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ABSTRACT

Objective: To investigate the inhibitory effect of mammalian rapamycin target protein complex 1(mTORC1) signaling pathway 
inhibitor rapamycin on leptin induced osteogenic differentiation of tendon stem cells (TDSCs) and the formation of heterotopic Achilles 
tendon ossification (HO). 

Methods: Seventy-six healthy male Sprague-Dawley rats were selected for in vitro and in vivo experiments. In vitro experiment; 
rat TDSCs were extracted for osteogenic induction culture. TDSCs were treated with different concentrations of leptin (1, 10, 100ng/
ml) or 100ng/ml leptin +10nM rapamycin for four days. The expressions of alkaline phosphatase (ALP), runt-related transcription 
factor 2 (Runx2), osteogenic transcription factor (OSX) and osteocalcin (OCN) were detected by qRT-PCR. The expressions of the 
phosphorylated ribosome S6 protein kinase (PS6K1) and phosphorylated ribosome S6 protein (PS6) downstream of Runx2, OSX and 
mTORC1 signaling pathways were detected by Western Blot. In vivo experiment; by using a random numbers table, 76 rats were divided 
into the normal group, heterotopic ossification (HO), heterotopic ossification + rapamycin group (HO+RA), heterotopic ossification + 
leptin group (HO+LEP), and the heterotopic ossification + leptin + rapamycin group (HO+LEP+RA) using the immunohistochemical 
method to detect the expression of Runx2, leptin and OSX and mTORCl downstream marker PS6. 

Results: The in vitro experiments, with the increase of leptin concentration, the expressions of osteogenic factors ALP, Runx2, 
OSX, OCN mRNA and proteins of Runx2, OSX and downstream factors PS6K1 and PS6 of mTORCl signaling pathway were significantly 
increased (P<0.05). The expressions of PS6K1, PS6, Runx2 and OSX in the leptin group were significantly higher than those in the 
control group and the leptin + rapamycin group (P<0.05). The in vivo experiments showed that the expression of leptin in the HO 
group was significantly higher than that in the normal group (P<0.05). The expressions of Runx2 and OSX in the HO+RA group were 
significantly lower than those in the HO group (P<0.05). The expressions of Runx2 and OSX in the HO+LEP group were significantly 
higher than those in the HO group and the HO+LEP+RA group (P<0.05). There was no significant difference in the expression of Runx2 
and OSX between the HO group and the HO+LEP+RA group (P>0.05). The expression of PS6 in the HO+RA group was significantly 
lower than that in the HO group (P<0.05). PS6 expression in the HO+LEP group was significantly higher than that in the HO group 
(P<0.05). The expression of PS6 in the HO+LEP+RA group was significantly lower than that in the HO+LEP group (P<0.05). 

Conclusion: Rapamycin, a mTORC1 signaling pathway inhibitor, can effectively inhibit the osteogenic differentiation and 
ectopic ossification of TDSCs in tendinous tissues induced by leptin.
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Introduction

Tendon-derived stem cells (TDSCs) are the 
main stem cells in tendon tissue, which have the 
ability of multi-directional differentiation. They 
can differentiate into osteogenic, chondrogenic, 
adipogenic and tendon-forming cells(1-2). When the 
Achilles tendon is injured, the local environment is 
changed, which causes the osteogenic differentiation 

of the stem cells in the Achilles tendon tissue, lead-
ing to the formation of heterotopic ossification (HO). 
Leptin, a hormone-like protein secreted by fat cells, 
plays an important role in bone metabolism and bone 
reconstruction, neuroendocrinology, immune regu-
lation and wound repair(3-4). Gao L et al.(5) found that 
leptin can promote the osteogenic differentiation of 
osteoblasts. The mammalian target protein com-
plex 1(mTORC1) signaling pathway is an important 
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pathway for regulating intracellular and extracellu-
lar signals. Inhibition of the mTORC1 pathway can 
block the transduction of abnormal signals of vari-
ous growth factors. Rapamycin is a specific inhib-
itor of the mTORCl signaling pathway. Similarly, a 
significant number of literatures have reported that 
inhibition of the mTORCl signaling pathway can in-
hibit osteogenic differentiation of a variety of cells(6). 

However, it is not clear whether leptin can in-
hibit the osteogenic differentiation and ectopic os-
sification of the Achilles tendon induced by TDSCs 
by inhibiting the mTORCl signaling pathway. The 
purpose of this study was to investigate the effect 
of leptin on TDSCs osteogenic differentiation and 
ectopic Achilles tendon ossification, as well as to in-
vestigate the effect of the mTORC1 signaling path-
way inhibitor rapamycin on leptin-induced TDSCs 
osteogenic differentiation and ectopic Achilles ten-
don ossification.  

  
Materials and methods

Animal materials and grouping 
Seventy-six healthy 6-week-old male Sprague-

Dawley rats purchased from the Beijing Weitong 
Lihua Laboratory Animal Technology Co., LTD. 
(license no: SCXK (Beijing) 2007-0001) were 
selected, with a body mass of 241-265g. Before the 
operation, the rats were raised in an independent 
aerated cage in the animal laboratory, with six 
animals in each cage. The same sterile feed was used 
to feed all the rats without restriction of drinking 
water. All rats were fasted for 12h before surgery. 
Rat TDSCs were extracted for osteogenic induction 
culture, and 76 rats were divided into a normal group, 
an HO group, an HO+RA group, an HO+LEP group 
and an HO+LEP+RA group by the random number 
table method. There was no significant difference in 
the general data of rats in each group (P>0.05). The 
study was submitted to the Humane Society and the 
Medical Ethics Committee for approval. 

Experimental drugs and reagents   
Restructuring of leptin protein in rats (Shang-

hai Soarpop Biological Technology Co., LTD), rapa-
mycin (Tianjin Xinmei Biotechnology Co. LTD), 
PBS buffer (Beijing Rambo Biological Technology 
Co., LTD), Type I collagen enzyme (Shanghai Lim-
in Industrial Co., LTD), TRIzol reagent (Xiamen 
Research Biological Technology Co., LTD), reverse 
transcription kit (Beijing Solebao Technology Co. 
LTD), beta - mercaptoethanol (Wu Hanrong Wei-

ye Chemical Co., LTD), citrate buffer salt (Beijing 
Huake Sheng Fine Chemical Products Trade Co., 
LTD), xylene (Shandong Alum Chemical Technolo-
gy Co., LTD.), universal secondary antibody (Nan-
jing Jingda Biotechnology Co., LTD.), formaldehyde 
solution (Hunan Er-Kang Pharmaceutical Co., LTD), 
Hematoxylin (Shanghai Shifeng Biotechnology Co., 
LTD.), ALP primer (Shanghai Yingjun Biotechnolo-
gy Co., LTD.), OCN primer (Shanghai Quanyang Bi-
otechnology Co., LTD), Runx2 antibody (Shanghai 
Anyan Biological Co., LTD), OSX antibody (Shang-
hai Anyan Biological Co., LTD), and an OCN an-
tibody (Shanghai Jianglai Biotechnology Co., LTD).

Preparation of experimental model  
Normal group 
A simple skin incision was performed at the 

bilateral Achilles tendon, followed by suture. One 
week after the operation, 0.1ml normal saline was 
locally injected around the Achilles tendon, once a 
week. Additionally, 1mg/kg saline was intraperitone-
ally injected once a day.

HO group
The model was constructed by bilateral mid-

section Achilles tendon resection. One week after 
the surgery, 0.1ml of normal saline was locally in-
jected around the Achilles tendon, once a week. 
Additionally, 1mg/kg saline was intraperitoneally 
injected once a day.

HO+RA group 
The bilateral midsection Achilles tendon am-

putation was modeled. One week after the surgery, 
0.1ml normal saline was locally injected around the 
Achilles tendon, once a week, while an intraperitoneal 
injection of 1mg/kg rapamycin was used once a day.

HO+LEP group
The model was constructed by bilateral mid-

section Achilles tendon resection. One week after 
the surgery, 0.1ml of recombinant leptin protein was 
locally injected around the Achilles tendon, once a 
week. Additionally, 1mg/kg saline was intraperitone-
ally injected once a day.

HO+LEP+RA group
Bilateral midsection Achilles tendon amputation 

was modeled. One week after the surgery, 0.1ml of re-
combinant leptin protein was locally injected around 
the Achilles tendon, once a week. Intraperitoneal injec-
tion of 1mg/kg rapamycin was conducted once a day.
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Detection method 
After TDSCs l4 were treated with different 

concentrations of leptin (1ng/m1, 10ng/m1, 100ng/
m1), the expressions of ALP, Runx2, OSX and OCN 
mRNA of the osteogenic factors of TDSCs were de-
tected by qRT-PCR, and the expressions of proteins 
of the osteogenic factors of TDSCs, Runx2, OSX 
and PS6K1 and PS6 of the downstream factors of 
the mTOICl signaling pathway were detected by 
Western Blot.

After TDSCs were treated with 100ng/m1 lep-
tin and 100ng/m1 leptin +10nM ramamycin for four 
days, Western Blot was used to detect the expression 
of downstream factors PS6K1 and PS6 proteins in 
the mTOICl signaling pathway and the expression of 
TDSCs osteogenic factors Runx2 and OSX proteins.

The expression of leptin in the normal and HO 
groups was detected by immunohistochemistry. The 
expressions of Runx2, OSX and the downstream 
marker PS6 of mTORCl in the HO group, HO+RA 
group, HO+LEP group and HO+LEP+RA group 
were detected by immunohistochemistry.

qRT-PCR
Total RNA of rat P2 generation TDSCs was ex-

tracted and refrigerated at -80℃ for standby use. The 
operation was conducted in strict accordance with 
the steps described in the instructions of the reverse 
transcription kit. The expressions of the osteogenic 
factors ALP, Runx2, OSX and OCN mRNA of TD-
SCs were detected by qRT-PCR.

Western Blot
Wash each cell with PBS buffer solution, add 

the cell lysis solution to stand for 15min, centrifuge, 
take the supernatant, electrophoresis, film transfer 
and seal. The primary antibody was added, the bed 
was shaken at 4 ℃ overnight, a secondary antibody 
was added, and the bed was shaken at 25 ℃ for one 
hour. After washing the film, the operation of expo-
sure and development was carried out, and the gray 
value of each strip was analyzed by a quantity-one 
gel imaging analysis system.

Immunohistochemical methods
The Achilles tendon tissue specimens were 

fixed with formalin solution and dehydration, using 
paraffin embedding into pieces, and then cut into 
four microns serial section. Thereafter, dewaxing, 
hydration, endogenous hydrogen peroxide enzyme 
to eliminate, hot fix, PBS rinse, serum closed, add a 
resistance to 4 ℃ for the night, incubation PBS rinse, 

then drops, as well as universal two resistance to 25 
℃ incubation for 30 minutes. Lastly, a PBS rinse, 
classics color, redyeing, dehydration, transparent, 
sealing film, used to observe the expression of leptin, 
Runx2, OSX and PS6.

Observation indicators  
TDSCs osteogenesis factor constituting the 

ALP, Runx2, OSX, OCN mRNA expression, each 
TDSCs osteogenesis factor Runx2, OSX protein ex-
pression, each TDSCs mTORCI signaling pathways 
downstream in the process of osteogenesis differ-
entiation factor PS6K1, PS6 protein expression, the 
expression of leptin in the normal group and the 
HO group, Runx2, OSX and mTORCl downstream 
marker PS6 in HO, the HO + RA group, HO + LEP, 
as well as the HO + LEP + RA group in expression.

Statistical treatment 
Spss22.0 was used for statistical analysis of the 

data in this study. The measurement data were ex-
pressed in the form of mean ± standard deviation. 
P<0.05 means the difference is statistically significant.

 
Results

Leptin (LEP) promotes the expression of the 
osteogenic factors ALP, Runx2, OSX and OCN 
mRNA in TDSCs

The results of qRT-PCR showed that with the 
increase of leptin concentration, the expressions 
of osteogenic factors ALP, Runx2, OSX and OCN 
mRNA all increased significantly (P<0.05), as 
shown in Table 1.

Leptin promotes the expression of bone fac-
tors Runx2 and OSX in TDSCs

Western Blot results showed that with the in-
crease of leptin concentration, the expressions of os-
teogenic factors Runx2 and OSX were significantly 
increased, with statistically significant differences 
(P<0.05), as shown in Table 2 and Figure 1.

Group ALP Runx2 OSX OCN

Control 1.03±0.02 1.41±0.02 1.04±0.02 1.02±0.02

1ng/m1 LEP 1.35±0.09* 1.95±0.17* 1.80±0.19* 1.38±0.09*

10ng/m1 LEP 1.98±0.16*# 2.49±0.12*# 2.28±0.22*# 1.89±0.17*#

100ng/m1 LEP 2.91±0.17*#& 3.54±0.19*#& 3.15±0.20*#& 2.62±0.21*#&

Table 1: Effects of different concentrations of leptin on 
the expression of ALP, Runx2, OSX and OCN mRNA. 
Note: Compared with the control group, *P<0.05; Compared 
with 1ng/m1 leptin group, #P<0.05; Compared with the 10ng/
m1 leptin group, &P<0.05.
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Leptin activates the mTORCI signaling path-

way in the osteogenic differentiation of TDSCs
Western Blot results showed that with the 

continuous increase of leptin concentration, the 
protein expressions of PS6K1 and PS6 were 
significantly increased, and the differences were 
statistically significant (P<0.05), as shown in Table 
3 and Figure 2.

Rapamycin (RA) inhibits the mTORCI sign-
aling pathway in the osteogenic differentiation of 
TDSCs

Western Blot results showed that the protein ex-
pressions of PS6K1 and PS6 in the leptin group were 
significantly higher than those in the control group 
and the leptin + rapamycin group, with statistically 
significant differences (P<0.05), as shown in Table 4 
and Figure 3.

Rapamycin inhibits the expression of osteo-
genic factors of TDSCs

Western Blot results showed that the protein 
expressions of Runx2 and OSX in the leptin group 
were significantly higher than those in the control 
group and the leptin + rapamycin group, with statis-
tically significant differences (P<0.05), as shown in 
Table 5 and Figure 4.

Group Runx2 OSX

Control 1.04±0.03 1.03±0.03

1ng/m1 LEP 1.66±1.21* 1.56±0.10*

10ng/m1 LEP 2.33±0.15*# 1.99±0.14*#

100ng/m1 LEP 3.02±0.19*#& 2.89±0.14*#&

Group PS6K1 PS6

Control 1.06±0.09 1.07±0.10

1ng/m1 LEP 1.96±0.19* 1.88±0.20*

10ng/m1 LEP 2.89±0.12*# 2.53±0.18*#

100ng/m1 LEP 4.26±0.15*#& 3.67±0.15*#&

Group PS6K1 PS6

Control 1.06±0.04 1.01±0.02

100ng/m1 LEP 4.26±0.17* 3.66±0.12*

100ng/m1 LEP +10nM Rapamycin 0.16±0.04*# 0.09±0.01*#

Group Runx2 OSX

Control 1.09±0.03 1.03±0.02

100ng/m1 LEP 3.02±0.09* 2.91±0.12*

100ng/m1 LEP +10nM Rapamycin 1.51±0.12*# 1.54±0.09*#

Table 2: Effects of different concentrations of leptin on 
the expression of bone factors Runx2 and OSX in TDSCs. 
Note: Compared with the control group, *P<0.05; Compared 
with 1ng/m1 leptin group, #P<0.05; Compared with the 10ng/
m1 leptin group, &P<0.05.

Table 3: Effects of different concentrations of leptin on 
the expression of downstream factors PS6K1 and PS6 
proteins in the mTOICl signaling pathway. 
Note: Compared with the control group, *P<0.05; Compared 
with 1ng/m1 leptin group, #P<0.05; Compared with the 10ng/
m1 leptin group, &P<0.05.

Table 4: Effect of rapamycin on the mTORCl signaling 
pathway of TDSCs during osteogenic differentiation. 
Note: Compared with the control group, *P<0.05; Compared 
with the 100ng/m1 leptin group, #P<0.05.

Table 5: Effect of rapamycin on the expression of osteo-
genic factors Runx2 and OSX in TDSCs. 
Note: Compared with the control group, *P<0.05; Compared 
with the 100ng/m1 leptin group, #P<0.05.

Figure 1: Leptin promotes the expression of osteogenic 
protein of TDSCs.

Figure 3: mTORCl signaling pathway during osteogenic 
differentiation of TDSCs by rapamycin.

Figure 2: Effect of leptin on the mTORCl signaling pa-
thway of TDSCs during osteogenic differentiation.
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Expression of thin turbulence in the normal 
group and HO group

Immunohistochemical results showed that 
the expression of leptin in the HO group was sig-
nificantly higher than that in the normal group, and 
the difference was statistically significant (P<0.05) 
(Figure 5).

Effect of leptin on the expression of Runx2 
and OSX during ectopic ossification of Achilles 
tendon

Immunohistochemical results showed that the 
expressions of Runx2 and OSX in the HO+RA group 
were significantly lower than those in the HO group 
(P<0.05), and the expressions of Runx2 and OSX in 
the HO+LEP group were significantly higher than 
those in the HO group and the HO+LEP+RA group 
(P<0.05). However, there was no statistically signifi-

cant difference in the expressions of Runx2 and OSX 
between the HO group and the HO+LEP+RA group 
(P>0.05) (Figures 6 and 7).

Effect of leptin on the mTORCI signaling path-
way of ectopic ossification of the Achilles tendon

Immunohistochemical results showed that 
PS6 expression in the HO+RA group was signif-
icantly lower than that in the HO group (P<0.05), 

Figure 4: Effect of rapamycin on osteogenic differentia-
tion of TDSCs.

Figure 5: Expression of leptin in the normal and HO 
groups. A is the expression of leptin in the normal group, 
while B is the expression of leptin in the HO group.

Figure 6: Effect of leptin and rapamycin on expression of 
heterotopic Runx2 in the Achilles tendon. A is the expres-
sion of Runx2 in the HO group; B is the expression of 
Runx2 in the HO+RA group; C is the expression of Runx2 
in the HO+LEP group; and D is the expression of Runx2 
in the HO+LEP+RA group.

Figure 7: Effect of leptin and rapamycin on the expres-
sion of heterotopic OSX in the Achilles tendon. A is the 
expression of OSX in the HO group; B is the expression 
of OSX in the HO+RA group. C is the expression of OSX 
in the HO+LEP group; and D is the expression of OSX in 
the HO+LEP+RA group.
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PS6 expression in the HO+LEP group was signifi-
cantly higher than that in the HO group (P<0.05), 
and PS6 expression in the HO+LEP+RA group was 
significantly lower than that in the HO+LEP group 
(P<0.05) (Figure 8).

Discussion

A tendon is a cordlike or membranous dense 
connective tissue composed of fibrous collagen bun-
dles, which connects muscle and bone, and its trac-
tion makes the muscle contract to drive the body to 
move*. TDSCs are highly differentiated adult stem 
cells, which can not only differentiate into tendon 
cells but also transform into adipocytes, chondro-
cytes, bone cells and other non-tendon cells under 
certain conditions, and can also participate in the re-
pair process of tendon injury(8-9). 

Data have shown that the probability of ectop-
ic ossification in patients with an Achilles tendon 
injury is 14-62%(10). Ectopic ossification is a kind 
of ectopic bone tissue formed by soft tissues other 
than bone tissue. It mainly occurs in the Achilles 
tendon, hip joint, spinal ligament, elbow joint and 
other parts, among which ectopic ossification of the 
Achilles tendon is more common. Severe ectopic 
ossification of the Achilles tendon can cause local 
swelling, pain, and even limitation of movement. 
Leptin is a hormone-like protein secreted by fat cells 
and is closely related to ectopic ossification. Jiang H 
et al. found that serum leptin was highly expressed 

in patients with ectopic ossification(11). After the 
formation of ectopic ossification, drug treatment is 
ineffective and surgery is needed. However, post-
operative recurrence is easy and the medical cost is 
high, which causes significant challenges to patients. 
Therefore, to explore the role and mechanism of lep-
tin in the osteogenic differentiation of TDSCs, the 
formation of ectopic ossification of the Achilles ten-
don has important clinical significance for the pre-
vention and treatment of ectopic ossification.

Leptin is a hormone-like protein secreted by fat 
cells, which is involved in regulating body feeding, 
neuroendocrine, angiogenesis, energy metabolism 
and other activities. According to Rostami H et al.(12), 
obesity patients are more likely to have elevated 
blood leptin levels in different degrees. Sullivan R et 
al. showed that low leptin levels lead to the disorder 
of calcium regulation in mouse cardiomyocytes, de-
creased myocardial contractility, prolonged diastolic 
time and other cardiac dysfunction(13). 

Studies have shown that the expression level of 
leptin in patients with ectopic ossification is signif-
icantly higher than that in normal Achilles tendon 
tissues. It has also been reported that leptin can acti-
vate the mTORCl signaling pathway of a variety of 
cells, and activation of the mTORCl signaling path-
way can promote osteogenic differentiation of mes-
enchymal stem cells(14). Therefore, leptin is related 
to ectopic ossification and is an important factor in 
ectopic ossification. mTOR are mammals rapamycin 
target protein, which exists in the form of a catalyt-
ic subunit of mTORC1 and mTORC2. Furthermore, 
mTORCl signaling pathways are involved in the 
regulation of bone metabolism and bone formation, 
as well as cell gene transcription, protein translation 
initiation, and ribosome biosynthesis. 

Cell apoptosis plays an important role, and 
mTORC1 signaling pathways regulating the anom-
aly is closely related to tumorigenesis. In terms of 
the vitro experiments in this study, it was found that 
with the increase of leptin concentration, the ex-
pressions of osteogenic factors ALP, Runx2, OSX, 
OCN mRNA and the proteins of Runx2, OSX and 
downstream factors of mTORCl signaling pathway 
PS6K1 and PS6 all increased significantly, suggest-
ing that leptin can effectively activate the mTORCl 
signaling pathway in the osteogenic differentiation 
process of TDSCs. Western Blot results showed that 
the expressions of PS6K1, PS6, Runx2 and OSX 
proteins in the leptin group were significantly higher 
than those in the control group and the leptin + rapa-
mycin group, suggesting that the use of rapamycin 

Figure 8: Effect of leptin and rapamycin on the expression 
of PS6, a downstream marker of ectopic mTORCl ossifi-
cation in the Achilles tendon. A is the expression of PS6 in 
the HO group; B is the expression of PS6 in the HO+RA 
group; C is the expression of PS6 in the HO+LEP group; 
and D is the expression of the HO+LEP+RA group.



The mTORC1 signaling pathway inhibitor rapamycin inhibits leptin induced osteogenic differentiation of TDSCs...   	 121

to block the mTORCl signaling pathway significant-
ly inhibited the osteogenic differentiation of lep-
tin-induced TDSCs. The in vivo experiments found 
that the expression of leptin in the HO group was 
significantly higher than that in the normal group, 
suggesting that leptin was highly expressed in the 
ectopic ossification of the Achilles tendon. Immuno-
histochemical results showed that the expressions of 
Runx2 and OSX in the HO+RA group were signifi-
cantly lower than those in the HO group, and the ex-
pressions of Runx2 and OSX in the HO+LEP group 
were significantly higher than those in the HO group 
and the HO+LEP+RA group. 

However, there was no significant difference 
in the expressions of Runx2 and OSX between the 
HO group and the HO+LEP+RA group. Thus, it is 
suggested that leptin can promote the expression of 
Runx2 and OSX in the process of ectopathic ossi-
fication of the Achilles tendon, while rapamycin 
can inhibit the effect of leptin on the expression of 
Runx2 and OSX. Immunohistochemical results also 
showed that PS6 expression in the HO+RA group 
was significantly lower than that in the HO group, 
PS6 expression in the HO+LEP group was signifi-
cantly higher than that in the HO group, and PS6 
expression in the HO+LEP+RA group was signif-
icantly lower than that in the HO+LEP group. As 
such, it is recommended that leptin can activate the 
mTORCI signaling pathway in the process of ectop-
ic ossification of the Achilles tendon, while rapamy-
cin can effectively inhibit the expression of PS6 after 
blocking the mTORCl signaling pathway.

In summary, the mTORC1 signaling pathway 
inhibitor rapamycin can effectively inhibit the osteo-
genic differentiation and ectopic ossification of TD-
SCs in leptin-induced Achilles tendon tissues.
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