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Abstract
Background
Hypertrophy is a critical process for chondrocyte differentiation and maturation during endochondral
ossification, which is responsible for the formation of long bone and its postnatal longitudinal growth.
Increasing evidence suggests that melatonin, an indole hormone, plays a pivotal role in chondrogenesis;
however, little is known about its effects on the terminal differentiation of chondrocytes.
Methods
Mesenchymal stem cells (MSCs) derived chondrocytes generated by a high-density micromass culture
system were further induced to hypertrophic differentiation. The melatonin-mediated hypertrophic
differentiation were examined by reverse transcription polymerase chain reaction analysis (RT-PCR)
analysis and histological staining and immunohistochemistry. The expression of downstream factors
of WNT signaling pathway was evaluated by RT-PCR, western blotting and immunofluorescence. The
WNT signaling pathway antagonist XAV-939 was used to further demonstrate melatonin-induced
hypertrophic chondrocytes and WNT signaling pathway activation.
Results
Histological staining showed melatonin increased the chondrocytes cell volume and the expression of
type X collagen, but decreased the expression of type II collagen compare to the control group. RT-PCR
showed that melatonin signiﬁcantly up-regulated the expression of biomarkers of hypertrophic
chondrocytes, including type X collagen (COL10A1), alkaline phosphatase (ALP), Runt-related
transcription factor 2 (RUNX2), Indian hedgehog (IHH), and parathyroid hormone-related protein receptor
(PTHrP-R) and down-regulated the hallmarks of chondrocytes, including parathyroid hormone-related
protein (PTHrP). The WNT signaling pathway PCR array showed that the effect of melatonin was
accompanied by the up-regulation of multiple target genes of the canonical WNT signaling pathway and
the melatonin-mediated effect can be blocked by XAV-939.
Conclusions
These ﬁndings demonstrate that melatonin can enhance the hypertrophic differentiation of MSCs-derived
chondrocytes through the WNT signaling pathway. It adds evidence to the role of melatonin in promoting
bone development and highlights its positive effects on chondrocytes terminal differentiation.

Introduction
Endochondral ossification (EO), one of the main processes of skeletal development in vertebrates, is
characterized by bony tissues progressively replacing cartilaginous tissues for normal bone architecture
formation [1, 2]. Mesenchymal stem cells (MSCs), the progenitors of chondrocytes, undergo a series of
steps including proliferation, pre-hypertrophy, and hypertrophy in the process of EO for cell maturation
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and skeletal morphogenesis, which is perfectly demonstrated by the growth plate, an organized
cartilaginous structure in the metaphysis [3]. The growth plate is subdivided into three structurally and
functionally independent zones: the resting zone, containing round chondrocytes, the proliferative zone,
containing flattened chondrocytes, and the hypertrophic zone, containing enlarged chondrocytes; these
zones are spatially located from both ends to the middle along the vertical axis of the long bone[4, 5]. The
hypertrophic zone is considered to serve as a signal-transducing center, in which several cell signaling
pathways are involved in cross-talk for the regulation precision of chondrocyte hypertrophic
differentiation [5]. Chondrocyte hypertrophy contributes more substantially to bone growth rate than
chondrocyte proliferation through cell volume enlargement [6, 7]. Moreover, hypertrophic chondrocytes act
as “intermediators” in the turnover of cartilage to bone. Therefore, an increasing number of investigations
highlight chondrocyte hypertrophic differentiation as the pivotal stage in EO.
Hypertrophy, an irreversible stage of chondrocyte terminal differentiation, is controlled by many signaling
pathways including the WNT/β-catenin signaling pathway [8–10]. The canonical WNT/β-catenin
pathway orchestrates chondrocyte hypertrophy by the translocation of β-catenin into the nucleus and the
binding of β-catenin with the T cell-specific factor (TCF) or lymphoid enhancer binding protein (LEF) [11],
leading to activation of the hypertrophy related gene RUNX2 in the nucleus [12]. However, the concrete
molecular framework for chondrocyte hypertrophy remains unclear.
Melatonin, an amine hormone, is mainly secreted by the pineal gland of mammals, especially in dark
environments. Melatonin participates in biological events via membrane receptors and nuclear receptors
and is involved in the regulation of many pathophysiological processes [13] such as clock rhythm [14,
15], immune response [16, 17], cellular senescence [18, 19], and bone development [20, 21].
An increasing number of studies show that melatonin participates in chondrocyte differentiation and
maintenance. Pei et al. reported that melatonin can enhance the synthesis of matrix in porcine joint
chondrocytes [22]. Zhong ZM et al. suggested that at higher concentrations, melatonin can inhibit the
proliferation and differentiation of chondrocytes from the growth plate of the vertebral body in rats [23].
Our previous data showed that melatonin can promote the differentiation of MSCs into chondrocytes at
low concentrations [24]. While it has been proven that melatonin participates in and regulates
chondrocyte differentiation, its effect on the hypertrophic differentiation of chondrocytes, which is the
terminal stage of chondrocyte differentiation, needs to be studied further. The present study evaluated the
effect of melatonin on human bone marrow mesenchymal stem cells (BMSCs) and C3H10T1/2-derived
chondrocytes and further analyzed the effect of melatonin on EO, providing insights into understanding
skeletal development and the potential use of melatonin as a therapeutic drug for cartilage disorders and
cartilage development-related diseases.

Materials And Methods

Cell culture
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This study was approved by the ethics committee of Sun Yat-Sen University and informed consent was
obtained from all the individuals included in this study. Bone marrow samples were obtained from five
human volunteers (mean age: 25 years, range: 18–30 years). MSCs were cultured by the whole bone
marrow culture method [25]. C3H10T1/2 cells were bought from the cell bank of the Chinese Academy of
Science, Shang Hai. Two kinds of cells were separately attached in 25 cm2 flasks, which were filled with 5
ml of growth medium, including the low-glucose Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum(FBS), incubated at 37 ℃ with 5% CO2. The growth medium was changed every three
days and the cells were digested with trypsin at 80% confluence, then counted, and plated again. After
monolayer expansion, cells from passage 3–6 were selected for the experiments.

Chondrogenic and hypertrophic differentiation
A high-density micromass culture system was used for the chondrogenic differentiation of MSCs and
C3H10T1/2 cells as described previously [24, 25]. The cells were briefly trypsinized, washed with PBS,
and then resuspended at a concentration of 2 ⅹ 107 cells/mL in a chemically defined chondrogenic
medium consisting of high-glucose DMEM supplemented with 10 ng/mL recombinant human
transforming growth factor-β3 (TGF-β3; Peprotech, USA), 100 nM dexamethasone (Sigma, USA), 50
µg/mL ascorbic acid 2-phosphate (Sigma, USA), 1 mM sodium pyruvate (Sigma, USA), 40 µg/mL proline
(Sigma, USA), and ITS + Universal Culture Supplement Premix (Corning, USA; final concentrations: 6.25
µg/mL bovine insulin, 6.25 µg/mL transferrin, 6.25 µg/mL selenous acid, 5.33 µg/mL linoleic acid, and
1.25 mg/mL bovine serum albumin). Droplets (15µL) were carefully placed in each well of a 24-well plate.
Cells were allowed to assemble at 37°C in an incubator for 2 hours, after which 500 µL of chondrogenic
medium was added along the well’s wall slowly. The cell clusters were exposed to chondrogenic medium
for two weeks, and the medium was changed every other day. Then, the culture environment was
changed to a hypertrophic enhancing medium by the following steps: the withdrawal of TGF-β from the
chondrogenic medium, addition of 1 nM triiodothyronine (T3) (Sigma), reduction in the level of
dexamethasone to 1 nM, and addition of vehicle or 100 nM melatonin (Sigma). The induced hypertrophic
cartilage tissues were harvested 1–3 weeks later. For blocking the WNT/β-catenin signaling pathway, the
β-catenin antagonist XAV-939 (10 µM) (Selleckchem, USA) was used.

Reverse transcription and real-time polymerase chain
reaction (RT-PCR) analysis
Total RNA was isolated from the aggregates using the total RNA Kit (Omega Bio-Tec, USA), following the
manufacturer’s protocol. The total RNA (500 ng) was then converted to cDNA. All real-time quantitative
polymerase chain reactions (PCRs) were performed on a Roche 480 Real-Time PCR Detection System
(Roche Diagnostics) in 20 µL reaction volumes containing 10 µL of SYBR Green I Master Mix (Roche
Diagnostics), 2 µL of 10 mM sense or antisense primer, and 6 µL of RNAse-free water. The expressions of
the following genes were examined: COLX, RUNX2, ALP,IHH, and PTHrP-R and PTHrP. Glyceraldehyde-3phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. The PCR was performed for 1
min at 95 ℃, followed by 39 amplification cycles (15 s at 95 ℃, 15 s at 60 ℃, and 20 s at 72 ℃). After
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the last cycle, a melt-curve was generated. The Ct value of GAPDH was subtracted from the Ct value of
the interest gene (△Ct). The average △Ct value of the triplicates was taken. MSCs cultured in the pellet
culture system were used as controls (△△Ct). Relative expression levels for each primer set were
expressed as fold changes by the 2−△△Ct method.

Western blotting
Cell and tissue lysates were lysed using RIPA lysis buffer (Beyotime, China) with the addition of Halt™
Protease and phosphatase inhibitor cocktail (Thermo, USA). Electrophoresis was performed with 8% SDSPAGE gels and transferred onto PVDF membranes (Millipore, USA). The membranes were blocked with
5% no-fat milk; the primary antibodies and secondary antibodies were used according to the
manufacturer’s instructions. Western band images were digitally captured by an automatic
chemiluminescence system (Tanon, China), and the intensity of the bands (pixels/band) was determined
using ImageJ densitometry analysis software in arbitrary optical density units.

Histology and immunohistochemistry
The cartilage aggregates were fixed in 10% formaldehyde solution for 24 hours, then dehydrated with an
ethanol gradient, and embedded in paraffin. The paraffin blocks were cut by a pathologic microtome
section processor at a section thickness of 3–5 µm, and then, the sections were coated on to glass slides
carefully. Toluidine blue staining was used to assess the proteoglycan level, and immunohistochemistry
was performed to assess the levels of collagen type II, collagen type X. Hematoxylin served as a
counterstain for the nucleus. Briefly, for toluidine blue staining, the sections were dewaxed with xylene
and rehydrated with an alcohol gradient; next, the sections were exposed to toluidine blue solution for 15
min and then immersed in acetone for 3 min. For immunohistochemistry, the Histostain-Plus kit (ZSGBBIO, Beijing, China) was used. After dewaxing and rehydration, tissue sections were treated with pepsin at
37°C for 10 min, incubated with peroxidase-blocking solution for 10 min, blocked with 5% bovine serum
albumin for 30 min at room temperature, and then allowed to react with the appropriate primary
antibodies overnight at 4°C. Mouse anti-human Col-X monoclonal antibodies (Abcam, USA) were diluted
at 1:2000, rabbit anti-human Col-II polyclonal antibodies (Abzoom Biolabs, USA) were diluted at 1:500.
Detection was conducted with a DAB Horseradish Peroxidase Color Development Kit (ZSGB-BIO, Beijing,
China) according to the manufacturer’s protocol. After dehydration in alcohol and clearance in xylene, the
sections were mounted. Finally, the sections were photographed with a microscope (Leica, Germany).

Immunofluorescence
The cells were washed with PBS twice and fixed in 4% paraformaldehyde at room temperature for 15 min.
Next, the fixed cells were washed with PBS twice and incubated with specific primary antibodies and
species-matched secondary antibodies labeled with Alexa Fluor 488, (Life science, USA, diluted at 1:500
in 1% BSA) according to each manual. The nuclei were labeled with Hoechst 33342 (Beyotime
Biotechnology, Beijing, China).

Statistical analysis
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All experiments were performed at least three times. Statistical analysis was performed using one-way
ANOVA followed by a t-test with the SPSS version 20.0 software. Values of P < 0 .05 were considered
statistically significant.

Results

Melatonin leads to the hypertrophic differentiation of MSCderived chondrocytes
It is known that hypertrophy, due to the enlargement of component cells, contributes to an increase in the
volume of an organ or tissue; thus, both the volume and weight of the hypertrophic chondrocyte were
examined in this study. After inducing hypertrophy for 1 week and 3 weeks, the melatonin-treated
chondrocytes aggregates were found to be much larger in size than those in the control group (Fig. 1A).
The aggregates were globoids and their volumes were calculated by measuring their diameters. The dry
weight was measured with a precision electronic scale. The statistical analysis of both the volumes and
weights of the aggregates indicated the positive effect of melatonin on the hypertrophic differentiation of
BMSC-derived chondrocytes (Fig. 1D and 1E). Staining with Alcian blue and toluidine blue was done for
the precision display of single chondrocytes, which were found to be much larger in size (Fig. 1B and 1C).
The statistical analyses of chondrocyte diameter and volume are shown in Fig. 1F and 1G.

Melatonin promotes hypertrophic gene expression in the
chondrogenesis of BMSCs and C3H10T1/2 cells
Chondrocyte hypertrophy is characterized by the up-regulation of COL10A1, IHH, PTHrP-R, RUNX2, and
ALP and the down-regulation of PTHrP. The mRNA expression of these genes was examined at different
time points (Fig. 2A–2F). The expression of all genes except PTHrP were enhanced when melatonin was
present, and similar results were observed in C3H10T1/2 cell chondrogenesis (Fig. 2G–2J). Collagen
remodeling, assuming that type II collagen (Col-II) level decreases and type X collagen (Col-X) level
increases, was the most characteristic change in hypertrophic differentiation. Immunohistochemistry
showed that level was decreased Col-II and Col-X level was elevated when melatonin was added (Fig. 3A
and 3D) and integral optical density (IOD) analysis was calculated and is presented in Figs. 3B, 3C, 3E,
and 3F, also demonstrating the positive effect of melatonin on BMSC-derived chondrocyte hypertrophic
differentiation.

Melatonin membrane receptor inhibitor blocks melatoninmediated hypertrophic differentiation
To investigate whether the effect of melatonin on chondrocyte hypertrophy is mediated by membrane
receptors, we explored the expression of melatonin membrane receptors (MT1 and MT2) of the
C3H10T1/2 cell line. Representative immunofluorescence pictures are presented in Fig. 4A. The mRNA
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levels of hypertrophic genes like COLX, RUNX2, IHH, and PTHrP-R were reduced after luzindol (a blocker
of the melatonin receptor) treatment in melatonin-mediated hypertrophic differentiation (Fig. 4B–4E).
These data demonstrated that melatonin-mediated hypertrophic differentiation was mediated via
membrane receptors.

Melatonin activates WNT-target genes in the hypertrophic
differentiation of BMSC-derived chondrocytes
To elucidate the molecular mechanism underlying melatonin-mediated hypertrophic differentiation, a
quantitative real-time polymerase chain reaction (qRT-PCR) array was performed after melatonin
treatment for 1, 3, and 5 days with or without hypertrophic inducement. We found that the expression of
multiple target genes of the WNT/β-catenin signaling pathway was elevated after melatonin treatment
(Fig. 5A and 5B), especially in the 5-day treated group. T-cell factor/lymphoid enhancer factor (TCF/LEF),
a crucial transcription factor of the WNT/β-catenin signaling pathway, was up-regulated at both the
mRNA level and protein level when melatonin was added, explaining that melatonin-mediated
hypertrophic differentiation might be facilitated through related genes (Fig. 5C and 5D).

Melatonin promotes the nuclear translocation of β-catenin
in the C3H10T1/2 cell line
β-catenin is a crucial protein that translocates from the cytoplasm into the nucleus when WNT signaling
is activated. The immunofluorescence pictures of β-catenin in C3H10T1/2 cells stimulated by melatonin
are presented in (Fig. 6A). Fluorescence accumulation was observed in the melatonin group and the CHIR90021 (an agonist of the WNT pathway)-treated group. Western blot revealed that the nuclear β-catenin
level was up-regulated while the cytoplasm β-catenin level was down-regulated after melatonin
stimulation (Fig. 6B and 6D), which could be reversed by XAV-939, an inhibitor of the WNT/β-catenin
signaling pathway. Gray value analysis also showed a significant difference (Fig. 6C).

Melatonin-mediated hypertrophic differentiation through
WNT/β-catenin signaling
The data above revealed that melatonin activated the WNT/β-catenin pathway target gene expression
and promoted nuclear translocation. However, it is still doubtful whether this change is related to the
hypertrophic differentiation of chondrocytes. To verify this connection, the hypertrophic characteristics of
the chondrocytes treated with melatonin were examined after the pharmacal regulation of WNT/β-catenin
signaling. The BMSC-derived chondrocytes were induced to hypertrophic differentiation with melatonin
for 14 days. The melatonin-enhanced expression of type X collagen was partially reversed by XAV-939
(Fig. 7A). IOD analysis is showed in Fig. 7B. Gene expression of RUNX2, COL10A1, and IHH was also
decreased when XAV-939 was present in the melatonin-induced hypertrophic chondrocytes (Fig. 7E).
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Discussion
Our previous studies of melatonin-orchestrating BMSC chondrogenesis reported that the hypertrophyrelated genes in the melatonin treatment group were more highly expressed than those in the controls in
the later differentiation period [24]. In this study, we identified melatonin as a promoter of MSC-derived
chondrocyte hypertrophy differentiation. Our data demonstrated that melatonin could enhance the MSCderived chondrocyte differentiation into hypertrophy via the membranous receptors, followed by the
activation of the WNT/β-catenin signaling pathway.
Intramembranous and endochondral ossification, two essential processes for bone formation, contribute
to skeletal architecture and bone building [26]. Intramembranous ossification is responsible for the
rudimentary development of cranial bones and also plays a role in bone fracture healing, where MSCs
directly develop into osteoblasts without cartilage participation. Unlike intramembranous bone formation,
cartilage acts as a transitional form in EO. EO is responsible for the skeletal development of the trunk and
limbs in vertebrates.
In previous studies, melatonin was found to be involved in the cell fate choice of BMSC differentiation
into osteoblasts rather than adipocytes [27–29], which emphasized the anti-osteoporosis action of
melatonin. Melatonin is also regarded as a bio-activator for bone repair due to its anti-oxygenation ability
in the early stage and its angiogenesis-promoting ability in the late stage of bone repair [30, 31].
Studies showed that melatonin can promote the production of the cartilage matrix in porcine articular
chondrocytes and up-regulate the chondrocyte hallmark type collagen II rather than the hypertrophic
biomarker type collagen X [22]. Our previous study showed that melatonin can enhance the
chondrogenesis of human bone marrow mesenchymal stem cells (hBMSCs) partially via membranous
receptors [24]. We found that melatonin can up-regulate the expression of the hypertrophy related genes
COL10A1 and RUNX2 of the hBMSC-derived chondrocytes in a chondrogenic medium [24]. Melatonin is
deemed to have a protective effect due to its resistance against inflammation and oxidization in the
maintenance of cartilaginous joints. Guo et al. reported that melatonin could reduce matrix
metalloproteinase production via the inhibition of Sirtuin-1-dependent NAMPT and NFAT5 signaling in
chondrocytes [32]. Melatonin combined with treadmill exercise may have both preventive and synergistic
effects on cartilage degeneration and is more effective in the initial phase.
The hypertrophic chondrocytes are recognized as the greatest contributors to bone growth rate due to the
expansion of cell volume in the growth plate. They are also excellent predictors for joint degenerative
diseases, such as osteoarthritis, which is an age-related disorder that causes the loss of cartilage in
joints. Although hypertrophic chondrocytes in the growth plate and degenerative joint share high
similarities in gross morphology, they are not exactly the same. Cooper et al. explained that chondrocytes
in the growth plate undergo three phases for hypertrophic differentiation: Phase 1, true hypertrophy, is
characterized by dry mass production proportionately increasing with fluid uptake; phase 2, cell swelling,
is characterized by fluid uptake increasing proportionately and greater than dry mass production; and
phase 3, another true hypertrophy, is controlled by the IGF1 signaling pathway [7]. In contrast to the
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growth plate chondrocytes, articular chondrocytes increase in volume by extracellular matrix degradation
and collagen network damage, leading to hypo-osmotic swelling in the initial stage of osteoarthritis [33–
36].
A previous study mentioned that melatonin can reduce the mRNA levels of hypertrophic markers such as
COL10A1 and ALP in the growth plate chondrocytes (GPCs) [37]. Our present data, derived from both
human BMSC and C3H10T1/2 cell analysis, demonstrated that the hallmarks of hypertrophic
chondrocytes, such as COL10A1, RUNX2, and ALP, were all upregulated except for matrix
metalloproteinase 13(MMP13), a matrix degradation enzyme, after melatonin treatment in the
hypertrophic enhancing medium. This means that melatonin contributes to chondrocyte hypertrophy by
supporting cellular differentiation instead of promoting the degradation of cartilaginous extracellular
matrix. Two opposite functions of melatonin were observed, owing to cellular heterogeneity. First, the
GPCs are composed of rest, proliferative, and hypertrophic chondrocytes, which are differentiated cells
with a high level of hypertrophy markers; thus, melatonin treatment cannot further enhance the
expression of the hypertrophic hallmarks for these mature chondrocytes. Second, the chondrocytes from
MSCs, cells with multi-lineage differentiation potentials, showed a favorable ability for hypertrophic
differentiation in a micromass culture system [38], and therefore, our results provided completely different
information. The IHH/ PTHrP negative feed-back loop acts as a pivotal effector of EO. IHH, located in prehypertrophic chondrocytes, promotes the production of PTHrP in proliferative chondrocytes. PTHrP
suppresses the IHH expression by binding with PTHrP receptors, which are expressed on hypertrophic
chondrocyte membranes, leading to an outcome that favors chondrocyte proliferation over hypertrophic
differentiation. Our results showed that melatonin enhanced IHH and PTHrP-R expression and
suppressed PTHrP in hBMSC-derived chondrocytes. Collectively, our present study indicated that
melatonin acts as a vital promoter of EO by regulating chondrocyte hypertrophy during MSC
differentiation.
The hypertrophic differentiation of chondrocytes is regulated by many kinds of cellular pathways, among
which, the classical WNT pathway has been mentioned by many scholars. The WNT family consists of
19 kinds of proteins, which can be divided into classical and non-classical WNT pathways according to
whether their downstream pathways need β-catenin parameters or not [39–41]. Both classical and nonclassical WNT pathways play an important role in the development of bone and cartilage. Many WNT
proteins have been found in the cartilage growth plate [42]. Hartmann et al. found that WNT5b/11 was
expressed in pre-hypertrophic chondrocytes in chicken limb buds, while WNT4 was not expressed in
hypertrophic chondrocytes [43]. In the same study of chicken cartilage development, Rudnicki also found
that the abnormal position of WNT7 leads to limb chondrodysplasia in chickens [44]. Similar studies
have shown that abnormalities in WNT5a/5b hinders limb cartilage hypertrophy and differentiation [42,
43]. Interestingly, WNT proteins are not expressed in resting and proliferative chondrocytes, mainly
hypertrophic and pre-hypertrophic chondrocytes [43]. These WNT proteins primarily originate from the
perichondrium and osteoblasts in the surrounding cancellous bone. In this study, when the chondrocytes
derived from stem cells were cultured in 3D and hypertrophy was induced by the addition of thyroxine T3,
gene chip analysis showed no significant difference in the expression of WNT5a/5b and WNT4 proteins;
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however, a decrease in the expression of WNT11 and the rare expression of other WNT protein genes were
observed. This may be due to the fact that WNT proteins mainly originate from the perichondrium and
osteoblasts around the growth plate in vivo but not from chondrocytes.
XAV-939 is an inhibitor of terminal anchor polymerase (tankyrase), which can accelerate the degradation
of β-catenin by stabilizing the axis inhibitor Axin, thus affecting the nuclear transfer of β-catenin and
regulating the transcription of target genes downstream of the ganglion [45]. In this study, it was found
that the hypertrophic effect of melatonin on cartilage was inhibited by the addition of XAV-939.
Immunohistochemistry of the melatonin + XAV939 group showed that the staining degree of type X
collagen was lighter, and the staining range was significantly smaller than that in the melatonin group.
This suggests that melatonin can promote the hypertrophy of MSC-derived chondrocytes by regulating
the nuclear transfer of β-catenin. The western blotting results further showed that after the addition of
melatonin, the expression of β-catenin in the nucleus increased significantly and cytoplasmic β-catenin
decreased significantly, which could be reversed by XAV939, suggesting that melatonin can accelerate the
nuclear transfer of β-catenin.
To summarize, the molecular mechanism by which melatonin promotes the hypertrophy and
differentiation of MSC-derived chondrocytes involves activating the WNT/ β-catenin signal pathway and
accelerating the nuclear transfer of β-catenin.

Conclusions
This study added evidence that melatonin is a regulator of MSC differentiation and bone development.
We hope that our studies can further facilitate the move from the investigation of the mechanism of
action of melatonin to the clinical application of melatonin in the treatment of skeletal developmental
diseases.
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Figure 1
Effect of melatonin on the hypertrophic differentiation of MSC-derived chondrocytes. Cells were seeded in
24-well plates via high-density micro-mass culture and induced along chondrogenic difffferentiation in
chondrogenic medium for 2 weeks,then induced hypertrophic differentiation in hypertrophic medium
containing 1 nM triiodothyronine with or without 100nM melatonin.（A.morphologic characteristics of
aggregates post hypertrophic differentiation 1 week , 2weeks and 3 weeks; B.alcian blue staining for post
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hypertrophic differentiation 1 week, 2weeks and 3weeks, scale bar=200μm; C.toluidine blue staining for
post hypertrophy differentiation 1 week , 2weeks, 3weeks, scale bar=200μm; D.volume of aggregates;
E.weight of aggregates ; E. diameter of chondrocyte; F.volume of chondrocyte（Volume=4/3 πR3, R=1/2
diameter）.*P<0.05,**P<0.01.

Figure 2
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The effect of melatonin on the expression of genes involved in chondrocyte hypertrophic differentiation.
Cells were seeded in 24-well plates via high-density micro-mass culture and induced along chondrogenic
difffferentiation in chondrogenic medium for 2 weeks,then induced hypertrophic differentiation in
hypertrophic medium containing 1 nM triiodothyronine with or without 100nM melatonin. C3H10T1/2
cells were seeded in 24-well plates induced along chondrogenic difffferentiation in chondrogenic medium
for 2 weeks, then induced hypertrophic differentiation in hypertrophic medium containing 1 nM
triiodothyronine with or without melatonin for 1 week. The mRNA expression of collagen type X
(COL10A1) (A), runt-related transcription factor 2 (RUNX2) (B), parathyroid hormone-related protein
receptor (PTHrP-R) (C), alkaline phosphatase (ALP) (D), indian hedgehog (IHH) (E), parathyroid hormonerelated protein (PTHrP) (F) in the MSC-derived chondrocytes, and the mRNA expression of collagen type X
(COL10A1) (G), runt-related transcription factor 2 (RUNX2) (H), parathyroid hormone-related protein
(PTHrP)(I) and indian hedgehog (IHH) (J) in the C3H10T1/2 -derived chondrocytes was measured by
quantitative real-time PCR.The relative expression levels of each gene was calculated by 2-△△Ct method
using normalization to GAPDH, respectively. *P< 0.05.
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Figure 3
The effect of melatonin on the expression of bio-markers involved in hypertrophy. Cells were seeded in
24-well plates via high-density micro-mass culture and induced along chondrogenic difffferentiation in
chondrogenic medium for 2 weeks,then induced hypertrophic differentiation in hypertrophic medium
containing 1 nM triiodothyronine with or without 100nM melatonin. Immunohistochemical staining was
used for aggregates after hypertrophy differentiation 3 weeks (A.type II collagen (Col-II) staining, scale
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bar=200μm ; B.Gray value of induced cartilage tissues for type II collagen (Col-II) staining ; C.gray value of
induced per chondrocyte for type II collagen (Col-II) staining; D. type X collagen (Col-X) staining, scale
bar=200μm; E.gray value of induced per chondrocyte for type X collagen (Col-X) staining; F.Gray value of
induced per chondrocyte for type X collagen (Col-X) staining. *P<0.05, **P<0.01.

Figure 4
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Melatonin membrane receptor inhibitor blocks melatonin-mediated hypertrophic acceleration. C3H10T1/2
cells were seeded in 24-well plates induced along chondrogenic difffferentiation in chondrogenic medium
for 2 weeks, then induced hypertrophic differentiation in hypertrophic medium containing 1 nM
triiodothyronine with or without 100nM melatonin and 5μM luzindol for 1 week. A. melatonin
membranaceous receptor (MT1/2) expression in C3H10T1/2 cells; The mRNA expression of the
parathyroid hormone-related protein receptor (PTHrP-R) (B), runt-related transcription factor 2 (RUNX2)
(C), collagen type X (COL10A1) (D), indian hedgehog (IHH) (E) in C3H10T1/2 -derived chondrocytes was
measured by quantitative real-time PCR.The relative expression levels of each gene was calculated by 2△△Ct method using normalization to GAPDH, respectively. *P< 0.05.
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Figure 5
The effect of melatonin on the expression of downstream genes of WNT/β-catenin signaling pathway.
MSCs were seeded in 24-well plates via high-density micro-mass culture and induced along chondrogenic
difffferentiation in chondrogenic medium for 2 weeks,then induced hypertrophic differentiation in
hypertrophic medium containing 1 nM triiodothyronine with or without 100nM melatonin. A.the
expression of downstream genes of WNT/β-catenin signaling pathway of MSCs-derived cartilage with or
without 100nM melatonin treatment for 1day, 3days, 5 days. B.the expression of downstream genes of
WNT/β-catenin signaling pathway with or without 100nM melatonin treatment for 1day, 3days, 5 days;
B.the expression of downstream genes of WNT/β-catenin signaling pathway of MSCs-derived cartilage
post hypertrophic differentiation with or without 100nM melatonin treatment for 1day, 3days, 5 days;
C.The mRNA expression of TCF1 in the MSC-derived cartilage post hypertrophic differentiation was
measured by quantitative real-time PCR.The relative expression levels of each gene was calculated by 2△△Ct method using normalization to GAPDH, respectively; D.the protein expression of TCF1/TCF7 in the
MSC-derived chondrocytes. *P< 0.05.

Figure 6
Melatonin promotes the nuclear translocation of β-catenin in the C3H10T1/2 cell line. A.
immunofluorescence staining of β-catenin on C3H10T1/2 cells with or without 100nM melatonin and
blocking-up melatonin membranaceous receptor with 5μM luzindol for 6 hours in 2D culture and
respectively. scale bar=100μm; B. β-catenin’s protein level in nuclear; C.gray value analysis of β-catenin’s
protein level in nuclear; D.β-catenin’s protein level in plasma; E.gray value analysis of β-catenin’s protein
level in plasma.
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Figure 7
WNT/β-catenin signaling pathway inhibitor blocks melatonin-mediated hypertrophic enhancing. Cells
were seeded in 24-well plates via high-density micro-mass culture and induced along chondrogenic
difffferentiation in chondrogenic medium for 2 weeks,then induced hypertrophic differentiation in
hypertrophic medium containing 1 nM triiodothyronine with or without 100nM melatonin and WNT/βcatenin signaling pathway inhibitor XAV-939 for 1 week. A.Col-X staining for MSC-derived cartilage, scale
bar=200μm. B.gray value analysis of Col-X staining of the MSC-derived cartilage; C.the mRNA expression
of runt-related transcription factor 2 (RUNX2) (C), collagen type X (COL10A1) (D), indian hedgehog (IHH)
(E) in the C3H10T1/2 -derived chondrocytes was measured by quantitative real-time PCR.The relative
expression levels of each gene was calculated by 2-△△Ct method using normalization to GAPDH,
respectively. *P< 0.05, **P<0.01.
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