
the medium after 24 h, and total the medium after 48 h. The 
collected 3th passages MSCs were used in all experiments. 
The cells were digested, centrifuged at 4°C, and washed with 
phosphate-buffered saline (PBS), followed by the addition of 
monoclonal antibodies CD29 and CD45. The cells were then 
resuspended in 500 μL PBS, and identified MSC cells through 
flow cytometry (data not shown). Osteogenic differentiation 
was performed with culture medium containing 50 μg/mL 
Vitamin C, 10 mmol/L sodium β-glycerophosphate, and 
10 μmol/L dexamethasone. All animal experiments were 
approved by The Xuzhou No.1 People’s Hospital Committee.

Transfection of BMP‑2 and PGC-1α gene into MSCs by 
adenovirus vector

All adenoviruses used in this study were customized by 
Shanghai GenePharma. MSCs were cultured as mentioned 
above. HEK293T cells (ATCC, USA) were seeded in DMEM with 
a density of 1×105 cells/ml. When the adherent cells reached 
60% confluence, used empty recombinant adenovirus 
green fluorescent protein cDNA (Ad-GFP), recombinant 
adenovirus BMP-2 cDNA (Ad-BMP-2) expressing BMP-2, 
and recombinant adenovirus PGC-1α cDNA (Ad-PGC-1α) 
expressing PGC-1α. After 24 h, the infection of the cells 
was observed with a fluorescence microscope. When the 
proportion of fluorescent cells reaches 30%, it continues 
to culture for 2-5 days; When the proportion of fluorescent 
cells is between 80-100%, it is mainly shown as round 
cells with vacuoles, and is accompanied by cell death. When 
floating cells account for half of the total number of cells, the 
detached cells were collected in a culture dish. After 1000 
rpm centrifuges for 10 minutes, collected the cells and then 
resuspended them in 500 µL of DMEM. Next, placed in liquid 
nitrogen for 1-2 min, then placed the tubes containing the 
cells in 37°C water bath and oscillated continuously. After 
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the cells were lysed, continue to vortex for 1-2 min. Repeat 
the above steps 4-5 times, centrifuged then at 3000 rpm for 
10 min. And MSCs were then transfected with supernatant 
containing the recombinant adenovirus extract. Inoculate 2 
ml of the third-generation MSCs in a 6-well plate at a density 
of 0.5×105 cells/ml, cultured for 24 h, and then added the 
corresponding recombinant adenovirus for transfection. 
There were four transfection groups, namely, Ad-GFP 
group as Negative control (NC) group, BMP-2 OE group, 
PGC-1α overexpressed (OE) group, and BMP-2 OE+PGC-1α 
knockdown (KD) group. The total RNA and total protein were 
extracted to detect the expression of the target gene and 
target protein, after the cells were cultured for 30 h.

siRNA preparation and transfection

In this study, the control siRNA and PGC-1α were 
synthesized by Synthgene (Nanjing, China). Please refer to 
previous instructions (10.1016 /j.taap.2019.02.016) for the 
specific method of cell transfection. The sequences used were 
as follows: PGC-1α sense GCACGCAGUCCUAUUCAUUTT, PGC-
1α antisense AAUGAAUAG-GACUGCGUGCTT. According to 
the manufacturer’s instructions, siRNA was transfected into 
MSCs using Lipofectamine 2000 (Thermofisher, USA).

Alkaline phosphatase and alizarin red detection

After differentiation for 0, 7 and 14 days, the ALP activity 
assay was performed according to the previously published 
protocol18. According to the manufacturer’s protocol, the 
alkaline phosphatase (ALP) activity was measured using the 
ALP activity kit (Sigma-Aldrich). The Alizarin Red (Sigma-
Aldrich) was used to detect mineralization. In short, cells 
were fixed with 70% ethanol and stained with 2% Alizarin 
Red (Sigma-Aldrich). Subsequently, it was decolorized with 
sodium phosphate solution for 30 minutes to quantify the 
calcium mineral density. Finally, the calcium concentration is 
determined at the reader 562 nm.

MitoTracker Staining

According to the previously published protocol, check the 
morphology of mitochondria in MSCs19. In brief, MSCs after 
different treatments were washed twice with PBS, incubated 
then with 0.01 µmol/L MitoTracker Green FM (M7514; 
Thermo Fisher Scientific) in the dark place at 37°C for 30 
min, then fixed with 4’,6-diamidino-2-phenylindole (DAPI). 
Finally, observed with a laser confocal scanning microscope 
(Zeiss LSM Meta 510).

Real-time PCR analysis

Perform total RNA extraction and qRT-PCR analysis 
according to the manufacturer’s protocol. We used TRIzol 
reagent (Synthgene, Nanjing, China) to extract total RNA from 
MSCs at the designated time points. We used Taqman probes 
(Applied Biosystems, USA) to quantify miRNA. In short, RT 
primers and AMV reverse transcriptase (Takara, Japan) 

were used to transcribe total RNA into cDNA. Subsequently, 
real-time PCR was performed on the Applied Biosystems 
7300 sequence detection system using the Taqman PCR kit 
(Applied Biosystems, USA). The reaction conditions were: 
95°C for 10 min, followed by 40 cycles of 95°C for 10 sec 
and then 60°C for 1 min. The 2-ΔΔCT method was used for 
quantitative determination, and the expression of GAPDH 
was used as an internal control.

Western blot analysis

The western blot procedures were performed according to 
the previously published protocol20. The MSCs were washed 
with PBS (ice-cold) 2 times, centrifuge was performed at 
12000 g for 10 min at 4°C, then lysis was performed using 
RIPA lysis buffer (Synthgene, China), and then incubated on 
ice for about 30 min. The cells lysates were centrifuged at 4°C 
(12,000 g) for another 10 min. Subsequently, determination 
of protein concentration in supernatant was conducted using 
a BCA protein Kit (synthgene, China). The protein was then 
incubated overnight with the following primary antibodies at 
4°C: PGC-1α (1:1000, Abcam, USA), BMP-2 (1:1000, Abcam, 
USA), OCN (1:1000, Abcam, USA), RUNX2 (1:5000, Abcam, 
USA), Osterix (1:1000, Abcam, USA), GAPDH (1:2000, 
Abcam, USA). GAPDH served as a loading control. The 
protein bands were quantified with Image J Software after 
exposure imaging (1.47V, NIH, USA).

Mitochondrial complex activity determination

Mitochondrial complex activity determination was 
performed according to the previously published protocol18. 
In short, the cells were collected and resuspended in 1.0 mL 
hypotonic buffer (2.5 mmol/L MgCl

2
, 10 mmol/L Tris base, 

10 mmol/L NaCl, pH 7.5), and homogenize was performed 
on ice using glass homogenizer (Fisher Scientific, Pittsburgh, 
PA, USA). After homogenization, centrifuge it at 1300 × g for 
5 min at 4°C. After that, centrifuged supernatant at 17000 
× g for 15 min at 4°C, and then the mitochondrial pellet was 
resuspended in 100 μL isotonic buffer (70 mmol/L sucrose, 
210 mmol/L mannitol, 1 mmol/L EDTA•2Na, 5 mmol/L 
Tris base, pH7.5). According to the previously described 
method determined the activities of nicotinamide adenine 
dinucleotide (NADH)-ubiquinone reductase (complex I) and 
succinate-Co Q oxidoreductase (complex II)21,22. The specific 
protocol is as follows:

Assays for nicotinamide adenine dinucleotide (NADH)-
ubiquinone reductase (complex I) activity: accurately draw 
2 ml of enzyme complex I reaction buffer [10 mM Tris-HCl 
Ph 8.0], add 10μl of mitochondrial protein, then add 80 AM 
2,3-dimethoxy-5-methyl-6-decyl-1, 4-benzoquinone (DB), 
1mg/ml BSA, 2mM NaN3 and 2Ag/ml antimycin (antimycin 
A). After mixed the mixture and incubated for 5 min at 30°C, 
the NADH (200 AM) absorbance changes were monitored at 
340 nm.

Assays for succinate-Co Q oxidoreductase (complex 
II) activity: accurately draw 2ml of enzyme complex II 
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reaction buffer [50 mM potassium phosphate solution 
(configuration ratio: K2HPO4:KH2PO4=4:1), pH 7.4], add 
10μl mitochondrial protein and incubated. Then add 50 AM 
DCPIP, 2 mM NaN3, 2 Ag/ml rotenone, 2 Ag/ml antimycin 
A, 25AM coenzyme Q0. After mixed well, add 10μl 20AM 
sodium succinate, measure the change of DCPIP at 600 nm.

Statistical analysis

SPSS 18.0 (SPSS, inc.) was used for data analysis. All 
experiments were repeated three times, and the data were 
presented as the means ± SD. one-way ANOVA and post 
hoc Dunnett’s T3 test were used to compare the differences 
among and between groups. p<0.05 was considered 
significant.

Results

Overexpression of BMP-2 can promote osteogenic 
differentiation of MSCs 

In order to explore whether BMP-2 has a regulatory effect 
on the osteogenic differentiation of MSCs, we overexpressed 
and knockdown BMP-2 separately (Figure 1A). Since ALP is 
a landmark indicator of osteogenic differentiation of MSCs, 
in this study, ALP activity was detected at 0d, 7d, and 14d 
after osteogenic differentiation of MSCs. As a result, it was 
found that compared with the NC group, the ALP activity of 

the BMP-2 overexpression group was significantly increased 
on the 7th day, and the difference was more pronounced on 
the 14th day (Figure 1B). The mRNA expression levels of 
osteogenic differentiation-related proteins were detected 
by RT-qPCR on day 14, and it was found that the mRNA 
expression levels of Runx2, Osterix, and OCN in the BMP-
2 overexpression group were significantly increased, 
compared with the NC group (Figure 1C). The Western blot 
analysis showed the protein expression levels of osteogenic 
differentiation-related proteins (Runx2, Osterix and OCN) 
at 0d, 7d, and 14d after MSCs osteogenic differentiation 
(Figure 1D). Results revealed that with the increase of MSCs 
osteogenic differentiation days, the protein expressions of 
Runx2, Osterix, and OCN also increased, and the increase of 
the BMP-2 overexpression group was more obvious than that 
of the NC group (Figure 1E).

Overexpression of BMP-2 promotes mitochondrial 
production and activity in MSCs 

To explore the relationship between BMP-2 and 
mitochondria status during osteogenic differentiation of 
MSCs, the activities of mitochondrial respiratory chain 
complexes I and II were detected at 0d, 7d, and 14d 
after osteogenic differentiation of MSCs. Mitochondrial 
respiratory chain complex activity is one of the indicators 
of mitochondrial activity. Results revealed that the 

Figure 1. Overexpression of BMP-2 can promote osteogenic differentiation of MSCs. (A) The expression of BMP-2 in BMP-2 OE 
and KD groups were detected by Western blot. Histogram results in (A). *p<0.05 and **p<0.01 comparing to NC group. (B) The ALP 
activity in MSCs in differentiation days was detected. *p<0.05 comparing to value in NC group. (C) RT-qPCR was used to detect the 
mRNA expression of Runx2, Osterix, and OCN in MSCs at 14th day. **p<0.01 and ***p<0.001 comparing to NC group. (D) The expression 
of Runx2, Osterix, and OCN in MSCs in differentia-tion days was detected by Western blot. (E) Histogram summarizing results in (D). 

*p<0.05, **p<0.01 and ***p<0.001. Data are shown as mean ± SEM (n=3). 
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activities of mitochondrial respiratory chain complexes I 
and II in BMP-2 overexpression group were significantly 
increased with the increase of differentiation days in the 
MSCs (Figure 2A). At the same time, we used confocal 
microscopy to observe the mitochondria at 0d, 7d, and 14d 
after MSCs osteogenic differentiation. Results revealed 
that the mitochondrial fluorescence intensity of the BMP-
2 overexpression group was significantly increased with 
the increase of differentiation days in the MSCs, compared 
with the NC group (Figure 2B).

BMP-2 promotes osteogenic differentiation of MSCs through 
up-regulating the expression of PGC-1α

To explore the relationship between BMP-2 and PGC-
1α during MSCs osteogenic differentiation, we first 
overexpressed and knocked down PGC-1α separately. Then, 
we knocked down PGC-1α while overexpressing BMP-2. The 
protein expression of PGC-1α was detected by western blot 
(Figure 3A-D). Compared with the NC group, overexpression 
of BMP-2 or PGC-1α increased the PGC-1α expression, and 
the latter increased more significantly. Overexpression of 

BMP-2 and knockdown of PGC-1α counteracted the effect 
of overexpression of BMP-2 to promote PGC-1α expression 
(Figure 3C-D). The qPCR analysis result of PGC-1α mRNA 
expression was consistent with protein results (Figure 3E). 
To further validate the role of BMP-2 in regulating PGC-1α 
in the osteogenic differentiation of MSCs, Western blot 
results showed that overexpression of BMP-2 and PGC-1α 
enhanced the expression of osteogenic differentiation-
related proteins (Runx2, Osterix, and OCN) compared with 
the NC group. Overexpression of BMP-2 while knocking down 
PGC-1α resulted in a significant decreased expression of 
related proteins (Figure 3 F-G). We also tested the enzyme 
activity of ALP. The activity of ALP was examined at 0d, 7d, 
and 14d after MSCs osteogenic differentiation of MSCs. The 
overexpression of BMP-2 and PGC-1α enhanced ALP activity, 
and the latter increased more significantly compared with 
the NC group. When BMP-2 was overexpressed, knockdown 
of PGC-1α significantly inhibited ALP activity (Figure 3H). 
The results of alizarin red staining to detect osteogenic 
differentiation of MSCs was consistent with the ALP enzyme 
activity (Figure 3I-J). Taking together all of the above results, 

Figure 2. The effect of overexpression of BMP-2 on mitochondria during osteo-genic differentiation of MSCs. (A) The activities 
of mitochondrial respiratory chain complexes I and II in MSCs in differentiation days were detected. (B) The view of mitochondrial 
morphology in MSCs in differentiation days was detected by confocal mi-croscopy. Data are shown as mean ± SEM (n=3). Asterisks 
indicate significant differences from the control (*, p<0.05; **, p<0.01; ***, p<0.001) (scale bar 50 μm).
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these studies have confirmed that BMP-2 can enhance 
mitochondrial activity by up-regulating PGC-1α to promote 
osteogenic differentiation of MSCs.

BMP-2 can up-regulate PGC-1α to promote mitochondrial 
production and activity of MSCs

Since the expression of PGC-1α is closely related to 
mitochondrial activity, the relationship between BMP-
2 and PGC-1α was further explored. The activities of 
mitochondrial respiratory chain complexes I and II were 

examined at 0d, 7d, and 14d after osteogenic differentiation 
of MSCs. Overexpression of BMP-2 and PGC-1α resulted 
in increased complex activity compared to the NC group, 
whereas overexpression of BMP-2 while knocking down 
PGC-1α inhibited complex activity (Figure 4A). At the 
same time, we used confocal microscopy to observe the 
mitochondria. To further clarify the functions of PGC-1α 
and BMP-2 in mitochondria, we treated the overexpression 
of PGC-1α or BMP-2 with the addition of the mitochondrial 
inhibitor rotenone. The results showed that the addition of 

Figure 3. BMP-2 promotes osteogenic differentiation of MSCs through up-regulating the expression of PGC-1α. (A) Western blot 
was used to detect the expression of PGC-1α in PGC-1α OE and KD groups. (B) Histogram summarizing results in (A). *p<0.05 and 
**p<0.01 comparing to NC group. (C) The expression of PGC-1α in different groups (including BMP-2 OE, PGC-1α OE and BMP-2 OE+ 
PGC-1α KD groups) were detected by Western blot. (D) Histogram summarizing results in (C). *p<0.05 and **p<0.01 comparing to 
NC group. (E) RT-qPCR detects the mRNA expression of PGC-1α in different groups. *p<0.05 and **p<0.01 comparing to NC group.  
(F) The expression of Runx2, Osterix, and OCN in MSCs in differentiation days were detected by Western blot. (G) Histogram summarizing 
results in (F). *p<0.05 and **p<0.01 comparing to NC group. (H) ALP activity of MSCs in differentiation days was detected. *p<0.05 and 
**p<0.01 comparing to value in NC group at the same time. (I) The alizarin red staining of MSCs in differentiation 14 days was detected. 
(J) Histogram summarizing results in (I). *p<0.05 and **p<0.01 comparing to NC group. Data are shown as mean ± SEM (n=3) (scale bar, 
200 nm).
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mitochondrial inhibitors could eliminate the increase in 
mitochondrial activity induced by overexpression of PGC-1α 
or BMP-2 (Figure 4B).

Discussion

In bone tissue engineering and bone regenerative 
medicine, the research on the regulation of MSC-oriented 
osteogenic differentiation has become a widespread concern 
of scholars worldwide. Osteoclasts are often induced on 
multidifferentiated cells using osteogenic growth factors and 
osteogenic gene transfection as osteoinductive agents23,24. 
Bone growth factor accelerates cell proliferation and 
differentiation, promotes vascularization and osteoblast 
proliferation and changes osteogenesis. The formation of 
cell products becomes the key link of bone regeneration. 
Bone growth factor can promote the repair or regeneration 

of tissues and organs. It plays very important role in 
construction of tissue-engineered human tissue25.

At present, researchers worldwide pay attention to the 
signaling pathway that regulates bone metabolism and 
promotes bone healing to find effective drug targets for 
the treatment of bone diseases such as bone defects and 
nonunion. The BMP signaling pathway is a relatively well-
researched signaling pathway, which has significant effects 
on bone repair and remodeling. BMPs have a strong role in 
inducing osteogenesis and promoting cell proliferation and 
metabolism and are currently a hotspot in bone regenerative 
medicine and tissue engineering research26. BMP-2 has been 
used clinically because of its strong osteogenic activity and 
has achieved good results in bone reconstruction and repair 
cases27,28. The BMP pathway expresses specific osteogenic 
factors such as Msx2, Runx2, Osterix (Osx), and osteocalcin 
(OCN)29. In our study, we detected ALP activity in BMP-2 

Figure 4. BMP-2 can up-regulate PGC-1α to promote mitochondrial production and activity of MSCs. (A) The activities of 
mitochondrial respiratory chain complexes I and II were detected at 0d, 7d, and 14d after osteogenic differentiation of MSCs. (B) The 
view of mitochondrial morphology in MSCs at 0d, 7d, and 14d was detected by confocal microscopy. Data are shown as mean ± SEM 
(n=3). Asterisks indicate signif-icant differences from the control (**, p<0.01; ***, p<0.001) (scale bar, 20 μm). 
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overexpressed (OE) MSCs after 0, 7, 14 days of osteogenic 
differentiation. Our results showed that the ALP activity of 
the BMP-2 OE group increased significantly on the 7th day, 
and the difference was more pronounced on the 14th day, 
compared with the NC group. This result initially indicated the 
important role of BMP-2 in the osteogenic differentiation of 
MSCs. We then measured the mRNA and protein expression 
levels of Runx2, Osterix, and OCN. The results showed that 
as the number of days of osteogenic differentiation of MSCs 
increased, the mRNA and protein expressions of Runx2, 
OCN and Osterix were also increased, and the increases in 
overexpression of BMP-2 group was more obvious than that 
of NC group. All these results demonstrated that BMP-2 is 
involved in the regulation of osteogenic differentiation of 
MSCs. The aforementioned results elucidate that BMP-2 is 
involved in the regulation of MSCs osteogenic differentiation.

Then we further explored how BMP-2 participated 
in regulating the osteogenic differentiation of MSCs. 
Mitochondria play a particularly important role in the body’s 
homeostasis. Mitochondria synthesis and decomposition 
affect ATP production and cellular functional status30. The 
PGC-1α is an important regulator mitochondrial production, 
and its transcriptional costimulatory action activates 
the expression of many transcription factors involved in 
mitochondrial components and mitochondrial respiration. 
PGC-1α has been reported to be highly expressed in tissues 
with high energy demands including skeletal muscle, adipose 
tissue, and heart, etc31-33. Recent studies have found that 
the PGC-1α mediates the differentiation of MSCs into 
brown adipocytes34. However, PGC-1α mediates the effect 
of osteogenic differentiation of MSCs is still unclear. In our 
study, Mitotracker Green staining revealed a significant 
increase in mitochondrial production during MSC osteogenic 
differentiation. Further detection of respiratory chain-
related complex activity revealed a significant increase in cell 
mitochondrial complex activity, confirming that the increase 
in cell mitochondrial activity is related to the osteogenic 
differentiation of cells after overexpression of BMP-2. Since 
there is a close correlation between the expression of PGC-
1α and mitochondrial activity, we explored the relationship 
between BMP-2 and PGC-1α. The study found that after 
overexpression of BMP-2, PGC-1α also overexpressed, and 
mitochondrial activity increased, promoting osteogenic 
differentiation. However, when BMP-2 is overexpressed while 
interfering with the expression of PGC-1α, the expression 
level of PGC-1α is restored, and mitochondrial activity is not 
increased, and the corresponding osteogenic differentiation 
is also maintained at a normal level. Therefore, it was 
concluded that BMP-2 regulates mitochondrial activity by 
up-regulating PGC-1α to promote osteogenic differentiation 
of MSCs.

Briefly, BMP-2 and mitochondrial activity exhibit 
complex and important interactions during osteogenic 
differentiation of MSCs, which together regulate the 
osteogenic differentiation and bone formation of cells. 
This study demonstrated that overexpression of BMP-2 
promoted osteogenic differentiation and further explored 

the relationship between BMP-2, mitochondrial activity, and 
PGC-1α. This study confirmed a new pathway of BMP-2 in 
promoting osteogenic differentiation of MSCs; specifically, 
BMP-2 regulates mitochondrial activity by regulating PGC-
1α to promote osteogenic differentiation of MSCs. Our study 
provides theoretical basis and new ideas for the treatment 
of bone metabolism and bone injury. In addition, due to the 
limitation of experimental conditions, electron microscopy 
cannot be used to count the number of mitochondria in our 
study. Efforts should be made to overcome the experimental 
limitations and provide valuable information for the future 
research.
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