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Melatonin induces the rejuvenation of
long-term ex vivo expanded periodontal
ligament stem cells by modulating the
autophagic process
Yi-Zhou Tan1†, Xin-Yue Xu1,2†, Ji-Min Dai3,4†, Yuan Yin1, Xiao-Tao He1, Yi-Lin Zhang1, Tian-Xiao Zhu1, Ying An1*,
Bei-Min Tian1* and Fa-Ming Chen1*

Abstract

Background: Stem cells that have undergone long-term ex vivo expansion are most likely functionally compromised
(namely cellular senescence) in terms of their stem cell properties and therapeutic potential. Due to its ability to attenuate
cellular senescence, melatonin (MLT) has been proposed as an adjuvant in long-term cell expansion protocols, but the
mechanism underlying MLT-induced cell rejuvenation remains largely unknown.

Methods: Human periodontal ligament stem cells (PDLSCs) were isolated and cultured ex vivo for up to 15 passages, and
cells from passages 2, 7, and 15 (P2, P7, and P15) were used to investigate cellular senescence and autophagy change in
response to long-term expansion and indeed the following MLT treatment. Next, we examined whether MLT could induce
cell rejuvenation by restoring the autophagic processes of damaged cells and explored the underlying signaling pathways.
In this context, cellular senescence was indicated by senescence-associated β-galactosidase (SA-β-gal) activity and by the
expression of senescence-related proteins, including p53, p21, p16, and γ-H2AX. In parallel, cell autophagic processes were
evaluated by examining autophagic vesicles (by transmission electronic microscopy), autophagic flux (by assessing mRFP-
GFP-LC3-transfected cells), and autophagy-associated proteins (by Western blot assay of Atg7, Beclin-1, LC3-II, and p62).

Results:We found that long-term in vitro passaging led to cell senescence along with impaired autophagy. As expected,
MLT supplementation not only restored cells to a younger state but also restored autophagy in senescent cells. Additionally,
we demonstrated that autophagy inhibitors could block MLT-induced cell rejuvenation. When the underlying signaling
pathways involved were investigated, we found that the MLT receptor (MT) mediated MLT-related autophagy restoration by
regulating the PI3K/AKT/mTOR signaling pathway.
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Conclusions: The present study suggests that MLT may attenuate long-term expansion-caused cellular senescence by
restoring autophagy, most likely via the PI3K/AKT/mTOR signaling pathway in an MT-dependent manner. This is the first
report identifying the involvement of MT-dependent PI3K/AKT/mTOR signaling in MLT-induced autophagy alteration,
indicating a potential of autophagy-restoring agents such as MLT to be used in the development of optimized clinical-scale
cell production protocols.
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Background
Postnatal mesenchymal stromal cells (MSCs) can be iso-
lated from many adult human tissues, including but not
limited to the bone marrow, adipose tissue, skin, articular
cartilage, brain, and multiple dental tissues, such as the
periodontium. Although MSCs have been demonstrated
to be powerful therapeutics for various injuries and disor-
ders in preclinical settings, one major impediment in
many if not all current scalable protocols is that cellular
senescence occurs during long-term culture and hence
compromises the subsequent therapeutic effects of MSCs
in the clinical setting [1–4]. In fact, how to expand quan-
tity- and quality-assured cellular materials to be used in
the clinical setting remains to be explored [5–7]. Success-
ful cellular therapy requires a sufficient quantity of robust
cells, while the production of cellular materials of interest
at a clinical scale necessitates prolonged in vitro cell ex-
pansion. Therefore, it is essential to enhance our know-
ledge about the culture-caused cell aging process and
indeed to identify new agents that can attenuate cellular
senescence during long-term cell expansion.
Senescence-associated β-galactosidase (SA-β-gal) expres-

sion, reactive oxygen species (ROS) accumulation, DNA
damage, mitochondrial dysfunction [8], metabolic alterations
[9], epigenetic modifications [10], and/or telomerase/
chromosome anomalies can be identified in aging cells;
hence, all are indicative of senescence [11]. More import-
antly, accumulating evidence indicates that perturbed au-
tophagy is more frequently found in senescent stem cells
than in other cell types, suggesting a new target to attenuate
cell aging [12, 13]. In fact, autophagy has long been believed
to be an evolutionarily conserved catabolic process that plays
a cytoprotective role in maintaining cellular homeostasis. In
this context, recent investigations have demonstrated that
autophagy downregulation could cause the accumulation of
dysfunctional macromolecules and organelles as well as im-
balanced proteostasis and amino acid pools, leading to im-
paired metabolic functions. Interestingly, the promotion of
autophagy could attenuate senescence-related dysfunction.
Similar to stem cells extracted from physiologically aged ani-
mal models, knockout of certain autophagy-related proteins
in stem cells results in a decreased cell regeneration capacity
[12, 14]. Therefore, it is reasonable to presume that
autophagy-restoring agents should be able to be used in

long-term and clinical-scale cell expansion protocols to
maintain a younger state in cells.
Melatonin (MLT), N-acetyl-5-methoxytryptamine, is an

endogenous hormone that was first recognized as an import-
ant modulator of circadian rhythms, regulating various
physiological bioactivities [15–17]. Due to its remarkable an-
tioxidative, antiapoptotic, immune-regulatory, and multiline-
age differentiation functions [18–21], MLT has been used in
many biological fields. Although the underlying mechanism
remains unknown, in vitro use of MLT demonstrated to pre-
vent senescence of MSCs [22, 23], and its exogenous admin-
istration has been proven to be effective in prolonging
longevity in several model organisms [24–26]. These findings
indicate a close connection between MLT and cellular senes-
cence. Although some methods, such as the treatment of
stem cells with growth factors, the cultivation of cells in bio-
materials mimicking in vivo cell environment and gene
modification, alone or in combination, have been applied to
try to retard cell senescence and maintain stemness in many
cell production protocols, these methods cannot be widely
used due to their high cost, technique complexity, and/or
risks. Compared to expensive growth factors, complex bio-
materials or intricate gene modification strategies, commer-
cially manufactured MLT is a natural agent that has been
safely used in preclinical and clinical settings for research
and therapeutic purposes for decades. In this regard, MLT
should be superior to other adjuvants in terms of safety,
cost-effectiveness, and efficacy for large-scale cellular mate-
rials undergoing long-term expansion, although the compre-
hensive mechanisms are still under investigation. In regard
to the therapeutic function of MLT, in vivo MLT application
restored autophagic flux to impede cognitive decline and car-
diac anomalies in Alzheimer’s disease (AD) animal models
[27, 28]. More recently, MLT was demonstrated to downreg-
ulate PI3K/AKT in stem cells through the MLT receptor
(MT) [29]. Given that the PI3K/AKT/mTOR pathway is a
main signaling pathway of autophagy regulation [30, 31], we
hypothesize that the mechanism underlying MLT-induced
senescence attenuation is attributed to its regulation of cell
autophagy and that MT/PI3K/AKT/mTOR signaling is likely
to be an important pathway involved in this regulatory
process.
To test our hypothesis, we isolated human periodontal

ligament (PDL) stem cells (PDLSCs) using established
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protocols in present study and cells cultured ex vivo for
up to 15 passages. Cells from passages 2, 7, and 15 (P2,
P7, and P15) were used to assess cellular senescence and
changes in autophagy levels caused by long-term expan-
sion. Next, the cellular responses of P2, P7, and P15 cells
to MLT treatment were evaluated to test the biological
function of MLT in maintaining cell stemness and in-
deed its ability to restore autophagy. Finally, we screened
and verified the potential signaling pathways involved in
MLT-induced cell rejuvenation.

Methods
In vitro expansion of PDLSCs
Human PDLSCs were isolated from extracted third mo-
lars or orthodontic teeth from 6 donors (2 males, 4 fe-
males, aged 26.5 ± 6.3) admitted to the Department of
Oral and Maxillofacial Surgery, School of Stomatology,
Fourth Military Medical University. All donors signed
the informed consent form in advance. Extracted teeth
were examined in advance to exclude periodontitis and
were immediately transferred into a centrifuge tube con-
taining complete culture medium (α-minimum essential
medium (α-MEM; Invitrogen, Carlsbad, USA) contain-
ing 100 U/mL penicillin (Invitrogen), 100 μg/mL strepto-
mycin (Invitrogen), and 10% fetal bovine serum (FBS;
Sijiqing, Hangzhou, China)) and taken to the laboratory.
After repeatedly rinsing with sterile phosphate-buffered
saline (PBS; Corning, USA), PDL tissue was gently
scraped from the middle of the root surface. The scraped
tissue was collected and digested in 3 mg/mL type I col-
lagenase (Sigma-Aldrich, St. Louis, USA) at 37 °C for 1 h.
After digestion, tissues were seeded in 6-well plates
(Thermo Scientific, Carlsbad, USA) with complete cul-
ture medium. The medium was changed every 2 days
until cells migrated from the tissue. We recognized these
primary cells as P0 cells. When the P0 cells reached 80%
confluence, they were digested and seeded into a 75 cm2

flask (Thermo Scientific). The cells cultured in the flask
were designated as P1 cells. Then, the cells were cul-
tured and passaged whenever they reached 80% conflu-
ence until P15. To eliminate the individual differences in
cells from different donors, P2, P7, and P15 cells from
the same donor were labeled and cryopreserved in liquid
nitrogen using CELLSAVING (New Cell & Molecular
Biotech, Suzhou, China) and thawed at the same time
for the identification of MSC properties and further
investigations.

Characterization of PDLSCs in various passages (P2, P7,
and P15)
Flow cytometry analysis
P2, P7, and P15 cells were digested, collected, and washed
twice with PBS. Then, the cells were transferred into ster-
ile Eppendorf tubes (Eppendorf, Hamburg, Germany) with

at least 1 × 105 cells/tube. The cells were incubated at 4 °C
in the dark for 1 h with monoclonal antibodies against hu-
man CD90, CD105, CD146, CD34, CD45, or CD31 (all
from eBioscience, San Diego, CA, USA) at a 1:1000 dilu-
tion, and cells incubated with PBS were used as the nega-
tive control. The immunophenotypes of the cells were
assessed with a Beckman Coulter Epics XL cytometer
(Beckman Coulter, Fullerton, CA, USA).

Colony formation assay
P2, P7, and P15 cells were seeded into 100-mm culture
dishes (Invitrogen) at a density of 1 × 103 cells/well. The
medium (complete α-MEM) was refreshed every 2 days
for 10 days. The cells were then rinsed twice, fixed with
4% paraformaldehyde (Servicebio, Wuhan, China) for 20
min, and stained with 0.1% toluidine blue (Sigma-Al-
drich) for 15 min. The stained cells were rinsed to wash
away extra-dye and then were observed under a stereo-
microscope (Olympus Optical, Tokyo, Japan). Cell ag-
gregates containing more than 50 cells were recognized
as colonies.

Cell Counting Kit-8 (CCK-8) assay
P2, P7, and P15 cells were seeded into 96-well plates
(Invitrogen) at a density of 1 × 103 cells/well. The
medium was refreshed every 2 days for 8 days. During
the 8-day culture, 200 μL medium with 20 μL CCK-8 re-
agent (Dojindo Corporation, Tokyo, Japan) was added to
each well at the same time every day, and the plate was
incubated at 37 °C for 1 h; then, the absorbance at 450
nm was detected with a microplate reader (TECAN,
Männedorf, Switzerland) to measure the proliferation
ability of cells.

Cell differentiation assay
P2, P7, and P15 cells were seeded into 6-well dishes at a
density of 5 × 105 cells/well. After the cells reached 80%
confluence, the medium was changed to osteo-inductive
medium, adipo-inductive medium, or chondrogenic in-
ductive medium (all from Cyagen, Guangzhou, China) to
ascertain their alkaline phosphatase (ALP) activity and
multilineage differentiation potential; the medium was
refreshed every 2 days. Based on the methods reported
previously and/or according to the manufacturer’s in-
structions, ALP staining (ALP staining kit, Beyotime In-
stitute of Biotechnology, Nantong, China) and Alizarin
red staining (kit from Sigma-Aldrich) were performed
following osteo-induction for 7 and 21 days. In parallel,
Oil red O staining (Cyagen) and Alcian blue staining
(Cyagen) were performed following adipo-induction or
chondrogenic induction for 21 days or 28 days. To quan-
titatively analyze the mineralized nodules after Alizarin
red staining, the mineralized nodules were dissolved
with 6% cetyl-pyridine for 15 min. Then, the absorbance
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at 570 nm was assessed with a microplate reader (TECA
N). ALP quantitative analysis was performed using an al-
kaline phosphatase assay kit (Nanjing Jiancheng Bio-
engineering Institute, Nanjing China) according to the
manufacturer’s instructions.

Cellular senescence and autophagy levels of P2, P7, and
P15 cells
Cryopreserved P2, P7, and P15 cells from the same donor
were thawed at the same time and seeded for investiga-
tions. P2 cells were used as the control group, while P7
and P15 cells were used as senescent groups. To detect
cell senescence features, SA-β-gal activity (see Section
“SA-β-gal activity analysis”) and the expression of
senescence-associated proteins p16, p21, p53, and γ-
H2AX (see Section “Western blot analysis”) were evalu-
ated. To investigate the autophagy level in P2, P7, and P15
cells, we first verified the existence of autophagic vesicles
by transmission electron microscopy (see Section “Trans-
mission electron microscopy”). Then, the autophagic flux
in P2, P7, and P15 cells was detected. To determine
changes in autophagic flux occurring before or after auto-
lysosome formation, 1 μM bafilomycin A1 (Baf; Med-
ChemExpress), an inhibitor of autophagosome-lysosome
fusion, was added for 4 h before the tests. After mRFP-
GFP-LC3 adenovirus transfection, P2, P7, and P15 cells
were observed under a confocal microscope (see Section
“Cell transfection”). Another marker of autophagic flux,
LC3-II, was evaluated by flow cytometry analysis (see Sec-
tion “Indirect immunofluorescent labeling and flow cy-
tometry analysis”). The alteration of autophagy levels in
P2, P7, and P15 cells was further confirmed by detecting
the expression of autophagy-related proteins Atg7, p62,
and Beclin-1 (see Section “Western blot analysis”).

MLT concentration selection
To select a suitable concentration for cell treatment, 0,
10 nM, 100 nM, 1 μM, or 10 μM MLT (Sigma-Aldrich)
was added to complete culture medium and incubated
with P15 cells for 24 h. Cell viability (see Section “CCK-
8 assay”) and the expression of cellular senescence-
associated genes and autophagy-associated proteins (see
Sections “qRT-PCR analysis” and “Western blot ana-
lysis”) in response to MLT treatment at various concen-
trations. An MLT concentration that enhanced cell
viability, attenuated cellular senescence, and activated
autophagy was selected for cell treatment in other
investigations.

Effects of MLT treatment on senescent cells
Based on the selected MLT concentration, we investi-
gated the cell response (rejuvenation) and autophagy
level of P7 and P15 cells following MLT treatment; P2
cells were used as the control. To investigate the

changes in cell proliferation in response to MLT treat-
ment, MLT was added to complete α-MEM from day 1
to day 8 to perform the CCK-8 assay (see Section “CCK-
8 assay”). To evaluate the pro-osteogenesis effect of
MLT, MLT was added during osteo-induction from day
1 to day 21 at a concentration of 1 μM, as selected based
on dose-response assays. The osteogenic differentiation
potential of P15 cells with or without MLT treatment
was evaluated by Alizarin red staining (see Section “Cell
differentiation assay”) and ALP staining (see Section
“ALP staining”), and osteogenesis-related protein expres-
sion (RUNX2 and OCN) was determined by Western
blot analysis (see Section “Western blot analysis”). Cell
senescence and autophagy were assessed after MLT
treatment for 24 h. The alteration of cell senescence in
response to MLT treatment was evaluated by SA-β-gal
activity (see Section “SA-β-gal activity analysis”) and the
expression of senescence-associated proteins p16, p21,
p53, and γ-H2AX (see Section “Western blot analysis”).
The changes in autophagy were assessed in terms of au-
tophagic flux and the expression of autophagy-related
proteins. 1 μM Baf was added to determine whether
MLT altered autophagy by promoting the initiation of
autophagic flux or by inhibiting the degradation of
autophagosomes. Fluorescently labeled autophagic
vesicles were observed in mRFP-GFP-LC3 adenovirus-
transfected cells under a confocal microscope (see Sec-
tion “Cell transfection”), and the amount of LC3-II was
detected by flow cytometry analysis (see Section “Indir-
ect immunofluorescent labeling and flow cytometry ana-
lysis”) to assess the autophagic flux after MLT
treatment. The expression of the autophagy-related pro-
teins Atg7, p62, and Beclin-1 was evaluated by Western
blotting (see Section “Western blot analysis”).

Effects of autophagy inhibition on MLT-mediated cellular
rejuvenation
To determine the role of autophagy in MLT-mediated re-
juvenation, 5mM 3-methyladenine (3-MA, MedChemEx-
press, New Jersey, USA) was used as an autophagy
inhibitor to counteract MLT-mediated autophagy induc-
tion. P15 cells were used as study subjects and divided
into four groups. P15 cells incubated in complete α-MEM
without any treatment were used as the control (named
the CON group). P15 cells incubated with MLT (named
the MLT group) and 3-MA (named the 3-MA group) sep-
arately or together (named the MLT + 3-MA group) for
24 h were used for the assessment of cell senescence and
autophagy.

Role of MT in MLT-mediated cellular rejuvenation and
autophagy induction
To determine whether MT was involved in the MLT-
mediated effect, the expression of MT in PDLSCs was
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investigated by Western blotting (see Section “Western
blot analysis”). Then, 1 μM luzindole (LUZ; MedChem-
Express), a nonselective antagonist of MLT receptors,
was added to inhibit the interaction between MLT and
MT. P15 cells were used as study subjects and incubated
in complete α-MEM with MLT and LUZ alone or to-
gether for 24 h to assess the alterations in cell autophagy
and senescence when MT was inhibited. P15 cells incu-
bated in complete α-MEM without any treatment were
used as the control group.

Role of PI3K/AKT/mTOR signaling in MLT-mediated
cellular rejuvenation and autophagy induction
To investigate the possible pathway involved in MT-
dependent autophagy, LUZ was added to assess the total
protein expression of PI3K, AKT, and mTOR and the ex-
pression of p-PI3K, p-AKT, and p-mTOR by Western
blotting (see Section “Western blot analysis”) after the
interaction between MLT and MT was inhibited. Then,
the involvement of the PI3K/AKT/mTOR signaling path-
way was further studied by treating the cells with SC79
(PI3K/AKT activator) and MHY1485 (mTOR activator)
(both purchased in MedChemExpress) in complete α-
MEM for 24 h. After the given treatment, the alterations
in cell senescence and autophagy were assessed. Each re-
agent was first dissolved in DMSO (Sigma-Aldrich) to
form a storage solution at a concentration of 10mM and
then diluted to the final applied concentration in basal
medium before use.

SA-β-gal activity analysis
To detect cellular senescence, SA-β-gal activity was eval-
uated. Cells were seeded into 6-well dishes at a density
of 1 × 105 cells/well. After the cells reached 50% conflu-
ence, SA-β-gal activity was detected using a senescence
β-galactosidase staining kit (Cell Signaling Technology
(CST), MA, USA) according to the manufacturer’s in-
structions. SA-β-gal-positive cells were dyed blue, ob-
served, and calculated based on three randomly selected
bright fields. The percentage of SA-β-gal-positive cells
among all cells was analyzed.

Transmission electron microscopy
To detect autophagic vesicles, cells were fixed using 3%
(w/v) glutaraldehyde for at least 48 h at 4 °C and post-
fixed with osmium tetroxide. The samples were dehy-
drated in a graded series of alcohol concentrations,
embedded in epoxy resin, and then sectioned. The au-
tophagic vesicles in cells were observed by transmission
electron microscopy (Hitachi, Tokyo, Japan).

Cell transfection
To visualize autolysosomes/autophagosomes under a
laser confocal microscope, PDLSCs were transfected

with adenovirus mRFP-GFP-LC3 (HanBio Technology,
Shanghai, China) prior to use. Briefly, the cells were
seeded into confocal 24-well dishes (Xinyou Biotechnol-
ogy, Hangzhou, China) at a density of 5 × 104 cells/well.
After the cells adhered and reached 50% confluence,
they were transfected with mRFP-GFP-LC3 adenovirus
according to the manufacturer’s instructions. The
medium was renewed 2 h after transfection to remove
extra adenovirus. Pharmaceutical treatments were con-
ducted 12 h after transfection. After the respective treat-
ments, the transfected cells were fixed with 4%
paraformaldehyde (Servicebio) and observed under an
Olympus FV1000 laser confocal microscope (Tokyo,
Japan). Both red and yellow puncta were counted and
analyzed in the merged image based on three randomly
selected fields.

Indirect immunofluorescent labeling and flow cytometry
analysis
The amount of LC3-II, which is recognized as a marker
that is altered during autophagic flux, was evaluated by
indirect immunofluorescent labeling for GFP-LC3-II and
subsequent flow cytometry analysis. The cells were fixed
and permeabilized with the Fixation/Permeabilization
Solution Kit (BD Biosciences Pharmingen, San Diego,
USA) for 20 min at 4 °C. After rinsing twice, the cells
were incubated with an LC3B-specific antibody (rabbit
polyclonal, ProteinTech, Illinois, USA, # 18725-1-AP) at
a 1:200 dilution at 4 °C overnight. Then, the cells were
rinsed three times to remove additional primary anti-
body before incubation at room temperature in the dark
for 2 h with goat anti-rabbit DyLight 488 IgG (1:200,
AntiProtech Inc., California, USA). The labeled cells
were analyzed using a Beckman Coulter Epics XL cyt-
ometer (Beckman Coulter).

RNA extraction and quantitative real-time polymerase chain
reaction (qRT-PCR)
Total RNA was extracted using the EZNA Total RNA
Kit II (OMEGA Biotek, Inc., GA, USA) according to the
manufacturer’s instructions. Extracted total RNA was re-
verse transcribed to cDNA using the PrimeScript RT Re-
agent Kit (TaKaRa, Shiga, Japan) as instructed. qRT-PCR
analysis was performed using the SYBR Premix Ex Taq
II Kit (TaKaRa), and the results were assessed with a
CFX96 Real-time RT-PCR System (Bio-Rad, Hercules,
CA, USA). β-Actin was used as the endogenous control
to normalize the expression levels. The resulting amplifi-
cation and melt curves were analyzed to ensure the iden-
tity of the specific PCR product. Threshold cycle values
were used to calculate the fold change in the transcript
levels by using the 2−ΔΔCt method. The primers used for
qRT-PCR were as follows: β-actin: sense 5′-TGGCAC
CCAGCACAATGAA-3′ and antisense 5′-CTAAGTCA
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TAGTCCGCCTAGAAGCA-3′; p53: sense 5′-CAGCAC
ATGACGGAGGTTGT-3′ and antisense 5′-TCAT
CCAAATACTCCACACGC-3′; p21: sense 5′-TGTCCG
TCAGAACCCATGC-3′ and antisense 5′-AAAGTCGA
AGTTCCATCGCTC-3′; and p16: sense 5′-GAAGAA
AGAGGAGGGGCTG-3′ and antisense 5′-GCGCTACC
TGATTCCAATTC-3′.

Western blot analysis
Prepared cells were lysed in RIPA buffer (Beyotime) sup-
plemented with phosphatase inhibitors (Sigma-Aldrich).
The protein concentrations were measured using a
bicinchoninic acid (BCA) assay kit (Solarbio, Beijing,
China). Protein samples were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Beyotime). The concentration of the applied
SDS-PAGE gel was selected according to the molecular
weight of the proteins. That is, 15% gels were used to as-
sess OCN, LC3, p16, γ-H2AX, and p21; 10% gels were
used to assess p-PI3K, PI3K, p-AKT, AKT, Atg7, Beclin-
1, p53, RUNX2, and GAPDH; and 6% gels were used to
assess p-mTOR and mTOR. The proteins were trans-
ferred onto PVDF membranes (Millipore, Billerica, MA,
USA). After blocking with 5% nonfat milk at room
temperature for 1 h, the membranes were incubated with
primary antibodies at 4 °C overnight and with the corre-
sponding horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (1:2000; goat anti-rabbit IgG, CST,
#7074; goat anti-mouse IgG, CST, #7076) for 2 h at
room temperature the next day. Finally, the blots were
detected using enhanced chemiluminescence substrate
(ECL kit, Millipore). The phosphorylated protein level
was normalized to the corresponding total protein level.
GAPDH was used as the housekeeping gene for internal
normalization. ImageJ software was used to analyze pro-
tein bands. For Western blotting, we used primary anti-
bodies against p16 (1:1000; ProteinTech, #10883-1-AP),
p21 (1:1000; ProteinTech, #10355-1-AP), p53 (1:1000;
Abcam, Cambridge, Britain, ab26), γ-H2AX (1:1000;
Abcam, ab229914), LC3B (1:1000; ProteinTech, #14600-
1-AP), p62 (1:1000; ProteinTech, #18420-1-AP), Atg7 (1:
1000; ProteinTech, #10088-2-AP), Beclin-1 (1:1000; Pro-
teinTech, #11306-1-AP), OCN (1:1000; Abcam,
ab93876), RUNX2 (1:1000; CST, #12556), MTNR1A (1:
1000; ProteinTech, #Ag24198) PI3K (1:1000; CST,
#4257), p-PI3K (Tyr458) (1:1000; CST, #4228), AKT (1:
1000; CST, #4691), p-AKT (Ser473) (1:1000; CST,
#4060), mTOR (1:1000; CST, #2983), and p-mTOR
(Ser2448) (1:1000; CST, #5536).

Statistical analysis
The PDLSCs compared before and after long-term pas-
saging were from identical donors. All assays were per-
formed at least three times independently. GraphPad

Prism 7 software was employed for statistical analysis.
Differences between groups were assessed by one-way
analysis of variance (one-way ANOVA) followed by
Tukey’s multiple comparisons tests, Sidak’s multiple
comparisons tests, or Dunnett’s multiple comparisons
tests. The results are presented as the mean and stand-
ard deviation (mean ± SD). All experiments were re-
peated in PDLSCs from at least 3 different donors.
Statistical significance was expressed as p < 0.05 (*), p <
0.01 (**), p < 0.001 (***), or p < 0.0001 (****).

Results
Long-term passaging causes cellular senescence
PDLSCs were successfully isolated from PDL tissues
from 6 donors (2 males, 4 females, aged 26.5 ± 6.3) and
were expanded in vitro for 15 passages according to the
methods described in the corresponding section. Here,
we chose P2 cells as the control group and P7 and P15
cells from the same donor as study subjects to investi-
gate the alterations that occur alongside long-term
ex vivo expansion. First, we detected the cell surface
markers of MSCs by flow cytometry analysis. We found
that all P2, P7, and P15 cells positively expressed MSC
markers, including CD90, CD105, and CD146, while the
endothelial cell marker CD31 and hematopoiesis-related
markers CD34 and CD45 were not expressed (Fig. S1a).
Then, the differentiation potential of P2, P7, and P15
cells towards cartilage, adipose, and osseous tissue was
investigated by Alcian blue, Oil red O, Alizarin red, and
ALP staining assays following the given protocols. The
stained acidic polysaccharides, lipid droplets, and miner-
alized nodes suggested that P2, P7, and P15 cells all had
multilineage differentiation potential for processes in-
cluding chondrogenesis, adipogenesis, and osteogenesis
(Fig. S1b–d and f). However, quantitative analysis of
Alizarin red staining and ALP activity suggested that the
osteogenesis potential of P15 cells was significantly de-
creased compared to that of P2 cells (Fig. S1e and g).
Furthermore, as indicated by the colony formation assay
and CCK-8 assay, the cells from all passages were
proven to possess the properties of colony formation
and proliferation. However, the proliferation rate signifi-
cantly declined with long-term passaging (Fig. 1a, b). Ac-
cordingly, SA-β-gal activity, which reflects the extent of
cellular senescence [32], was markedly higher in P15
cells (Fig. 1c). To further verify cellular senescence after
in vitro expansion, the expression of several senescence-
associated proteins, including p16, p21, p53, and γ-
H2AX, was investigated. p16, p21, and p53 are
recognized as cell cycle regulatory proteins, and their in-
creased expression often indicates cell cycle dysregula-
tion. γ-H2AX, which forms discrete nuclear foci when
phosphorylated, sensitively indicates DNA double-strand
break damage. Western blotting indicated that the
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expression of these senescence-related proteins was in-
creased after long-term passaging (Fig. 1d). In summary,
senescence-associated features, including proliferation

inhibition, decreased osteogenesis potential, increased
SA-β-gal activity, cell cycle arrest, and DNA damage,
were observed as the passage number increased (from

Fig. 1 Long-term ex vivo culture causes senescence in human PDLSCs. Human PDLSCs were cultured and passaged in vitro; across the ex vivo expansion
stage, passage 2 (P2), passage 7 (P7), and passage 15 (P15) cells were collected for subsequent studies. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001
represent significant differences between the indicated columns. a The colony-forming ability of PDLSCs changed during long-term ex vivo expansion (top:
general views of the cell colonies formed by P2, P7, and P15 cells and a representative single colony from the top panel (scale bar = 100μm); bottom:
quantitative analysis of cell colonies formed by P2, P7, and P15 cells). b Proliferative activity of P2, P7, and P15 cells in terms of CCK-8 assay (P2 vs. P15: *p<0.05
and **p<0.01; P2 vs. P7: #p<0.05; P7 vs. P15: $p<0.05). c SA-β-gal in P2, P7, and P15 cells (top: representative images of SA-β-gal expression in P2, P7, and P15
cells (immunocytochemical staining, positively stained cells were dyed in blue; scale bar = 100μm); bottom: percentage of SA-β-gal-positive cells among all cells
and quantitative analysis). d Cell senescence-related proteins in P2, P7, and P15 cells (top: protein levels of p53, p21, p16, and γ-H2AX as determined by Western
blot assay; bottom: quantitative analysis of p53, p21, p16, and γ-H2AX expression in P2, P7, and P15 cells)
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P2 to P7 to P15, with the most prominent effects in P15
cells), suggesting that long-term passaging causes cellu-
lar senescence.

Cell autophagy is impaired after long-term passaging
The alterations in autophagy levels after long-term passa-
ging were evaluated in terms of the observation of autoph-
agic vesicle formation, autophagic flux, and autophagy-
related protein expression. We first observed autophagic
vesicles in P2, P7, and P15 cells by transmission electron
microscopy. According to the observations, double-
layered autophagic vesicles existed in all P2 and P7 cells,
but were scarcely observed in P15 cells (Fig. 2a). The
observed double-layered autophagic vesicles could be
autophagosomes or autolysosomes, but it was hard to dis-
tinguish the type merely via the observation by transmis-
sion electron microscopy. To distinguish autophagosomes
from autolysosomes and to detect the proceeding autoph-
agic flux in P2, P7, and P15 cells, the mRFP-GFP-LC3
adenovirus reporter was transfected into P2, P7, and P15
cells. Autophagy is a consecutive process that includes
autophagosome formation, maturation, fusion with lyso-
somes to form autolysosomes, and degradation. The
process from autophagosome formation to degradation is
termed autophagic flux. Generally, LC3-II is currently the
most widely used marker for autophagosome and autoph-
agic flux detection [33]; LC3-II is located on both the
outer and inner membranes of autophagosomes, and its
expression level decreases as autophagosomes are fused
with and subsequently degraded by lysosomes. In mRFP-
GFP-LC3 adenovirus-transfected cells, both RFP and GFP
were expressed along with LC3. When autophagosomes
did not fuse with lysosomes, they displayed yellow puncta
formed by the overlay of red and green puncta. When
autophagosomes fused with lysosomes to form autolyso-
somes, the inner compartment, which has a low pH (ap-
proximately 4 ~ 5) quenches the fluorescence of GFP, and
thus autolysosomes can be visualized as red puncta. After
long-term passaging, the number of red puncta (autolyso-
somes) prominently declined in P15 cells (Fig. 2b). To fur-
ther verify whether the decline in autolysosomes in
senescent cells was caused by inhibited formation or in-
creased degradation, Baf, an inhibitor of lysosome forma-
tion, was added 4 h before the tests. After Baf
supplementation, P2 cells were saturated with yellow
puncta (non-fused autophagosomes) because of the failure
of autolysosome formation; however, the alteration of the
accumulation of yellow puncta was attenuated in P7 and
P15 cells, suggesting that the decreased volume of autoph-
agic vesicles in cells after long-term expansion saturation
did not result from increased degradation but from
blocked autophagic flux (Fig. 2b).
We also used flow cytometry analysis and Western

blotting to assess the amount of LC3-II to verify the

blockage of autophagic flux after long-term expansion.
There were no significant differences in the amount of
LC3-II before and after Baf treatment in P7 and P15
cells, while LC3-II significantly accumulated in P2 cells
after Baf treatment (Fig. 2c, d). Since the amount of
LC3-II could reflect the number of autophagosomes,
these results indicate the inhibition of autophagosome
formation in the cells after long-term expansion. As
indicated by Western blotting, the expression of
autophagy-related proteins, including Atg7 and Beclin-1,
decreased after long-term expansion, while the expres-
sion of the autophagy substrate indicator p62 increased
with PDLSC senescence (Fig. 2e), altogether indicating
the impaired autophagy in senescent cells caused by
long-term expansion.

MLT ameliorates PDLSC senescence and restores
autophagy
To investigate the effect of MLT on senescent PDLSCs,
MLT was added to the culture medium. First, the opti-
mal MLT concentration was selected according to dose
that yielded the most viable PDLSCs. P15 cells were
treated with 0, 10 nM, 100 nM, 1 μM, or 10 μM MLT for
24 h. According to the CCK-8 assay, cells treated with
1 μM MLT showed the highest viability (Fig. S2a). Con-
sistently, as indicated by Western blotting, the expres-
sion of autophagy-related proteins, including Atg7,
Beclin-1, and LC3-II, was significantly higher, while that
of p62 was lower in cells treated with 1 μM MLT than in
those treated with other doses of MLT; these features
collectively suggest a higher autophagy level in the 1 μM
MLT-treated group (Fig. S2b and c). The expression of
senescence-related proteins was evaluated by qRT-PCR.
The expression of p16, p21, and γ-H2AX was lower in
the 1 μM MLT group, while the expression of p53
showed no significant difference in the 100 nM and
1 μM MLT groups (Fig. S2d). To achieve optimal cell
viability, better autophagy restoration and rejuvenation
effects, we chose 1 μM MLT for further studies.
After treatment with MLT, SA-β-gal staining was

employed to investigate the effect of MLT on cellular
senescence. The proportion of SA-β-gal-positive cells
was increased in P7 and P15 cells compared to P2 cells,
but this effect was drastically reduced after MLT treat-
ment (Fig. 3a, b). Consistent with the SA-β-gal staining
results, the Western blotting results indicated that the
increase in the expression of p16, p21, and p53 in P7
and P15 cells declined after MLT treatment (Fig. 3c, d).
According to the CCK-8 assay, MLT could also promote
the proliferation of P15 cells (Fig. S3a). For the alteration
in osteogenic potential, MLT was added to the osteo-
inductive microenvironment from day 1 to day 21. P2
cells undergoing osteogenic induction were used as the
control group. Alizarin red and ALP staining assays
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indicated that MLT treatment promoted osteogenic dif-
ferentiation in P15 cells (Fig. S3b–e). This result was fur-
ther supported by the increased expression of osteoblast
differentiation-related transcription factors RUNX2 and
OCN, as indicated by Western blotting (Fig. S3f-h).
These results collectively suggest the rejuvenation effect
of MLT in senescent PDLSCs.
To detect the alteration in autophagic flux after MLT

treatment, mRFP-GFP-LC3 adenovirus was transfected

into P15 cells 24 h before MLT treatment. MLT was sup-
plemented with culture medium for 24 h, and Baf was
added 4 h before the tests. As shown in the merged image,
the number of both red puncta and total puncta was ele-
vated after MLT treatment, while Baf treatment further
enhanced autophagosome accumulation (indicated by yel-
low puncta) in P15 cells treated with MLT (Fig. 4a). These
observations suggest that MLT promotes the accumula-
tion of both autophagosomes and autolysosomes, inferring

Fig. 2 Long-term ex vivo culture causes defective autophagy in human PDLSCs. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 represent significant
differences between the indicated columns, while NS represents no significant difference. a Electron microscopy images of P2, P7, and P15 cells. Arrowheads
indicate autophagic vesicles. Scale bar = 2μm. b Presence of autophagosomes (yellow) and their maturation into autolysosomes (red) in adenovirus mRFP-GFP-
LC3-transfected cells (P2, P7, P15) with or without Baf treatment (top: representative confocal images, scale bar = 50μm, ×200 magnification; bottom: quantitative
analysis of the percentage of yellow puncta out of the total puncta based on confocal examination). c GFP–LC3 fluorescence levels in P2, P7, and P15 cells before
and after Baf treatment (top: representative flow cytometry graphs; bottom: quantitative analysis of the MFI of GFP–LC3). d LC3-II levels in P2 and P15 cells before
and after Baf treatment (left: protein levels of LC3-II as determined by Western blot assay; right: quantitative analysis of LC3-II expression in cells). e Expression of
cell autophagy-related proteins in P2, P7, and P15 cells as determined by Western blot assay; quantitative analysis of Atg7, p62, and Beclin-1 expression
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Fig. 3 MLT rescues cells from long-term ex vivo passaging-induced senescence. (MLT-treated P2, P7, and P15 cells were termed P2 +MLT, P7 +MLT,
and P15 +MLT, respectively). *p < 0.05, **p < 0.01, and ****p < 0.0001 represent significant differences between the indicated columns. a Representative
images of SA-β-gal expression in P2, P7, and P15 cells (immunocytochemical staining, positively stained cells were dyed in blue; scale bar = 100 μm). b
Percentage of SA-β-gal-positive cells among all cells and quantitative analysis. c Cell senescence-related protein expression in P2, P7, and P15 cells as
determined by Western blot assay. d Quantitative analysis of p53, p21, p16, and γ-H2AX expression in P2, P7, and P15 cells
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propelled autophagic flux, in long-term expansion-
induced senescent cells. As evidenced by Western blotting
and flow cytometry, MLT increased the expression of
LC3-II in P15 cells, and this effect was even more pro-
nounced when cells were incubated with Baf, suggesting
that the impairment of autophagic flux in P15 cells and
could be attenuated after MLT treatment (Fig. 4b, c).
Similarly, as verified by Western blotting, the decreases in
the expression of Atg7 and Beclin-1 in P7 and P15 cells
was significantly elevated after MLT treatment, while the
accumulated p62 were significantly attenuated (Fig. 4d).
These results collectively suggest that MLT treatment can
restore autophagy in senescent cells.
In short, MLT treatment can restore autophagy and

attenuate senescence in cells undergoing long-term ex-
pansion, but the relationship between the MLT-
mediated rejuvenation effect and autophagy restoration
needs to be further investigated.

Inhibition of autophagy deteriorates cellular senescence
To explore whether the rejuvenation effect mediated by
MLT occurs through autophagy regulation, we cotreated
P15 cells with MLT and the widely used autophagy in-
hibitor 3-MA to reverse the rescued autophagy. After
treatment with MLT and 3-MA separately or simultan-
eously for 24 h, autophagy in P15 cells was evaluated in
terms of the number of autophagic vesicles and the ex-
pression of autophagy-related proteins. As verified by
mRFP-GFP-LC3 adenovirus transfection, the decreased
number of red puncta (autolysosomes) and yellow
puncta (non-fused autophagosomes) after 3-MA treat-
ment suggested that 3-MA could further suppress au-
tophagy in senescent cells and prevent MLT-induced
autophagy (Fig. 5a, b). Similarly, Western blot analysis
showed that the decreases in the expression of
autophagy-related proteins, including Atg7, Beclin-1,
and LC3-II, and the accumulation of autophagy sub-
strate p62 in the 3-MA treatment group compared to
the control group, suggesting that 3-MA could potently
inhibit cell autophagy; the comparison between the
MLT treatment group and the MLT and 3-MA cotreat-
ment group suggested that 3-MA treatment also abro-
gated the restoration of autophagy mediated by MLT
(Fig. 5c, d). These results collectively indicate that 3-MA
could successfully impede MLT-induced autophagy
restoration.
With the inhibition of autophagy caused by 3-MA, the

senescence-associated changes were more pronounced
compared to the control group. Even in the presence of
MLT, 3-MA treatment increased the number of SA-β-
gal-positive cells (Fig. 5e). Accordingly, the expression of
the senescence-related proteins p16, p21, p53, and γ-
H2AX further increased with 3-MA treatment (Fig. 5f,
g), indicating increased cell cycle arrest and DNA

damage along with impaired autophagy. The MLT-
mediated rejuvenation effect was also suppressed by 3-
MA treatment. Taken together, these data indicate that
the loss of autophagy caused by 3-MA further exacer-
bates senescence-associated features and inhibits MLT-
induced amelioration of senescence, suggesting that the
MLT-mediated rejuvenation effect is associated with the
restoration of autophagy.

MT is involved in MLT-mediated autophagy regulation
To determine whether MLT-mediated autophagy regula-
tion occurs in a receptor-dependent pathway, we first
detected the expression of MT in PDLSCs. Western
blotting indicated that P2, P7, and P15 cells all positively
expressed MT, but there was no significant difference
between the expression levels in these cells (Fig. S4a and
b). Next, the cells were treated with LUZ, a nonselective
antagonist of MT, 24 h before the tests. As shown in the
mRFP-GFP-LC3 adenovirus-transfected cells, the num-
ber of red puncta decreased in LUZ-treated cells com-
pared to control cells, and the increase in red puncta
mediated by MLT was also inhibited by LUZ treatment
(Fig. 6a, b), suggesting that the restoration of autophagic
flux was resuppressed by LUZ treatment. Consistently,
LUZ reversed the MLT-induced expression changes in
autophagy-related proteins, including Atg7, Beclin-1,
LC3-II, and p62, which suggests that MLT restores au-
tophagy in senescent cells in an MT-dependent manner
(Fig. 6c, d). SA-β-gal staining (Fig. 6e) and Western blot
analysis indicated that the expression of senescence-
associated proteins, including p16, p21, p53, and γ-
H2AX (Fig. 6f. g), and the senescence features of P15
cells stacked when LUZ was applied to block MT-
dependent autophagy regardless of MLT treatment.
Next, we explored the possible downstream signaling

pathway involved in receptor-dependent MLT-mediated
autophagy regulation. As suggested in a previous study
[29], MT is involved in the downregulation of PI3K/AKT
by MLT, and the PI3K/AKT/mTOR pathway is recog-
nized as a main signaling pathway of autophagy regula-
tion. Hence, we assessed the expression of the
phosphorylated forms of PI3K/AKT/mTOR in cells
treated with LUZ. Western blotting indicated that the ex-
pression of p-PI3K, p-AKT, and p-mTOR in the LUZ-
treated group was significantly increased compared to that
in the control group, while LUZ had little effect on the
total protein expression of PI3K, AKT, and mTOR. The
results also showed that MLT treatment decreased the ex-
pression of p-PI3K, p-AKT, and p-mTOR but had no ef-
fect on the total protein expression (Fig. S4c). Moreover,
the expression of both phosphorylated and total proteins
of PI3K, AKT, and mTOR was comparable between the
control group and the MLT and LUZ cotreatment group
(Fig. S4c-e). In accordance with a former study [29], these

Tan et al. Stem Cell Research & Therapy          (2021) 12:254 Page 11 of 21



results collectively suggest that MLT could negatively
regulate the PI3K/AKT/mTOR pathway via MT.

MLT restores autophagy and attenuates cellular
senescence by downregulating the MT/PI3K/Akt/mTOR
signaling pathway
To further verify the role of the MT/PI3K/Akt/mTOR
pathway in MLT-regulated cellular autophagy and

rejuvenation, we added the MT-specific blocker LUZ,
the PI3K/Akt agonist SC79, and the mTOR selective
agonist MHY1485 to MLT-treated cells. Compared to
that in the MLT-treated group, autophagic flux was
obstructed in the MLT + LUZ group, MLT + SC79
group, and MLT +MHY1485 group, as suggested by the
decreased number of red puncta in the merged pictures
of mRFP-GFP-LC3 adenovirus-transfected cells (Fig. 7a,

Fig. 4 MLT restores autophagy in cells undergoing long-term ex vivo passaging. (MLT-treated P2, P7, and P15 cells were termed P2 +MLT, P7 +MLT,
and P15 +MLT, respectively). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 represent significant differences between the indicated columns,
while NS represents no significant difference. a Presence of autophagosomes (yellow) and their matured form, autolysosomes (red), in mRFP-GFP-LC3
adenovirus-transfected cells with or without MLT treatment (top: representative confocal images, scale bar = 50 μm, ×200 magnification; bottom:
quantitative analysis of the percentage of yellow puncta out of the total puncta based on confocal examination). b GFP-LC3 fluorescence levels in P15
and MLT-treated P15 cells before and after Baf treatment (top: representative flow cytometry graphs; bottom: quantitative analysis of the MFI of GFP–
LC3). c LC3-II levels in P2 and P15 cells before and after Baf treatment (top: protein levels of LC3-II as determined by Western blot assay; bottom:
quantitative analysis of cell LC3-II expression). d Expression of cell autophagy-related proteins in P2, P7, MLT-treated P7, P15, and MLT-treated P15 cells
as determined by Western blot assay and quantitative analysis of Atg7, p62, and Beclin-1 expression
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b). Consistent results were also shown in terms of the
expression of autophagy-associated proteins, including
Atg7, Beclin-1, LC3-II, and p62, as evaluated by Western

blotting (Fig. 7c, d). These results all suggested that
MLT-induced autophagy in senescent cells was abol-
ished by the MT blocker, PI3K/Akt agonist, and mTOR

Fig. 5 Downregulation of autophagy via an autophagy inhibitor deteriorated cell senescence. (CON: P15 cells without any treatment; MLT: MLT-treated P15 cells;
3-MA: 3-MA-treated P15 cells; MLT+3-MA: MLT plus 3-MA–treated P15 cells). *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 represent significant differences
between the indicated columns, while NS represents no significant difference. a Representative confocal images of autophagosomes (yellow) and their matured
form, autolysosomes (red), in mRFP-GFP-LC3 adenovirus-transfected P15 cells with or without MLT/3-MA treatment (scale bar = 50μm, ×200 magnification). b
Quantitative analysis of the percentage of red puncta out of the total puncta based on confocal examination. c Expression of cell autophagy-related proteins
Atg7, p62, Beclin-1, and LC3-II in P15 cells with or without MLT/3-MA treatment as determined by Western blot assay. d Quantitative analysis of Atg7, p62, Beclin-
1, and LC3-II expression in P15 cells with or without MLT/3-MA treatment. e SA-β-gal in P15 cells with or without MLT/3-MA treatment (top: representative images
of SA-β-gal expression in terms of immunocytochemical staining; positively stained cells were dyed blue; scale bar = 100μm; bottom: percentage of SA-β-gal-
positive cells among all cells and quantitative analysis). f Cell senescence-related protein expression in P15 cells with or without MLT/3-MA treatment as
determined by Western blot assay. g Quantitative analysis of p53, p21, p16, and γ-H2AX expression in P15 cells with or without MLT/3-MA treatment
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Fig. 6 MT is involved in MLT-mediated autophagy regulation in cells undergoing long-term ex vivo passaging. (CON: P15 cells without any treatment;
MLT: MLT-treated P15 cells; LUZ: LUZ-treated P15 cells; MLT + LUZ: MLT plus LUZ–treated P15 cells). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001 represent significant differences between the indicated columns, while NS represents no significant difference. a Representative confocal
images of autophagosomes (yellow) and their matured form, autolysosomes (red), in mRFP-GFP-LC3 adenovirus-transfected P15 cells with or without
MLT/LUZ treatment (scale bar = 50 μm, ×200 magnification). b Quantitative analysis of the percentage of red puncta out of the total puncta based on
confocal examination. c Cell autophagy-related proteins Atg7, p62, Beclin-1, and LC3-II were analyzed by Western blot assay. d Quantitative analysis of
Atg7, p62, Beclin-1, and LC3-II expression in P15 cells with or without MLT/LUZ treatment. e SA-β-gal in P15 cells with or without MLT/LUZ treatment
(top: representative images showing SA-β-gal expression by immunocytochemical staining; positively stained cells were dyed blue, scale bar = 100 μm;
bottom: percentage of SA-β-gal-positive cells among all cells and quantitative analysis). f Cell senescence-related protein expression in P15 cells with
or without MLT/LUZ treatment as determined by Western blot assay. g Quantitative analysis of p53, p21, p16, and γ-H2AX expression in P15 cells with
or without MLT/LUZ treatment
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agonist, indicating the involvement of the MT/PI3K/
Akt/mTOR axis in MLT-mediated autophagy restor-
ation. These cotreatments (MLT + LUZ, MLT + SC79,
and MLT +MHY1485) not only attenuated autophagy
induction but also reversed the MLT-induced effects on
senescence features, as evidenced by the increased num-
ber of SA-β-gal-positive cells (Fig. 8a, b), and the expres-
sion of senescence associated proteins including p16,
p21, p53, and γ-H2AX (Fig. 8c, d). Collectively, these
findings indicate that the downregulation of autophagy
in senescent cells undergoing long-term ex vivo passa-
ging occurs via the MT/PI3K/AKT/mTOR signaling
pathways.

Discussion
As an important cell source for therapeutic purposes,
stem cells of dental origin, such as PDLSCs obtained
from PDL tissue have gained increasing attention in re-
cent years due to their MSC-like characteristics,

including but not limited to multipotency, high prolifer-
ation rates, immunomodulatory properties, and tissue
repair capacity. In this context, PDLSCs can be easily
obtained from donor teeth extracted due to impaction
(i.e., third molars) or orthodontic reasons with negligible
ethical concerns, and definite evidence validates their
value, as the first choice of MSCs, for the treatment of
periodontal disease as well as therapeutic potential in
multiple areas beyond the scope of the stomatognathic
system. However, the amount of PDL tissue available for
the isolation of PDLSCs is relatively limited; hence, it is
usually not feasible to obtain a clinically relevant quan-
tity of cells merely by isolation. To bridge the gap be-
tween the limited number of acquirable stem cells from
donors and the large quantity of stem cells needed for
therapeutic use, it is necessary to apply long-term
in vitro passaging for large-scale cell production, espe-
cially for autologous MSC transplantation [7]. However,
accumulating evidence suggests that long-term passaging

Fig. 7 The MT/PI3K/AKT/mTOR pathway is involved in MLT-mediated autophagy regulation. (CON: P15 cells without any treatment; MLT: MLT-
treated P15 cells; MLT + LUZ: MLT plus LUZ-treated P15 cells; MLT + SC79: MLT plus SC79-treated P15 cells; MLT +MHY1485: MLT plus MHY1485-
treated P15 cells). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 represent significant differences between the indicated columns, while NS
represents no significant difference. a Representative confocal images of autophagosomes (yellow) and their matured form, autolysosomes (red),
in mRFP-GFP-LC3 adenovirus-transfected P15 cells with or without MLT/LUZ/SC79/MHY1485 treatment (scale bar = 50 μm, ×200 magnification). b
Quantitative analysis of the percentage of red puncta out of the total puncta based on confocal examination. c Expression of cell autophagy-
related proteins Atg7, p62, Beclin-1, and LC3-II in P15 cells with or without MLT/LUZ/SC79/MHY1485 treatment as detected by Western blot assay.
d Quantitative analysis of Atg7, p62, Beclin-1, and LC3-II expression in P15 cells with or without MLT/LUZ/SC79/MHY1485 treatment
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might cause cellular senescence with unexpected alter-
ations, including anomalous morphological changes [8],
hindered proliferation capacity [34], and decreased dif-
ferentiation potential in terms of chondrogenesis and
osteogenesis [35]. In general, given that studies suggest
that the stemness of MSCs is only be retained up to 6
passages and significantly declines after 10 passages, to

avoid senescence-associated alterations, P2 to P5 cells,
which are believed to possess self-renewal and differenti-
ation capacities analogous to those of P0 cells, are often
chosen as the objects of study [36]. Another study also
suggested that long-term in vitro expansion significantly
decreases the therapeutic properties, including prolifera-
tion, differentiation, and immunomodulation, of MSCs

Fig. 8 Downregulation of autophagy via MT/PI3K/AKT/mTOR signaling deteriorates senescence in cells undergoing long-term ex vivo passaging. (CON: P15
cells without any treatment; MLT: MLT-treated P15 cells; MLT+ LUZ: MLT plus LUZ-treated P15 cells; MLT+ SC79: MLT plus SC79-treated P15 cells; MLT+
MHY1485: MLT plus MHY1485-treated P15 cells). *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 represent significant differences between the indicated
columns, while NS represents no significant difference. a Representative images of SA-β-gal expression in P15 cells with or without MLT/LUZ/SC79/MHY1485
treatment (immunocytochemical staining, positively stained cells were dyed in blue; scale bar = 100 μm). b Percentage of SA-β-gal-positive cells among all cells
and quantitative analysis. c Cell senescence-related protein expression in P15 cells with or without MLT/LUZ/SC79/MHY1485 treatment as determined by
Western blot assay. d Quantitative analysis of p53, p21, p16, and γ-H2AX expression in P15 cells with or without MLT/LUZ/SC79/MHY1485 treatment
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[26]. These compromised characteristics of MSCs could
prominently decrease the therapeutic efficacy and effect-
iveness of cellular therapy for tissue repair and regener-
ation. Here, we chose P2 cells as the young group and
P7 and P15 cells as the senescent groups to study
senescence-associated alterations that occur along with
long-term in vitro expansion. To ensure that compari-
sons were made among various passages of PDLSCs de-
rived from the same donor, cryopreserved P2, P7, and
P15 cells were used in the present study and thawed at
the same time prior to investigation. Consistent with
previous investigations, our study revealed that in PDLS
Cs, long-term in vitro expansion led to senescence, evi-
denced by decreases in proliferation and osteogenic dif-
ferentiation and increases in SA-β-gal activity and the
expression of senescence-associated proteins p16, p21,
p53, and γ-H2AX, which together symbolize cell cycle
arrest and DNA damage. Therefore, we verified in PDLS
Cs that long-term in vitro expansion caused cellular sen-
escence, as was found in other kinds of MSCs, and indi-
cated the necessity of rejuvenation during in vitro
expansion.
To overcome the challenge of senescence during

in vitro passaging, it is necessary to identify the mechan-
ism underlying long-term expansion-caused senescence.
It has been revealed that autophagy deficiency is con-
comitant with age-related disorders [32, 37], organismal
aging [38], and the senescence of stem cells extracted
from physically aging animal models [12, 13]. Further-
more, inhibition of autophagy can accelerate neurode-
generative disease by facilitating the accumulation of
disease-causing aggregate-prone proteins [39] and indu-
cing kidney damage in aging mice [40]. These results in-
dicate the interconnection between autophagy and
senescence. To our knowledge, the autophagy level of
senescent stem cells after long-term passaging has not
been studied in detail. Consistent with physiological or
disease-related organismal and cellular senescence, a de-
cline in basal autophagy level was first found in long-
term in vitro expansion-caused cellular senescence in
our study; this phenomenon was evidenced by the inhib-
ition of autophagic flux, the decreases of expression of
autophagy-related proteins including Atg7, Beclin-1, and
LC3-II and the accumulation of the autophagy substrate
p62. To further verify the connection between autophagy
alteration and cellular senescence, the autophagy inhibi-
tor 3-MA was added to cells. We found that 3-MA-
mediated autophagy inhibition could deteriorate cell
senescence, as evidenced by elevated SA-β-gal activity,
increased DNA damage, and cell cycle arrest. On the
other hand, previous studies showed that autophagy res-
toration could alleviate senescence and achieve func-
tional improvement. Studies suggested that treatment
with urolithin A to induce autophagy attenuated the

age-related decline in muscle function and enhanced ex-
ercise capacity in old rodents [41]; autophagy restoration
mediated by caloric restriction could decrease the cellu-
lar ROS level and enhance the regenerative ability of
aging stem cells [42]; stimulation of lysosomal activity to
promote autophagy in aged neural stem cells signifi-
cantly enhanced their neural regeneration ability [43].
These results collectively indicate that the regulation of
autophagy could be a potential strategy for the func-
tional maintenance of senescent stem cells.
To date, researchers have made great efforts to restore

the functionality of senescent stem cells. The strategies
to reach optimum cultivation for restoring or promoting
the capacity of stem cells can be generally divided into
three categories. The first strategy is to mimic the
in vivo microenvironment and restore the expression of
cytoprotective and stemness-associated genes by provid-
ing an extracellular matrix (ECM)-simulated environ-
ment, by short-term hypoxia preconditioning and by
other means. The second strategy is to utilize exogenous
molecules to activate extracellular or intracellular signal-
ing to resist the harsh in situ microenvironment caused
by ischemia, nutrition deprivation, and oxidative damage
by pretreating cells with exogenous cytokines, growth
factors and other small molecule drugs. The third strat-
egy involves the genetic modulation of stem cells to fa-
cilitate the acquisition of superior capacities in self-
protection, proliferation, and differentiation. Although
progress has been made using former strategies, add-
itional problems have arisen. Hypoxic preconditioning is
reported to induce cell cycle arrest and inhibit cell pro-
liferation [44, 45]. The utilization of exogenous signaling
proteins seems to have relatively low efficiency and high
cost because of their short half-lives [46]. Genetic engin-
eering may have a risk of insertional mutagenesis and
oncogene transaction. Thus, other strategies with both
high efficiency and safe applications are needed to
restore the functionality of senescent stem cells. As con-
firmed in recent studies, MLT exhibits unique superior-
ity in tissue engineering. As a pleiotropic endogenous
hormone secreted by the pineal gland and almost every
other tissue, MLT exhibits low toxicity in both animal
and clinical studies [47, 48]. In several studies, MLT en-
hanced survival stability by attenuating apoptosis, pro-
tecting cells from oxidative stress and inflammation-
induced damage [49], improving the chondrogenesis and
osteogenesis of MSCs [50], and maintaining the stem-
ness of long-term passaged stem cells, resulting in pre-
served proliferation, osteogenic differentiation, and
immunomodulation capacities [26]. In addition to its
well-known role in stem cell-based therapy as a probable
free radical scavenger with excellent anti-inflammatory
and differentiation enhancement properties, MLT was
also recently found to function as a regulator of
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autophagy. In some studies, MLT increased the basal
levels of autophagy under physiological conditions,
maintained neuronal homeostasis and survival from a
subarachnoid hemorrhage followed by brain injury [51],
and modulated autophagy to attenuate cardiac ischemia/
reperfusion injury [52, 53]. MLT-mediated regulation of
autophagy could also benefit some age-related diseases.
MLT application in vivo ameliorated AD-induced car-
diac atrophy [28] and attenuated the decline in cognitive
function in tau-related AD rats [27] by restoring autoph-
agic flux. Moreover, MLT could attenuate the degrad-
ation of damaged mitochondria by mitophagy during
aging and under neurodegenerative conditions [54].
Similar to the studies mentioned above, our study also
confirmed that MLT could effectively restore cellular au-
tophagy not only by elevating the basal autophagy level
in senescent P15 cells but also by enhancing the
lysosome-dependent degradation of autophagosomes.
Our study also found that restored autophagy was fur-
ther accompanied by decreased senescence. To further
clarify whether restored autophagy was the reason for
the rejuvenation effects, we applied the autophagy in-
hibitor 3-MA. We found that defective autophagy caused
by 3-MA abrogated MLT-mediated rejuvenation. There-
fore, our results suggest that autophagy restoration alle-
viated cellular senescence and that the manipulation of
autophagy could be an effective strategy for maintaining
the functionality of senescent cells.
To investigate the underlying mechanism of MLT-

mediated autophagy restoration, we first explored
whether the effect was dependent on MT. After affirm-
ing that PDLSCs expressed MT, we supplemented cul-
tured cells with the MT-specific inhibitor LUZ. We
found that LUZ further exacerbated autophagy inhib-
ition in senescent cells without MLT treatment, enhan-
cing cellular senescence. Even in senescent cells treated
with MLT, LUZ abrogated the induction of autophagy
mediated by MLT and further inhibited MLT-mediated
cell rejuvenation. These results indicate that MLT-
mediated autophagy restoration occurs in an MT-
dependent manner in senescent cells. Moreover, mTOR
plays an important role as a central switch in autophagy,
while the downregulation of PI3K/AKT/mTOR pathway
can activate autophagy. In these regards, several studies
have targeted the PI3K/AKT/mTOR pathway for au-
tophagy regulation in stem cells [55–57]. Accordingly,
our study demonstrated that the expression of p-PI3K,
p-AKT, and p-mTOR significantly decreased after MLT
treatment but was restored with LUZ treatment. We
thus concluded that MT-dependent MLT-mediated au-
tophagy may occur through inhibition of the PI3K/AKT/
mTOR pathway.
To precisely confirm that MLT-mediated autophagy

occurs through the MT/PI3K/AKT/mTOR pathway, we

cotreated cells with MLT and LUZ, the PI3K/AKT-spe-
cific agonist SC79, and the mTOR agonist MHY1485.
We found that the MLT-mediated autophagy restoration
and senescence attenuation could be abrogated by block-
ing MT and activating the PI3K/AKT/mTOR pathway.
However, our study did not determine the exact type of
MT involved in MLT-mediated autophagy restoration,
which should be our main pursuit in the future.
In summary, our study revealed for the first time that

autophagy inhibition is one of the vital mechanisms of
cellular senescence induced by long-term ex vivo expan-
sion and that autophagy can be restored by MLT
through the MT/PI3K/AKT/mTOR pathway. These
findings suggest that autophagy promoters, including
but not limited to MLT, may be therapeutic agents in
cellular therapy in the future, and reveal that MLT can
be applied to restore autophagy to rejuvenate stem cells
during long-term passaging. The investigation focused
on the mechanism by PI3K/AKT/mTOR pathway inhib-
ition could enhance autophagy to attenuate cellular sen-
escence, which may provide a possible target for
research and even clinical applications aimed at the reju-
venation of stem cells for cellular therapy.

Conclusions
Large-scale production of cellular materials for use in a
clinical setting necessitates safe and cost-effective agents
that can be used to ensure the function and therapeutic
properties of stem cells following long-term ex vivo ex-
pansion. Although the use of MLT as a cell-medium ad-
juvant has been proposed to prevent cells from
senescence following long-term passaging, the under-
lying mechanism remains largely unexplored. In this
study, we proved for the first time that the impaired au-
tophagy of PDLSCs was a significant mechanism under-
lying cellular senescence caused by long-term in vitro
expansion and that the function of MLT in combating
cell aging was related to its role as an autophagy regula-
tor. These findings suggest that autophagy promoters,
including but not limited to MLT, may be used as thera-
peutic agents in cellular therapy in the future. Further
investigations indicated that MT-dependent PI3K/AKT/
mTOR signaling was involved in MLT-induced alter-
ations in cell autophagy. This is the first report to dem-
onstrate that MLT-induced cell rejuvenation occurs via
the regulation and restoration of damaged cell autopha-
gic processes, indicating that autophagy-restoring
agents can be expoited to facilitate the development of
optimized clinical-scale cell production protocols and
hence to yield adequate cellular materials for cellular
therapy and regenerative medicine.
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Additional file 1: Supplementary Fig. 1. Isolation and identification of
human PDLSCs. Human PDLSCs were cultured and passaged in vitro;
across the in vivo expansion stage, passage 2 (P2), passage 7 (P7), and
passage 15 (P15) cells were collected for the following examinations. (a)
Expression of cell surface markers in P2, P7 and P15 cells as determined
by flow cytometry. (b) Chondrogenic differentiation in P2, P7 and P15
cells according to Alcian blue staining (representative images, scale bar =
100 μm). (c) Adipogenic differentiation in P2, P7 and P15 cells according
to Oil Red O staining (representative images of lipid droplets, scale bar =
100 μm). (d) Osteogenic differentiation potential of P2, P7 and P15 cells
as indicated by Alizarin Red staining (top: representative general views;
bottom: representative images of calcium nodules, scale bar = 100 μm).
(e) Quantitative analysis of Alizarin Red staining for P2, P7 and P15 cells (*
p < 0.05 and ** p < 0.01 represent significant differences between the
indicated columns). (f) ALP staining of P2, P7 and P15 cells (top:
representative general views; bottom: representative images of ALP
staining, scale bar = 100 μm). (g) Quantitative analysis of ALP activity in
P2, P7 and P15 cells (** p < 0.01 and **** p < 0.0001 represent significant
differences between the indicated columns).

Additional file 2: Supplementary Fig. 2. The selection of the optimal
MLT concentration. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p <
0.0001 represent significant differences between the indicated columns,
while NS represents no significant difference. (a) Cell viability of P15 cells,
as evaluated by CCK-8 analysis following MLT treatment at the indicated
concentrations. (b) Protein levels of autophagy-related proteins Atg7,
p62, Beclin-1 and LC3 in P15 cells following MLT treatment at various
concentrations (Western blot assay). (c) Quantitative analysis of Atg7, p62,
Beclin-1 and LC3 expression in P15 cells following MLT treatment at the
indicated concentrations. (d) Gene expression levels of cell senescence-
related proteins (p53, p21, p16 and γ-H2AX) in P15 cells following MLT
treatment at the indicated concentrations (qRT-PCR).

Additional file 3: Supplementary Fig. 3. MLT treatment promoted
the proliferation and enhanced the osteogenic potential of P15 cells. *
p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 represent
significant differences between the indicated columns, while NS
represents no significant difference. (a) Proliferative activity of P2, P15
and P15 + MLT cells as determined by the CCK-8 assay. (b) Osteogenic
differentiation potential of P2, P15 and P15+ MLT cells as determined by
Alizarin Red staining (top: representative general views; bottom: represen-
tative images of calcium nodules, scale bar = 100 μm). (c) Quantitative
analysis of Alizarin Red staining for P2, P15 and P15 + MLT cells (* p <
0.05 and ** p < 0.01 represent significant differences between the indi-
cated columns). (d) ALP staining of P2, P15 and P15 +MLT (top: represen-
tative general views; bottom: representative images of ALP staining, scale
bar = 100 μm). (e) Quantitative analysis of ALP activity in P2, P7 and P15
cells. (f) Osteoblast differentiation-related protein expression in P2, P15
and P15+ MLT cells as determined by Western blot assay. Quantitative
analysis of (g) RUNX2 and (h) OCN expression in P2, P15 and P15+ MLT
cells.

Additional file 4: Supplementary Fig. 4. MT is involved in the
regulation of PI3K/AKT/mTOR signaling. (CON: P15 cells without any
treatment; MLT: MLT-treated P15 cells; LUZ: LUZ-treated P15 cells; MLT +
LUZ: MLT plus LUZ–treated P15 cells). * p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001 represent significant differences between the indi-
cated columns, while NS represents no significant difference. (a) Mela-
tonin receptor (MT) expression in P2, P7 and P15 cells was assessed by
Western blot assay. (b) Quantitative analysis of MT expression in P2, P7
and P15 cells. (c) Protein levels of p-PI3K (Tyr458), p-AKT (Ser473), p-mTOR
(Ser2448), PI3K, AKT and mTOR in P15 cells with or without MLT/LUZ
treatment as determined by Western blot assay. (d) Quantitative analysis

of the ratio of p-mTOR/mTOR in P15 cells with or without MLT/LUZ treat-
ment. (e) Quantitative analysis of the ratio of p-PI3K/PI3K in P15 cells with
or without MLT/LUZ treatment. (f) Quantitative analysis of the ratio of p-
AKT/AKT in P15 cells with or without MLT/LUZ treatment.
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