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Abstract

Background: Heterotopic ossification (HO) is a common complication of muscle and tendon injury, but its underlying mechanism is
currently unclear. Melatonin (MT), a hormone mainly secreted by the pineal gland, plays a key role in the pathogenesis of skeletal dis-
eases. This study aimed to investigate the effects and potential mechanisms of melatonin on the differentiation of tendon-derived stem
cells (TDSC) and development of tendon HO.Methods: We employed in vivo and in vitro assays to assess the effects of melatonin and
its receptors on TDSC differentiation, specifically focusing on chondrogenic and osteogenic pathways involved in ectopic ossification.
Additionally, we investigated the activation of the mTOR complex 1 (mTORC1) pathway by melatonin and its impact on chondroge-
nesis and osteogenesis in TDSC. The influence of antioxidant enzyme expression and reactive oxygen species (ROS) modulation was
analyzed, with a particular focus on Sirtuin 1 (SIRT1) activation, as a mechanism to mediate antioxidative effects and regulate osteogenic
differentiation. Results: Our findings demonstrate that melatonin and its receptors significantly contribute to chondrogenesis and os-
teogenesis during ectopic ossification. Melatonin was observed to activate the mTORC1 pathway, which promoted chondrogenic and
osteogenic differentiation in TDSC, accelerating the progression of HO. Inhibiting the mTORC1 pathway reduced melatonin-induced HO
in a mouse model, indicating the pathway’s essential role in this process. Furthermore, melatonin enhanced the expression of antioxidant
enzymes, thereby reducing ROS levels and enhancing TDSC osteogenic differentiation potential through SIRT1 activation. Suppression
of SIRT1 activation in vivo mitigated HO progression, highlighting its role in oxidative stress regulation and osteogenic differentiation.
Conclusions: These findings suggest that melatonin accelerates HO by activating the mTORC1 pathway to promote chondrogenic and
osteogenic differentiation of TDSC. Additionally, melatonin’s antioxidative effect, mediated through SIRT1 activation, preserves TDSC
osteogenic potential in the early stages of injury. This study identifies mTORC1 and SIRT1 as potential therapeutic targets for the
prevention and management of HO, offering new insights into the molecular mechanisms of HO development and treatment strategies.
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Introduction

Heterotopic ossification (HO) is a pathological pro-
cess characterized by increased osteogenesis of soft tissues
outside the normal bone. It is often caused by trauma, burns,
tissue injuries and joint replacement [1]. HO often involves
muscles, tendons, ligaments and soft tissues around joints,
causing chronic pain, reducing range of motion of joints,
and even leading to disability [2]. Due to the lack of un-

derstanding of its pathogenesis, there is no reliable treat-
ment strategy to inhibit ectopic ossification onset. Cur-
rently, non-steroidal anti-inflammatory drugs and low-dose
radiotherapy are the commonly used methods for prevent-
ing HO. However, they increase the risk of bone nonunion
and cancer [3]. Although the only effective treatment op-
tion for mature ectopic bone tissue is surgical resection, it
is associated with surgical trauma, postoperative recurrence
and other problems, making it a less-effective approach [4].
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Therefore, there is an urgent need to understand the patho-
genesis of HO and develop new prevention and treatment
strategies.

Recently, a new kind of tendon cell, referred to as
tendon-derived stem cells (TDSC), has been discovered
[5,6]. TDSC has a potential for self-replication and multi-
directional differentiation. Previous data have shown that
the TDSC can differentiate into adipocytes, osteocytes and
chondrocytes under suitable conditions [7]. The formation
of ectopic ossification has been shown to be closely re-
lated to abnormal differentiation of mesenchymal stem cells
(MSCs) into osteocytes and chondrocytes rather than mus-
cle cells or tenocytes under regulation of various signals
[8,9].

Therefore, disruption of neuroendocrine signals in
bone metabolism is thought to be a new starting point for
occurrence of ectopic ossification [10]. Many studies have
reported increased expression of substance P, leptin, neu-
rotrophic factor 3 and other neuropeptides during the de-
velopment of ectopic ossification, and these factors influ-
ence its progression [11–13]. Melatonin (MT) is mainly
synthesized at night in the pineal gland and participates
in various physiological functions, including cell apopto-
sis, anti-aging and other physiological functions [14–16].
Recent data have demonstrated that melatonin can modu-
late osteogenic differentiation of MSCs and contribute to
osteoporosis and fracture healing [17,18]. In our earlier
studies, we demonstrated that melatonin promotes ectopic
osteogenesis by regulating endothelial-mesenchymal trans-
formation after tendon injury [19]. However, the effect
of melatonin on osteogenic and chondro-genic differenti-
ation of TDSC and its mechanism remain poorly defined.
mTOR complex 1 (mTORC1) has been reported to play
an important role in postnatal osteogenesis and bone re-
modeling [20]. Activation of mTORC1 promotes the dif-
ferentiation of recruited mesenchymal stem cells into ma-
ture osteoblasts, whereas inhibition ofmTORC1 diminishes
osteogenesis [21]. Our previous study demonstrated that
mTORC1 signaling facilitates the chondrogenic differenti-
ation of TDSC in HO [22]. This mechanism may elucidate
the role of melatonin in the pathogenesis of HO.

It has been suggested that oxidative stress participates
in cell senescence and apoptosis in skeletal diseases [23].
Oxidative stress at the injured site is an early feature of
HO [24]. Accumulation of inflammatory mediators in-
evitably leads to local oxidative stress in the very early
stages of injury [25]. Increased oxidative stress leads to
osteoblast inhibition and disruption of the bone formation
process [26]. Sirtuin 1 (SIRT1) is a nicotinamide (NAM)
adenine dinucleotide-dependent sirtuin involved in many
important cellular and physiological processes. It deacety-
lates key transcription factors, enzymes and proteins [27].
Previous data showed that SIRT1 exerts cell antioxidation
effects [28–30]. A recent study demonstrated that activa-
tion of SIRT1 attenuated injury-induced HO by suppress-

ing the inflammatory response of macrophages [31]. More-
over, it has been suggested that SIRT1 may be involved in
melatonin-mediated determination of stem cell fate in os-
teoporosis bone marrow adiposity [32]. However, the an-
tioxidant role of SIRT1 in melatonin-regulated HO forma-
tion is still not fully understood.

In this study, we investigated the effect of mela-
tonin on the chondrogenic and osteogenic differentiation
of TDSC in vitro. In vivo experiments were conducted to
explore its pathogenesis and investigate the antioxidant ef-
fect of SIRT1 during heterotopic ossification and the role of
melatonin.

Materials and Methods
Animals and Treatment

A group of 6-week-old male C57/B6 mice were
obtained from Guangdong Experimental Animal Center
(Guangzhou, China). After 8-week-old mice were anes-
thetized, bilateral calves of the mice were disinfected, and
then the medial skin of the Achilles tendon was cut longi-
tudinally to separate the tissue around the tendon to avoid
damaging important nerves and vessels. The midpoint of
the Achilles tendon tissue was completely severed under
direct vision. The skin was sutured, and then the mice
were resuscitated in a metal pot at 30 °C after the opera-
tion. The mice were returned to their cages after success-
ful revival. After surgery, the mice were randomly divided
into 4 groups: HO group (ip: 0.2 mL saline), MT group (ip:
MT (0.05 mg/kg/day, MCE, Shanghai, China, HY-B0075)),
luzindole (LUZ) group (ip: MT (0.05 mg/kg/day) + LUZ
(0.01 mg/kg/day, MCE, HY-101254)), and rapamycin (RA)
group (ip: MT (0.05 mg/kg/day) + RA (0.1 mg/kg/day,
MCE, HY-10219)), 18 in each group only. Six mice from
each group were collected at intervals of 4, 8, and 12 weeks.

Cell Culture

Achilles tendon tissue from 4-week-old mice was ex-
cised and incubated with collagenase type I (3 mg/mL,
Gibco, NY, USA, 17100017) at 37 °C for 3 hours, fol-
lowed by isolation of tenocytes. A 7-day culture of TDSC
was performed in DMEM (Dulbecco’s modified Eagle’s
medium, Gibco, NY, USA, C11995500BT) containing 100
units/mL penicillin and 100 g/mL streptomycin with 20 %
fetal bovine serum (Gibco, NY, USA, 10099141C). These
cells were used in P3.

Osteogenesis In Vitro

A 14-day incubation period in osteogenic induction
medium (DMEM medium supplemented with 50 µmol/L
ascorbic acid, 0.1 µmol/L dexamethasone, and 10 mmol/L
β-glycerol phosphate) was used to induce osteogenic differ-
entiation. The medium was supplemented with melatonin
(1, 10 and 100 ng/mL) while control cells were grown in
medium containing dimethyl sulfoxide (DMSO).

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v049a06


www.ecmjournal.org 57

European Cells and Materials Vol.49 2025 (pages 55–70) DOI: 10.22203/eCM.v049a06

Chondrogenesis
TDSC (2.5× 105) were placed in a 15 mL polypropy-

lene tube and centrifuged to pellet. The pellets were cul-
tured for 21 days in chondrogenic medium (low-glucose
DMEM supplemented 1 % Insulin-Transferrin-Selenium
(ITS, BD, Franklin Lakes, NJ, USA, 354351), 50 µg/mL
vitamin C (Sigma-Aldrich, St. Louis, MO, USA, A5960),
10 nM dexamethasone (Wako, Tokyo, Japan, 041-18861),
1 mM pyruvate, and 10 ng/mL TGF-β3 (NovoProtein,
Suzhou, China, CJ44-50) to achieve chondrogenic differ-
entiation. The medium was changed every 2–3 days.

Cell Activity Analysis
We analyzed the cytotoxicity of melatonin on TDSC

using the CCK-8 (Biosharp, Beijing, China, BS350C)
method. TDSC (1 × 104) were inoculated into 96-well
plates and treated with melatonin for 48 hours. We per-
formed the CCK-8 assay following the manufacturer’s rec-
ommendations to ascertain the cell survival rate.

ALP and Alizarin Red S (ARS) Cell Staining Assay
After induction of osteogenesis, TDSC were washed

with PBS and fixed with 4 % paraformaldehyde for 30 min.
They were then grown in osteogenic medium for 14 days
and stained with ALP for osteogenesis. After 21 days of
culture, for 40 min at 37 °C, 2 % alizarin red S dye solution
(Solarbio, Beijing, China, G8550) was used to assessmatrix
mineralization.

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Quantitative RT-PCR was performed to determine the
effect of different treatments on gene expression of Achilles
tendon and cultured cells. Briefly, total RNA was extracted
from tissues using TRIZOL reagent (Sigma-Aldrich, St.
Louis, MO, USA, T9424), followed by cDNA synthesis
using Prime Kit (TaKaRa, Osaka, Japan, RR037A). Quan-
titative RT-PCR was performed using the Takara ExTaqII
kit according to the manufacturer’s instructions. Primers
were purchased from Beijing Tsingke Biotech Co., Ltd.
(Guangzhou, China), and the primer sequences of mR-
NAs used are shown in Supplementary Table 1. Expres-
sion levels were normalised to endogenous GAPDH, and
fold changes in relative gene levels were calculated by the
2−∆∆Ct method.

Western Blot Analysis
To extract proteins fromTDSC, cells were lysed for 30

min using a Radio-Immunoprecipitation Assay (RIPA) Ly-
sis Buffer containing protease and phosphatase inhibitors.
Protein samples were separated on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE). Sub-
sequently, the membrane was blocked in skim milk and
then incubated overnight at 4 °C with the following mono-
clonal antibodies: COL2A1 (1:1000, Servicebio, Wuhan,

China, sc377386), SOX9 (1:1000, abcam, Cambridge,
MA, USA, ab185230), ACTB (1:50000, ABclonal, Wuhan,
China, AC026), pS6 (1:1000, CST, Boston, MA, USA,
#4858), S6 (1:1000, ABclonal, Wuhan, China, A6058),
pS6K1 (1:1000, ABclonal, Wuhan, China, AP0253), S6K1
(1:1000, ABclonal, Wuhan, China, A6058), RUNX2
(1:1000, AffinityBiosciences, SanAntonio, TX, USA,
AF5186), ALP (1:1000, ABclonal, Wuhan, China, A1239),
OSX (1:1000, ABclonal, Wuhan, China, A18699) or OPN
(1:1000, ABclonal, Wuhan, China, A1361). The mem-
brane was exposed to chemiluminescence using enhanced
chemiluminescence (Tanon, Shanghai, China, 5200) sys-
tem. Gray values of Western blot bands for control and ex-
perimental groups were measured using Image-J software
(NIH Image J system, Bethesda, MD, USA, V1.8.0). Pro-
tein levels were estimated by dividing the gray values of the
target protein by those of the internal reference protein, with
results for the experimental group expressed as fold change
relative to the control group.

Assessment and Measurement of ROS
The 2′,7′-dichlorodihydrofluorescein diacetate

(DCFH-DA) was used as a fluorescence probe to evaluate
reactive oxygen species (ROS) production in TDSC. TDSC
were cultured in 24-well plates, and then the medium was
replaced with α-MEM enriched with or without H2O2 (10
µM) or melatonin (100 ng/mL). Cells were incubated in
the dark with DCFH-DA diluted to 10 µm for 25 min at
37 °C. They were then washed 3 times in PBS, and the
fluorescence intensity was recorded at 488 nm.

Immunostaining Assay
Tissue samples from the Achilles tendon were fixed

with 0.1 M phosphate buffer containing 4 % paraformalde-
hyde. The fixed tendon tissue was soaked in 10% ethylene-
diamine tetra acetic acid (pH7.0) for 25 days, decalci-
fied, embedded in paraffin. It was then sectioned with
paraffin (4 µm thick). To perform immunohistochem-
ical staining, the tendon segments were rehydrated and
then incubated for 10 min in 3 % H2O2 to suppress en-
dogenous peroxidase activity. Sections were subsequently
treatedwith primary antibodies: RUNX2 (1:100, ABclonal,
Wuhan, China, A2851), SOX9 (1:50, ABclonal, Wuhan,
China, A19710), MTR1 (1:100, Huabio, Hangzhou, China,
ER191296), MTR2 (1:200, abcam, Cambridge, MA, USA,
ab203346), pS6 (1:100, CST, Boston, MA, USA, #4858)
and kept at 4 °C overnight. This was followed by three
washes with tris-buffered saline (TBS). Next, the secondary
antibody and enzyme-labeled secondary antibody were ap-
plied at room temperature. Finally, the sections were visu-
alized using Diaminobenzidine (DAB, Proteintech, Wuhan,
China, PR30010) and results were observed under a light
microscope.
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Fig. 1. The role of melatonin in HO formation. (A) HE staining images showing morphological changes at 4, 8, and 12 weeks
after surgery. IHC images showing the expression of melatonin receptor (MTR1 and MTR2) at 4, 8, and 12 weeks after surgery. (B)
Quantitative analysis of MTR2-positive cells at each time point after the operation. (C) Quantitative analysis of MTR1-positive cells
at each time point after the operation. (D) Changes of serum melatonin concentrations in mice in the control and experimental groups.
(E) Confocal images showing immunostaining of SOX9 (red) and MTR (green) merged with DAPI (blue) for adjacent tissue sections.
(F) Confocal images showing immunostaining images for RUNX2 (red) and MTR (green) merged with DAPI (blue) in adjacent tissue
sections. Scale bar = 50 µm. All data represent the mean ± SD. n = 6. ns, not significant, #p < 0.01. MTR, melatonin receptor; HO,
heterotopic ossification; SD, standard deviation; IHC, immunohistochemistry; HE, hematoxylin-eosin.
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Fig. 2. Melatonin promotes the osteogenic differentiation of TDSC in vitro. (A) Identification of TDSC. Blue fluorescence shows
nuclei; Green fluorescence shows OCT-4; Red fluorescence shows SSEA-4; Merge image shows cells co-expressing OCT-4 and SSEA-4.
Scale bar = 50 µm. (B–F) Quantitative RT-PCR assays for expression of osteogenesis-specific genes Ocn, Osx, Alp, Runx2, and Opn.
(G-L) Western blot analysis of OCN, OSX, ALP, RUNX2, and OPN. (M) Alizarin red and ALP staining of TDSC. Scale bar = 50 µm.
All data represent the mean± SD. n = 3. ns, not significant, *p< 0.05 and #p< 0.01. MT, melatonin; LUZ, luzindole; RA, rapamycin;
TDSC, tendon-derived stem cells; RT-PCR, reverse transcription-polymerase chain reaction; ARS, alizarin red S.
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The Analysis of Micro-Computed Tomography (Micro-CT)

Limbs of animals from the experimental and control
groups were scanned using a Micro-CT (San-coMedical,
Brutiseren, Switzerland, CT-80), and then the volume of
HO was measured. The specimens were divided into sec-
tions with an average thickness of 20 microns. The scan-
ning voltage was 60 kV while the current was 150 µA. The
volume of HO was calculated by 3D reconstruction using a
Micro-CT system software.

Statistical Analysis

All results were analyzed with GraphPad Prism 8.0.2
software (Graph-Pad Software, San Diego, CA, USA).
Two-tailed Student’s t-test was applied to the comparison
between the two groups. One-way analysis of variance
(One-way ANOVA) was used for multiple group compar-
isons. The statistically significant differences were shown,
and differences at p < 0.05 were considered significant.
The data are presented as the means ± standard deviation
(SD).

Results
Roles of the Melatonin Receptors in HO Formation

The histological staining of the mice specimens at 4, 8
and 12weeks after Achilles tendon injury (Fig. 1A) showed
that formation of HO after Achilles tendon injury was an
endochondral ossification process. In the early stage of ec-
topic ossification (4 weeks), cartilage was formedmainly in
the Achilles tendon. In the middle stage of ectopic ossifi-
cation (4–8 weeks), the cartilage was gradually replaced by
bone, while in the late stage of ectopic ossification (8–12
weeks), the bone matured and gradually became enlarged.
To determine the effect of melatonin and its receptors on
the formation of HO after Achilles tendon injury, different
melatonin receptors (MTR) were stained with anti-MTR1
and MTR2 antibodies at 4, 8 and 12 weeks after the in-
jury. The data demonstrated significant increase in the ex-
pression of MTR1 and MTR2 receptors after the Achilles
tendon injury (Fig. 1A–C), suggesting that melatonin re-
ceptor may play important roles in the formation of HO.
Besides, the concentration of melatonin in the serum of the
experimental and control groups was analyzed by enzyme
linked immunosorbent assay (ELISA). The immunohisto-
chemical staining results were in line with the findings re-
lated to HO. They demonstrated substantially elevated lev-
els of melatonin in the experimental group compared to the
control group. Moreover, the concentration of melatonin
was significantly higher in the 8th week as opposed to the
4th and 12th weeks (Fig. 1D). These observations indicate
a significant surge in melatonin levels in mice during the
HO process following Achilles tendon amputation, particu-
larly at the 8-week point after model establishment. In addi-
tion, to define the relationship between melatonin receptor
in chondrogenesis and osteogenic differentiation, we per-

formed immunofluorescence (IF) double labeling staining
on the Achilles tendon injured mice (Fig. 1E–F). The re-
sults showed that SOX9, a chondrogenic marker, and OCN,
an osteogenic marker, were co-localized with melatonin
receptors. These data suggested that melatonin receptor
might participate in endochondral ossification during HO.

Isolation and Identification of TDSC

TDSC were cultured in DMEM media. Initially, as
shown in Fig. 2A, morphological analysis and IF stain-
ing with OCT-4 and SSEA-4 antibodies were performed to
identify primary cells.

Melatonin Promotes the Osteogenic Differentiation of
TDSC

The expression of osteogenic markers OCN, OSX,
ALP, RUNX2 and OPN in vitro following melatonin stim-
ulation was examined. We observed that melatonin sig-
nificantly increased Ocn, Osx, Alp, Runx2, and Opn ex-
pression as indicated by the RT-PCR results (Fig. 2B–F).
Western blot assays showed that the protein levels of OCN,
OSX, ALP, RUNX2 and OPN were comparable to those
obtained by RT-PCR (Fig. 2G–L). Furthermore, a stain-
ing with alizarin red and alkaline phosphatase revealed that
melatonin enhanced osteogenic differentiation of the TDSC
(Fig. 2M).

Melatonin Promotes the Chondrogenic Differentiation of
TDSC

TDSC were subjected to chondrogenic induction for
7, 14, and 21 days at varying melatonin concentrations
(0, 1, 10, and 100 ng/mL). We then analyzed genes as-
sociated with cartilage differentiation markers using RT-
PCR. The results shown in Fig. 3A–E revealed that af-
ter 21 days of chondrogenic differentiation, 1 ng/mL mela-
tonin had no discernible effect on TDSC chondrogenesis
compared to the control group. Conversely, 10 ng/mL
melatonin significantly augmented chondrogenic differen-
tiation in TDSC. The expression of chondroblast marker
genes—Sox9 andCol2a1mRNA—was all up-regulated un-
der melatonin treatment. Western blot analysis also demon-
strated increased levels of SOX9 and COL2A1 proteins,
with a more pronounced effect observed at higher mela-
tonin concentrations (100 ng/mL). This indicates that mela-
tonin promotes chondrogenic differentiation in TDSC in a
concentration-dependent manner.

Role of the Melatonin Receptor in Chondrogenic and
Osteogenic Differentiation

We employed luzindole (LUZ), a melatonin recep-
tor antagonist, to investigate whether melatonin’s effect on
promoting chondrogenic and osteogenic differentiation in
TDSC is mediated through the receptor pathway. The ad-
ministration of LUZ resulted in a reversal of the effects in-
duced bymelatonin, indicating the involvement of receptor-
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Fig. 3. Melatonin promotes the chondrogenic differentiation of TDSC and activates the mTORC1 pathway in vitro. (A,B) Chon-
drogenic markers mRNA were upregulated in response to MT. (C–E) Western blot analysis of SOX9 and COL2A1 protein expression.
(F,G) Quantitative RT-PCR assays for expression of chondrogenesis—specific genes Sox9 and Col2a1. (H–J) Western blot analysis of
SOX9 and COL2A1 protein expression. (K–M) After osteogenic induction, western blot analysis of pS6K1, S6K1, pS6 and S6 protein
expression. (N–P) After chondrogenic induction, western blot analysis of pS6K1, S6K1, pS6 and S6 protein expression. All data repre-
sent the mean ± SD. n = 3. ns, not significant, *p < 0.05 and #p < 0.01. MT, melatonin; LUZ, luzindole; RA, rapamycin; mTORC1,
mTOR complex 1.
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Fig. 4. Melatonin accelerates the pathogenesis of heterotopic ossification through the mTORC1 signaling pathway in vivo. (A)
The representative images of Micro-CT, HE, IF and IHC staining. (B) Quantitative analysis of heterotopic ossification bone volume.
(C) Quantitative histological analysis of the proportion (%) of calcified areas. (D–G) Quantitative analysis of the positive cell ratio for
SOX9, RUNX2, ALP and pS6. HO group: ip-0.2 mL saline; MT group: ip-MT (0.05 mg/kg/day); LUZ group: ip-( MT (0.05 mg/kg/day)
+ LUZ (0.01 mg/kg/day)), RA group: ip-(MT (0.05 mg/kg/day) + RA (0.1 mg/kg/day)). Scale bar = 50 µm. All data represent the mean
± SD. n = 6. ns, not significant, *p < 0.05 and #p < 0.01. MT, melatonin; LUZ, luzindole; RA, rapamycin; IF, immunofluorescence;
Micro-CT, Micro-computed tomography.
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Fig. 5. Melatonin and NAM affect the osteogenic potential of TDSC under oxidative stress. (A) The protein levels of SOD1, SOD2,
and SIRT1 were determined by Western blotting. (B) ROS levels in the TDSC were measured by the DCFH-DA. (C–E) Quantitative
RT-PCR analysis of expression levels of Sod1, Sod2 and Sirt1. (F–H) Densitometry of western blots was quantified by the ratios to
ACTB. (I–K) Quantitative RT-PCR analysis of expression levels of osteogenesis markers (Runx2, Alp, and Ocn) expression. (L–N) The
protein levels of osteogenesis markers were determined using Western blot assays. (O) Alizarin red staining and the ALP staining. All
data represent the mean± SD. n = 3. ns, not significant, #p< 0.01. MT, melatonin; NAM, nicotinamide; SIRT1, Sirtuin 1; ROS; reactive
oxygen species; DCFH-DA, 2′,7′-dichlorodihydrofluorescein diacetate.
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Fig. 6. Melatonin activated SIRT1 pathway through MTR in response to H2O2-induced damage. (A–F) The protein levels of
antioxidant enzymes, melatonin receptors and SIRT1 in TDSC were determined using Western blot assays. (G) MTR1 immunofluores-
cence in TDSC. MTR1 was tagged with green fluorescence. The nucleus was labeled with DAPI. (H) MTR2 immunofluorescence in
TDSC. MTR2 was tagged with green fluorescence. The nucleus was labeled with DAPI. (I) MTR1 fluorescence quantitative analysis.
(J) MTR2 fluorescence quantitative analysis. Scale bar = 50 µm. All data represent the mean ± SD. n = 3. ns, not significant, #p <

0.01. MTR, melatonin receptor; MT, melatonin; LUZ, luzindole; NAM, nicotinamide.
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Fig. 7. The effect of NAM on heterotopic ossification. (A) Representative images of Micro-CT, HE and IHC staining. (B) Quantitative
analysis of heterotopic ossification bone volume. (C) Quantitative histological analysis of the proportion (%) of calcified areas. (D)
Quantitative assessment of the proportion of cells expressing SIRT1. HO group: ip-0.2 mL saline; MT group: ip-MT (0.05 mg/kg/day);
NAM group: ip-NAM (100 mg/kg/day). Scale bar = 50 µm. All data represent the mean ± SD. n = 6. ns, not significant, #p < 0.01.
MT, melatonin; NAM, nicotinamide.

mediated pathways. Correspondingly, during the osteoge-
nesis process, the mRNA and protein expression levels of
OCN, OSX, ALP, RUNX2 and OPN were significantly di-
minished in the LUZ group compared to the MT group.
These findings provide compelling evidence that the recep-
tor pathway plays a crucial role in the melatonin-induced
chondrogenic and osteogenic differentiation of TDSC.

Melatonin Accelerates Chondrogenic and Osteogenic
Differentiation via the mTORC1 Pathway

Rapamycin, inhibitor of the mTORC1 signaling path-
way, was used to investigate the mechanism bywhichmela-
tonin regulates TDSC differentiation in vitro. After mela-
tonin treatment for 14 days, western blots analysis showed

that melatonin significantly increased S6K1 and S6 phos-
phorylation in a dose-dependent manner (Fig. 3K–M).
Our data showed that the mTORC1 pathway was activated
by melatonin during osteogenic differentiation of TDSC.
Furthermore, rapamycin (10 nmol/mL) significantly sup-
pressed the melatonin-induced enhancement of gene and
protein expression of OCN, OSX, ALP, RUNX2 and OPN
(Fig. 2B–K). Consistent with its positive role in osteogene-
sis, melatonin also activated the mTORC1 pathway during
cartilage differentiation (Fig. 3N–P). Compared to the MT
group, the incorporation of RA resulted in a reduction in
both gene and protein expression levels of cartilage mark-
ers (Fig. 3F–J), as well as a decrease in the relative expres-
sion of pS6K1 and pS6 during chondrogenic differentia-
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tion (Fig. 3N–P). These observations strongly indicate that
melatonin activates the mTORC1 pathway, thereby enhanc-
ing osteogenic and chondrogenic differentiation in TDSC.

Melatonin Accelerates HO Generation through mTORC1
Pathway

A Micro-CT analysis of melatonin-induced hetero-
topic bone formation in tendonswas performed. Therewere
differences in the sizes of these heterotopic bones (Fig. 4A–
B). There was a significant difference in the size of het-
erotopic bone between the MT group and the HO group.
In contrast, LUZ group heterotopic bones were smaller
than MT. In addition, according to hematoxylin-eosin (HE)
staining, melatonin treatment resulted in visible disorder
of fibroblasts and collagen fibers. The calcified area was
larger in the MT group than in the HO group. LUZ treat-
ment reversed melatonin-induced increase in the calcified
area (Fig. 4A,C). Furthermore, we investigated the in vivo
expression levels of SOX9, RUNX2, and ALP to determine
the impact of melatonin on heterotopic ossification. The
findings indicated that melatonin upregulated the expres-
sion levels of SOX9, RUNX2 and ALP. Conversely, the
expression levels of these markers were reduced in the LUZ
group compared to the MT group (Fig. 4A,D–F). We ex-
amined the activation of themTORC1 signaling pathway by
evaluating the downstream marker p-S6 (Fig. 4A,G). The
results indicated that melatonin treatment led to an upregu-
lation of p-S6 expression. In further tests, we identified po-
tential signaling pathways involved in the regulatory effects
of melatonin on HO formation using rapamycin, a specific
inhibitor of mTORC1 signaling. Our study demonstrated
that rapamycin treatment led to a reduction in the number of
SOX9+, RUNX2+, and ALP+ cells in the injured Achilles
tendon, thereby inhibiting ectopic bone formation at these
sites (Fig. 4A,D–F). Consequently, rapamycin treatment
reversed melatonin-induced chondrogenic and osteogenic
differentiation in vivo.

Melatonin Alleviates H2O2-Induced Oxidative Stress
through SIRT1 Signaling Pathway

The oxidative status of the TDSC was assessed by
evaluating the superoxide dismutase (SOD) activity and
ROS production. After TDSC were treated with 10 µM
H2O2 for 24 hours, the SOD activity decreased, indicat-
ing that the cellular antioxidant system was impaired un-
der high ROS conditions. However, after treatment with
H2O2 and melatonin together, SOD increased significantly
(Fig. 5A–H). The SOD activity was significantly rescued
by pre-treatment with 100 ng/mLmelatonin for 24 hours be-
fore exposure. Changes in ROS production showed a simi-
lar trend. Flow cytometry analysis indicated that melatonin
pretreated cells showed a significant difference from non-
pretreated cells (Fig. 5B).

To investigate whether the SIRT1 pathway medi-
ates TDSC responses to melatonin treatment, we analyzed

SIRT1 protein levels. Western blot analysis results demon-
strated that SIRT1 expression was significantly lower in
H2O2-treated cells than in the control group. As expected,
melatonin reversed the inhibitory effect of SIRT1 expres-
sion in H2O2-treated cells. Subsequently, we applied the
SIRT1 specific inhibitor nicotinamide (NAM) to determine
whether the antioxidant effects of melatonin depend on
SIRT1. Interestingly, co-culture with NAM abolished the
upregulation of SIRT1 by melatonin but abolished the in-
creased antioxidant effect of melatonin after treatment with
NAM (Fig. 5A–H). These results confirm that melatonin
promotes SIRT1-dependent antioxidant signaling.

Melatonin Restores the Osteogenic Potential of TDSC by
Preserving SIRT1-Mediated Intracellular Antioxidant
Properties

Osteogenic induction of TDSC was performed to as-
sess the effect of melatonin on osteogenesis under oxida-
tive stress. Following the induction of TDSC, both ALP
and alizarin red staining demonstrated that exposure to
10 µM H2O2 impaired the osteogenic potential of TDSC
(Fig. 5O). However, pretreatment with melatonin restored
the osteogenic capacity of these cells. Consistent findings
were observed through RT-PCR and Western blot analyses,
which examined osteogenesis markers such as RUNX2,
ALP, and OCN (Fig. 5I–N). Thus, melatonin treatment ef-
fectively reinstated the osteogenic potential of TDSC un-
der conditions of H2O2-induced oxidative stress. Next, we
used NAM, a specific inhibitor of the SIRT1 signaling path-
way, to determine whether melatonin could protect the os-
teogenesis ability of TDSC by activating SIRT1 signaling.
The TDSC were cotreated with NAM (5 µM) with mela-
tonin before H2O2 exposure. Following osteogenic induc-
tion, the expression levels of RUNX2, ALP, and OCN in
the (H2O2 +MT + NAM) group were significantly reduced
compared to those in the (H2O2 + MT) group. Based on
these results, NAM appears to abolish the protective effect
of melatonin under H2O2-induced oxidative stress condi-
tions. These results suggest that melatonin can stimulate the
osteogenic differentiation of TDSC under oxidative stress
through the SIRT1 activation.

Melatonin Protects TDSC from H2O2-Induces Oxidative
Damage via MTR1/MTR2-Mediated SIRT1 Activation

In addition, we investigated the expression of
MTR1/MTR2 under oxidative stress conditions and demon-
strated that H2O2 can reduce the expression of MTR1 and
MTR2 in TDSC. Our experimental data showed that mela-
tonin increased MTR1 and MTR2 protein expression and
fluorescence signal (Fig. 6). To further demonstrate that
melatonin induces SIRT1 signaling through melatonin re-
ceptors, TDSC were treated with luzindole, NAM, and
melatonin. As shown in Fig. 6, LUZ inhibited the expres-
sion of MTR1, MTR2, SIRT1, SOD1 and SOD2. However,
NAM did not reverse the melatonin-induced increase in
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MTR1/MTR2. Taken together, our results further confirm
that SIRT1 activation is mediated by MTR1 and MTR2.

In Vivo Administration of NAM Alleviates HO
To determine the effect of NAM on HO, histopatho-

logical analysis and Micro-CT analysis were performed on
Achilles tendon tissues in different treatment groups. As
shown in the Fig. 7, after prolonged administration of NAM
(12 weeks), ectopic bone mass decreased and ossification
area was significantly reduced in the NAM treated group
compared with the control group. In addition, immuno-
histochemical results showed that melatonin significantly
increased the expression of SIRT1 during heterotopic ossi-
fication, suggesting that melatonin can activate SIRT1 in
vivo. Conversely, NAM markedly attenuated SIRT1 ex-
pression in the context of heterotopic ossification of the
Achilles tendon.

Discussion
Heterotopic ossification, an abnormal pathological

process, is defined as bone formation in extraosseous mus-
cles and soft tissues, which forms an ectopic bone tissue that
is composed of the endochondral bone [33]. Currently, the
pathogenesis mechanisms of heterotopic ossification have
not been fully established. Several neuroendocrine factors,
including substance P [34], leptin [13] and neurotrophic
factor 3 [11] are involved in pathogenesis of heterotopic
ossification. In our previous study, we showed that mela-
tonin promoted ectopic osteogenesis by enhancing endothe-
lial mesenchymal transformation [19]. However, the ef-
fects of melatonin on TDSC differentiation are yet to be
conclusively determined.

Heterotopic ossification is a typical endochondral os-
sification process, and the effects of chondrogenic differen-
tiation of TDSC on ectopic ossification cannot be ignored.
In this study, we confirmed that melatonin promoted the
chondrogenic differentiation of TDSC as well as the expres-
sion of osteogenicmarkers to enhance its osteogenesis. Fur-
thermore, melatonin promoted the formation of HO in vivo.
Inactivation of the mTORC1 signaling by rapamycin coun-
teracted the effects of melatonin on osteogenic and chon-
drogenic differentiations of TDSC in vitro and HO forma-
tion in vivo. This study reveals the positive regulatory ef-
fects of melatonin on mTORC1 activity during aberrant dif-
ferentiation of TDSC in HO, which provides new ideas for
its prevention and treatment.

Melatonin enhances MSC differentiation through its
receptors [35]. Mesenchymal stem cells express melatonin
receptors (MTR1 and MTR2) in bone [36] implying that
melatonin has important roles in the differentiation behav-
ior of the cells. Our findings indicate a significant upregula-
tion of MT and its receptor levels during the in vivo forma-
tion of ectopic ossification, suggesting a contributory role
of MT in the pathogenesis of this condition. Following
an Achilles tendon injury, the expression levels of MTR1

and MTR2 were observed to increase. Notably, the expres-
sion levels of MTR2 were significantly higher compared to
MTR1, suggesting that MTR2 may play a predominant role
in the formation of HO.

The co-expression of melatonin receptors with SOX9
and RUNX2 suggests a potential role for melatonin recep-
tors in endochondral osteogenesis. In both in vivo and in
vitro settings, the melatonin receptor antagonist markedly
reversed the aforementioned effects. These results indicate
that melatonin and its receptors play a role in cartilage for-
mation and the osteogenic differentiation of TDSC during
ectopic osteogenesis. Consequently, melatonin and its re-
ceptors may serve as potential targets for the prevention of
HO.

Oxidative stress in injured sites is among the early
events of HO [25]. Xie et al. [37] demonstrated that pre-
vention of early immune response-induced oxidative stress
could effectively treat HO. Excessive ROS in cells indi-
cates increased oxidative stress. At the physiological level,
ROS regulates cell proliferation, differentiation, survival
and apoptosis [38–40]. Excessive ROS can disrupt cellu-
lar redox homeostasis, promoting apoptosis, cellular dam-
age, lipid peroxidation, andmitochondrial dysfunction [41].
Impaired osteogenic capacity of mesenchymal stem cells
causes accumulation of ROS under oxidative stress [42].
In this study, melatonin treatment protected TDSC from
oxidative stress, and the activities of SOD were increased
while ROS levels were suppressed. Under oxidative stress
conditions, melatonin stimulated osteogenic differentiation
of TDSC, increased the expression of RUNX2, ALP, and
OCN, and promoted calcified nodule deposition and ALP
activity. In addition, in vitro results showed that oxida-
tive stress reduced the expression of melatonin receptor on
TDSC, and melatonin maintained the expression level of
melatonin receptor on TDSC.

SIRT1 maintains a balance between bone formation
and bone resorption by regulating the ratio of osteoblasts
to osteoclasts [43]. Expression levels of SIRT1 are cor-
related with bone mineral density and bone fragility, and
it is a potential biomarker of bone metabolism and bone-
related diseases [44]. We found that expression level of
SIRT1 was up-regulated during ectopic ossification, and
melatonin treatment increased SIRT1 expression, implying
that melatonin may interact with SIRT1 during ectopic os-
sification. In vitro, NAM, a SIRT1 antagonist, weakened
the antioxidant effects of melatonin, resulting in loss of
osteogenic differentiation potentials of TDSC. SIRT1 in-
creased its transcriptional activity, and enhanced the syn-
thesis of antioxidant enzymes such as catalase and SOD. It
has been reported that deacetylation of lysine residues in
FoxO1 promotes its nuclear retention [45]. Melatonin pro-
motes SOD through a process mediated by SIRT1 activa-
tion. Moreover, in vivo and in vitro, melatonin treatment
up-regulated SIRT1 levels leading to enhanced osteogenic
capacity of TDSC exposed to oxidative stress, and pro-
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moted HO formation. In this study, we found that NAM has
therapeutic effects on heterotopic ossification. After daily
administration of NAM, there was a reduction in the vol-
ume of ectopic bone, compared to the control group. Sun
et al. [31] reported that SIRT1 activation can inhibit post-
traumatic ectopic ossification by suppressing macrophage-
mediated inflammation. In this study, we postulated that
these divergent findings might be associated with the dif-
ferent duration of intervention. The transient activation
of SIRT1 predominantly modulates the inflammatory re-
sponse subsequent to injury, whereas its prolonged activa-
tion facilitates the differentiation of TDSC and their subse-
quent endochondral ossification. While the specific func-
tions of SIRT1 in different stages are not yet fully under-
stood, its activation is crucial in the development of HO.
Notably, our findings revealed that the antioxidant effect
of melatonin relies on the activation of SIRT1. Interest-
ingly, the deactivation of SIRT1 does not impact the ex-
pression of melatonin receptors. However, it was observed
that melatonin could enhance the expression of melatonin
receptors under conditions of oxidative stress. The poten-
tial positive feedback loop in maintaining melatonin recep-
tor levels warrants further investigation. In summary, our
results show thatmelatonin accelerates heterotopic ossifica-
tion by activating the mTORC1 pathway to promote chon-
drogenic and osteogenic differentiation of TDSC. Inhibi-
tion of the mTORC1 pathway suppresses the melatonin-
induced differentiation of TDSC and HO development.
Melatonin reduces oxidative stress damage of TDSC and
enhances the osteogenic differentiation potential of TDSC
via SIRT1-mediated antioxidation. Therefore, strategies in-
hibiting SIRT1 may be effective therapeutic approaches for
the treatment of heterotopic ossification. This study eluci-
dated the complex roles of melatonin in the pathogenesis
of HO and its underlying mechanisms, thereby offering a
valuable reference for the development of novel strategies
for the prevention and treatment of HO.

Conclusions
These findings suggest that melatonin accelerates HO

by activating the mTORC1 pathway to promote chondro-
genic and osteogenic differentiation of TDSC. Addition-
ally, melatonin’s antioxidative effect, mediated through
SIRT1 activation, preserves TDSC osteogenic potential in
the early stages of injury. This study identifies mTORC1
and SIRT1 as potential therapeutic targets for the preven-
tion and management of HO, offering new insights into the
molecular mechanisms of HO development and treatment
strategies.
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