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Mesenchymal stem cells (MSCs) are promising candidates for tissue regeneration and disease treatment. However, long-term
in vitro culture results in loss of MSC stemness. The inﬂammation that occurs at stem cell transplant sites (such as that resulting
from TNF-α) is a contributing factor for stem cell treatment failure. Currently, there is little evidence regarding the protective
role of melatonin with regard to the negative eﬀects of TNF-α on the stemness of MSCs. In this study, we report a melatoninbased method to reduce the inﬂammatory eﬀects on the stemness of bone marrow mesenchymal stem cells (BMMSCs). The
results of colony formation assays, Alizarin red staining, western blotting, and reverse transcription-polymerase chain reactions
suggest that melatonin can reverse the inﬂammatory damage caused by TNF-α treatment in the third, seventh, and tenth
generations of primary BMMSCs (vs. control and the TNF-α-treated group). Meanwhile, a detailed analysis of the molecular
mechanisms showed that the melatonin receptor and YAP signaling pathway are closely related to the role that melatonin plays
in negative inﬂammatory eﬀects against BMMSCs. In addition, in vivo experiments showed that melatonin could reverse the
damage caused by TNF-α on bone regeneration by BMMSCs in nude mice. Overall, our results suggest that melatonin can
reverse the loss of stemness caused by inﬂammatory factor TNF-α in BMMSCs. Our results also provide a practical strategy for
the application of BMMSCs in tissue engineering and cell therapy.

1. Introduction
Bone marrow mesenchymal stem cells (BMMSCs) are
spindle-shaped adherent cells that were originally detected
in bone marrow cultures. Subsequent studies have suggested
that MSCs are mainly present in the bone marrow stroma
[1]. Stemness is deﬁned as the ability of stem cells to maintain
the potential for proliferation and multiple routes of diﬀerentiation [2]. Under diﬀerent induction conditions, MSCs can
diﬀerentiate into a variety of mesodermal tissue cells, such
as chondrocytes, osteoblasts, cardiomyocytes, and adipocytes. Meanwhile, MSCs can also diﬀerentiate into endoderm
and ectoderm cells, such as hepatocyte-like cells and neuronlike cells [3]. In addition, multiple advantages of using MSCs

in clinical applications have been reported, including low
immunogenicity, multidirectional diﬀerentiation potential,
induction of immune tolerance, immunosuppression, and
lack of associated ethical issues [4]. Therefore, MSCs have
become a primary candidate for cell therapy and tissue engineering. However, in clinical practice, MSCs need to be
expanded in vitro to obtain suﬃcient quantities, but this subjects them to the deleterious eﬀects of replicative aging. In
addition, MSCs that experience oxidative stress may undergo
premature aging, which can signiﬁcantly aﬀect their ability to
diﬀerentiate into diﬀerent types of cells [5, 6]. These factors
limit the clinical application of MSCs [7].
Tumor necrosis factor-α (TNF-α) is a cytokine produced
following the activation of macrophages/monocytes. This
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factor plays an important role in the maintenance of cell
stemness and in fat diﬀerentiation [8]. For example, TNF-α
can inhibit the diﬀerentiation of stem cells into osteoblasts
through multiple signaling pathways, including through
wingless-type MMTV integration site family members
(Wnt), bone morphogenetic protein- (BMP-) Smads,
mitogen-activated protein kinase (MAPK), and nuclear transcription factor kappa B (NF-κB) signaling [9, 10]. However,
it is unclear what associated factors are required for TNF-α to
maintain stemness and the potential for cell diﬀerentiation in
BMMSCs [11].
Melatonin is a hormone secreted mainly from the pineal
gland that has proven to have widespread eﬀects [12]. Previous studies have shown that melatonin regulates various
physiological functions such as sleep, circadian rhythms,
and neuroendocrine activities [13]. Melatonin has wellknown antioxidant properties and has been shown to
eliminate excessive free radicals and increase synthesis of
intracellular antioxidant enzymes [14, 15]. Melatonin protects cells from proinﬂammatory cytokines by reducing
active oxygen production and increasing superoxide dismutase production [16]. In 1999, Dun et al. conﬁrmed that high
levels of melatonin were present in the bone marrow [17]. In
recent years, melatonin has been shown to regulate pluripotent diﬀerentiation of MSCs [18]. Radio et al. found that
melatonin enhanced alkaline phosphatase activity in human
MSCs via the MAPK signaling pathway. Moreover, in vivo
studies have conﬁrmed that melatonin promotes bone formation in mice at pharmacological concentrations [19].
However, there is still little evidence as to how melatonin
reverses the inhibition of stemness by TNF-α in MSCs.
Therefore, the detailed roles of melatonin and TNF-α in the
stemness of MSCs deserve further investigation.
In this study, we employed TNF-α to simulate inﬂammation in the environment of the third, seventh, and tenth
generations of BMMSCs. Colony formation, Alizarin red
staining, western blotting, and RT-PCR were used to assess
the molecular eﬀects of TNF-α- and/or melatonin-treated
human BMMSCs. In addition, an osteoporosis nude mouse
model was used to study pathological changes with hematoxylin and eosin (H&E) staining and a micro-CT approach.
The results obtained in this study provide detailed information regarding BMMSC stemness that will be useful in future
clinical applications.

2. Materials and Methods
2.1. Isolation and Culture of Human BMMSCs. These experiments were approved by the Ethics Committee of Sun Yatsen University. The MSCs were donated by three healthy volunteers. All participants fully understood the experimental
procedures and provided written informed consent. Human
BMMSCs were isolated as described previously [20–23].
Brieﬂy, human bone marrow (8–10 mL) was isolated and
the cells were counted and plated in 75 cm2 ﬂasks at a density
of 2 × 105 /cm2 in DMEM (Invitrogen, USA) with 20% fetal
bovine serum. Nonadherent cells were removed after 24 h.
Subsequently, the media were changed every 3 days. When
the cells reached 80%–90% conﬂuence, the BMMSCs were
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expanded to passage 2 using human recombinant trypsin
(Invitrogen, USA). Cells at passage 3 (P3), passage 7 (P7),
and passage 10 (P10) were harvested for future analyses.
2.2. Flow Cytometry. BMMSCs were analyzed by ﬂow cytometry (DxFLEX, Beckman Coulter, USA). Cells at P3 were
incubated in PE anti-human CD73 (Ecto-5 ′ -nucleotidase)
(BioLegend, USA), PE anti-human CD73 (Ecto-5 ′ -nucleotidase) (BioLegend, USA), APC anti-human CD90 (Thy1)
(BioLegend, USA), APC anti-human CD34 (BioLegend,
USA), Alexa Fluor® 488 anti-human CD45 (BioLegend,
USA), and Alexa Fluor® 488 anti-human CD105 (Abcam,
USA) at concentrations speciﬁed by the manufacturer. Corresponding isotype-identical antibodies served as controls.
2.3. BMMSC Treatment. BMMSCs at P3, P7, and P10 were
induced toward osteogenic diﬀerentiation and adipogenic
diﬀerentiation. For osteogenic induction, BMMSCs were
plated in DMEM supplement with osteogenic diﬀerentiation
assay (LiuheBio, China). After 2 weeks, diﬀerentiated
BMMSCs were stained with Alizarin red S (ARS) solution
(Sigma-Aldrich, USA). The detailed experimental processes
of the tests were conducted as described previously [24].
For adipogenic induction, BMMSCs were seeded in
mesenchymal stem cell-adipocyte diﬀerentiation medium
(ScienCell, China). The experimental protocol was followed
as provided by the manufacturer. The colony formation
assays were conducted with untreated BMMSCs and
BMMSCs treated with 20 ng/mL TNF-α, TNF-α+100 μM
melatonin (Mel), TNF-α+Mel+10 μM luzindole (Luz), or
TNF-α+Mel+5 μM verteporﬁn (VP, Yes-associated protein
(YAP) inhibitor). About 500 cells per well were added to
six-well culture plates. After a 2-week incubation, the cells
were washed twice with PBS and stained with toluidine
blue solution (BestBio, China). The clone formation eﬃciency was calculated as [number of colonies]/[number of
cells inoculated]. Melatonin, TNF-α, Luz, and VP were
obtained from Sigma-Aldrich (USA).
2.4. RT-PCR. RNAiso Plus reagent (Roche, Switzerland) was
used to exact total RNA from BMMSCs. Reverse
transcription-PCR (RT-PCR) analysis was carried out in
20 μL ﬁnal volume from 400 ng total RNA using the TaKaRa
PrimeScript II 1st Strand cDNA Synthesis Kit (D6210A,
TaKaRa, Japan) according to manufacturer’s instructions.
GAPDH, RUNX2, OPN, OCN, HTERT, SOX2, C-MYC,
NANOG, PPARγ-2, LPL, ADIPONECTIN, and YAP mRNA
levels were determined by RT-PCR, and primers were utilized as described in Table 1. Reactions were performed in
20 μL volumes containing 2x SYBR® Premix Ex Taq™
(TaKaRa, Japan), PCR Forward Primer (10 μM), PCR
Reverse Primer (10 μM), cDNA template, and ddH2O.
RT-PCR was performed using a Bio-Rad CFX96 Real-Time
PCR System. Thermal cycling conditions were as follows:
10 min at 95°C, followed by 40 cycles of 95°C for 10 s, 60°C
for 20 s, and 72°C for 30 s. Data were collected and calculated
using the Bio-Rad CFX Manager Software1.6. RNA expression was calculated based on a relative standard curve with
the 2−ΔΔct method.
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Table 1: Sequences of primers used for quantitative RT-PCR assay.
Gene

Primer sequence (5 ′ -3 ′ )

Forward: AGAAAAACCTGCCAAATATGATGAC
GAPDH
Reverse: TGGGTGTCGCTGTTGAAGTC
Forward: AGAAGGCACAGACAGAAGCTTGA
RUNX2
Reverse: AGGAATGCGCCCTAAATCACT
Forward: GCGAGGAGTTGAATGGTG
OPN
Reverse: CTTGTGCTGTGGGTTTC
Forward: CACTCCTCGCCCTATTGGC
OCN
Reverse: CCCTCCTGCTTGGACACAAAG
Forward: AAATGCGGCCCCTGTTTCT
HTERT
Reverse: CAGTGCGTCTTGAGGAGCA
Forward: GCCGAGTGGAAACTTTTGTCG
SOX2
Reverse: GGCAGCGTGTACTTATCCTTCT
Forward: GGCTCCTGGCAAAAGGTCA
C-MYC
Reverse: CTGCGTAGTTGTGCTGATGT
Forward: TTTGTGGGCCTGAAGAAAACT
NANOG
Reverse: AGGGCTGTCCTGAATAAGCAG
Forward: ACCAAAGTGCAATCAAAGTGGA
PPARγ-2
Reverse: ATGAGGGAGTTGGAAGGCTCT
Forward: ACAAGAGAGAACCAGACTCCAA
LPL
Reverse: GCGGACACTGGGTAATGCT
Forward: GGCTTTCCGGGAATCCAAGG
ADIPONECTIN
Reverse: TGGGGATAGTAACGTAAGTCTCC
Forward: TAGCCCTGCGTAGCCAGTTA
YAP
Reverse: TCATGCTTAGTCCACTGTCTGT

2.5. Western Blotting. Total cellular protein from diﬀerently treated BMMSCs was isolated by the addition of
1% PMSF and RIPA lysis buﬀer (50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1% NP-40, 0.1% SDS). After boiling in
SDS-PAGE sample buﬀer for 5 min, the samples underwent
sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The proteins were then transferred onto polyvinylidene diﬂuoride (PVDF) membranes (Millipore, USA).
After being blocked for 1 h at room temperature, the
membranes were incubated with a 1 : 1000 dilution of the
following antibodies (Abs) from Abcam (Cambridge, UK)
overnight: Abs against HTERT, SOX2, C-MYC, NANOG,
OPN, OCN, RUNX2, PPARγ-2, Lipoprotein lipase (LPL),
ADIPONECTIN, and GAPDH. Before detection with an
ECL chemiluminescence detection kit (Beyotime Institute
of Biotechnology, China), proteins were incubated with
horseradish peroxidase- (HRP-) conjugated goat anti-rabbit
IgG (H&L) and HRP-conjugated goat anti-mouse IgG
(H&L) secondary antibodies (1 : 5000 dilution) for 1 h at
room temperature (Thermo Scientiﬁc, USA). The bands were
examined with ImageJ software (National Institutes of
Health, USA).
2.6. Animal Treatment. Eight-week-old Balb/c nude mice
were obtained from Charles River (Beijing, China). Sixty
nude mice were randomly divided into six groups,
including control (Con, n = 10), osteoporosis simulation
group (OVX, n = 10), OVX+P3 BMSC treatment (OVX
+P3, n = 10), OVX+P3 BMSCs+20 ng/mL TNF-α treatment (OVX+P3+TNF-α, n = 10), OVX+P3 BMSCs+TNF-α+

100 μM Mel treatment (OVX+P3+TNF-α+Mel, n = 10), and
OVX+P3 BMSCs+TNF-α+Mel+5 μM verteporﬁn (OVX+
P3+TNF-α+Mel+VP, n = 10). After the model of osteoporosis was established (ovary removal surgery), BMMSCs
treated with Mel, TNF-α, and VP were injected into the
tail veins. Eight weeks after modeling, femur tissues were
collected for further experimentation.
2.7. H&E Staining. H&E staining was conducted as
previously reported [25]. Bone samples were ﬁxed in 10%
buﬀered formalin and embedded in paraﬃn. Three- to ﬁvemicrometer thick sections were stained with hematoxylin
(Sigma H 3136) for 10 min and with eosin (Sigma E 4382)
for 1 min to establish the diagnosis areas.
2.8. Bone Microstructure Observation. To observe the bone
microstructure, micro-CT examination was carried out
with SCANCO Medical AG (Switzerland) before sacriﬁcing,
as previously described [26]. The parameters were set as
follows: voltage = 50 kV; current = 500 μA; resolution =
8:96 μm; exposure time = 5 ms; scanning layer = 2394. Subsequently, the microstructure parameters of bone, such as
bone volume/total volume (BV/TV), trabecular number
(Tb.N), trabecular thickness (Tb.Th), trabecular separation
(Tb.Sp), and trabecular pattern factor, were measured automatically using the Siemens Preclinical Imaging System in a
multislice in standard resolution mode [27, 28].
2.9. Statistical Analysis. Statistical diﬀerences in this study
were assessed using SPSS 18.0 software. The mean values of
the statistical results for the measured data are presented as
the means ± standard error. The values in this study were
analyzed by Student’s t-test. P values < 0.05 were considered
to be a signiﬁcant diﬀerence between two measurements.

3. Results
3.1. BMMSC Stemness Was Decreased along with Cell
Passage. In this study, BMMSCs at P3 were subjected to ﬂow
cytometric analysis to estimate the presence of surface
markers (Supplementary Figure 1). Most BMMSCs (>95%)
were positive for CD73, CD90, and CD105, whereas <2%
were positive for CD45 or CD34. The relationship between
the stemness of BMMSCs and cell inheritance was
examined by colony formation assays, western blotting,
RT-PCR, and Alizarin red staining. For colony formation
analysis, we selected the primary BMMSCs at P3, P7,
and P10. The results showed that colony formation of P7
and P10 BMMSCs was signiﬁcantly reduced compared
with that of P3 and primary BMMSCs (P < 0:01)
(Figure 1(a)). For western blot analysis, we evaluated
biomarkers of BMMSC stemness (HTERT, SOX2, CMYC, and NANOG), osteogenic diﬀerentiation (RUNX2,
OPN, and OCN), and adipose diﬀerentiation (PPARγ-2,
LPL, and ADIPONECTIN) in P3, P7, and P10 BMMSCs
(Figures 1(b)–1(d)). The results revealed that abundance
of proteins reﬂecting BMMSC stemness, osteogenic
diﬀerentiation, and adipose diﬀerentiation was signiﬁcantly
downregulated in P7 and P10 cells compared with P3 cells.
Meanwhile, RT-PCR analyses gave similar results for these
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Figure 1: Continued.
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Figure 1: HMSC stemness assay. (a) Colony formation assays of HMSCs. Quantitative analysis of colony formation ratio of HMSCs.
(b) Western blot analysis of biomarkers of HMSC stemness (HTERT, SOX2, C-MYC, and NANOG). (c) Western blot analysis of biomarkers
of osteogenic diﬀerentiation of HMSCs (OPN, OCN, and RUNX2). (d) Western blot analysis of biomarkers of adipose diﬀerentiation of
HMSCs (PPARγ-2, LPL, and ADIPONECTIN). (e) RT-PCR analysis of biomarkers of HMSC stemness. (f) RT-PCR analysis of
biomarkers of osteogenic diﬀerentiation of HMSCs. (g) RT-PCR analysis of biomarkers of adipose diﬀerentiation of HMSCs. (h) Alizarin
red staining and quantiﬁcation examination of osteogenic diﬀerentiation of HMSCs. P3: primary cells expanded to the third generation;
P7: primary cells expanded to the seventh generation; P10: primary cells expanded to the tenth generation. ∗ P < 0:05, ∗∗ P < 0:01.

biomarkers as western blot analyses. mRNA abundances of
these biomarkers in P7 and P10 cells were all signiﬁcantly
reduced compared with those in P3 cells (P < 0:01)
(Figures 1(e)–1(g)). In addition, we employed Alizarin red
staining to investigate osteogenic diﬀerentiation in P3, P7,
and P10 BMMSCs. Quantiﬁcation analysis revealed that the
optical density (OD) of staining in P7 and P10 cells was
lower than that in P3 cells (Figure 1(h)). In summary,
stemness was closely correlated with the generation of
BMMSCs observed.
3.2. Melatonin Can Reverse the Loss of BMMSC Stemness
Caused by an Inﬂammatory Environment. In this study,
we employed three diﬀerent concentrations of TNF-α
(10 ng/mL, 20 ng/mL, and 50 ng/mL) to simulate an inﬂammatory environment. RT-PCR analysis of biomarkers of
BMMSC stemness (SOX2, C-MYC, and NANOG) showed
that mRNA abundances of these biomarkers were signiﬁcantly lower in the three treated groups than in the control
group (P < 0:01) (Figure 2(a)). Based on the relative mRNA
abundances of these biomarkers in the treatment groups,
20 ng/mL was selected for further analysis. We also evaluated
the eﬀects of melatonin on TNF-α-treated BMMSCs. For colony formation assays, we selected the P3 generation of
BMMSCs. The colony formation ratio in the TNF-α-treated
group was signiﬁcantly lower than that in the control
(P < 0:01). However, colony formation in the TNF-α-treated
group could be partially recovered with melatonin treatment
(P < 0:01 vs. TNF-α-treated group) (Figure 2(b)). mRNA
abundances of biomarkers of BMMSC stemness (HTERT,
SOX2, C-MYC, and NANOG), osteogenic diﬀerentiation
(RUNX2, OPN, and OCN), and adipose diﬀerentiation
(PPARγ-2, LPL, and ADIPONECTIN) in P3, P7, and P10
cells with diﬀerent treatments were examined with RT-PCR
(Figures 2(c)–2(e)). The results showed that the expression
levels of HTERT, SOX2, C-MYC, NANOG, RUNX2, OPN,
OCN, PPARγ-2, LPL, and ADIPONECTIN in TNF-α-treated
P3, P7, and P10 cells were signiﬁcantly lower than those in

the control group (P < 0:01). However, the expression levels
of these genes were recovered with additional melatonin
treatment (P < 0:01 vs. TNF-α-treated group). Similar results
were found in western blot analysis. Protein abundances of
these biomarkers in TNF-α-treated P3, P7, and P10 cells were
also signiﬁcantly lower than those in the control group
(P < 0:01). Meanwhile, melatonin treatment could partially
recover the protein expression of these genes (P < 0:01)
(Figures 2(f)–2(h)). Alizarin red staining was used to
investigate osteogenic diﬀerentiation of BMMSCs in P3
cells. Quantiﬁcation revealed that the OD in the TNF-αtreated group was signiﬁcantly lower than that in the control group (P < 0:01). Melatonin treatment was able to
increase mineral deposition in the TNF-α-treated group
(P < 0:01 vs. TNF-α-treated group) (Figure 2(i)). Therefore, melatonin was eﬀective at reversing the loss of
BMMSC stemness caused by inﬂammatory environment.
3.3. Melatonin Reverses the Inﬂammatory-Induced Loss of
BMMSC Stemness via Its Receptor. In this study, we have
employed luzindole (a melatonin receptor inhibitor) to study
the molecular mechanism of melatonin in BMMSC P3
generation. BMMSCs were divided into four groups: control,
TNF-α, TNF-α+Mel, and TNF-α+Mel+Luz. For colony formation analyses, colony formation ratio in the TNF-α group
was signiﬁcantly lower than that in the control (P < 0:01).
Colony formation ratio in the TNF-α+Mel group was signiﬁcantly higher than that in the TNF-α group (P < 0:01).
However, this value in the TNF-α+Mel+Luz group was
signiﬁcantly lower than that in the TNF-α+Mel group
(P < 0:01) (Figure 3(a)). RT-PCR and western blot analyses
of BMMSC stemness (HTERT, SOX2, C-MYC, and NANOG
levels), osteogenic diﬀerentiation (RUNX2, OPN, and OCN
levels), and adipose diﬀerentiation (PPARγ-2, LPL, and
ADIPONECTIN levels) in P3 cells with diﬀerent treatments
were examined (Figures 3(b)–3(g)). The results show that
the mRNA and protein expression levels in BMMSC P3
cells of these molecular mechanisms in the TNF-α+Mel
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Figure 2: Melatonin eﬀects on HMSC stemness following inﬂammatory treatment. (a) RT-PCR analysis of biomarkers of HMSC stemness
with diﬀerent concentrations of TNF-α. (b) Colony formation assays and quantitative analysis of HMSCs with diﬀerent treatments.
(c) RT-PCR analysis of biomarkers of HMSC stemness, osteogenic diﬀerentiation, and adipose diﬀerentiation of P3 HMSCs with diﬀerent
treatments. (d) RT-PCR analysis of biomarkers of HMSC stemness, osteogenic diﬀerentiation, and adipose diﬀerentiation of P7 HMSCs
with diﬀerent treatments. (e) RT-PCR analysis of biomarkers of HMSC stemness, osteogenic diﬀerentiation, and adipose diﬀerentiation of
P10 HMSCs with diﬀerent treatments. (f) Western blot analysis of biomarkers of HMSC stemness, osteogenic diﬀerentiation, and adipose
diﬀerentiation of P3 HMSCs with diﬀerent treatments. (g) Western blot analysis of biomarkers of HMSC stemness, osteogenic
diﬀerentiation, and adipose diﬀerentiation of P7 HMSCs with diﬀerent treatments. (h) Western blot analysis of biomarkers of HMSC
stemness, osteogenic diﬀerentiation, and adipose diﬀerentiation of P10 HMSCs with diﬀerent treatments. (i) Alizarin red staining and
quantiﬁcation of osteogenic diﬀerentiation of HMSCs with diﬀerent treatments. P3: primary cells expanded to the third generation; P7:
primary cells expanded to the seventh generation; P10: primary cells expanded to the tenth generation. ∗ P < 0:05, ∗∗ P < 0:01.

+Luz group were signiﬁcantly lower than those in the
TNF-α+Mel group (P < 0:01). Therefore, we speculated
that melatonin could reverse the inﬂammatory eﬀects on
BMMSC stemness via its receptor.
3.4. Melatonin Reverses the Inﬂammation-Induced Loss of
BMMSC Stemness via YAP Gene Expression. In this study,
we have employed 5 μM verteporﬁn (a YAP inhibitor) to
study the molecular mechanisms of melatonin on BMMSC
stemness. BMMSCs were divided into four groups: control,
TNF-α, TNF-α+Mel, and TNF-α+Mel+VP. RT-PCR and
western blot analyses of YAP expression showed that
TNF-α treatment could signiﬁcantly decrease YAP mRNA
and protein abundance in P3, P7, and P10 BMMSCs. However, melatonin treatment could reverse YAP mRNA and
protein expression in TNF-α-treated BMMSCs (P < 0:01)
(Figures 4(a) and 4(b)). Moreover, Figure 4(c) shows that
YAP protein expression in the TNF-α+Mel+VP group was
signiﬁcantly lower than that in the TNF-α+Mel group
in P3, P7, and P10 cells (P < 0:01) (Figure 4(c)). For colony formation analyses, colony formation ratio in the
TNF-α+Mel+VP group was signiﬁcantly lower than that in
the TNF-α+Mel-treated group (P < 0:01) (Figure 4(d)). In
addition, a similar situation was observed in western blot
and RT-PCR analyses of BMMSC stemness (HTERT,
SOX2, C-MYC, and NANOG levels), osteogenic diﬀerentiation (RUNX2, OPN, and OCN levels), and adipose diﬀerentiation (PPARγ-2, LPL, and ADIPONECTIN levels) in
P3 cells with diﬀerent treatments (Figures 4(e)–4(j)). The
mRNA and protein expression levels of these genes in the
TNF-α+Mel+VP group was signiﬁcantly lower than those
in the TNF-α+Mel group (P < 0:01). In summary, YAP is a

potential target of melatonin in reversing the impacts of
inﬂammation on BMMSC stemness.
3.5. BMMSC Treatment in an Osteoporosis Nude Mouse
Model. In this study, we constructed an osteoporosis mouse
model to study the eﬀects and potential molecular mechanisms of BMMSC treatment. Figure 5(a) shows the results of
micro-CT of two-dimensional (2D) and three-dimensional
(3D) map of trabecular bone in diﬀerent groups. The results
suggest that construction of the osteoporosis mouse model
was successful (via OVX treatment). BMMSC treatment
could partially recovery the damage caused by osteoporosis
(OVX+P3 BMSC treatment). TNF-α treatment aggravated
osteoporosis. However, melatonin was able to reverse the
damage of osteoporosis. VP, one of the YAP inhibitors, was
shown to weaken the therapeutic eﬀect of melatonin in osteoporosis. Similar results were also observed in H&E staining
analysis (Figure 5(b)). Quantitative analysis of osteoporosisrelated indices suggested that the values of bone density,
BV/TV, Tb.N, and Tb.Th were signiﬁcantly diﬀerent in the
six subgroups. For example, the above indices in the OVX
group were signiﬁcantly lower than those in the control group
(P < 0:05). Meanwhile, the above indices in the OVX+P3
BMSC+TNF-α+Mel group were signiﬁcantly higher than
those in the OVX+P3 BMSC+TNF-α group (P < 0:05).
However, VP could reverse the expression in the OVX+P3
BMSC+TNF-α+Mel+VP group (Figures 5(c)–5(f)). In addition, Tb.Sp and trabecular pattern factor analysis indicated
that both indices in diﬀerent groups were also signiﬁcantly
diﬀerent in the six subgroups. For example, both indices in
the OVX group were signiﬁcantly higher than those in the
control group (P < 0:01). Meanwhile, both indices in the
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Figure 3: Melatonin reverses HMSC stemness via melatonin receptor. (a) Colony formation assay and quantitative analysis of P3 HMSCs
with diﬀerent treatments. (b) Western blot analysis of biomarkers of HMSC stemness of P3 HMSCs with diﬀerent treatments. (c) Western
blot analysis of biomarkers of osteogenic diﬀerentiation of P3 HMSCs with diﬀerent treatments. (d) Western blot analysis of biomarkers
of adipose diﬀerentiation of P3 HMSCs with diﬀerent treatments. (e) RT-PCR analysis of biomarkers of HMSC stemness of P3 HMSCs
with diﬀerent treatments. (f) RT-PCR analysis of biomarkers of osteogenic diﬀerentiation of P3 HMSCs with diﬀerent treatments.
(g) RT-PCR analysis of biomarkers of adipose diﬀerentiation of P3 HMSCs with diﬀerent treatments. P3: primary cells expanded to
the third generation; ∗ P < 0:05, ∗∗ P < 0:01.

OVX+P3 BMSC+TNF-α+Mel group were signiﬁcantly lower
than those in the OVX+P3 BMSC+TNF-α group (P < 0:01).
However, they were upregulated in the OVX+P3 BMSC+
TNF-α+Mel+VP group compared with the OVX+P3 BMSC
+TNF-α+Mel group (Figures 5(g) and 5(h)).

4. Discussion
Stemness is the ability of stem cells to maintain pluripotent
diﬀerentiation potential and undergo no directional diﬀerentiation [29]. In the early stage of in vitro stem cell culture, the

stemness of stem cells can be maintained. However, the stemness of stem cells decreases with an extension of culture time
[30]. Meanwhile, when in vitro-cultured stem cells are
injected into the body, the stemness of the MSCs is also
reduced [31, 32]. Due to the reduction in stemness, MSCs
reduce tissue damage mainly through anti-inﬂammatory
eﬀects rather than by diﬀerentiating into speciﬁc tissue types
in tissue damage treatments following myocardial infarction
and spinal cord injury [33, 34]. The maintenance of MSC
stemness is related to multiple factors, including aging,
in vitro generation, and origination. For aging, there are
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Figure 4: Melatonin reverses loss of HMSC stemness via YAP gene expression. (a) Western blot analysis of YAP protein in P3, P7, and P10
HMSCs with diﬀerent treatments. (b) RT-PCR analysis of YAP mRNA in P3, P7, and P10 HMSCs with diﬀerent treatments. (c) Western blot
analysis of YAP protein in P3, P7, and P10 HMSCs with diﬀerent treatments. (d) Colony formation assays and quantitative analysis of P3
HMSCs with diﬀerent treatments. (e) Western blot analysis of biomarkers of HMSC stemness of P3 HMSCs with diﬀerent treatments.
(f) Western blot analysis of biomarkers of osteogenic diﬀerentiation of P3 HMSCs with diﬀerent treatments. (g) Western blot analysis
of biomarkers of adipose diﬀerentiation of P3 HMSCs with diﬀerent treatments. (h) RT-PCR analysis of biomarkers of HMSC
stemness of P3 HMSCs with diﬀerent treatments. (i) RT-PCR analysis of biomarkers of osteogenic diﬀerentiation of P3 HMSCs with
diﬀerent treatments. (j) RT-PCR analysis of biomarkers of adipose diﬀerentiation of P3 HMSCs with diﬀerent treatments. P3: primary
cells expanded to the third generation; P7: primary cells expanded to the seventh generation; P10: primary cells expanded to the tenth
generation. ∗ P < 0:05, ∗∗ P < 0:01.

various features correlated with stemness reduction, including adipose tissue accumulation in the bone marrow and
reduced ability of osteogenic diﬀerentiation [35]. Nicotinamide phosphoribosyltransferase (Nampt) has been shown
to aﬀect the balance between MSC adipogenesis and osteogenesis by regulating the activity of the silencing information
regulator 1 (sirtl) gene. For in vitro generation and origination, the stemness of MSCs can be maintained in the early
and middle generations of in vitro growth. However, stemness can experience a signiﬁcant reduction once a critical
time is exceeded [36, 37]. Meanwhile, stem cells from diﬀerent tissue sources have signiﬁcant diﬀerences in their abilities
to maintain stemness during in vitro culture. For example,
the stemness of BMMSCs can be maintained until the 15th
generation in vitro. However, the stemness then decreases

with subsequent culture. Only a very small number of
pluripotent cells can be maintained until the 20th generation
in vitro [38]. Umbilical-derived MSCs showed stable stemness in the early and middle generations of culture; however,
markers related to aging, such as CD105 and CD73, were
signiﬁcantly increased after the 21st generation [39]. In our
study, with the passage of BMMSCs, their stemness and
osteogenic and adipogenic diﬀerentiation abilities gradually
decreased with increasing generations. Therefore, it is
important to achieve a detailed molecular understanding of
the mechanisms underlying the maintenance of stemness
in MSCs.
TNF-α was discovered in 1975 [40], and there are two
main members of the TNF family, namely, TNF-α and
TNF-β. TNF-α is mainly produced by activated mononuclear
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Figure 5: Stem cell treatment of osteoporosis mouse model. (a) Micro-CT examination of two-dimensional and three-dimensional map of
trabecular bone in diﬀerent groups. (b) H&E staining of the proximal femur of mice in diﬀerent groups. (c) Bone density analysis
of osteoporosis mouse with diﬀerent treatments. (d) Bone volume density (BV/TV) of osteoporosis mouse with diﬀerent treatments.
(e) Trabecular number (Tb.N) of osteoporosis mouse with diﬀerent treatments. (f) Trabecular thickness (Tb.Th) of osteoporosis mouse
with diﬀerent treatments. (g) Trabecular separation (Tb.Sp) of osteoporosis mouse with diﬀerent treatments. (h) Trabecular pattern factor
of osteoporosis mouse with diﬀerent treatments. Ten nude mice were included in each group. ∗ P < 0:05, ∗∗ P < 0:01.

macrophages and is closely related to osteoporosis, as high
TNF-α expression can be detected in cases of osteoporosis
[41, 42]. This indicates that TNF-α is an important factor in
diseases of bone metabolism. TNF-α is a trimeric inﬂammatory factor that binds to transmembrane receptors. TNF-α
synergizes with a variety of cells to produce a concerted

response to inﬂammatory products, bacterial toxins, and
other aggressive stimuli [43]. BMMSCs undergo apoptosis
in an inﬂammatory environment. TNF-α can promote
apoptosis indirectly through NO regulation [44]. Meanwhile,
TNF-α inhibits the expression of two transcription factors in
HMSCs: Ostrix and Runx2. Therefore, TNF-α can reduce
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the expression of speciﬁc markers of osteoblast diﬀerentiation, which ultimately inhibits the diﬀerentiation of terminal osteoblasts [45]. Moreover, TNF-α can regulate the
expression of BMP-2 and POEM, thereby inhibiting the
diﬀerentiation of osteoblasts [46]. In addition, TNF-α has
a signiﬁcant eﬀect on the absorption of osteoclast bone
[47]. Overall, TNF-α can inhibit bone remodeling and
promote bone resorption, which results in a reduction of
bone mass. In this study, 20 ng/mL TNF-α could eﬀectively induce an inﬂammatory environment in BMMSCs.
Treatment with melatonin can signiﬁcantly improve the
viability of MSCs and stimulate angiogenesis, renal cell proliferation, and renal resuscitation [48]. In vitro cell assays
have shown that melatonin can induce the production of
antioxidant enzymes such as catalase and superoxide dismutase, which can reduce apoptosis of MSCs caused by oxidative
stress [49]. Melatonin can also reduce the inﬂammation of
MSCs induced by interleukin-1. Melatonin treatment can
increase the mRNA expression of Cu/Zn superoxide dismutase (Cu/ZnSOD) and MnSOD and decrease the
expression level of the apoptosis-related Bax gene. The
melatonin receptor inhibitor luzindole could inhibit the
eﬀects cause by melatonin [50]. In this study, our results
show that melatonin treatment in BMMSCs can eﬀectively
recover the loss of cell stemness caused by TNF-α treatment, which is in agreement with a previous study. Therefore, melatonin treatment was an eﬀective means to rescue
BMMSC stemness.
Maintenance of stemness in MSCs is regulated by a variety of cellular signals, such as BMP signaling and Wnt signaling, which can promote the diﬀerentiation of MSCs into
osteoblasts. However, a lack of BMP signal or Wnt signal will
inhibit the diﬀerentiation of MSCs into osteoblasts and promote the diﬀerentiation of MSCs into fat cells [51–53].
Platelet-derived growth factor BB (PDGF-BB), hepatocyte
growth factor, transforming growth factor beta (TGF-β),
and basic ﬁbroblast growth factor (bFGF) signals can promote the diﬀerentiation of MSCs into muscle [54–56]. Recent
studies have found that Hippo signaling also plays a key role
in MSC fate determination. Hippo signaling is highly conserved in animals and mainly functions to regulate stem cell
self-renewal, tissue regeneration, and organ size [57, 58].
YAP is a key transcriptional factor that is negatively regulated
by the Hippo pathway, which is a conserved pathway that
regulates organ size and tumorigenesis [59, 60]. Recent studies have found that YAP can regulate transcription factors
that are crucial for bone homeostasis, such as Runt-related
transcription factor 2 (RUNX2) [61], signal transducer
and activator of transcription factor 3 (STAT3) [62],
and β-catenin [63]. RUNX2 is a basic transcription factor
that stimulates osteogenesis, and YAP can be used as a
coactivator of RUNX2 [61]. Pan et al. reported that
YAP could stabilize β-catenin and thus increase nuclear
β-catenin-mediated osteogenesis [63]. In this study, YAP
expression was decreased as TNF-α inhibited BMMSC
stemness. However, melatonin was able to restore YAP
expression. Our results conﬁrm that melatonin treatment
can reverse the loss of BMMSC stemness caused by TNF-α
via YAP signaling.
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5. Conclusions
In summary, we demonstrated that HMSC stemness
decreases with increased generations of in vitro culture.
TNF-α could result in the inﬂammatory-based reduction in
HMSC stemness. However, melatonin could reverse the
inﬂammatory reduction of HMSC stemness via the melatonin receptor and YAP signaling. In osteoporotic nude mice,
melatonin improved the eﬀects of HMSC treatment. This
work provides a detailed understanding of the eﬀects of
melatonin treatment of HMSCs.
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