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Abstract. – OBJECTIVE: To elucidate the 
function of MOTS-c in accelerating bone frac-
ture healing by inducing BMSCs differentiation 
into osteoblasts, as well as its potential mech-
anism. 

MATERIALS AND METHODS: Primary BM-
SCs were extracted from rats and induced for 
osteogenesis. The highest dose of MOTS-c that 
did not affect BMSCs proliferation was deter-
mined by CCK-8 assay. After 7-day osteogene-
sis, the relative levels of ALP, Bglap, and Runx2 
in MOTS-c-treated BMSCs influenced by FOXF1 
were examined. ALP staining and alizarin red S 
staining in BMSCs were performed as well. The 
interaction between FOXF1 and TGF-β was an-
alyzed by ChIP assay. At last, rescue experi-
ments were performed to uncover the role of 
FOXF1/TGF-β axis in MOTS-c-induced osteo-
genesis.

RESULTS: 1 μM MOTS-c was the highest dose 
that did not affect BMSCs proliferation. MOTS-c 
treatment upregulated the relative levels of ALP, 
Bglap, and Runx2, and stimulated mineralization 
ability in BMSCs, which were attenuated by the 
silence of FOXF1. TGF-β was proved to interact 
with FOXF1, and its level was positively mediat-
ed by FOXF1. The silence of FOXF1 attenuated 
the accelerated osteogenesis and TGF-β upreg-
ulation in BMSCs because of MOTS-c induction, 
and these trends were further reversed by the 
overexpression of TGF-β. 

CONCLUSIONS: MOTS-c treatment mark-
edly induces osteogenesis in BMSCs. During 
MOTS-c-induced osteogenic progression, the 
upregulated FOXF1 triggers the activation of 
TGF-β pathway, thus accelerating bone frac-
ture healing.
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Introduction

Fracture is the most common traumatic injury 
in humans. Fracture healing is an acquired re-
generation process involving embryonic bone 
development1. Risk factors for nonunion of the 
fracture include malnutrition, infection, me-
tabolic diseases, vascularization, or vascular 
diseases2. The role of cellular dysfunction in 
the pathogenesis of fracture nonunion remains 
unclear.

Bone mesenchymal stem cells (BMSCs) are the 
stem cells present in the bone marrow stroma1,2. 
BMSCs have been extensively studied in clinical 
trials, and they could be used in the treatment of 
myocardial infarction, osteogenesis imperfecta, 
osteoarthritis, and tissue repair3. Many reports4-7 
have shown a promising application of BMSCs 
in the treatment of fracture nonunion. Although 
the importance of BMSCs in osteogenesis is well 
concerned, molecular mechanisms underlying 
BMSCs in fracture healing are required for fur-
ther explorations. 

MOTS-c is a 16-amino-acid peptide encoded 
by the mitochondrial open reading frame of 
the 12S rRNA-c8. Mitochondrial-derived pep-
tides (MOTS-c) are secreted into the blood 
and exert their functions in cell-autonomous 
and hormonal ways9. Previous investigations10 
have demonstrated the capacities of MOTS-c 
to stimulate proliferation, differentiation, and 
mineralization and to inhibit apoptosis of oste-
oblasts, thus influencing the progression of 
osteogenesis. This paper mainly clarified the 
role of MOTS-C in BMSCs osteogenesis and its 
specific mechanism. 
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Materials and Methods 

BMSCs Isolation and Cell Culture
28-35-day-old rats with 80-100 g were sacrificed 

and immersed in 75% ethanol for 10 min. Bilateral 
femora of rats were extracted and immersed in 
PBS. Bone marrow cavity of the femur was repe-
atedly washed by culture medium. The mixture 
containing bone marrow cavity contents was cen-
trifuged, and the precipitant was cultured in a 5% 
CO2 humidified incubator at 37°C. The culture me-
dium was completely replaced after 48 h. The cell 
passage was performed until 80-90% confluence. 
Growth condition, morphology, and differentiation 
of BMSCs were observed under a microscope. 

Ordinary medium: Dulbecco’s Modified Ea-
gle’s Medium (DMEM; Thermo Fisher Scientific, 
Waltham, MA, USA) + 10% fetal bovine serum 
(FBS; Gibco, Rockville, MD, USA), + 1% peni-
cillin-streptomycin. 

Osteoinduce medium: Ordinary medium + 10 
mmol/L β-glycerophosphate + 50 μg/ml ascorbic 
acid. 

 
Quantitative Real Time-Polymerase
Chain Reaction (qRT-PCR) 

The total RNA of BMSCs was extracted by 
TRIzol (Invitrogen, Carlsbad, CA, USA) method, 
followed by measurement of RNA concentration 
using an ultraviolet spectrophotometer (Hitachi, 
Tokyo, Japan). The complementary Deoxyribose 
Nucleic Acid (cDNA) was synthesized accor-
ding to the instructions of the PrimeScriptTM 
RT MasterMix kit (Invitrogen, Carlsbad, CA, 
USA). QRT-PCR reaction conditions were as 
follows: 94°C for 30 s, 55°C for 30 s and 72°C 
for 90 s, for a total of 40 cycles. The relative le-
vel of the target gene was expressed by the 2-ΔΔCt 
method. GAPDH was served as the internal con-
trol. The primer sequences were listed as follows: 
ALP, F: 5’-AAGGCTTCTTCTTGCTGGTG-3’, 
R: 5’-GCCTTACCCTCATGATGTCC-3’; Bglap, 
F: 5’-AGCAAAGGTGCAGCCTTTGT-3’, R: 
5’-GCGCCTGGTCTCTTCACT-3’; Runx2, F: 
5’-ACTTCCTGTGCTCCGTGCTG-3’, R: 5’-TC-
GTTGAACCTGGCTACTTGG-3’; TGF-β, F: 
5’-GTAGCTCTGATGAGTGCAATGAC-3’, R: 
5’-CAGATATGGCAACTCCCAGTG-3’.

GAPDH, F: 5’-AGGTCGGTGTGAACGGATT-
TG-3’, R: 5’-TGTAGACCATGTAGTTGAGGTCA-3’

Cell Transfection
Third-generation BMSCs were cultured at 

60% confluence and subjected to cell transfection 

using Lipofectamine 2000. The medium was re-
placed at 6 h. The transfected cells for 48 h were 
harvested for subsequent experiments. 

Cell Counting Kit (CCK-8)
BMSCs were inoculated in a 96-well plate and 

cultured for 24 h. On the next day, the serum-free 
medium was replaced. For assessing cell viabili-
ty, 10 μl of CCK-8 was added in each well. After 
1-h incubation, absorbance at 450 nm was deter-
mined using a microplate reader. 

ALP Staining 
After osteogenic differentiation of BMSCs for 

14 days, the cells seeded on the slices that were 
inserted in a 6-well plate were treated with incu-
bation buffer (5 ml of 3% β-glycerophosphate + 
5 ml of 2% barbital sodium + 10 ml of distilled 
water + 10 ml of 2% calcium chloride + 1 ml 
of 2% magnesium sulfate) at 37°C for 15 min. 
Subsequently, the cells were washed with PBS 
for 2 min and counterstained with hematoxylin 
for 5 min. Finally, the cells were captured under 
an optical microscope.

Alizarin Red Staining (ARS)
After osteogenic differentiation of BMSCs for 

14 days, the cells were washed with PBS for three 
times, fixed in 60% isopropanol for 60 s, and 
washed with PBS twice for 2 min. Subsequently, 
BMSCs were subjected to 1% ARS staining for 5 
min. Calcified nodules were observed and captu-
red using an inverted microscope. 

ChIP 
Chromatin immunoprecipitation (ChIP) was 

performed using the Magna ChIP A/G Kit (Mil-
lipore, Bedford, MA). Chromatin immunopre-
cipitated DNA was eluted, reversely X-linked, 
purified, and subjected to qRT-PCR.

Western Blot
The total protein from BMSCs was extracted 

using radioimmunoprecipitation assay (RIPA; 
Beyotime, Shanghai, China). The BCA (bicincho-
ninic acid) method was performed to quantitate 
the protein concentration. The protein samples 
were electrophoresed on polyacrylamide gels 
and then transferred to polyvinylidene difluoride 
(PVDF) membranes (Merck Millipore, Billerica, 
MA, USA). After blocking with 5% skimmed 
milk, the membranes were incubated with pri-
mary antibody (Cell Signaling Technology, Dan-
vers, MA, USA) at 4°C overnight. The membrane 
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was incubated with the secondary antibody after 
rinsing with the buffer solution (TBST). The 
bands were exposed by ECL, and the grey values 
were analyzed by Image Software.

Statistical Analysis
The Statistical Product and Service Solution 

16.0 (SPSS Inc., Chicago, IL, USA) was used for 
all statistical analysis. The data were expressed 
as mean ± SD. The t-test was used to analyze 
the differences between the two groups. p<0.05 
indicated a significant difference. 

Results 

MOTS-c Stimulated BMSCs Osteogenesis
BMSCs were treated with different doses of 

MOTS-c (0, 0.5, 1, 1.5, and 2 μM) for 24 h. 
Viability in BMSCs was not altered under the 
treatment of 0.5 and 1 μM MOTS-c, while it 
was markedly elevated after treatment of 1.5 
and 2 μM MOTS-c (Figure 1A). Therefore, 1 
μM MOTS-c was the highest dose that did not 
affect BMSCs proliferation, and it was applied in 
the following experiments. After 1 μM MOTS-c 

Figure 1. MOTS-c stimulated BMSCs osteogenesis. A, Viability in BMSCs treated with 0, 0.5, 1, 1.5, and 2 μM MOTS-c for 24 h. 
B, ALP level in BMSCs either treated with 1 μM MOTS-c or not. C, Bglap level in BMSCs either treated with 1 μM MOTS-c or not. 
D, Runx2 level in BMSCs either treated with 1 μM MOTS-c or not. E, ALP staining in BMSCs either treated with 1 μM MOTS-c 
or not (magnification: 100 ×). F, Alizarin red S staining in BMSCs either treated with 1 μM MOTS-c or not (magnification: 100 ×).
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treatment and osteogenic induction for 7 days, the 
relative levels of ALP, Bglap, and Runx2 were 
remarkably upregulated (Figure 1B-1D). ALP 
staining also revealed the enhanced ALP activity 
in MOTS-c-treated BMSCs (Figure 1E). After 
MOTS-c treatment, the number and volume of 
the mineralized nodules were elevated compared 
with those of controls (Figure 1F). The above data 
demonstrated the capacity of MOTS-c to induce 
BMSCs osteogenesis.

MOTS-c Stimulated BMSCs 
Osteogenesis via FOXF1

After osteogenic induction for 7 days, FOXF1 
level was markedly upregulated in BMSCs (Figu-

re 2A). To uncover the biological role of FOXF1 in 
BMSCs osteogenesis, si-FOXF1 was constructed. 
The transfection of si-FOXF1 greatly downre-
gulated FOXF1 level in MOTS-c-treated BM-
SCs. Interestingly, the transfection of si-FOXF1 
blocked the upregulation of ALP, Bglap, and 
Runx2 in BMSCs treated with MOTS-c (Figure 
2B-2D). Hence, it is believed that MOTS-c sti-
mulated BMSCs osteogenesis by positively regu-
lating FOXF1.

 
FOXF1 Regulated the TGF-β Pathway

TGF-β pathway is one of the important re-
gulatory pathways in influencing the differen-
tiation of BMSCs into osteoblasts11. ChIP assay 

Figure 2. MOTS-c stimulated BMSCs osteogenesis via FOXF1. BMSCs were treated with blank control, 1 μM MOTS-c, or 
1 μM MOTS-c and si-FOXF1 transfection. The relative levels of FOXF1 (A), ALP (B), Bglap (C), and Runx2 (D) in BMSCs 
were determined. 
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revealed a higher enrichment of TGF-β in an-
ti-FOXF1 than that of anti-IgG, verifying that 
FOXF1 could bind to the promoter region of 
TGF-β and further stimulate its transcription 
(Figure 3A). TGF-β level was upregulated du-
ring MOTS-c-induced osteogenesis in BMSCs, 
which was downregulated by the transfection of 
si-FOXF1 (Figure 3B-3D).

 
FOXF1 Stimulated BMSCs Osteogenesis 
Through the TGF-β Pathway

A previous study has confirmed that the silen-
ce of FOXF1 reversed the accelerated osteogene-
sis and TGF-β upregulation in MOTS-c-treated 

BSMCs. It is noteworthy that the downregulated 
TGF-β in MOTS-c-treated BMSCs transfected 
with si-FOXF1 was partially reversed after the 
co-transfection of pcDNA-TGF-β (Figure 4A). Si-
milarly, downregulated ALP, Bglap, and Runx2 
levels in MOTS-c-treated BMSCs with FOXF1 
knockdown were elevated after the overexpres-
sion of TGF-β (Figure 4B-4D). ALP staining 
showed the same trend in ALP activity as that 
of the ALP level (Figure 4E). Mineralization 
ability was reversed by TGF-β overexpression 
(Figure 4F). As a result, MOTS-c stimulated 
BMSCs osteogenesis through FOXF1 to activate 
the TGF-β pathway.  

Figure 3. FOXF1 regulated the TGF-β pathway. A, Relative enrichment of TGF-β in input, anti-FOXF1, and anti-IgG. BMSCs 
were treated with blank control, 1 μM MOTS-c or 1 μM MOTS-c, and si-FOXF1 transfection. The mRNA (B) and protein (C, 
D,) levels of TGF-β in BMSCs were determined. 
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Figure 4. FOXF1 stimulated BMSCs osteogenesis through the TGF-β pathway. BMSCs were treated with blank control, 
MOTS-c treatment, MOTS-c treatment + si-FOXF1 transfection, or MOTS-c treatment + co-transfection of si-FOXF1 and 
pcDNA-TGF-β. The relative levels of FOXF1 (A), ALP (B), Bglap (C), and Runx2 (D) in BMSCs were determined. ALP activity 
(E) and mineralization ability (F) were assessed by ALP staining and Alizarin red S staining, respectively (magnification: 100 ×).
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Discussion 

Mammalian bones can be rejuvenated or re-
generated after bone injury. It is a complex pro-
cess involving immune responses and synergy 
of osteoclasts and osteoblasts12. Self-renewal, 
multi-directional differentiation, and migration 
of BMSCs are key factors affecting fracture 
healing3.

It is reported that MOTS-c in mouse bone 
tissues is able to prevent osteoporosis13. As key 
genes involving in osteogenesis, ALP, Bglap, and 
Runx2 levels influenced by MOTS-c were exami-
ned in this experiment12. Our results showed that 
MOTS-c treatment upregulated mRNA levels of 
ALP, Bglap, and Runx2 in BMSCs. Moreover, 
MOTS-c treatment greatly enhanced the minera-
lization ability, suggesting the osteogenic poten-
tial of MOTS-c. 

Forkhead box F1 (FOXF1) belongs to the FOX 
transcription factor family. It contains a highly 
conserved DNA binding region (DBD)14. FOXF1 
is a key regulator of embryonic development. It 
is reported15-17 that FOXF1 deficiency leads to 
various developmental abnormalities and lesions. 
FOXF1 is also required for regeneration after 
lung injury18. Our results found that the silence of 
FOXF1 in BMSCs could block MOTS-c-induced 
upregulation in ALP, Bglap, and Runx2, veri-
fying that FOXF1 was responsible for BMSCs 
osteogenesis. 

As a crucial multifunctional cytokine, TGF-β 
is able to regulate embryogenesis, tissue home-
ostasis, and cellular behaviors19. The vital fun-
ction of TGF-β in BMSCs osteogenesis has alre-
ady been identified20,21. Wang et al22 pointed out 
that Smad, an intracellular effector of TGF-β, is 
activated and translocated into the nucleus, whe-
re it mediates the expression level of Runx2. He-
re, the interaction between FOXF1 and TGF-β 
was confirmed by ChIP assay. Moreover, TGF-β 
level was positively regulated by FOXF1. The si-
lence of FOXF1 attenuated osteogenesis induced 
by MOTS-c treatment, which was further rever-
sed by overexpression of TGF-β. Collectively, 
MOTS-c induced BMSCs osteogenesis through 
FOXF1 to activate the TGF-β pathway. 

Conclusions

In this study, we first observed that MOTS-c 
treatment markedly induces osteogenesis in BM-
SCs. During MOTS-c-induced osteogenic pro-

gression, FOXF1 is upregulated and triggers the 
activation of TGF-β pathway, thus accelerating 
bone fracture healing. 

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

 1) Cai X, Yang F, Yan X, Yang W, Yu n, OOrtgiesen Da, 
Wang Y, Jansen Ja, WalbOOmers XF. Influence of 
bone marrow-derived mesenchymal stem cells 
pre-implantation differentiation approach on peri-
odontal regeneration in vivo. J Clin Periodontol 
2015; 42: 380-389.

 2) seebaCh C, henriCh D, teWksburY r, Wilhelm k, marzi i. 
Number and proliferative capacity of human mes-
enchymal stem cells are modulated positively in 
multiple trauma patients and negatively in atrophic 
nonunions. Calcif Tissue Int 2007; 80: 294-300.

 3) sun P, Jia k, zheng C, zhu X, li J, he l, siWkO s, Xue 
F, liu m, luO J. Loss of Lgr4 inhibits differentia-
tion, migration and apoptosis, and promotes pro-
liferation in bone mesenchymal stem cells. J Cell 
Physiol 2019; 234: 10855-10867.

 4) marCaCCi m, kOn e, mOukhaChev v, lavrOukOv a, kute-
POv s, QuartO r, mastrOgiaCOmO m, CanCeDDa r. Stem 
cells associated with macroporous bioceramics for 
long bone repair: 6- to 7-year outcome of a pilot clin-
ical study. Tissue Eng 2007; 13: 947-955.

 5) QuartO r, mastrOgiaCOmO m, CanCeDDa r, kutePOv 
sm, mukhaChev v, lavrOukOv a, kOn e, marCaCCi m. 
Repair of large bone defects with the use of autol-
ogous bone marrow stromal cells. N Engl J Med 
2001; 344: 385-386.

 6) hernigOu P, mathieu g, POignarD a, maniCOm O, 
beauJean F, rOuarD h. Percutaneous autologous 
bone-marrow grafting for nonunions. Surgical 
technique. J Bone Joint Surg Am 2006; 88 Suppl 
1 Pt 2: 322-327.

 7) hernigOu P, POignarD a, maniCOm O, mathieu g, 
rOuarD h. The use of percutaneous autologous 
bone marrow transplantation in nonunion and 
avascular necrosis of bone. J Bone Joint Surg Br 
2005; 87: 896-902.

 8) lee C, kim kh, COhen P. MOTS-c: a novel mito-
chondrial-derived peptide regulating muscle and 
fat metabolism. Free Radic Biol Med 2016; 100: 
182-187.

 9) lu h, Wei m, zhai Y, li Q, Ye z, Wang l, luO W, 
Chen J, lu z. MOTS-c peptide regulates adipose 
homeostasis to prevent ovariectomy-induced 
metabolic dysfunction. J Mol Med (Berl) 2019; 97: 
473-485.

10) hu bt, Chen Wz. MOTS-c improves osteoporosis 
by promoting osteogenic differentiation of bone 
marrow mesenchymal stem cells via TGF-be-

RET
RACTE

D



F.-B. Weng, L.-F. Zhu, J.-X. Zhou, Y. Shan, Z.-G. Tian, L.-W. Yang

10630

ta/Smad pathway. Eur Rev Med Pharmacol Sci 
2018; 22: 7156-7163.

11) Che n, Qiu W, Wang Jk, sun XX, Xu lX, liu r, gu 
l. MOTS-c improves osteoporosis by promoting 
the synthesis of type I collagen in osteoblasts via 
TGF-beta/SMAD signaling pathway. Eur Rev Med 
Pharmacol Sci 2019; 23: 3183-3189.

12) liu h, su h, Wang X, haO W. MiR-148a regulates 
bone marrow mesenchymal stem cells-mediated 
fracture healing by targeting insulin-like growth 
factor 1. J Cell Biochem 2018: doi: 10.1002/
jcb.27121. [Epub ahead of print].

13) ming W, lu g, Xin s, huanYu l, YinghaO J, XiaOYing 
l, Chengming X, banJun r, li W, ziFan l. Mitochon-
dria related peptide MOTS-c suppresses ovariec-
tomy-induced bone loss via AMPK activation. Bio-
chem Biophys Res Commun 2016; 476: 412-419.

14) Wang s, XiaO z, hOng z, JiaO h, zhu s, zhaO Y, bi 
J, Qiu J, zhang D, Yan J, zhang l, huang C, li t, li-
ang l, liaO W, Ye Y, Ding Y. FOXF1 promotes an-
giogenesis and accelerates bevacizumab resis-
tance in colorectal  cancer by transcriptionally ac-
tivating VEGFA. Cancer Lett 2018; 439: 78-90.

15) ren X, ustiYan v, PraDhan a, Cai Y, havrilak Ja, bOlte 
Cs, shannOn Jm, kalin tv, kaliniChenkO vv. FOXF1 
transcription factor is required for formation of em-
bryonic vasculature by regulating VEGF signaling 
in endothelial cells. Circ Res 2014; 115: 709-720.

16) naganO n, YOshikaWa k, hOsOnO s, takahashi s, na-
kaYama t. Alveolar capillary dysplasia with mis-
alignment of the pulmonary veins due to novel in-

sertion mutation of FOXF1. Pediatr Int 2016; 58: 
1371-1372.

17) luk hm, tang t, ChOY kW, tOng mF, WOng Ok, lO 
Fm. Maternal somatic mosaicism of FOXF1 muta-
tion causes recurrent alveolar capillary dysplasia 
with misalignment of pulmonary veins in siblings. 
Am J Med Genet A 2016; 170: 1942-1944.

18) bOlte C, FlOOD hm, ren X, Jagannathan s, barski 
a, kalin tv, kaliniChenkO vv. FOXF1 transcription 
factor promotes lung regeneration after partial 
pneumonectomy. Sci Rep 2017; 7: 10690.

19) Watanabe Y, itOh s, gOtO t, Ohnishi e, inamitsu m, 
itOh F, satOh k, WierCinska e, Yang W, shi l, tana-
ka a, nakanO n, mOmmaas am, shibuYa h, ten DP, 
katO m. TMEPAI, a transmembrane TGF-beta-in-
ducible protein, sequesters Smad proteins from 
active participation in TGF-beta signaling. Mol 
Cell 2010; 37: 123-134.

20) Crane Jl, Xian l, CaO X. Role of TGF-beta signal-
ing in coupling bone remodeling. Methods Mol Bi-
ol 2016; 1344: 287-300.

21) Chen g, Deng C, li YP. TGF-beta and BMP signal-
ing in osteoblast differentiation and bone forma-
tion. Int J Biol Sci 2012; 8: 272-288.

22) Wang Cl, XiaO F, Wang CD, zhu JF, shen C, zuO 
b, Wang h, li, Wang XY, Feng WJ, li zk, hu gl, 
zhang X, Chen XD. Gremlin2 suppression increas-
es the BMP-2-induced osteogenesis of human 
bone marrow-derived mesenchymal stem cells 
via the BMP-2/Smad/Runx2 signaling pathway. J 
Cell Biochem 2017; 118: 286-297.

RET
RACTE

D




