
Melatonin reverses H2O2-induced premature senescence in 
mesenchymal stem cells via the SIRT1-dependent pathway

Long Zhou#1,2, Xi Chen#1,2,3, Tao Liu2, Yihong Gong4, Sijin Chen5, Guoqing Pan1,2, 
Wenguo Cui1,2, Zong-Ping Luo1,2, Ming Pei6, Huilin Yang1,2, and Fan He1,2

1Orthopaedic Institute, Medical College, Soochow University, Suzhou, China

2Department of Orthopaedics, The First Affiliated Hospital of Soochow University, Suzhou, China

3School of Biology and Basic Medical Sciences, Medical College, Soochow University, Suzhou, 
China

4School of Engineering, Sun Yat-sen University, Guangzhou, China

5Nanfang Hospital, Southern Medical University, Guangzhou, China

6Stem Cell and Tissue Engineering Laboratory, Department of Orthopaedics, West Virginia 
University, Morgantown, USA

# These authors contributed equally to this work.

Abstract

Mesenchymal stem cells (MSCs) represent an attractive source for stem cell-based regenerative 

therapy, but they are vulnerable to oxidative stress-induced premature senescence in pathological 

conditions. We previously reported antioxidant and antiarthritic effects of melatonin on MSCs 

against proinflammatory cytokines. In this study, we hypothesized that melatonin could protect 

MSCs from premature senescence induced by hydrogen peroxide (H2O2) via the silent 

information regulator type 1 (SIRT1)-dependent pathway. In response to H2O2 at a sublethal 

concentration of 200 μM, human bone marrow-derived MSCs (BM-MSCs) underwent growth 

arrest and cellular senescence. Treatment with melatonin before H2O2 exposure cannot 

significantly prevent premature senescence; however, treatment with melatonin subsequent to 

H2O2 exposure successfully reversed the senescent phenotypes of BM-MSCs in a dose-dependent 

manner. This result was made evident by improved cell proliferation, decreased senescence-

associated β-galactosidase activity, and the improved entry of proliferating cells into the S phase. 

In addition, treatment with 100 μM melatonin restored the osteogenic differentiation potential of 

BM-MSCs that was inhibited by H2O2-induced premature senescence. We also found that 

melatonin attenuated H2O2-stimulated phosphorylation of p38 mitogen-activated protein kinase, 
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decreased expression of the senescence-associated protein p16INK4α, and increased SIRT1. 

Further molecular experiments revealed that luzindole, a nonselective antagonist of melatonin 

receptors, blocked melatonin-mediated anti-senescence effects. Inhibition of SIRT1 by sirtinol 

counteracted the protective effects of melatonin, suggesting that melatonin reversed senescence in 

cells through the SIRT1-dependent pathway. Together, these findings lay new ground for 

understanding oxidative stress-induced premature senescence and open perspectives for 

therapeutic applications of melatonin in stem cell-based regenerative medicine.
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Introduction

Mesenchymal stem cells (MSCs), originally identified in bone marrow stroma [1], have 

attracted great interest for cell-based strategies for tissue engineering and regenerative 

medicine due to their capacity for self-renewal and multilineage differentiation [2]. In order 

to generate sufficient cells for therapeutic purposes, MSCs have to be expanded by 

passaging in vitro; however, propagation of MSCs in vitro is hampered by the fact that cells 

undergo a process of replicative senescence. Cellular senescence is a phenomenon in which 

MSCs gradually lose their proliferative ability and proceed to G1 cell cycle arrest [3]. In 

addition, it has been reported that MSCs subjected to oxidative stress may undergo a process 

of premature senescence [4]. Prematurely senescent MSCs feature characteristics of cells 

with replicative senescence, such as an enlarged and flattened cell shape, loss of 

proliferative potential, irreversible cell cycle arrest, and increased senescence-associated β-

galactosidase (SA-β-gal) activity [5, 6]. More importantly, the multi-lineage differentiation 

potentials of MSCs into osteoblasts, chondrocytes, adipocytes, myocytes, and even cells of 

non-mesodermal origin, including hepatocytes and neurons [7, 8], are impaired if 

senescence is induced [9]. This challenge hinders clinical application of MSCs in tissue 

regeneration [10].

Reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), hydroxyl radicals, and 

superoxide anion, induce oxidative stress and are responsible for DNA damage [11]. If DNA 

damage is not properly repaired, cells will progress into premature senescence or apoptosis. 

A moderate level of ROS is critical for various cellular processes, such as proliferation and 

differentiation [12]; however, excessive ROS in pathological conditions is deleterious and 

induces cell death or cellular senescence [13]. Recent studies demonstrated that both long-

term intracellular accumulation of H2O2[14] and exogenous exposure to sublethal doses of 

H2O2 [15] could induce MSCs into premature senescence.

On the molecular level, cellular senescence has been associated with two major intracellular 

signaling pathways: the p53/p21 pathway and the p38 mitogen-activated protein kinase 

(MAPK)/p16INK4α pathway [16]. The protein p21, a cyclin-dependent kinase inhibitor 

(CKI), triggers the onset of cell cycle arrest, which can be induced by p53 [17]. In addition, 

accumulation of p16INK4α can inhibit cell growth and is known as an important cell cycle 
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inhibitor; it is also a typical biomarker of cellular senescence [18]. Recently, human silent 

information regulator type 1 (SIRT1), a member of the nicotinamide adenine dinucleotide 

(NAD+)-dependent deacetylase protein family, has been shown to recover the process of 

senescence by increasing cell proliferation and reducing p16INK4α expression in human 

diploid fibroblasts [19]. SIRT1 also plays an important role in cell growth and multi-lineage 

differentiation by deacetylating various transcription factors such as p53 and peroxisome 

proliferator-activated receptor γ (PPARγ) [20, 21].

Melatonin (N-acetyl-5-methoxytryptamine) is an indole amine that is secreted primarily 

from the pineal gland and has been verified at a high level in the bone marrow [22]. Many 

studies have demonstrated that melatonin regulates a variety of physiological functions, such 

as sleep promotion, circadian rhythms, and neuroendocrine actions [23]. Melatonin has well 

known antioxidant properties, including scavenging excessive free radicals and increasing 

the synthesis of intracellular antioxidant enzymes [24, 25]. Our previous studies 

demonstrated that melatonin protects MSCs from pro-inflammatory cytokines by decreasing 

ROS generation and enhancing superoxide dismutase activities [26-28]. Furthermore, 

melatonin has been shown to control the biological functions of terminally differentiated 

cells (articular chondrocytes) [29] and direct MSC lineage-specific differentiation [30]. 

Nevertheless, the effects of melatonin on the premature senescence of MSCS induced by 

oxidative stress have not been elucidated and the effects of melatonin on the SIRT1 

signaling pathway had conflicting conclusions. Yu et al. [31] demonstrated melatonin-

mediated protection on myocardial ischemia/reperfusion (MI/R) injury by activating SIRT1 

in a receptor-dependent manner. Compelling evidence showed that melatonin treatment 

promoted cell cycle arrest by enhancing p53 acetylation in MCF-7 cancer cells [32]. 

Therefore, the underlying mechanism that melatonin employs to modulate SIRT1 and the 

cell cycle regulators in senescent MSCs needs to be fully elucidated.

The specific aim of this study was to investigate the effects of melatonin on premature 

senescence of MSCs in response to oxidative stress. A sublethal concentration of H2O2 was 

determined to induce premature senescence in MSCs and the effects of melatonin treatments 

were evaluated in senescent MSCs. We also evaluated whether melatonin could rescue the 

osteogenic differentiation potential of MSCs that was suppressed by premature senescence. 

The underlying mechanism involving melatonin receptors and the SIRT1 signaling pathway 

were investigated.

Materials and methods

Reagents and antibodies

BM-MSCs were purchased from the American Type Culture Collection (ATCC; Manassas, 

VA, USA). Tissue culture polystyrene plates and flasks were purchased from Costar 

(Tewksbury, MA, USA). Protease inhibitor tablets, fetal bovine serum (FBS), alpha 

minimum essential medium (α-MEM), Dulbecco’s modified Eagle medium (DMEM), 

horseradish peroxidase-conjugated secondary antibodies, SuperSignal West Pico Substrate, 

and CL-XPosure Film were purchased from Thermo Fisher Scientific (Waltham, MA, 

USA). Penicillin, streptomycin, 4′,6-diamidino-2-phenylindole (DAPI), and TRIzol® 

reagent were purchased from Invitrogen (Carlsbad, CA, USA). Melatonin, luzindole, 
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sirtinol, H2O2, propidium iodide (PI), RNase A, dexamethasone, L-ascorbic acid, β-

glycerophosphate, and fluorescein diacetate (FDA) were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Stock solution of melatonin was prepared by dissolving in ethanol to the 

concentration of 200 mM, and diluting in α-MEM to different concentrations as specified in 

individual experiments. Primary antibodies against p16INK4α, SIRT1, p38, p38 (phospho 

T180 + Y182), and α-tubulin were purchased from Abcam (Cambridge, MA, USA).

Cell culture and H2O2 treatment

BM-MSCs were cultured in growth medium (α-MEM supplemented with 10% FBS, 100 

U/mL of penicillin, and 100 μg/mL of streptomycin) at 37°C with 5% CO2 in 175 cm2 cell 

culture flasks. The medium was changed every 3 days. Cells were dissociated by 0.25% 

trypsin-EDTA (Invitrogen) and reseeded into multi-well plates for the next stage of the 

experiments.

For induction of premature senescence, BM-MSCs at approximately 50% confluence were 

exposed to 100 μM, 200 μM, and 400 μM of H2O2 (diluted in growth medium) for 2 h. The 

cells were washed twice with serum-free α-MEM to remove the residual H2O2, re-cultured 

in fresh growth medium, and subjected to the subsequent tests for various durations as 

specified in individual experiments.

Treatments with melatonin and antagonists

The study design is depicted diagrammatically in Fig. 1. For the experiment on H2O2-

induced premature senescence, BM-MSCs were treated with H2O2 at concentrations ranging 

from 100 μM to 400 μM for 2 h, as described above and, after washing, the cells were 

cultured in growth medium for an additional 4 days for subsequent experiments (Fig. 1A). 

For the experiment investigating the effects of melatonin pretreatment on preventing cellular 

senescence, BM-MSCs were pretreated with 10 nM, 1 μM, and 100 μM melatonin for 2 h 

followed by co-exposure to 200 μM H2O2 and melatonin for 2 h. After washing, the cells 

were incubated in growth medium without melatonin for an additional 4 days (Fig. 1B). For 

the experiment investigating the effects of melatonin on reversing premature senescence, 

BM-MSCs were treated with 200 μM H2O2, as stated above and, after washing, the cells 

were cultured in growth medium and supplemented with 10 nM, 1 μM, and 100 μM 

melatonin for an additional 4 days (Fig. 1C). In the osteogenic differentiation assay, BM-

MSCs were treated with 200 μM H2O2, as described above, followed by incubation in 

osteogenic differentiation medium supplemented with 10 nM, 1 μM, and 100 μM melatonin 

for an additional 21 days (Fig. 1D). For the antagonist studies, after treating with 200 μM 

H2O2, 10 μM luzindole (a melatonin receptor inhibitor) or 40 μM sirtinol (a SIRT1 

inhibitor) was added in combination with 100 μM melatonin for an additional 4 days (Fig. 

1E). Luzindole and sirtinol were dissolved in DMSO and further diluted in growth medium. 

Cells left untreated in growth or osteogenic medium served as controls.

Cell viability assay by FDA staining

BM-MSCs were washed with phosphate buffered saline (PBS) and incubated in 5 μg/mL of 

FDA solution at 37°C for 10 min. The cells were washed with PBS twice and fluorescence 
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images were captured with an Olympus IX51 microscope (Olympus Corporation, Tokyo, 

Japan).

Cell proliferation assay

Cell proliferation was evaluated using the Cell Counting Kit-8 (CCK-8; Beyotime Institute 

of Biotechnology, Haimen, China). Ten μL of the CCK-8 solution was added to each well of 

96-well plates and cells were incubated at 37°C for 1 h. Absorbance was determined at 450 

nm using a microplate spectrophotometer (BioTek, Winooski, VT, USA).

SA-β-gal staining

The positive blue staining of SA-β-gal has been used as a typical biomarker of premature 

senescence [15]. SA-β-gal staining was performed using an SA-β-gal staining kit (Cell 

Signaling Technology, Beverly, MA, USA) according to the manufacturer’s instructions. 

The cells were incubated overnight at 37°C without CO2 and nuclei were counterstained 

with DAPI. To quantify the percentage of SA-β-gal-positive cells, digital images in 10 

randomly chosen fields were captured by an Olympus IX51 microscope and a total of at 

least 200 cells from each sample were counted to calculate the percentage of senescent cells.

Cell cycle analysis

Cell cycle distribution analysis was assessed by PI staining. Adherent cells were dissociated 

by trypsinization and detached cells were fixed in 70% ethanol at 4°C for 24 h. After 

washing with PBS, samples were stained with 50 μg/mL PI and 50 μg/mL RNase A at 37°C 

for 30 min. Samples were analyzed using a Cytomics FC500 Flow Cytometer (Beckman-

Coulter, Brea, CA, USA) and at least 5,000 cells were collected per sample. Data were 

analyzed using the WinMDI (Windows Multiple Document Interface for Flow Cytometry) 

2.9 software.

Osteogenic differentiation and Alizarin Red S staining

BM-MSCs were first induced into premature senescence by treating with 200 μM H2O2. For 

induction of osteoblast lineage, growth medium was changed to osteogenic differentiation 

medium (DMEM supplemented with 10% FBS, 100 U/mL of penicillin, 100 μg/mL of 

streptomycin, 0.2 mM L-ascorbic acid, 100 nM dexamethasone, and 10 mM β-

glycerophosphate) for 21 days in combination with 10 nM, 1 μM, and 100 μM melatonin. 

The medium was changed every 3 days.

Mineralization of the extracellular matrix (ECM) (a differentiation marker) was assessed by 

staining with 0.5% Alizarin Red S solution (Sigma-Aldrich). To quantify the calcium 

deposition, stained cultures were incubated in 200 μL of 1% hydrochloric acid (Sigma-

Aldrich) to extract calcium-bound Alizarin Red. Absorbance of the extracted stain was 

measured at 420 nm using a microplate reader (BioTek).

Total RNA extraction and real-time reverse transcription-polymerase chain reaction (real-
time RT-PCR)

Total RNA was extracted from the indicated cells by using TRIzol® reagent; 1 μg of total 

RNA was reverse-transcribed using a RevertAid First Strand cDNA Synthesis Kit (Thermo 

Zhou et al. Page 5

J Pineal Res. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fisher Scientific). To quantify mRNA expression, an amount of cDNA equivalent to 20 ng 

of total RNA was amplified using the iTap™ Universal SYBR® Green Supermix kit (Bio-

Rad, Hercules, CA, USA) on a CFX96™ Real-Time PCR System (Bio-Rad) following the 

manufacturer’s protocol. Transcript levels of P16INK4A, SIRT1, and osteogenic marker 

genes, including COL1A1 (type I collagen α1), RUNX2 (runt-related transcription factor 2), 

SPP1 (secreted phosphoprotein 1 or osteopontin), and BGLAP, (bone gamma 

carboxyglutamate protein or osteocalcin) were evaluated. GAPDH (glyceraldehyde-3-

phosphate dehydrogenase) served as an internal standard. The primer sequences were listed 

in Table 1. Relative transcript levels were calculated as χ = 2−ΔΔCt, in which ΔΔCt = ΔE - 

ΔC, ΔE = Ctexp - CtGAPDH, and ΔC = Ctct1 - CtGAPDH.

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 15 min, blocked in 1% 

bovine serum albumin, and incubated in appropriately diluted primary antibodies against 

p16INK4α (1:200) or SIRT1 (1:400). After rinsing with PBS, the cells were incubated in 

secondary antibodies (Alexa Fluor® 488 donkey anti-mouse IgG [H+L], Invitrogen, 1:1,000) 

and the cell nuclei were counterstained with DAPI. Fluorescence images were obtained with 

an Olympus IX51 microscope.

Western blot analysis

Cells were lysed in ice-cold cell lysis buffer (Beyotime) containing protease inhibitors and 

the protein concentration in cell extracts was quantified using the BCA protein assay kit 

(Beyotime). Equal amounts of protein from each extract were denatured and run in a 10% 

polyacrylamide gel, and then transferred by electrophoresis onto a nitrocellulose membrane 

(Thermo Fisher Scientific). The membrane was incubated in diluted primary antibodies at 

4°C overnight. Membranes were then incubated in horseradish peroxidase-conjugated goat 

anti-mouse or anti-rabbit secondary antibodies. The membranes were developed using 

SuperSignal West Pico Substrate and CL-XPosure Film. The intensity of bands was 

quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

All data were expressed as the mean ± standard error (S.E.). Statistical differences between 

two groups were determined by one-way analysis of variance (ANOVA) followed by the 

Student’s unpaired t-test, using the SPSS 13.0 statistical software (SPSS Inc, Chicago, IL, 

USA). Significance was indicated by a p-value of < 0.05 (*).

Results

Initially, in order to determine the effect of oxidative stress on cellular senescence, we 

treated BM-MSCs with 0 μM (control), 100 μM, 200 μM, and 400 μM H2O2 for 2 h. After 4 

days, BMSCs treated with low doses of H2O2 (100 μM and 200 μM) showed a fibroblastic 

morphology but less cell density compared with untreated cells. Moreover, after treatment 

with 400 μM H2O2, cells started to float or cellular residue was found on the culture surface, 

indicating cell death (Fig. 2A). The CCK-8 assay confirmed that H2O2 exposure reduced 

cell growth of BM-MSCs (74.0 ± 8.1% in the 100 μM group, 28.9 ± 10.4% in the 200 μM 
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group, and 14.0 ± 5.5% in the 400 μM group, compared with the control) (Fig. 2B). Next, 

we used SA-β-gal staining to label prematurely senescent BM-MSCs; a significant increase 

of SA-β-gal-positive cells was observed in the H2O2-treated groups. In the control cells, 

only 9.3 ± 1.9% cells were positive for SA-β-gal staining but, after treatment with H2O2, the 

percentage of SA-β-gal-positive cells increased to 63.5 ± 5.8% at 100 μM, 86.4 ± 5.4% at 

200 μM, and 93.4 ± 7.3% at 400 μM (Fig. 2C). Furthermore, the cell cycle phase distribution 

was examined. Cells treated with 100 μM and 200 μM H2O2 exhibited a significantly 

increased proportion in the G0/G1 phase (by 11.1% and 11.9% in comparison to the control, 

respectively). Meanwhile, H2O2-treated cells showed a lower percentage in the S phase 

(10.2 ± 0.9% in control cells, 3.5 ± 1.3% at 100 μM, and 3.7 ± 0.2% at 200 μM) (Fig. 2D). 

Cells treated with 400 μM H2O2 could not be collected in sufficient amounts for flow 

cytometry experiments. Together, the data obtained suggested that a sublethal concentration 

of H2O2 at 200 μM caused premature senescence in BM-MSCs and could be used in the 

subsequent experiments.

Next, we examined the preventive effect of melatonin on cellular senescence of BM-MSCs 

induced by 200 μM H2O2. BM-MSCs were pretreated with 10 nM, 1 μM, and 100 μM 

melatonin for 2 h and co-exposed to H2O2 and melatonin. The cells were then cultured for 

an additional 4 days without melatonin supplementation. Representative cell images showed 

that melatonin pretreatment did not affect cell density (Fig. 3A) and the CCK-8 assay 

confirmed that cell proliferation was not improved in melatonin-treated cells (Fig. 3B). The 

percentage of SA-β-gal-positive cells remained at a high level even after pretreatment with 

melatonin (88.6 ± 3.4% at 10 nM, 85.4 ± 2.4% at 1 μM, and 79.7 ± 3.3% at 100 μM) (Fig. 

3C). Flow cytometry analysis revealed that pretreatment with melatonin did not change the 

cell cycle phase distribution. BM-MSCs pretreated with or without melatonin showed a 

significantly higher percentage in the G0/G1 phase and a lower proportion in the S phase 

than control cells (Fig. 3D). Furthermore, we examined mRNA levels of P16INK4A (a 

senescence-associated cell cycle inhibitor) and SIRT1 (a nicotinamide adenine dinucleotide-

dependent deacetylase with anti-aging abilities) in prematurely senescent BM-MSCs. 

Exposure to 200 μM H2O2 induced a 1.8 ± 0.3-fold increase of P16INK4A compared with 

the control; pretreatment with melatonin (1 μM and 100 μM) did not significantly decrease 

P16INK4A expression (Fig. 3E). The level of SIRT1 in the H2O2 group was significantly 

lower than the control group; however, pretreatment with 1 μM and 100 μM melatonin 

upregulated SIRT1 mRNA levels (Fig. 3F).

In order to further determine whether melatonin could reverse H2O2-induced senescence in 

BM-MSCs, we treated cells with 200 μM H2O2 and then cultured the cells supplemented 

with 1 nM, 1 μM, and 100 μM melatonin. Bright field and FDA-stained fluorescence images 

indicated increased cell density in response to melatonin (Fig. 4A). The quantitative CCK-8 

assay confirmed that the cell proliferation of melatonin-treated BM-MSCs was 3.4 ± 0.2 fold 

at 10 nM, 4.0 ± 0.3 fold at 1 μM, and 4.3 ± 0.4 fold at 100 μM, as that of the H2O2-treated 

cells (Fig. 4B). The percentage of SA-β-gal-positive cells showed a declining dose-

dependent tendency in response to melatonin, in which the ratio decreased to 64.7 ± 3.2% at 

10 nM, 54.4 ± 2.3% at 1 μM, and 24.3 ± 5.7% at 100 μM (Fig. 4C). The cell cycle 

distribution results showed that melatonin-treated BM-MSCs exhibited a significantly 
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increased proportion in the S phase (5.9 ± 0.8% at 10 nM, 6.4 ± 0.8% at 1 μM, and 7.8 ± 

0.3% at 100 μM) (Fig. 4D). Treatment with 100 μM melatonin significantly decreased 

H2O2-stimulated expression of P16INK4A by 40.9% compared with the H2O2-treated cells 

(Fig. 4E). On the other hand, treatment with 100 μM melatonin increased the SIRT1 mRNA 

level by 1.8 ± 0.2-fold higher than the H2O2 group (Fig. 4F).

An important parameter for defining MSCs is their multipotent differentiation; here, we 

analyzed whether the in vitro osteogenic potential of BM-MSCs was affected by H2O2-

induced premature senescence or recovered with supplementation with melatonin. 

Mineralization of the ECM demonstrated, upon staining with Alizarin Red S dye, that H2O2-

induced premature senescence inhibited the differentiation of BM-MSCs into the osteoblast 

lineage ( 17.9 ± 2.4% in contrast with the control). However, mineralized areas in 

melatonin-treated cells showed a dose-dependent increase; treatment with 100 μM melatonin 

increased the mineralization level by 2.9 ± 0.4-fold compared with the H2O2-treated cells 

(Fig. 5A). To evaluate the propensity for osteogenic differentiation, transcript levels of 

osteoblast-specific genes were examined. Exposure to H2O2 reduced COL1A1 expression by 

50.3 ± 1.2% compared with the control. In contrast, supplementation with melatonin 

significantly upregulated the COL1A1 mRNA levels by 59.1 ± 7.6% at 10 nM, 73.1 ± 7.5% 

at 1 μM, and 88.9 ± 18.4% at 100 μM, compared to the H2O2-treated cells (Fig. 5B). The 

transcription factor RUNX2, which plays a critical role in MSC osteogenesis, decreased to 

18.4 ± 1.9% after H2O2 exposure, but treatment with melatonin increased the mRNA levels 

by 1.7 ± 0.2-fold, 2.8 ± 0.2-fold, and 3.0 ± 0.2-fold at concentrations ranging from 1 nM to 

100 μM, respectively (Fig. 5C). Similarly, treatment with 100 μM melatonin elevated the 

mRNA levels of SPP1 by 66.7 ± 14.2% (Fig. 5D) and BGLAP by 4.5 ± 0.5-fold (Fig. 5E), 

compared to the H2O2-treated cells. These results suggest that treatment with melatonin 

enhanced the osteogenic differentiation of senescent BM-MSCs.

Previous studies reported that the accumulation of p16INK4α led to induction of cellular 

senescence through the p38 MAPK signaling pathway [33]. Therefore, we hypothesized that 

p16INK4α could be the target of melatonin. Immunofluorescence staining revealed that the 

expression of p16INK4α was suppressed by treatment with melatonin in H2O2-induced 

senescent BM-MSCs. In contrast, exposure to H2O2 inhibited SIRT1 protein expression but 

treatment with melatonin recovered it (Fig. 6A). Western blot analysis confirmed that H2O2 

exposure enhanced p16INK4α protein levels by 8.5 ± 0.7-fold compared with the control, 

whereas treatment with melatonin attenuated p16INK4α expression by 47.0 ± 5.7% compared 

with the H2O2 group (Fig. 6B). Further experiments revealed that the protein level of SIRT1 

in H2O2-treated BM-MSCs was significantly down-regulated to 42.8 ± 6.3% compared with 

the control, but treatment with melatonin upregulated the level of SIRT1 (Fig. 6C). To 

determine the role of p38 in H2O2-induced premature senescence, we detected the levels of 

phosphorylation (p-) and total p38. The western blot assays showed that exposure to H2O2 

enhanced phosphorylation of p38 by 4.5 ± 0.6-fold compared with the control, whereas 

treatment with melatonin attenuated p-p38 expression by 64.0 ± 5.3% compared with the 

H2O2 group. However, we found that total p38 protein expression did not vary in all groups 

(Fig. 6D).
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Luzindole, a nonselective antagonist of melatonin receptors, was used to determine whether 

the effects of melatonin on H2O2-induced premature senescence were mediated through the 

melatonin receptor pathway. Supplementation with luzindole inhibited the protective effects 

of melatonin by elevating the percentage of SA-β-gal-positive BM-MSCs to 68.6 ± 5.9% 

(Fig. 7A). Although treatment with luzindole reversed the suppressive effects of melatonin 

on P16INK4A mRNA expression, the difference was not significant (p = 0.20) (Fig. 7B). In 

contrast, SIRT1 mRNA levels were significantly lower in the H2O2+MT+Luz group by 55.7 

± 2.0% than the H2O2+MT group (Fig. 7C). The western blot results were consistent with 

the real-time RT-PCR data, in which SIRT1 protein expression was 61.7 ± 6.7% lower after 

treatment with luzindole compared to the H2O2+MT group (Fig. 7D).

To further determine the involvement of SIRT1 in modulating melatonin-mediated anti-

senescence effects, we used sirtinol to specifically inhibit SIRT1 activity. Using sirtinol 

treatment alone, the percentage of SA-β-gal-positive BM-MSCs increased to 41.3 ± 4.6% 

compared to 9.0 ± 2.5% in the control. Supplementation with sirtinol significantly blocked 

the melatonin-mediated anti-senescence effects by raising the percentage of SA-β-gal-

positive cells to 89.8 ± 4.4% (Fig. 8A). Treatment with sirtinol upregulated P16INK4A 

mRNA levels (p = 0.37) (Fig. 8B) and down-regulated SIRT1 (p = 0.03) (Fig. 8C), compared 

with the H2O2+MT group. The western blot assay showed that p16INK4α protein levels were 

significantly (1.2-fold) higher after treatment with sirtinol compared with the H2O2+MT 

group. In contrast, SIRT1 protein levels were significantly (48.1 ± 8.4%) lower after 

treatment with sirtinol than the H2O2+MT group (Fig. 8D).

Discussion

In the present study, we examined the effects and underlying mechanisms of melatonin on 

H2O2-induced premature senescence in human BM-MSCs. Our results demonstrated that 

treatment with melatonin reverses cellular senescence in a dose-dependent manner and that 

melatonin-mediated anti-senescence effects involve activation of the SIRT1 pathway.

Herein, to avoid replicative senescence induced by contact inhibition [34] or over-

proliferation [35], we cultured BM-MSCs to approximately 50% cell density, followed by 

H2O2 or melatonin treatment. Furthermore, transplantation of MSCs to repair damaged 

tissues or organs is promising in regenerative medicine, but pathological conditions, such as 

an inflammatory environment with abnormal levels of oxidative stress, compromise the 

regenerative abilities of MSCs by inducing the cells into senescence or apoptosis. Previous 

studies showed that exposure to high concentrations of H2O2 damaged cell survival by 

increasing DNA fragmentation and the Bax/Bcl-2 ratio [36]. In the current study, we tested 

the effects of a serial concentration of H2O2 on MSC senescence. Our results showed that 

low-moderate concentrations of H2O2, such as 100 μM and 200 μM, induced positive 

staining of SA-β-gal activity and arrested cell cycle progression, but a high dose of H2O2 at 

400 μM resulted in cell death, in agreement with a recent report [37]. Thus, we used a 200 

μM concentration H2O2 treatment in the rest of our experiments.

The cytoprotective effects of melatonin on MSCs and other types of cells from oxidative 

stress have been studied extensively. Wang et al. [38] reported that pretreatment with 
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melatonin attenuated H2O2-induced MSC apoptosis by suppressing intracellular ROS 

generation and inhibiting caspase-3 activation. In a murine senescence model, treatment 

with melatonin improved pro-survival processes by increasing expression of anti-apoptotic 

proteins such as Bcl-2XL [39]. Exogenous supplementation with melatonin counteracted the 

pro-apoptotic effects of proinflammatory cytokines through attenuation of intracellular ROS 

accumulation [27]. Nevertheless, the influence and underlying mechanisms of melatonin on 

H2O2–induced premature senescence of MSCs were not elucidated in previous studies. Our 

present results showed that exogenous supplementation with melatonin successfully 

protected MSCs from H2O2–induced senescence in a dose-dependent manner, as evidenced 

by a decreased percentage of SA-β-gal-positive cells, increased cell proliferative potential, 

and suppressed levels of p16INK4α. Also, some antioxidant drugs showed similar anti-

senescence effects. For instance, exogenously added resveratrol attenuated oxidative stress-

induced aging and improved cell proliferation in endothelial cells [40]. These findings 

provide experimental strategies for utilization of MSC-based cell therapy with defense 

against oxidative damage.

The most important findings in our present study were that treatment with melatonin after 

exposure to H2O2 attenuated the senescent phenotypes of BM-MSCs, whereas pretreatment 

with melatonin failed to prevent oxidative stress-induced premature senescence. Excessive 

levels of H2O2 are deleterious to MSCs by causing increased DNA damage and inhibiting 

DNA synthesis and cell proliferation. This damage resulted in the activation of cell cycle 

checkpoint proteins (e.g. p16INK4α) and initiation of the process of DNA repair. During the 

recovery time, the unrepaired, damaged DNA in the MSCs led to premature senescence and 

ultimately cell apoptosis or death. In our study, treatment with melatonin was applied before 

and during the exposure to H2O2 for 2 h. Melatonin was able to enhance the intracellular 

antioxidant defense by increasing expression of catalase and glutathione peroxidase [41], but 

it could not directly eliminate exogenously added H2O2. In addition, MSCs were pre-

incubated with melatonin for only 2 h; we speculated that the period of pretreatment with 

melatonin may not be long enough to prevent DNA damage and subsequent prematurely 

senescent phenotypes. On the other hand, treatment with melatonin after exposure to H2O2 

may contribute to DNA repair [42], inhibit the p38-p16INK4α signaling pathway, and finally 

reverse H2O2–induced premature senescence. Therefore, we will use melatonin as a 

supplement for MSC in vitro expansion, and examine the long-term effects of melatonin on 

oxidative stress-induced or replicative senescence of MSCs. Moreover, our results 

demonstrated that luzindole, an inhibitor of melatonin receptors, counteracted the melatonin-

mediated anti-senescence effects on H2O2-treated BM-MSCs. Consistent with previous 

studies [26, 43], the present findings suggest that the anti-senescence effects of melatonin on 

MSCs were mediated, at least in part, through activation of melatonin receptor-related 

signaling pathways.

Cell cycle arrest by increased expression of CKI, such as p16INK4α, is a hallmark of cellular 

senescence of MSCs [44]. The protein p16INK4α, as an inhibitor for the cell cycle kinases 

CDK4 and CDK6, was found to be accumulated in aged and oxidative stress-induced cells 

[45]. The observation of increased ratios of cells subjected to H2O2 in the G0/G1 phase is in 

agreement with a previous report of normal human epidermal keratinocytes exposed to 
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oxidative stress [46]. Treatment with melatonin dose-dependently improved the entry of 

proliferating cells into the S phase and decreased p16INK4α expression compared with 

H2O2-treated BM-MSCs. However, the percentage of melatonin-treated cells in the G0/G1 

phase did not decrease significantly, indicating exposure to H2O2 possibly induced MSCs 

into G2 cell cycle arrest [47]; thus, we will investigate the effects of melatonin on cell cycle-

related proteins in MSCs in future studies.

The regenerative potential of MSCs is essential for their therapeutic application; hence, we 

tested the impacts of H2O2 and melatonin on the propensity for osteogenic differentiation. 

Prematurely senescent MSCs exhibited an impaired osteogenic potential, as evidenced by 

weak staining for mineralized ECM and suppressed levels of osteoblast-specific genes. 

Consistent with our results, Ho et al. [14] showed that H2O2 accumulation in MSCs resulted 

not only in cellular senescence but also in the decline of osteogenic differentiation. 

Therefore, targeting excessive levels of oxidative stress associated with senescence may 

improve multilineage differentiation capacity and benefit the clinical utilization of MSCs 

[48, 49]. On the other hand, it has been recently reported that MSCs with replicative 

senescence showed reduced adipogenic differentiation and enhanced osteogenic 

differentiation, possibly due to decreased levels of PPARγ that shifted the balance of 

adipogenic and osteogenic lineage commitment of MSCs [17]. The conflicting findings 

suggested that premature or replicatively senescent MSCs may have intrinsically different 

gene profiles and signaling pathways to direct their lineage-specific commitment. In 

addition, melatonin improved osteogenic differentiation of senescent BM-MSCs because of 

attenuation of ROS [26] and activation of the MAPK-ERK (extracellular signal-regulated 

kinases) signaling cascade [50]. More importantly, extensive studies have shown that age-

related senescence in bone marrow-derived MSCs (BM-MSCs) leads to the impairment of 

their regenerative potentials. In accordance, a significant decline in endogenous melatonin 

levels during physiological and pathological aging has been reported. Magri et al. [51] 

demonstrated that plasma melatonin levels are significantly lower in older people than in 

young individuals. Therefore, we speculated that the reduction of melatonin levels with age 

is associated with the increased senescence of BM-MSCs and our future work will focus on 

the effects of melatonin on aged cells and tissue repair.

In the search for the molecular mechanisms involved in melatonin-mediated anti-senescence 

effects, p38 activation was found in H2O2-treated BM-MSCs in this study. Borodkina et al. 

[52] observed an increased phosphorylation level of p38 that was suggested to contribute to 

H2O2-induced senescence of MSCs, because the pharmacological inhibition of p38 

sufficiently recovered cells from senescent phenotypes. We found that premature senescence 

of BM-MSCs was associated with upregulated p16INK4α expression, which was reported at 

a high level in aging individuals and was responsible for age-dependent cellular senescence 

[53]. In addition, the decline of SIRT1 expression was observed in H2O2-treated BM-MSCs 

with premature senescence. An in vitro study on senescent endothelial progenitor cells 

showed that downregulation of SIRT1 positively correlated to accelerated senescence and 

dysfunctional angiogenic activity [54]. Our results demonstrated that melatonin reversed 

H2O2-induced prematurely senescent BM-MSCs in the SIRT1-dependent manner because 

the pharmacological inhibition of SIRT1 by sirtinol abrogated the protective effects of 
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melatonin. Together with other previous reports [55], the data suggest that melatonin 

reversed premature senescence of MSCs and decreased p16INK4α expression through the 

SIRT1-dependent pathway. Furthermore, activation of the p53/p21 pathway is another 

important mechanism involved in the induction of cellular senescence. Increased p53 

acetylation was found in senescent cells accompanied with reduction of SIRT1 levels; p53 

promotes the transcription of p21, which is a critical cell cycle controller. Both inhibition of 

p53 and activation of SIRT1 by resveratrol could prevent glucocorticoid-induced senescence 

in primary tenocytes [56]. Thus, further work is necessary to elucidate the underlying 

mechanisms by which melatonin modulates the p53/p21 signaling pathway in senescent 

MSCs induced by oxidative stress.

In conclusion, our work identifies melatonin as a strong candidate for incorporation into new 

anti-senescence strategies in an effort to protect MSCs from H2O2-induced premature 

senescence. Treatment with melatonin effectively reversed senescent phenotypes by 

decreasing the percentage of SA-β-gal-positive cells, increasing cell proliferation, promoting 

the entry of cells into the S phase, and restoring osteogenic differentiation potentials of BM-

MSCs in a dose-dependent manner. The protective effects are associated with the 

downregulation of p16INK4α expression and upregulation of SIRT1 levels through melatonin 

membrane receptor-dependent pathways. Our findings lay the groundwork for 

understanding oxidative stress-induced premature senescence and promoting therapeutic 

utilization of melatonin in stem cell-based regenerative medicine.
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Fig. 1. 
The study design for investigating the effects of melatonin on H2O2-induced premature 

senescence in BM-MSCs. (A) Exposure to H2O2 induced premature senescence in BM-

MSCs. (B) To examine whether melatonin could prevent H2O2-induced premature 

senescence, treatment with melatonin was applied before H2O2 exposure. (C) To examine 

whether melatonin could reverse H2O2-induced premature senescence, treatment with 

melatonin was applied after H2O2 exposure. (D) To examine whether melatonin could 

restore senescence-inhibited osteogenic (OS) differentiation, treatment with melatonin was 

applied after H2O2 exposure. (E) Underlying mechanisms of melatonin-mediated anti-

senescence effects were revealed by inhibition of melatonin membrane receptors by 

luzindole or SIRT1 by sirtinol.
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Fig. 2. 
H2O2 treatment induced premature senescence-associated features in BM-MSCs in a dose-

dependent manner. (A) Cell morphology and density were observed in representative bright 

field (BF) images and fluorescence images labeled by fluorescein diacetate (FDA). Scale bar 

= 100 μm. (B) Cell proliferation, determined by the CCK-8 assay, was suppressed by H2O2 

treatment. Values are the mean ± S.E. of six independent experiments (n = 6). (C) BM-

MSCs were stained for SA-β-gal (blue) and the nuclei were counterstained with DAPI. The 

percentage of SA-β-gal-positive cells showed a dose-dependent increase in response to 
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H2O2. Scale bar = 50 μm. (D) Flow cytometry analysis was used to measure the cell cycle 

distribution of BM-MSCs. H2O2 treatment induced G1 cell cycle arrest. Values are the mean 

± S.E. of three independent experiments (n = 3). Statistically significant differences are 

indicated by * (p < 0.05).
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Fig. 3. 
Pretreatment with melatonin cannot significantly prevent H2O2-induced premature 

senescence. BM-MSCs were pretreated with 10 nM, 1 μM, and 100 μM melatonin, and then 

co-exposed to 200 μM H2O2. (A) Cell morphology and density were observed in 

representative bright field (BF) images and fluorescence images labeled by fluorescein 

diacetate (FDA). Scale bar = 100 μm. (B) Cell proliferation was determined by the CCK-8 

assay. Values are the mean ± S.E. of six independent experiments (n = 6). (C) 

Representative SA-β-gal (blue) staining images of BM-MSCs indicated senescent cells. The 
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percentage of SA-β-gal-positive cells was retained at a high level after pretreatment with 

melatonin. Scale bar = 50 μm. (D) Flow cytometry analysis revealed that pretreatment with 

melatonin did not prevent H2O2-induced cell cycle arrest. Values are the mean ± S.E. of 

three independent experiments (n = 3). The mRNA levels of P16INK4A (E) and SIRT1 (F) 

were measured by real-time RT-PCR. Values are the mean ± S.E. of four independent 

experiments (n = 4). Statistically significant differences are indicated by * (p < 0.05).
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Fig. 4. 
Treatment with melatonin reversed H2O2-induced premature senescence. BM-MSCs were 

treated with 200 μM H2O2 and subsequently with 10 nM, 1 μM, and 100 μM melatonin. (A) 

Cell morphology and density were observed in representative bright field (BF) images and 

fluorescence images labeled by fluorescein diacetate (FDA). Scale bar = 100 μm. (B) Cell 

proliferation was determined using the CCK-8 assay. Values are the mean ± S.E. of six 

independent experiments (n = 6). (C) Melatonin decreased the percentage of SA-β-gal-

positive cells. Scale bar = 50 μm. (D) The cell cycle distribution was determined by flow 
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cytometry analysis. Values are the mean ± S.E. of three independent experiments (n = 3). 

The mRNA levels of P16INK4A (E) and SIRT1 were measured by real-time RT-PCR. 

Values are the mean ± S.E. of four independent experiments (n = 4). Statistically significant 

differences are indicated by * (p < 0.05).
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Fig. 5. 
Treatment with melatonin restored senescence-inhibited osteogenic differentiation of BM-

MSCs. Cells were treated with 200 μM H2O2 and incubated in osteogenic differentiation 

medium with or without the supplementation of melatonin. (A) Mineralization of the ECM 

was assessed by Alizarin Red S staining. Scale bar = 200 μm. The stained mineral layers 

were dissolved in 1% hydrochloric acid and were quantified via a spectrophotometer. Values 

are the mean ± S.E. of four independent experiments (n = 4). The mRNA levels of 

osteoblast-specific marker genes, including COL1A1 (B), RUNX2 (C), SPP1 (D), and 
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BGLAP (E) were measured by real-time RT-PCR. Values are the mean ± S.E. of four 

independent experiments (n = 4). Statistically significant differences are indicated by * (p < 

0.05).
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Fig. 6. 
Melatonin mediated the SIRT1/p38/p16INK4α pathway in senescent BM-MSCs induced by 

200 μM H2O2. (A) Representative immunofluorescence staining images of BM-MSCs 

indicated that H2O2 treatment upregulated while melatonin attenuated p16INK4α expression. 

Treatment with melatonin increased SIRT1 protein expression, which was suppressed by 

H2O2 treatment. Scale bar = 100 μm. Western blot analysis of p16INK4α (B) and SIRT1 (C) 

expression in BM-MSCs confirmed the immunofluorescence results. The α-tubulin lane 

served as a loading control. (E) Western blot assay revealed activation of the p38 signaling 

Zhou et al. Page 25

J Pineal Res. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathway by H2O2 treatment, whereas melatonin treatment attenuated phosphorylation of 

p38. The level of p-p38 was normalized to total p38 protein. The level of p38 was 

normalized to α-tubulin protein. Values are the mean ± S.E. of three independent 

experiments (n = 3). Statistically significant differences are indicated by * (p < 0.05).
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Fig. 7. 
Luzindole inhibited the effects of melatonin on reversing premature senescence. BM-MSCs 

were treated with 200 μM H2O2 and subsequently with 100 μM melatonin or 10 μM 

luzindole. (A) Representative SA-β-gal (blue) staining images of BM-MSCs indicated 

senescent cells. Treatment with luzindole reversed melatonin-mediated inhibition of SA-β-

gal-positive cells. Scale bar = 50 μm. The mRNA levels of P16INK4A (B) and SIRT1 (C) 

were measured by real-time RT-PCR. Values are the mean ± S.E. of four independent 

experiments (n = 4). (D) Western blot analysis of p16INK4α and SIRT1 protein expression in 
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BM-MSCs. Values are the mean ± S.E. of three independent experiments (n = 3). 

Statistically significant differences are indicated by * (p < 0.05).
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Fig. 8. 
SIRT inhibition by sirtinol blocked melatonin-mediated anti-senescence effects. BM-MSCs 

were treated with 200 μM H2O2 and subsequently with 100 μM melatonin or 40 μM sirtinol. 

(A) Representative SA-β-gal (blue) staining images of BM-MSCs indicated senescent cells. 

Treatment with sirtinol reversed melatonin-mediated inhibition of SA-β-gal-positive cells. 

Scale bar = 50 μm. The mRNA levels of P16INK4A (B) and SIRT1 (C) were measured by 

real-time RT-PCR. Values are the mean ± S.E. of four independent experiments (n = 4). (D) 

Western blot analysis of p16INK4α and SIRT1 protein expression in BM-MSCs. Values are 
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the mean ± S.E. of three independent experiments (n = 3). Statistically significant 

differences are indicated by * (p < 0.05).

Zhou et al. Page 30

J Pineal Res. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhou et al. Page 31

Table 1

Primers used for Real-time RT-PCR

Gene Forward Primer sequence(5′-3′) Reverse Primer sequence(5′-3′)

GAPDH AGAAAAACCTGCCAAATATGATGAC TGGGTGTCGCTGTTGAAGTC

P16INK4A CCCAACGCACCGAATAGT ATCTAAGTTTCCCGAGGTT

SIRT1 GCGGGAATCCAAAGGATAAT CTGTTGCAAAGGAACCATGA

COL1A1 CAGCCGCTTCACCTACAGC TTTTGTATTCAATCACTGTCTTGCC

RUNX2 AGAAGGCACAGACAGAAGCTTGA AGGAATGCGCCCTAAATCACT

SPP1 GCGAGGAGTTGAATGGTG CTTGTGGCTGTGGGTTTC

BGLAP GAGCCCCAGTCCCCTACC GACACCCTAGACCGGGCCGT
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