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Heterotopic ossification (HO) is a pathological condition involved in tendinopathy.
Adipokines are known to play a key role in HO of tendinopathy. Nesfatin-1, an 82-amino
acid adipokine is closely reportedly associated with diabetes mellitus (DM), which, in
turn, is closely related to tendinopathy. In the present study, we aimed to investigate
the effects of nesfatin-1 on the osteogenic differentiation of tendon-derived stem cells
(TDSCs) and the pathogenesis of tendinopathy in rats. In vitro, TDSCs were incubated
in osteogenic induction medium for 14 days with different nesfatin-1 concentration.
In vivo, Sprague Dawley rats underwent Achilles tenotomy to evaluate the effect
of nesfatin-1 on tendinopathy. Our results showed that the expression of nesfatin-1
expression in tendinopathy patients was significantly higher than that in healthy subjects.
Nesfatin-1 affected the cytoskeleton and reduced the migration ability of TDSCs in vitro.
Furthermore, nesfatin-1 inhibited the expression of Scx, Mkx, and Tnmd and promoted
the expression of osteogenic genes, such as COL7a7, ALP, and RUNX2; these results
suggested that nesfatin-1 inhibits cell migration, adversely impacts tendon phenotype,
promotes osteogenic differentiation of TDSCs and the pathogenesis of HO in rat
tendons. Moreover, we observed that nesfatin-1 suppressed autophagy and activated
the mammalian target of rapamycin (MTOR) pathway both in vitro and in vivo. The
suppression of the mTOR pathway alleviated nesfatin-1-induced HO development in
rat tendons. Thus, nesfatin-1 promotes the osteogenic differentiation of TDSC and the
pathogenesis of HO in rat tendons via the mTOR pathway; these findings highlight a
new potential therapeutic target for tendinopathy.

Keywords: nesfatin-1, tendinopathy, tendon-derived stem cells, osteogenic tendon differentiation, mTOR
pathway
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INTRODUCTION

Tendinopathy is a progressive disorder of the tendon, accounting
for over 30% of all musculoskeletal consultations (Andarawis-
Puri et al., 2015). Tendinopathy is characterized by an increase
in tendon thickness, stiffness, and tendon reinjury and a decrease
in motor function (Burner et al., 2012; Rothan et al., 2013).
Heterotopic ossification (HO) is a pathological condition that
involves the formation of ectopic bone and often occurs during
tendinopathy (Longo et al., 2018). Several risk factors are known
to result in heterotopic tendon ossification, including obesity, age,
sex, tendon vascularity, and gastrocnemius or soleus dysfunction
(Longo et al., 2018). However, the mechanism underlying HO in
tendinopathy remains unknown.

Tendon-derived stem cells (TDSCs) are isolated from
tendon tissues and can self-renew, undergo multipotential
differentiation, and maintain tendon homeostasis (Zhang et al.,
2014; Jiang et al, 2018; Xu et al, 2020). Additionally, the
osteogenic differentiation of TDSCs may account for tendon
dysfunction and exacerbate the pathogenesis of tendinopathy.

Recently, numerous studies have shown that adipokines play
a role in the pathogenesis of tendinopathy (Rothan et al., 2013;
Jiang et al, 2018; Bauer et al., 2019). Adipokines, such as
leptin accelerate the pathogenesis of HO in tendons. Nesfatin-
1, an 82-amino acid adipokine derived from the prohormone
nucleobindin-2 (NUCB2), was first identified in hypothalamic
nuclei and is considered a key integrator in the regulation of
food intake and energy balance (Li et al., 2012; Wu et al., 2014).
Various studies have demonstrated that nesfatin-1 is closely
related to diabetes mellitus (DM), during which the incidence
of heterotopic tendon ossification is significantly higher than
that in non-DM subjects of the same age (Aydeniz et al., 2008;
Li et al,, 2010; de Oliveira et al., 2011; Aslan et al., 2012). In
early stage type 2 diabetes patients, the plasma nesfatin-1 levels
were increased when compared with those in healthy controls,
and reportedly decreased in type 2 diabetes patients receiving
antidiabetic treatment (Zhai et al., 2017). However, few studies
have focused on the effects of nesfatin-1 on the osteogenic
differentiation of TDSCs and the pathogenesis of HO in tendons.
Furthermore, the underlying intracellular molecular mechanisms
downstream of nesfatin-1 have not been examined.

In the present study, we evaluated the expression of NUCB2
in human TDSCs and investigated the effects of nesfatin-1 on
osteogenic TDSCs differentiation and pathogenesis of HO in rat
tendons. Additionally, we investigated the potential mechanisms
involved in these processes.

MATERIALS AND METHODS

Reagents

Recombinant human nesfatin-1 and rapamycin (autophagy
agonist) were purchased from Sigma-Aldrich (St Louis,
MO, United States). Dulbecco’s modified Eagle’s medium
(DMEM), penicillin/streptomycin, fetal bovine serum (FBS), and
0.25% trypsin were obtained from Gibco BRL (Grand Island,
NY, United States).

Patients

All patients were recruited by the Department of Orthopedic
Surgery, the Second Affiliated Hospital, and signed informed
consent forms approved by the Ethics Committee of The Second
Affiliated Hospital, School of Medicine, Zhejiang University,
Hangzhou, China. The tendons in the tendinopathy group (TD)
were obtained from 17 patients (7 females and 10 males; aged 34
to 57 years old) with torn rotator cuffs who underwent reparative
surgery, with a mean tear size of 2.1 cm?. Patients were only
included if clinically detectable evidence of tendinopathy was
detected on the preoperative MRI scan. An independent negative
control group (NC) was composed of 17 patients (6 females
and 11 males; aged 31 to 63 years old) who underwent anterior
cruciate ligament autografts with no clinically detectable evidence
of tendinopathy on a preoperative MRI scan. There was no
difference between clinical characteristics, including age, body
mass index, sex, diabetes, hypertension, and peripheral artery
disease. All the tendon tissues were treated were frozen using
liquid nitrogen and then ground. Total RNA was extracted using
the TRIzol™ Plus RNA Purification Kit (Invitrogen, Carlsbad,
CA, United States). Nesfatin-1 expression in the human tendon
tissue was evaluated by quantitative real-time PCR analysis.

Cell Culture and Osteogenic

Differentiation

This study was approved by the Institutional Animal Care and
Use Committee of Zhejiang University (Hangzhou, China). After
euthanasia, Achilles tendons were obtained from 3-week-old
Sprague Dawley rats (Zhejiang Academy of Medical Sciences
Hangzhou, China). The tissue was minced and incubated with
type I collagenase (3 mg/mL) on a horizontal shaker at 37°C
for 3 h to isolate the tenocytes. The tendon-derived cells were
resuspended into single-cell suspensions and plated in DMEM
supplemented with 10% FBS, 100 units/mL penicillin, and
100 pg/mL streptomycin for 7 days. The colonies were collected
at passage 0 (P0). The cells were used at P3 (Xu et al., 2020). For
osteogenic differentiation, the cells were incubated in osteogenic
induction medium (Cyagen Biosciences, Suzhou, China) for
14 days. Nesfatin-1 (0.1, 1, or 10 ng/mL) was added to the
osteogenic medium in the presence or absence of rapamycin
(10 nM) (Jiang et al., 2018), the controls were cultured with an
equal volume of DMSO in the osteogenic medium.

Identification of Surface Markers

TDSCs were incubated with fluorescent primary antibodies on
ice for 60 min, washed three times with phosphate-buffered saline
(PBS), and analyzed by flow cytometry. The following fluorescent
primary antibodies were used: FITC anti-rat CD29, FITC anti-
rat CD44, PE anti-rat CD45, and PE anti-rat CD90 (BioLegend,
San Diego, CA, United States). FITC isotype control and PE iso
control were added to the NC samples (BioLegend, San Diego,
CA, United States).

Multipotency Analysis
TDSCs were incubated with specific differentiation media to
analyze the cell multipotency. For osteogenic differentiation,
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TDSCs were incubated with osteogenic induction medium
(Cyagen Biosciences, Suzhou, China) for 14 days, and
Alizarin Red staining was performed to confirm osteogenic
differentiation. For chondrogenic differentiation, chondrogenesis
was performed in pellet culture with chondrogenic induction
medium (Cyagen Biosciences, Suzhou, China) for 21 days,
and Safranin O staining was used to confirm chondrogenic
differentiation. For adipogenic differentiation, TDSCs were
incubated in adipogenic induction and maintenance medium
(Cyagen Biosciences, Suzhou, China) for 14 days, and Oil Red
staining was performed to confirm the adipogenic differentiation.

Cell Viability Analysis

The cytotoxicity of nesfatin-1 on TDSCs was assessed via the
CCK-8 assay. TDSCs (1 x 104 cells per well) were seeded in 96-
well plates and treated with different concentrations of nesfatin-1
for 48 h (Lu et al., 2018). Cell viability was determined using the
CCK-8 assay according to the manufacturer’s instructions.

Scratch Assay

A scratch assay was used to evaluate the ability of TDSCs to
migrate after treatment. TDSCs (1 x 10° cells per well) were
seeded in 6-well plates for 24 h. A straight line was cut into the
cell layer with the tip of a P200 pipette. After washing with PBS,
TDSCs were cultured with the corresponding treatment medium
without serum. The gap between the two sides of the scratch
was photographed after 0, 12, 24, and 48 h of incubation. The
ratio of the open wounds was measured to evaluate the migration
ability of TDSCs.

Quantitative Real-time PCR (qRT-PCR)
Analysis

The TRIzol™ Plus RNA Purification Kit (Invitrogen) was used
to extract the total RNA from TDSCs. After measuring and
adjusting RNA concentrations using a nucleic acid detector,
the total RNA was reverse transcribed into cDNA with the
PrimeScript™ RT Master Mix (TAKARA). Then, cDNA samples
were amplified with SYBR™ Premix Ex Taq™ II (TAKARA)
using an ABI StepOnePlus System. The primers used are
shown in Table 1, and the expression of scleraxis (Scx),
mohawk homeobox (Mkx), tenomodulin (Tnmd), Collagen Type
I Alpha 1 Chain (Collal), alkaline phosphatase (Alp), and runt-
related transcription factor 2 (RUNX2) was detected. GAPDH

was used as an endogenous control. All the assays were
performed in triplicate, and data were calculated using the
2(— A ACT) method.

Western Blot Analysis

After the different treatments, TDSCs were washed twice and
resuspended in PBS. Then, all samples were immediately lysed
in RIPA lysis buffer containing protease and phosphatase
inhibitors for 30 min to extract the proteins. A BCA protein
assay kit (Beyotime Biotechnology, Shanghai, China) was
obtained to quantify the protein concentrations. The samples
were separated using sodium dodecyl sulfate-polyacrylamide
gels and transferred into nitrocellulose membranes. After
blocking with 5% BSA for 1 h, the membranes were cut
into sections based on the different protein molecular
weights. The different sections were incubated with the
following monoclonal antibodies: Collal, Alp, GAPDH,
LC3A/B, p62, p-mTOR, mTOR (Abcam, Cambridge,
United Kingdom), RUNX2, p-S6, and S6 (Cell Signaling
Technology, Danvers, MA, United States), at 4°C overnight.
These sections were incubated with secondary antibodies
for 2 h, luminesced by the Pierce™ ECL western blotting
substrate, and detected using the Bio-Rad ChemiDoc
System. The Image] software was used to measure the gray
values for all the western blot bands. All the assays were
performed in triplicate.

Phalloidin Staining and Quantitative

Analysis of Fluorescent Images

Phalloidin staining (Yeasen Biotechnology, Shanghai, China) was
used to detect the actin cytoskeleton in TDSCs. The cells (5 x 10*
cells per well) were seeded in 12-well plates and treated with
different concentrations of nesfatin-1. After fixation with 4%
paraformaldehyde for 10 min, the cells were incubated with a
phalloidin solution according to the manufacturer’s instructions,
and the fluorescence was visualized by confocal microscopy (Carl
Zeiss, Oberkochen, Germany).

For TDSCs morphology, changes were assessed using the
average cell surface area and aspect ratio (major cell axis/minor
cell axis) with the Image] software. The anisotropy of actin fibers
was measured using Orientation] plug-in for Image] to evaluate
the arrangement of stress fibers.

TABLE 1 | Primer sequences used in this study.

Gene Forward Reverse

Human GAPDH CCATGACAACTTTGGTATCGTGGAA GGCCATCACGCCACAGTTTC
Human NUCB2 CCCGGCCAGAACGTGTTA CTTCGCACTTTCCACAGGGT

Rat GAPDH GAAGGTCGGTGTGAACGGATTTG CATGTAGACCATGTAGTTGAGGTCA
Rat Scx AACACGGCCTTCACTGCGCTG CAGTAGCACGTTGCCCAGGTG

Rat Mkx TTTACAAGCACCGTGACAACCC ACAGTGTTCTTCAGCCGTCGTC
Rat Tnmd TGGGGGAGCAAACACTTCTG TCTTCTTCTCGCCATTGCTGT

Rat ALP ACCCTGCCTTACCAACTCATT TCTCCAGCCGTGTCTCCTC

Rat Col1at CATCGGTGGTACTAAC CTGGATCATATTGCACA

Rat RUNX2 CACA AGTGCGGTGCAAACTT GCAGCCTTAAATATTACTGCATGG
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Alkaline Phosphatase (ALP) Staining

TDSCs were differentiated into osteoblasts with osteogenic
induction medium. Briefly, 5 x 10* TDSCs were seeded in 12-
well plates. After reaching 80% confluence, the cells were cultured
with osteogenic induction medium with different nesfatin-
1 concentrations for 6 days. The cells were fixed with 4%
paraformaldehyde for 30 min. Then, the cells were stained using
the Alkaline Phosphatase Color Development Kit (Beyotime).

Alizarin Red Staining

Alizarin Red staining was used to evaluate the mineral deposition
induced by osteogenic differentiation in TDSCs. Briefly, 5 x 10%
TDSCs were seeded in 12-well plates. After reaching 80%
confluence, the cells were cultured with osteogenic induction
medium with different nesfatin-1 concentrations for 2 weeks.
Then, the cells were fixed with 4% paraformaldehyde for 30 min.
Finally, the cells were stained with a 0.1% solution of Alizarin Red
(Sigma-Aldrich) for 10 min.

Animal Model

Six-week-old male Sprague Dawley rats (n = 60, 200-
250 g) were purchased from Zhejiang Academy of Medical
Sciences (Hangzhou, Zhejiang, China). The rats were randomly
divided into four groups: HO, HO + RA, HO + NES, and
HO + NES + RA. All rats underwent Achilles tenotomy (Xu
et al., 2020). The rats were anesthetized using pentobarbital
(40 mg/kg), and a bilateral midpoint Achilles tenotomy
was performed through a posterior approach under aseptic
conditions. A week after the Achilles tenotomy, all groups were
treated differently. In the HO 4+ RA + NES group (n = 15)
and HO + NES group (n = 15), the rats were injected with
0.1 mL of 10 ng/mL nesfatin-1 (NES) once per week in the
region surrounding the Achilles tendon. The other two groups
were injected with 0.1 mL PBS once per week as a control.
In the HO + RA group (n = 15) and HO + NES + RA
group (n = 15), the rats were intraperitoneally administered
rapamycin (RA) (1 mg/kg/day) daily. The other two groups were
intraperitoneally administered the saline vehicle as a control
daily. During the treatment period, all rats were allowed free
cage activities. Eight weeks after Achilles tenotomy, the rats were
euthanized, and their Achilles tendon tissues were harvested for
further study. This study was conducted in accordance with the
NIH guidelines (NIH Pub No 85-23, revised 1996), and the
protocol was approved by the Ethics Committee of the Second
Affiliated Hospital, School of Medicine, Zhejiang University,
Hangzhou, China.

Micro-CT Analyses

Following the animal experiment, all rats were euthanized,
and their right hind legs were collected for micro-computed
tomography analyses (WCT 100, SCANCO Medical AG,
Wangen-Briittisellen, Zurich, Switzerland). The parameter
settings were as follows: 90 kV, 200 pA, and 30-pum slice
thickness. The newly formed bone volume (BV, mm?) following
HO remodeling of the Achilles tendons was calculated and
quantified using SCANCO Medical software.

Histological Analysis
Tendon samples were embedded in paraffin and continuously cut
into 5-pum sections. These sections were stained with HE staining,
Safranin O staining, and modified Masson staining according to
the manufacturer’s instructions.

Immunofluorescence

Tendon sections were incubated with the primary antibody
at 4°C overnight. Then, the sections were incubated with a
secondary antibody conjugated to fluorescein isothiocyanate
(FITC). The nuclei were stained with DAPI according to
the manufacturer’s instructions. The results were visualized by
fluorescence microscopy.

Immunohistochemistry

Tendon sections were rehydrated and incubated with 3%
hydrogen peroxide for 30 min at room temperature. Then,
5% BSA was used to block these sections for 2 h. Then, the
sections were incubated with primary antibodies against nesfatin-
1 (USCN, Wuhan, China) and Tnmd (USCN, Wuhan, China)
at 4°C overnight. After interaction with the HRP-conjugated
secondary antibodies, the sections were visualized with DAB, and
nuclei were stained with hematoxylin. The results were visualized
using optical microscopy.

Statistical Analyses

All the assays were performed in triplicate. Data are presented
as means =+ standard deviation (SD). The Student’s t-test
was performed to assess statistically significant differences
between the results of two experimental groups. For multiple
comparisons, one-way analysis of variance (ANOVA) with
Tukey’s post hoc test was performed. A p-value < 0.05 was
considered to indicate statically significant differences.

RESULTS

Isolation and Identification of TDSCs
Single-cell suspensions of tendon-derived cells were cultured in
DMEM. These round cells were able to form small colonies
(Figure 1A). Cell surface marker analysis was used to identify
the stem status of these clonogenic cells. The results showed
that these cells expressed high levels of stem cell markers
(CD29, CD44, and CD90) and undetectable levels of a leucocyte
marker (CD45) (Figure 1B; Ogata et al, 2018). In addition,
the multipotency analysis of TDSCs revealed that these cells
exhibited stem cell properties. Alizarin Red staining of osteogenic
cultures showed calcium deposits within the cell monolayer
(Figure 1C); Safranin O staining of chondrogenic pellet cultures
presented the potency of trans-differentiation into chondro-
lineage (Figure 1D); Oil Red staining confirmed the potency of
adipogenic differentiation (Figure 1E).

Cell Viability Assay

qRT-PCR was used to investigate the expression of NUCB2 in
human tendon tissues. The results showed that the NUCB2 levels
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FIGURE 1 | Isolation and identification of TDSCs. (A) A single-cell suspension of 1 cell/pL was prepared and cultured in a 12-well plate at 37°C with 5% CO,. These
TDSCs were able to form small colonies and were photographed at 4 day. Scale bar, 200 wm. (B) Representative flow cytometric profiles of TDSCs stained for the
surface markers CD29, CD44, CD45, and CD90 (red: control; blue: fluorescent antibody). Scale bar, 500 um. (C) Alizarin Red staining of TDSCs osteogenic
differentiation. Scale bar, 50 pm. (D) Safranin O staining of TDSCs chondrogenic differentiation. Scale bar, 500 wm. (E) Oil Red staining of TDSCs adipogenic

were higher in tendinopathy patients than in healthy controls
(Figure 2A). To investigate the effect of nesfatin-1 on TDSC
viability, a CCK-8 assay was used. The results revealed that
nesfatin-1 had no adverse effect on TDSC viability, within the
range from 0 to 10 ng/mL at 48 h (Figure 2B). The scratch
assay showed that 10 ng/mL nesfatin-1 reduced TDSC migration
(Figures 2C,D). These findings indicated that nesfatin-1 may
influence the migration of TDSCs.

Effect of Nesfatin-1 on TDSCs Phenotype

Maintenance and Cytoskeleton

The effect of nesfatin-1 on TDSC phenotype maintenance
was detected using tenogenic markers, such as Scx, Mkx, and
Tnmd. The expression of these markers was detected via qRT-
PCR. The results showed that nesfatin-1 significantly inhibited
the expression of SCX, Mkx, and Tnmd (Figures 3A-C),
which demonstrated that nesfatin-1 may affect TDSC phenotype
maintenance. The cytoskeleton is linked to cell migration and the
TDSC phenotype (Wang et al., 2015; Tang and Gerlach, 2017).
To study the effects of nesfatin-1 on the in TDSC cytoskeleton,
filamentous actin (F-actin) was visualized by phalloidin staining
(Figure 3D). The F-actin arrangement was mainly organized
into parallel stress fibers that stretched normally along the major
axis. The results showed that exposure to nesfatin-1 revealed no

major changes in cell area (Figure 3E). However, a significant
decrease in the aspect ratio was observed for TDSCs cultured in
10 ng/mL nesfatin-1, when compared with other concentrations
(Figure 3F). As shown in Figure 3, the morphology of the TDSCs,
which usually exhibits a fibroblast-like shape, changed into a
polygon-like shape following nesfatin-1 stimulation. Orientation]
plug-in for ImageJ was used to analyze the arrangement of stress
fibers. The result showed that compared with lower concentration
groups (0 and 0.1 ng/mL), higher concentration groups (1.0 and
10 ng/mL) performed random disposition, which translated into
the absence of a peak in the corresponding orientation plot.
These results revealed that nesfatin-1 increased the anisotropy of
F-actin, changed the cellular cytoskeleton of TDSCs, and might
influence the migration of TDSCs.

Nesfatin-1 Promotes the Osteogenic
Differentiation of TDSCs in vitro

HO is a pathologic condition in tendinopathy. To investigate
the effect of nesfatin-1 on HO in tendinopathy, we detected the
expression of osteogenic markers such as COL1A1 (Valles et al.,
2020), ALP (Gong et al.,, 2016), and RUNX2 (Berendsen and
Olsen, 2015), under nesfatin-1 stimulation in vitro. The qRT-
PCR results showed that the expression of COL1A1, ALP, and
RUNX2 significantly increased as the nesfatin-1 concentration
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FIGURE 2 | Cell viability assay. The expression of NUCB in human tendon tissues was detected by qRT-PCR. (A) The TDSCs were treated with increasing
concentrations of Nesfatin-1 (0, 0.1, 0.5, 1. 5, or 10 ng/mL) for 48 h. (B) The effects of Nesfatin-1 on rat TDSCs viability were evaluated by the CCK-8 assay. (C,D) a
scratch assay was used to evaluate the effects of Nesfatin-1 on the ability of TDSCs to migrate. Scale bar, 500 um. *p < 0.05.

A Scx B Mkx C Tnmd
15 15 15
=
§ § §
f 1.0 T % 10 % 10
3 * ° T ° . .
g - g : g T -
5 £ - £ T
; 0.5 ; 05 - E 05
2 e e
0.0 0.0 0.0
Nesfatin-1 - 0.1 1 10 (ng/mL)  Nesfatin-1 - 0.1 1.0 10 (ng/mL) Nesfatin-1 - 0.1 1.0 10 (ng/mL)

Cell area(um?)
s @
§ 8
«

i

E v
v
a
. ASLA
0
Nesfatin-1 0 0.1 1 10(ng/mL)
100um 10Qum| 100um|
.-
F 8 —
% A
H
A
e v
o
g
100jm) 10Qim| 10Qum| Nesfatin-1 0 01 1 10(ng/mL)

Aspect ratio
» e
o
"%
Ed.
o é.; :
L
«
*‘
)

D
G
100pm

Nesfatin-1 0

10 (ng/mL)
H
s 8
e 7
= =
B °
2§ ‘
2 3
g8
8 5

FIGURE 3 | Effect of Nesfatin-1 on TDSCs phenotype maintenance and cytoskeleton. (A-C) TDSCs were treated with different concentrations of Nesfatin-1 for
48 h. The mRNA levels of SCX, Mkx, and Tnmd were evaluated via gRT-PCR. (D) The TDSCs were treated with different concentrations of Nesfatin-1 for 24 h. The
actin cytoskeleton organization was analyzed by phalloidin staining. F-actin stained in red and cell nuclei in blue. (E,F) Quantitative analysis of cell surface area and
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increased (Figures 4A-C). The protein expression levels of
COL1A1 and RUNX2, as measured by western blotting, were
similar to the mRNA expression levels measured by qRT-PCR
(Figures 4D-F). Furthermore, ALP staining and Alizarin Red
staining were performed and revealed that nesfatin-1 accelerated
the osteogenic differentiation of TDSCs in a dose-dependent
manner (Figure 4G).

The Effect of Nesfatin-1 on Osteogenic
Differentiation and Autophagy via the
Mammalian Target of Rapamycin (nTOR)
Pathway

Recent studies have observed that the autophagic response
participated in the pathogenesis of HO (Dai et al., 2013;
Liu et al, 2013). In this study, we using western blotting,
we observed that nesfatin-1 significantly reduced the ratio of
LC3B/LC3A, which is a biomarker of autophagy (Mizushima
and Yoshimori, 2007), and increased the expression of p62,
which is associated with autophagic degradation (Lee et al,
2011), in TDSCs (Figures 5A-C). These results suggested
that nesfatin-1 inhibited autophagy in TDSCs. Then, we
investigated the mTOR pathway to explore the underlying
mechanism of nesfatin-1. After nesfatin-1 treatment in the
presence of osteogenic induction medium for 14 days, western
blot results demonstrated that nesfatin-1 significantly increased
the phosphorylation of mTOR and S6 in a dose-dependent
manner (Figures 5D-F). These results suggested that nesfatin-
1 activated the mTOR pathway during osteogenic differentiation

of TDSCs. Furthermore, we inhibited the activation of the mTOR
pathway by rapamycin (10 nmol/mL) and activated autophagy by
increasing the ratio of LC3B/LC3A and ATG5 (Figures 5G-I).
We observed that the nesfatin-1-induced enhancement of collal
and RUNX2 was significantly decreased (Figures 5J-L). These
experimental results suggested that nesfatin-1 induced mTOR
pathway activation and inhibited autophagy, which accelerated
the osteogenic differentiation of TDSCs.

Nesfatin-1 Accelerates the Pathogenesis
of Heterotopic Ossification Through the
mTOR Pathway in vivo

Micro-CT analyses were performed to measure the heterotopic
bone formation of rat tendons induced by nesfatin-1. The
results showed that new bone in the Achilles tendon was
found in all rats. However, the size of these heterotopic bones
differed. In the HO + NES group, the heterotopic bone
was significantly larger than that in the HO group. In the
HO + NES + RA group, the heterotopic bone was smaller
than that in the HO + NES group but larger than that in
the HO + RA group (Figures 6A,E). HE staining, Safranin
O staining, and modified Masson staining were performed for
histological analysis. The results showed that the arrangement of
fibroblasts and collagen fibers was visibly disordered following
nesfatin-1 treatment. In the HO + NES group, the calcified
area was larger than in the HO group. Rapamycin reversed the
increase in the calcified area induced by nesfatin-1 (Figures 6B-
D). Based on immunohistochemistry, nesfatin-1 was increased in
the HO group when compared with the normal control group

FIGURE 4 | Nesfatin-1 promotes the osteogenic differentiation of TDSCs in vitro. The TDSCs were cultured in osteogenic induction medium and treated with
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(Figure 7A). Additionally, Tnmd was a key indicator of tendon
healing and was detected by immunohistochemistry. The results
showed that the Tnmd expression was low in the HO group and
can be significantly rescued by rapamycin. Nesfatin-1 decreased
the protein expression of Tnmd, which can also be significantly
rescued by rapamycin (Figures 7B-D). Furthermore, we assessed
the effect of nesfatin-1 on HO in vivo by evaluating RUNX2
expression. The immunofluorescence analysis showed that
nesfatin-1 increased the protein expression of RUNX2, which
could be rescued by rapamycin in vivo (Figure 7E).

As autophagy is deemed to play vital roles in tendon HO, we
examined the effect of nesfatin-1 on tendon autophagy in vivo.
As expected, rapamycin activated the expression of ATGS5, a
key indicator in autophagy. Nesfatin-1 suppressed ATG5 and
this inhibition could be rescued by rapamycin (Figure 8A).
Furthermore, we evaluated the activation of mTOR signaling
by detecting the downstream marker of this pathway, namely
p-S6, in vivo. We observed that nesfatin-1 could activate the
expression of p-S6, and rapamycin undoubtedly reversed the
activation of mTOR signaling (Figure 8B). The results described
above suggested that nesfatin-1 accelerated the pathogenesis of
HO through the mTOR pathway in vivo.

DISCUSSION

Chronic tendinopathy refers to a common, pathological
condition in tendons, which often leads to chronic pain and
tendon disability. The underlying pathogenesis of chronic
tendinopathy remains poorly understood, and the main
treatment involves symptom control. It is increasingly apparent
that metabolic features play a significant role in tendinopathy
(Castro et al., 2016). Furthermore, it is well-known that there
are several different adipokines, including leptin, adiponectin,
chemerin, and visfatin (Kershaw and Flier, 2004). Previous
studies have suggested that adipokines are involved in the
pathogenesis of tendinopathy. Rothan has reported that
adiponectin, as an adipokine, improves TDSC proliferation
and differentiation, suggesting that adiponectin is a potential
therapeutic agent in diabetic tendinopathy (Rothan et al., 2013).
Jiang has demonstrated that leptin, which is also an adipokine,
promotes TDSC osteogenic differentiation and heterotopic bone
formation (Jiang et al., 2018).

Nesfatin-1 is a secreted adipokine involved in feeding
behaviors and body weight control. Reportedly, nesfatin-1 plays
a regulatory role in patients with DM (Tekin and Cicek, 2019).
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FIGURE 6 | Nesfatin-1 accelerates the pathogenesis of heterotopic ossification in vivo. Sixty rats underwent Achilles tenotomy and were treated with Nesfatin-1
(10 ng/mL) and rapamycin (10 nmol/mL) for 8 weeks. Heterotopic bone formation was measured by micro-CT (A,E). HE staining (B), Safranin O staining (C) and
modified Masson staining (D) were performed for histological analysis. The values are expressed as the mean =+ standard deviation (SD). *p < 0.05, **p < 0.01 vs.
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DM has long been recognized as a well-known risk factor
for the pathogenesis of tendinopathy (Abate et al, 2012).
Nevertheless, no study has focused on the expression and effects
of nesfatin-1 in tendinopathy. Our study first demonstrated that
the NUCB?2 levels in tendon tissues from tendinopathy patients
were increased when compared with those from healthy controls.
In the animal model of tendinopathy, the expression of nesfatin-1
was increased when compared with the NC. Furthermore, we
investigated the mechanism of nesfatin-1 in the pathogenesis
of tendinopathy.

In the present study, we observed that nesfatin-1
demonstrated no adverse effect on the TDSC viability, but
reduced TDSC migration. Currently, evidence supports
that TDSC migration is indispensable for tendon wound
healing. During the tendon repair and regeneration process,
TDSCs can migrate to the site of injury, differentiate into
tenocytes, and replace the dysfunctional tenocytes involved
in the pathophysiological process (Kohler et al, 2013). We
observed that nesfatin-1 reduced the migration of TDSCs
at 48h significantly when compared with the control group.
Interestingly, previous studies have shown that the cytoskeleton
plays an important role during cell migration (Hohmann and
Dehghani, 2019). The regulation of the cytoskeleton is mediated
by monomeric G-actin, filamentous F-actin, and actin-associated
proteins (Rotty and Bear, 2014). To explore the mechanism
of adverse effects on migration, we investigated the effects of
nesfatin-1 on the cytoskeleton of TDSCs via phalloidin staining.
The results showed that the anisotropy of F-actin induced
by nesfatin-1 may change the cellular cytoskeleton. Base on
alterations in the cellular cytoskeleton induced by nesfatin-1, we
predicted that the ability of the cells to migrate was inhibited.

Besides self-renewal and migration, TDSCs can differentiate
and maintain tendon homeostasis (Bi et al., 2007; Ni et al., 2012).

In the pathological process of chronic tendinopathy, some
abnormal matrix components (e.g., hypervascularity, acquisition
of chondrocyte phenotypes, and calcification) are produced.
Previous studies have suggested that the erroneous differentiation
of TDSCs might result in depletion of the TDSC pool and
ectopic chondro-ossification (Zhang and Wang, 2010). We
observed that under the effect of nesfatin-1, TDSCs express
lower tenogenic markers, including Scx, Mkx, and Tnmd.
Notably, Scx, Mkx, and Tnmd are necessary for the maturation
of collagen fibrils, and thus, these proteins are tenogenic
markers. Scx, a basic helix-loop-helix (bHLH) transcription
factor, is highly expressed in TDSCs (Yoshimoto et al., 2017).
Murchison has reported that Scx—/— mutant mice suffer from
severe tendon defects (Murchison et al., 2007). Mkx regulates
type I collagen production and dramatically upregulates Scx
by binding to the Tgfb2 promoter (Murchison et al., 2007).
Liu observed that Mkx—/— mutant mice exhibited ectopic
ossification in their Achilles tendons (Liu et al., 2019). Tnmd, a
type II transmembrane glycoprotein, is predominantly expressed
in tendon tissues (Dex et al,, 2016). Docheva reported that
Tnmd—/— mutant mice exhibit delayed maturation of collagen
fibrils (Docheva et al., 2005). Our study revealed that nesfatin-1
significantly reduced the expression of the tenogenic markers,
Scx, Mkx, and Tnmd, in a dose-dependent manner. Furthermore,
our animal experiment verified that nesfatin-1 reduced the
expression of Tnmd in vivo. These results suggested that
nesfatin-1 may inhibit the production and maturation of collagen
fibrils in TDSCs.

HO is widely considered a pathological characteristic
of tendinopathy. Recent investigations have revealed that
the osteogenic differentiation of TDSCs participates in the
pathological process of tendon HO (Rothan et al., 2013; Jiang
et al.,, 2018; Han et al,, 2019). In the present study, we observed

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 547342


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu et al.

Nesfatin-1 Contributes to Tendinopathy

Tnmd positive cell rate(%)

*p < 0.05, “p < 0.01 vs. the control group. **p < 0.001.

HO+NES+RA

A NC HO
A 2 2 - .
3 ® . e S F
< - vy -
~ S / v
— B K A,
EE - ey e
NES - s s PR
. vy Zedl £
- '1/ ) . x ) 8.8
Ca oY
SN 2 vo g . Sl
6 AT AR 0
Z 100m LN e oo
B HO HO+RA HO+NES HO+NES+RA
’ Z = ~ Q \ 1 " N g -
3 NN A NN
R e ) . Ny \ / v VA N \
= . = S\ N \ /, \ :
g I SO \ of j \ \
RN AN P N \ | y/ )
Tonmd ' ° o : TPl B . . e ' \
ey AL 7 { / \ / \
/ N i \ J \
3 L ¥ S H b //’ A A <
. “ 4 A b VB i J S A ) 1 ’, / ’, \ X \ R |
NERAP S 4 w0 ) ! [ y i/ /I \ \
W iy XN v / \ . \ \
| Q ) 100m ) ; /* 10gum \ ) 0
c DAPI MERGE
& 80
s ek
£
380 _——
°
S
% 40
g 200pm 200um 200um
I®
8
g0
= & L
200um 200um
D axk
HO+NES
200pm 200pum
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that nesfatin-1 increased osteogenic gene (COLIA1, RUNX2, and
ALP) expression in TDSCs in vitro and promoted heterotopic
bone formation in Achilles tendinitis in vivo. These results
suggest that nesfatin-1 promotes the osteogenic differentiation of
TDSCs and the pathogenesis of HO in rat tendons.

It has been reported that autophagy plays a crucial role in
maintaining the self-renewal and stemness of TDSCs (Wu et al.,
2011; Hudgens et al., 2016; Xu et al., 2020). In our study,
we observed that nesfatin-1 reduced the ratio of LC3B/LC3A
and increased the expression of p62, which suggested that
Nesfatin-1 inhibited autophagy in TDSCs. In our previous
study, we have reported that the mTOR pathway is involved
in the pathological process of HO in TDSCs (Xu et al,
2020). Our data showed that nesfatin-1 significantly increased
the phosphorylation of mTOR and S6 in a dose-dependent
manner, indicating the role of mTOR pathway activation during
osteogenic differentiation in TDSCs. To inhibit mTOR, we
treated TDSCs with rapamycin, which inhibits mMTORC1 (Cong
et al., 2018). The western blot results showed that the nesfatin-
1-induced osteogenic differentiation of TDSCs was significantly
suppressed by rapamycin. In vivo, as expected, rapamycin
suppressed heterotopic bone formation when compared with
the HO group, which has been previously reported (Hino
et al., 2018; Valer et al., 2019). Nesfatin-1 increased heterotopic
bone formation and activation of mTOR signaling in the
tendon, both decreased by rapamycin. Immunofluorescence
and histological analysis both confirmed the consistent results
described above. Therefore, the underlying mechanism of
nesfatin-1 in the acceleration of TDSCs osteogenic differentiation
and HO in rat tendons is associated with the activation of the
mTOR pathway. Based on these result findings, we propose
the therapeutic potential of targeting nesfatin-1 to combat
tendinopathy in the future.

CONCLUSION

Collectively, our data showed that nesfatin-1 inhibits cell
migration, adversely affects tendon phenotypic maintenance, and
promotes the osteogenic differentiation of TDSCs. Nesfatin-1
promotes the pathogenesis of HO in tendons via the mTOR

REFERENCES

Andarawis-Puri, N., Flatow, E. L., and Soslowsky, L. J. (2015). Tendon basic
science: Development, repair, regeneration, and healing. J. Orthop. Res. 33,
780-784. doi: 10.1002/jor.22869

Burner, T., Gohr, C., Mitton-Fitzgerald, E., and Rosenthal, A. K. (2012).
Hyperglycemia reduces proteoglycan levels in tendons. Connect. Tissue Res. 53,
535-541. doi: 10.3109/03008207.2012.710670

Rothan, H. A., Suhaeb, A. M., and Kamarul, T. (2013). Recombinant human
adiponectin as a potential protein for treating diabetic tendinopathy promotes
tenocyte progenitor cells proliferation and tenogenic differentiation in vitro.
Int. J. Med. Sci. 10, 1899-1906. doi: 10.7150/ijms.6774

Longo, U. G., Ronga, M., and Maffulli, N. (2018). Achilles Tendinopathy. Sports
Med. Arthrosc. Rev. 26, 16-30.

Jiang, H., Chen, Y., Chen, G., Tian, X., Tang, J., Luo, L., et al. (2018). Leptin
accelerates the pathogenesis of heterotopic ossification in rat tendon tissues via
mTORCI signaling. J. Cell. Physiol. 233, 1017-1028. doi: 10.1002/jcp.25955

pathway. These findings offer a potential therapeutic target
for tendinopathy.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Ethics Committee of The Second
Affiliated Hospital, School of Medicine, Zhejiang University,
Hangzhou, China. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

L], YX, and LW conceived and designed the study. KX, ZZ, MC,
SM, and YH acquired, analyzed, and interpreted the data. ZZ
drafted and edited the manuscript. All authors aided in revising
this manuscript for intellectual content and approved the final
version to be published.

FUNDING

This study is funded by the Natural Science Foundation
of Zhejiang Province (SD19H060002) and the National
Natural Science Foundation of China (81871793,
82001458, and 81572173).

ACKNOWLEDGMENTS

The authors would like to thank the Natural Science Foundation
of Zhejiang Province and the National Natural Science
Foundation of China for financial Support.

Zhang, K., Zhang, S., Li, Q., Yang, J., Dong, W., Wang, S., et al. (2014). Effects of
celecoxib on proliferation and tenocytic differentiation of tendon-derived stem
cells. Biochem. Biophys. Res. Commun. 450, 762-766. doi: 10.1016/j.bbrc.2014.
06.058

Xu, L, Xu, K,, Wu, Z,, Chen, Z, He, Y., Ma, C,, et al. (2020). Pioglitazone
attenuates advanced glycation end products-induced apoptosis and calcification
by modulating autophagy in tendon-derived stem cells. J. Cell. Mol. Med. 24,
2240-2251. doi: 10.1111/jemm.14901

Bauer, A.-T., von Lukowicz, D., Lossagk, K., Hopfner, U., Kirsch, M., Moog, P.,
et al. (2019). Adipose Stem Cells from Lipedema and Control Adipose Tissue
Respond Differently to Adipogenic Stimulation In Vitro. Plastic Reconstr. Surg.
144, 623-632. doi: 10.1097/prs.0000000000005918

Li, Z., Xu, G, Li, Y., Zhao, J., Mulholland, M. W., and Zhang, W. (2012). mTOR-
dependent modulation of gastric nesfatin-1/NUCB2. Cell. Physiol. Biochem. 29,
493-500. doi: 10.1159/000338503

Wu, D, Yang, M., Chen, Y., Jia, Y., Ma, Z. A., Boden, G., et al. (2014). Hypothalamic
nesfatin-1/NUCB2 knockdown augments hepatic gluconeogenesis that is

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 547342


https://doi.org/10.1002/jor.22869
https://doi.org/10.3109/03008207.2012.710670
https://doi.org/10.7150/ijms.6774
https://doi.org/10.1002/jcp.25955
https://doi.org/10.1016/j.bbrc.2014.06.058
https://doi.org/10.1016/j.bbrc.2014.06.058
https://doi.org/10.1111/jcmm.14901
https://doi.org/10.1097/prs.0000000000005918
https://doi.org/10.1159/000338503
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu et al.

Nesfatin-1 Contributes to Tendinopathy

correlated with inhibition of mMTOR-STAT3 signaling pathway in rats. Diabetes
63, 1234-1247. doi: 10.2337/db13-0899

Li, Q. C., Wang, H. Y., Chen, X,, Guan, H. Z., and Jiang, Z. Y. (2010). Fasting plasma
levels of nesfatin-1 in patients with type 1 and type 2 diabetes mellitus and the
nutrient-related fluctuation of nesfatin-1 level in normal humans. Regul. Pept.
159, 72-77. doi: 10.1016/j.regpep.2009.11.003

Aslan, M., Celik, O., Celik, N., Turkcuoglu, I., Yilmaz, E., Karaer, A., et al. (2012).
Cord blood nesfatin-1 and apelin-36 levels in gestational diabetes mellitus.
Endocrine 41, 424-429. doi: 10.1007/s12020-011-9577-8

Aydeniz, A., Gursoy, S., and Guney, E. (2008). Which musculoskeletal
complications are most frequently seen in type 2 diabetes mellitus? J. Int. Med.
Res. 36, 505-511. doi: 10.1177/147323000803600315

de Oliveira, R. R., Lemos, A., de Castro Silveira, P. V., da Silva, R. J., and de
Moraes, S. R. (2011). Alterations of tendons in patients with diabetes mellitus:
a systematic review. Diab. Med. 28, 886-895. doi: 10.1111/j.1464-5491.2010.
03197.x

Zhai, T., Li, S. Z., Fan, X. T,, Tian, Z., Lu, X. Q., and Dong, J. (2017). Circulating
Nesfatin-1 Levels and Type 2 Diabetes: A Systematic Review and Meta-Analysis.
J. Diab. Res. 2017:7687098.

Lu, Q. B, Wang, H. P, Tang, Z. H., Cheng, H.,, Du, Q., Wang, Y. B,, et al. (2018).
Nesfatin-1 functions as a switch for phenotype transformation and proliferation
of VSMCs in hypertensive vascular remodeling. Biochimica Biophysica Acta
Mol. Basis Dis. 1864(6 Pt A), 2154-2168. doi: 10.1016/j.bbadis.2018.04.002

Ogata, Y., Mabuchi, Y., Shinoda, K., Horiike, Y., Mizuno, M., Otabe, K., et al.
(2018). Anterior cruciate ligament-derived mesenchymal stromal cells have a
propensity to differentiate into the ligament lineage. Regener. Ther. 8, 20-28.
doi: 10.1016/j.reth.2017.12.001

Wang, W., He, A, Zhang, Z., Zhang, W., Zhou, G., Cao, Y., et al. (2015).
Induction of transient tenogenic phenotype of high-density cultured human
dermal fibroblasts. Connect. Tissue Res. 56, 288-299. doi: 10.3109/03008207.
2015.1023433

Tang, D. D., and Gerlach, B. D. (2017). The roles and regulation of the actin
cytoskeleton, intermediate filaments and microtubules in smooth muscle cell
migration. Respir. Res. 18:54.

Valles, G., Bensiamar, F., Maestro-Paramio, L., Garcia-Rey, E., Vilaboa, N.,
and Saldana, L. (2020). Influence of inflammatory conditions provided by
macrophages on osteogenic ability of mesenchymal stem cells. 11, 57.

Gong, L., Zhao, Y., Zhang, Y., and Ruan, Z. (2016). The Macrophage Polarization
Regulates MSC Osteoblast Differentiation in vitro. Ann. Clin. Lab. Sci. 46,
65-71.

Berendsen, A. D., and Olsen, B. R. (2015). Bone development. Bone 80, 14-18.
doi: 10.1016/j.bone.2015.04.035

Dai, X. Y., Zhao, M. M., Cai, Y., Guan, Q. C., Zhao, Y., Guan, Y., et al
(2013). Phosphate-induced autophagy counteracts vascular calcification by
reducing matrix vesicle release. Kidney Int. 83, 1042-1051. doi: 10.1038/ki.
2012.482

Liu, Y., Drozdov, L, Shroff, R, Beltran, L. E., and Shanahan, C. M. (2013). Prelamin
A accelerates vascular calcification via activation of the DNA damage response
and senescence-associated secretory phenotype in vascular smooth muscle cells.
Circul. Res. 112,99-10%¢.

Mizushima, N., and Yoshimori, T. (2007). How to interpret LC3 immunoblotting.
Autophagy 3, 542-545. doi: 10.4161/auto.4600

Lee, H. M., Shin, D. M., Yuk, J. M., Shi, G., Choi, D. K,, Lee, S. H., et al.
(2011). Autophagy negatively regulates keratinocyte inflammatory responses
via scaffolding protein p62/SQSTML. J. Immunol. 186, 1248-1258. doi: 10.4049/
jimmunol.1001954

Castro, A d A E, Skare, T. L., Nassif, P. A. N., Sakuma, A. K., and Barros,
W. H. (2016). Tendinopathy And Obesity. ABCD Arquivos Brasileiros Cirurgia
Digestiva 29(Suppl. 1), 107-110.

Kershaw, E. E., and Flier, J. S. (2004). Adipose tissue as an endocrine organ. J. Clin.
Endocrinol. Metab. 89, 2548-2556.

Tekin, T., and Cicek, B. (2019). Regulatory Peptide Nesfatin-1 and its Relationship
with Metabolic Syndrome. Eurasian ]. Med. 51, 280-284. doi: 10.5152/
eurasianjmed.2019.18420

Abate, M., Schiavone, C., Di Carlo, L., and Salini, V. (2012). Achilles tendon and
plantar fascia in recently diagnosed type II diabetes: role of body mass index.
Clin. Rheumatol. 31, 1109-1113. doi: 10.1007/s10067-012-1955-y

Kohler, J., Popov, C., Klotz, B., Alberton, P., Prall, W. C., Haasters, F., et al. (2013).
Uncovering the cellular and molecular changes in tendon stem/progenitor
cells attributed to tendon aging and degeneration. Aging Cell 12, 988-999.
doi: 10.1111/acel. 12124

Hohmann, T., and Dehghani, F. (2019). The Cytoskeleton-A Complex Interacting
Meshwork. Cells 8:362. doi: 10.3390/cells8040362

Rotty, J. D., and Bear, J. E. (2014). Competition and collaboration between
different actin assembly pathways allows for homeostatic control of the actin
cytoskeleton. Bioarchitecture 5, 27-34. doi: 10.1080/19490992.2015.1090670

Bi, Y., Ehirchiou, D., Kilts, T. M., Inkson, C. A., Embree, M. C., Sonoyama, W.,
et al. (2007). Identification of tendon stem/progenitor cells and the role of
the extracellular matrix in their niche. Nat. Med. 13, 1219-1227. doi: 10.1038/
nm1630

Ni, M., Lui, P. P., Rui, Y. F,, Lee, Y. W., Lee, Y. W, Tan, Q., et al. (2012). Tendon-
derived stem cells (TDSCs) promote tendon repair in a rat patellar tendon
window defect model. J. Orthop. Res. 30, 613-619. doi: 10.1002/jor.21559

Zhang, J., and Wang, J. H. (2010). Characterization of differential properties of
rabbit tendon stem cells and tenocytes. BMC Musculoskelet Disord. 11:10. doi:
10.1186/1471-2474-11-10

Yoshimoto, Y., Takimoto, A., Watanabe, H., Hiraki, Y., Kondoh, G., and
Shukunami, C. (2017). Scleraxis is required for maturation of tissue domains
for proper integration of the musculoskeletal system. Sci. Rep. 7:45010.

Murchison, N. D, Price, B. A., Conner, D. A,, Keene, D. R, Olson, E. N., Tabin,
C.J., etal. (2007). Regulation of tendon differentiation by scleraxis distinguishes
force-transmitting tendons from muscle-anchoring tendons. Development 134,
2697-2708. doi: 10.1242/dev.001933

Liu, H,, Xu, J.,, and Jiang, R. (2019). Mkx-Deficient Mice Exhibit Hedgehog
Signaling-Dependent Ectopic Ossification in the Achilles Tendons. J. Bone
Mineral Res. 34, 557-569. doi: 10.1002/jbmr.3630

Dex, S., Lin, D., Shukunami, C., and Docheva, D. (2016). Tenogenic modulating
insider factor: Systematic assessment on the functions of tenomodulin gene.
Gene 587, 1-17. doi: 10.1016/j.gene.2016.04.051

Docheva, D., Hunziker, E. B., Fassler, R., and Brandau, O. (2005). Tenomodulin is
necessary for tenocyte proliferation and tendon maturation. Mol. Cell. Biol. 25,
699-705. doi: 10.1128/mcb.25.2.699-705.2005

Han, P., Cui, Q,, Lu, W,, Yang, S., Shi, M., Li, Z., et al. (2019). Hepatocyte growth
factor plays a dual role in tendon-derived stem cell proliferation, migration, and
differentiation. J. Cell. Physiol. 234, 17382-17391. doi: 10.1002/jcp.28360

Wu, B., Chen, J., Dela Rosa, T., Yu, Q., Wang, A., Xu, ], et al. (2011). Cellular
response and extracellular matrix breakdown in rotator cuff tendon rupture.
Arch. Orthop. Trauma surg. 131, 405-411. doi: 10.1007/s00402-010-1157-5

Hudgens, J. L., Sugg, K. B., Grekin, J. A., Gumucio, J. P., Bedi, A., and Mendias, C. L.
(2016). Platelet-Rich Plasma Activates Proinflammatory Signaling Pathways
and Induces Oxidative Stress in Tendon Fibroblasts. Am. J. Sports Med. 44,
1931-1940. doi: 10.1177/0363546516637176

Cong, X. X,, Rao, X. S, Lin, J. X,, Liu, X. C,, Zhang, G. A., Gao, X. K,, et al. (2018).
Activation of AKT-mTOR Signaling Directs Tenogenesis of Mesenchymal Stem
Cells. Stem Cells 36, 527-539. doi: 10.1002/stem.2765

Valer, J. A., Sanchez-de-Diego, C., Gamez, B., Mishina, Y., Rosa, J. L., and Ventura,
F. (2019). Inhibition of phosphatidylinositol 3-kinase alpha (PI3Kalpha)
prevents heterotopic ossification. EMBO Mol. Med. 11:¢10567.

Hino, K., Zhao, C., Horigome, K., Nishio, M., Okanishi, Y., Nagata, S., et al.
(2018). An mTOR Signaling Modulator Suppressed Heterotopic Ossification
of Fibrodysplasia Ossificans Progressiva. Stem Cell Rep. 11, 1106-1119. doi:
10.1016/j.stemcr.2018.10.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Xu, Zhang, Chen, Moqbel, He, Ma, Jiang, Xiong and Wu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 547342


https://doi.org/10.2337/db13-0899
https://doi.org/10.1016/j.regpep.2009.11.003
https://doi.org/10.1007/s12020-011-9577-8
https://doi.org/10.1177/147323000803600315
https://doi.org/10.1111/j.1464-5491.2010.03197.x
https://doi.org/10.1111/j.1464-5491.2010.03197.x
https://doi.org/10.1016/j.bbadis.2018.04.002
https://doi.org/10.1016/j.reth.2017.12.001
https://doi.org/10.3109/03008207.2015.1023433
https://doi.org/10.3109/03008207.2015.1023433
https://doi.org/10.1016/j.bone.2015.04.035
https://doi.org/10.1038/ki.2012.482
https://doi.org/10.1038/ki.2012.482
https://doi.org/10.4161/auto.4600
https://doi.org/10.4049/jimmunol.1001954
https://doi.org/10.4049/jimmunol.1001954
https://doi.org/10.5152/eurasianjmed.2019.18420
https://doi.org/10.5152/eurasianjmed.2019.18420
https://doi.org/10.1007/s10067-012-1955-y
https://doi.org/10.1111/acel.12124
https://doi.org/10.3390/cells8040362
https://doi.org/10.1080/19490992.2015.1090670
https://doi.org/10.1038/nm1630
https://doi.org/10.1038/nm1630
https://doi.org/10.1002/jor.21559
https://doi.org/10.1186/1471-2474-11-10
https://doi.org/10.1186/1471-2474-11-10
https://doi.org/10.1242/dev.001933
https://doi.org/10.1002/jbmr.3630
https://doi.org/10.1016/j.gene.2016.04.051
https://doi.org/10.1128/mcb.25.2.699-705.2005
https://doi.org/10.1002/jcp.28360
https://doi.org/10.1007/s00402-010-1157-5
https://doi.org/10.1177/0363546516637176
https://doi.org/10.1002/stem.2765
https://doi.org/10.1016/j.stemcr.2018.10.007
https://doi.org/10.1016/j.stemcr.2018.10.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Nesfatin-1 Promotes the Osteogenic Differentiation of Tendon-Derived Stem Cells and the Pathogenesis of Heterotopic Ossification in Rat Tendons via the mTOR Pathway
	Introduction
	Materials and Methods
	Reagents
	Patients
	Cell Culture and Osteogenic Differentiation
	Identification of Surface Markers
	Multipotency Analysis
	Cell Viability Analysis
	Scratch Assay
	Quantitative Real-time PCR (qRT-PCR) Analysis
	Western Blot Analysis
	Phalloidin Staining and Quantitative Analysis of Fluorescent Images
	Alkaline Phosphatase (ALP) Staining
	Alizarin Red Staining
	Animal Model
	Micro-CT Analyses
	Histological Analysis
	Immunofluorescence
	Immunohistochemistry
	Statistical Analyses

	Results
	Isolation and Identification of TDSCs
	Cell Viability Assay
	Effect of Nesfatin-1 on TDSCs Phenotype Maintenance and Cytoskeleton
	Nesfatin-1 Promotes the Osteogenic Differentiation of TDSCs in vitro
	The Effect of Nesfatin-1 on Osteogenic Differentiation and Autophagy via the Mammalian Target of Rapamycin (mTOR) Pathway
	Nesfatin-1 Accelerates the Pathogenesis of Heterotopic Ossification Through the mTOR Pathway in vivo

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


