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multilineage differentiation, which play a key role in 
tissue regeneration and homeostasis1. Periodontal liga-
ment stem cells (PDLSCs), one type of MSCs isolated 
from periodontal tissues, have self-renewal and multi-
directional differentiation potential, which can pro-
vide a reliable source of cells for clinical applications 
such as periodontal regenerative therapy2; however, as 
MSCs increase in number during in vitro culture, their 
proliferation ability decreases, and they will eventually 
enter a state of replication stagnation3. This replication 
stagnation, called cell senescence, could be caused by 
various stressors, which are characterised by cell cycle 
arrest4. To provide references for cell therapy and tissue 
regeneration, it is urgent to explore new strategies to 
inhibit or control cell senescence. 

Hydrogen sulphide (H2S) is now considered the “third 
gasotransmitter” alongside nitric oxide and carbon 
monoxide. In recent years, it has been reported that H2S 
mediates various biological processes through multiple 
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Objective: To explore whether hydrogen sulphide (H2S) could protect human periodontal liga-
ment stem cells (PDLSCs) from senescence and the possible underlying mechanisms.
Methods: Cell cycle assay and Ki-67 assay were used to measure proliferation of PDLSCs. Real-
time polymerase chain reaction (PCR) was used to measure cellular senescence–related p16 and 
p21. Calcium influx was detected by measurement of Ca2+ imaging. In addition, we analysed 
the possible mechanisms underlying H2S acting on PDLSCs by microarray.
Results: The cell proliferation rate of aging PDLSCs decreased significantly. The expression of 
cellular senescence–related p16 and p21 significantly increased in aging PDLSCs. H2S donor 
(GYY4137) treatment increased the proliferation rate of senescence PDLSCs. Furthermore, the 
donor of H2S treatment effectively prevented cell cycle arrest of PDLSCs during the aging pro-
cess and inhibited the expression of cellular senescence–related markers. Mechanically, H2S 
donor treatment could activate the calcium influx in PDLSCs. Moreover, pretreatment with 
TRPV4 inhibitors significantly attenuated the calcium influx induced by H2S donor treatment 
in PDLSCs. It also alleviated the protective effect of H2S on the senescence of PDLSCs.
Conclusion: H2S alleviated the senescence of human PDLSCs by TRPV4 channel mediated cal-
cium flux. These results provide a potential strategy to deal with cell aging and may facilitate 
cell therapy for oral diseases.
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Mesenchymal stem cells (MSCs) are pluripotent non-
hematopoietic progenitor cells with self-renewal and 
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signalling pathways, and abnormal H2S metabolism is 
related to the dysfunction of MSCs5. For example, H2S 
epigenetically mitigates bone loss through OPG/RANKL 
regulation during hyperhomocysteinemia6. An H2S 
deficiency in bone marrow mesenchymal stem cells 
(BMMSCs) will weaken osteogenesis and proliferation. 
Interestingly, the serum and intracellular H2O2 levels 

decreased, leading to severe osteoporosis phenotypes7. 
As observed in BMMSCs and dental pulp stem cells 
(DPSCs), our studies have reported the new function 
of H2S in these dental stem cells8. H2S is necessary 
for periodontal tissue homeostasis, and studies have 

for mechanical load–induced bone remodelling9. The 
study also showed that H2S treatment increased the 
tooth movement rate in vivo by promoting osteogenesis 
and osteoclast formation in alveolar bone10. Perridon et 
al11 showed that H2S has a direct or indirect protective 
effect on aging characteristics except telomere wear. 
NaHS protects human umbilical vein endothelial cells 
from cell aging, possibly by regulating SIRT1 activity 
and improving the function of aging cells12,13. H2S also 
induces S-vulcanisation of MEK1, which leads to PARP-
1 activation and DNA damage repair and protects cells 
from aging14. In addition, the lack of CSE in mouse 
embryonic fibroblasts leads to the early development of 
cell senescence15. Whether H2S might be able to regu-
late the senescence of PDLSCs is still unclear.

Ca2+ signalling is central to driving morphologi-
cal changes that are the hallmarks of senescence. A 
senescence-associated increase in cell volume is nor-
mally countered by regulatory volume decrease (RVD), 
which preserves the structural integrity of the cell16. 
Transient receptor potential cation channel V4 (TRPV4) 
is a member of the transient receptor potential (TRP) 
superfamily, which is characterised by a weak voltage-
dependent nonselective cation channel. This channel 
has been proven to regulate the homeostasis of intra-
cellular calcium concentration Ca2+ and participate 
in the integrity of osmotic adjustment, endothelial 
barrier, nociception and bone homeostasis17-21. Our 
previous study reported that the Ca2+ influx triggered 
by H2S maintained the bone and MSC homeostasis, and 
TRPV1 played an important role in maintaining MSC 
capacity22,23. Whether H2S could regulate the calcium 
influx in PDLSCs and detailed molecular mechanism 
needs to be elucidated.

Here, we demonstrated that H2S alleviates senes-
cence of PDLSCs shown as increased cell proliferation 
and inhibited cell cycle arrest, which was mediated by 
TRPV4 channel–mediated calcium flux.

Materials and methods

Reagents and cell culture

Cell viability was confirmed by toluidine blue staining 
(Sigma-Aldrich, St Louis, MO, USA). Chemicals were 
purchased from Sigma-Aldrich, and TRIzol and Rever-
tAid Reverse Transcriptase were purchased from Ther-
mo Fisher Scientific (Carlsbad, CA, USA). TRPV4 siRNA 
was purchased from Santa Cruz Biotechnology (Dallas, 
TX, USA). Transfection reagent was purchased from Inv-
itrogen (Waltham, MA, USA). PDLSCs were provided by 
the Oral Stem Cell Bank (Beijing, China) and isolated as 

supplemented with 15% foetal bovine serum, 100 U/ml 
penicillin and 100 U/ml streptomycin. This study was 
approved by the Animal Care and Use Committee of the 
Health Science Centre, Peking University (no. 2015-186).

Real-time PCR was performed using iTaq Universal 
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) 
and LightCycler 96 (Roche Diagnostics, Indianapolis, 

-
tion. The qPCR primers were designed as follows: 
p21 Forward:5`-AGGTGGACCTGGAGACTCTCA 
G-3`,Reverse:5`-TCCTCTTGGAGAAGATCAGCCG-
3`;p16Forward:5`-CTCGTGCTGA TGCTACTGAGG 
A-3`,Reserve:5`-GGTCGGCGCAGTTGGGCTCC-3`; 
IL-6 Forward:5`-TTCTGCGCAGCTTTAAGGAG-
3 ` , R e v e r s e : 5 ` - A G G T G C C C AT G C TA C AT T T G -
3`;IL-8 Forward:5`- ATGACTTCCAAGCTGGCCGTG 
-3`,Reserve:5`- TGTGTTGGCGCAGTGTGGTC-3`;MCP1 
Forward:5`- AGGGAACTTGAGCGTGAATC -3`, 
Reserve: 5`- TCACTTGTCTGTTGCACACG -3`;GAPDH 
Forward:5`-AGCCGCATCTTCTTTTGCGTC-3`,Reserve: 
5`-TCATATTTGGCAGGTTTTTCT-3`.

staining

(Beyotime Institute of Biotechnology, Shanghai, China) 

washed with phosphate buffer solution (PBS) twice and 
fixed using a fixative solution at room temperature for 
15 minutes, and then stained with X-gal solution for 24 
hours at 37°C (without CO2). Cells were observed using 
a light microscope (Leica, Wetzlar, Germany) with a 

positive cells in 10 random fields was calculated.
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Western blotting

Western blotting was performed as previously 
described22. The antibodies used included p21, p16 and 
Actin (Thermo Fisher Scientific).

analysis

To determine that SAHF formation had occurred, cells 
were cultured directly on glass cover slips and then 
fixed with 4% paraformaldehyde. After washing with 
PBS, cells were permeabilised with 0.2% Triton X-100/

-
ino-2-phenylindole (DAPI) staining (1 mg/ml) for 1 min-
ute and then washed with PBS twice. Cover slips were 
mounted in a 90% glycerol PBS solution and examined 
under a laser confocal microscope.

Flow cytometric analysis

To detect the levels of Ki-67, PDLSCs were washed twice 
and incubated with Ki-67 antibodies at 4°C for 40 min-
utes. Isotype antibodies served as controls. Cells were 
analysed by flow cytometry using a BD FACSVia flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). 
Each analysis included 20,000 events.

Cell cycle assay

To determine the effect of H2S on cell cycle progression, 
PDLSCs from the log phase were grown in 6-well plates 
and treated with 50 μM GYY4137 for 12 hours. Cells 
were collected using trypsinisation and centrifugation 
for 5 minutes at 300 × g centrifuge force and fixed with 
70% ethanol at 4°C overnight. They were stained using a 
Cell Meter Fluorimetric Fixed Cell Cycle Assay Kit (AAT 
Bioquest, Pleasanton, CA, USA) following the manufac-

analyses with FACSCalibur and CellQuest software (both 
BD Biosciences). Cell cycles were analysed and the pro-
portion of cells in the G0/G1, S and G2/M phases was 
recorded.

Microarray 

Total RNAs were extracted from the control and 50 μM 
GYY4137 treated PDLSCs with an RNeasy kit (QIAGEN, 
Hilden, Germany). Microarray assays were performed 

using 1.0 ST arrays (Affymetrix, Santa Clara, CA, USA). 
The gene expression difference was analysed using 

Partek Genomics Suite (Partek, St Louis, MA, USA) and 
Ingenuity Pathway Analysis (IPA) software (QIAGEN). 
Global gene expression profiles rank ordered by rela-
tive fold-change values were analysed using Gene Set 
Enrichment Analysis software (Broad Institute, MIT, 
Cambridge, MA, USA).

Measurement of Ca2+ imaging

PDLSCs (1 × 105) were seeded onto 60-mm culture dish-
es and cultured for 24 hours at 37 °C in 5% CO2. Next, 
PDLSCs were stimulated by GYY4137 with a concentra-
tion of 50 μm for 24 hours. Then, the cells were loaded 
with fura-2 AM (Invitrogen) and incubated for 1 hour at 
37°C in 5% CO2 in the dark. Ca2+ levels were measured by 
the ratio of emission in response to excitation at 340 and 
380 nm on an Olympus Optical IX71 microscope (Olym-
pus Life Science, Tokyo, Japan).

Statistical analysis

P values were analysed using a two-tailed Student t 
test for the difference between two groups or one-way 
analysis of variance to compare the difference from 
more than two groups using SPSS 18.0 software (IBM, 
Armonk, NY, USA). P < 0.05 was considered significant.

Results 

Hydrogen sulphide alleviated senescence of PDLSCs

Firstly, we compared the cell viability of PDLSCs from 
passage 5 (P5) and passage 15 (P15) and found that when 
the cells were passaged to P15, the PDLSCs became flat 
and the number of cells was significantly reduced, 
which may be because the cells differentiated. GYY4137, 
a slow-release agent of H2S, treatment could increase 
cell density, especially in the PDLSCs in the P15 group 
(Figs 1a and b). The expression of p21 and p16, which are 
cyclin-dependent kinase inhibitors and play a vital role 
in cell senescence, increased significantly when PDLSCs 
expanded to passage 15, while the addition of H2S donor 
could partially decrease the expression of p16 and p21 
(Figs 1c, d and g). Besides, the staining results showed 

was obviously upregulated compared with PDLSCs at 
P5 (Figs 1e and f). As shown in Fig 1h, senescence also 
led to pronounced DNA SAHF formation, which was 
visualised by DAPI staining (Figs 1h and i). Compared 
with the control, GYY4137 significantly suppressed the 

-
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tion in PDLSCs at P15. Senescence associated secretory 
phenotype (SASP) is a phenomenon whereby senescent 
cells increase the expression and secretion of certain 
cytokines, chemokines and other proteins. Notably, the 
SASP-related gene expression (IL-6, IL-8, MCP1) was sig-
nificantly higher in the PDLSCs in the P15 group com-
pared to those in the P5 group. Moreover, the expression 
of SASP-related cytokine genes was also inhibited by the 
H2S donor treatment (Fig 1j).

To further characterise the effects of H2S on the 
senescence of PDLSCs, we analysed the proliferation of 
PDLSCs and found that it was markedly decreased when 
passaged to P15 compared with P5, while GYY4137 
treatment could increase the proliferation of PDLSCs at 
P15, which was assessed by the expression level of Ki67 
using flow cytometry analysis (Figs 2a and b). Cell cycle 
arrest during the G1 phase is a characteristic exhib-
ited by senescent cells. Our results demonstrated that 

Hydrogen sulphide alleviates senescence of PDLSCs. (a) Toluidine blue staining of PDLSCs at P5 and P15 treated with or 
 (b) Semi-quantitative analysis of cell density of PDLSCs at P5 and P15 treated with or 

without 50 μm GYY4137. (c-d) Expression of p21 (c) and p16 (d) in PDLSCs at P5 and P15 treated with or without 50 μm GYY4137, 
as assessed by qPCR. (e) 

 (f)  
Cells 

 (i) Semi-quantitative analysis of SAHF positive of PDLSCs at 
P5 and P15 treated with or without 50 μm GYY4137. (j) 
with or without 50 μm GYY4137, as assessed by qPCR. Data are presented as mean ± SD (*P < 0.05, **P < 0.01, ***P
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PDLSCs at P15 stagnated in the G0/G1 phase as the pro-
portion of cells in the G0/G1 phase increased compared 
to those at P5. Moreover, the proportion of PDLSCs in 
the G2 phase decreased at P15 compared with the ones 
at P5. H2S treatment reduced the proportion of PDLSCs 
during the G0/G1 phase and increased the ratio of cells 
during the G2 phase in the P15 group (Figs 2c and d).

Hydrogen sulphide treatment increased the calcium 
pathway in PDLSCs

To investigate the stem cell biology regulated by H2S, we 
performed a microarray using PDLSCs with or without 
50 μm GYY4137 treatment. The heatmap depicting the 
significant upregulated and downregulated genes (fold 
change > 2, P < 0.05) is shown in Fig 2a. The calcium 
pathway was one of the top 10 significantly enriched 
signalling clusters after H2S treatment, analysed by 
Kyoto Encyclopaedia of Genes and Genomes (KEGG) 
(Figs 3a and b). Most of the genes related to the calcium 
pathway were significantly upregulated after H2S treat-
ment in PDLSCs (Fig 3c). Furthermore, H2S donor treat-
ment induced Ca2+ influx in PDLSCs (Fig 3d). Sequenc-
ing results showed that the calcium-related signalling 
pathway increased significantly after H2S stimulation. 
Next, we analysed the differential genes using Gene 
Set Enrichment Analysis and the results showed that 
the TRPV channel was one of the top enriched clusters 
(Fig 3e).

Hydrogen sulphide activated TRPV4-channel  
mediated Ca2+ influx

Calcium entry could be activated through TRPV4 chan-
nels19,24. We found that the Ca2+ influx induced by 
H2S was partially blocked by TRPV4 siRNA treatment 
(Figs 4a and b). In addition, compared with the control 
group, treatment with TRPV4 inhibitor GSK2193874A 
also blocked the calcium influx induced by H2S (Fig 4c). 
Moreover, the H2S donor treatment induced significant-
ly higher Ca2+ in PDLSCs from P5 compared with the 
ones from P15 (Fig 4d). To confirm the role of H2S treat-
ment, we analysed the expression level of TRPV4. The 
results showed that TRPV4 mRNA were increased after 
H2S treatment (Fig 4e). These results indicated that H2S 
activated Ca2+ influx via the TRPV4 channel in PDLSCs.

Hydrogen sulphide alleviated senescence of PDLSCs by 
TRPV4 channel-mediated calcium flux

To further verify the role of TRPV4 mediated by cal-
cium on senescence of PDLSCs, we pretreated PDLSCs 
with TRPV4 siRNA and found that the effects of GYY4137 
against senescence of PDLSCs were attenuated by 
TRPV4 siRNA treatment. For instance, the cell density 
and viability of PDLSCs at P15 reversed by H2S treat-
ment were decreased after TRPV4 siRNA pretreatment 
(Figs 5a and b). The expression of p16 and p21 in PDLSCs 
at P15 decreased by H2S donor treatment was partially 

Hydrogen sulphide treatment increased the proliferation of PDLSCs (a-b). The proliferation rate of PDLSCs at P5 and P15 
treated with or without 50 μm GYY4137, as assessed by flow cytometry. (c-d) Cell cycle of PDLSCs at P5 and P15 treated with or 
without 50 μm GYY4137, as assessed by flow cytometry. Data are presented as mean ± SD (*P < 0.05, **P < 0.01, ***P
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attenuated after TRPV4 siRNA pretreatment (Figs 5c and 
d). The proliferation rate of PDLSCs at P15 increased by 
GYY4137 stimulation was alleviated after TRPV4 siRNA 
pretreatment (Fig 5e). Furthermore, the cell cycle arrest 
reversed by GYY4137 was partially attenuated when 
PDLSCs received TRPV4 siRNA pretreatment (Fig 5f). 
These results demonstrated that inhibition of TRPV4 
attenuated the protective effect of H2S against senes-
cence in PDLSCs.

Discussion

Cell senescence is a process whereby cells irrevers-
ibly withdraw from the cell cycle and stop dividing in 

response to various stresses25. In this study, we obtained 
senescent cells through continuous passaging of stem 
cells and found that when PDLSCs were passaged to 
P15, the cell viability and proliferation were decreased 
significantly compared with PDLSCs at P5. The ratio 

-
cantly when passaged to P15. In addition, the senes-
cence-related markers SAHF and SASP also increased 
remarkably at P15 compared to P5, and the PDLSCs at 
P15 showed cell cycle arrest with the higher expression 
of cyclin-dependent kinase inhibitor p16 and p21. All 
these results demonstrated that long-term in vitro cul-
turing and expansion caused cell senescence in PDLSCs.

Our previous study showed that H2S could promote 

Hydrogen sulphide treatment increased the calcium pathway in PDLSCs. (a) Heatmap of genes differentially expressed in 
control and GYY4137 treated PDLSCs, as analysed by microarray. (b) The calcium signalling pathway is one of the top ten enriched 
clusters between control and GYY4137 treated PDLSCs as assessed by KEGG pathway analysis. (c) The different expression genes 
related with the calcium signalling pathway between control and GYY4137 treated PDLSCs. (d) The Ca2+ influx induced by GYY4137 
treatment in PDLSCs, as assessed by Ca2+ levels using the ratio of emission in response to excitation at 340 and 380 nm. (e) The 
TRPV channels were significantly enriched based on the differential genes, as assessed by GSEA.
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Hydrogen sulphide 
activated TRPV4 channel–
mediated Ca2+ influx. (a) 
Efficacy of TRPV4 siRNA, as 
assessed by qPCR. (b) Ca2+ 
influx induced by NaHS treat-
ment in PDLSCs with or with-
out TRPV4 siRNA treatment. 
(c) The Ca2+ influx induced 
by NaHS treatment in PDLS-
Cs was inhibited with TRPV4 
inhibitor GSK2193874A 
treatment. (d) Ca2+ influx 
induced by NaHS treatment 
in PDLSCs of P5 and P15. 
(e) Expression of TRPV4 in 
control and GYY4137 treat-
ed PDLSCs, as analysed by 
qPCR. Data are presented as 
mean ± SD (**P

The capacity of H2S 
to alleviate senescence of 
PDLSCs was inhibited by 
TRPV4 siRNA treatment. 
(a) Toluidine blue staining 
of control and TRPV4 siRNA 
treated PDLSCs with or with-
out 50 μm GYY4137 stimu-
lation. (b) Semi-quantitative 
analysis of cell density of 
control and TRPV4 siRNA 
treated PDLSCs with or with-
out 50 μm GYY4137 stimula-
tion. (c-d) Expression of p21 
(c) and p16 (d) in control 
and TRPV4 siRNA treated 
PDLSCs with or without 

as assessed by qPCR. (e) 
Proliferation rate of control 
and TRPV4 siRNA treated 
PDLSCs with or without 50 
μm GYY4137 stimulation, 
as assessed by flow cytom-
etry. (f) Cell cycle of control 
and TRPV4 siRNA treated 
PDLSCs with or without 50 
μm GYY4137 stimulation, as 
assessed by flow cytometry. 
Data are presented as mean 
± SD (*P < 0.05, **P < 0.01, 
***P
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bone regeneration by increasing osteogenic differentia-
tion of MSCs22. Here we showed that H2S donor GYY4137 
treatment could protect PDLSCs from cell senescence 
with continuous passage. It has been reported that 
endogenous H2S signalling maintains the proliferation 
ability of PDLSCs and neural stem cells26-28. The aging 
of MSCs is a complex process with comprehensive 
mechanisms. There is an urgent need for a strategy to 
produce a large number of MSCs that retains stemness 
and pedigree plasticity. Thus, many alternative meth-
ods have been tried to prevent or reverse aging and 
improve the clinical application of MSCs. Antioxidants 
such as ascorbic acid, cirsium setidens, lactoferrin and 
N-acetyl-l-cysteine can slow the aging of MSCs by inhib-
iting the production of reactive oxygen stress (ROS) in 
MSCs29-31. Some genetic engineering methods can also 
effectively slow the aging of MSCs. It was reported that 
knocking out migration inhibitory factor (MIF) could 
induce the aging of young MSCs, while overexpression 
of MIF led to regeneration of old MSCs32. In addition, 
some molecular compounds that activate endogenous 
telomerase, such as aspirin, vitamin C and FGF-2, were 
also used to save the proliferation potential of aged 
MSCs and restore their osteogenic ability33-35. Our 
results suggested that H2S might be responsible for 
retarding the aging process, but the mechanisms for 
such properties need further investigation.

Furthermore, we investigated the possible underly-
ing mechanism for the protective role of H2S in PDLSCs 
senescence. First, we found that the expression of cal-
cium influx–related pathway proteins in cells treated 
with H2S was upregulated significantly by sequencing. 
Up to now, only a few studies have clarified the effect 
of calcium on cell senescence. One study revealed that 
calcium chelation could protect cells from premature 
senescence by reducing the DNA damage response 
(DDR) activation with a subsequent decrease in the 
p53/p21/Rb pathway36. It was reported that the basal 
calcium level of replicative aging fibroblasts was higher 
compared with non-aging cells36. Calcium protease is 
activated in the aging cells and leads to the enhance-

2+ can inhibit 

and alleviate cell senescence37. Our studies showed that 
Ca2+ influx was necessary to maintain the proliferation 
activity and steady state of MSCs, which was consistent 
with previous results22,23. Activation of TRPV4 chan-
nels appears to cause calcium events that result in the 
opening of eBK channels, endothelial hyperpolarisa-
tion and subsequent vasodilation38. Our results showed 
that H2S protected cells against senescence through 
TRPV4-mediated calcium influx. To further confirm 

the role of TRPV4-mediated calcium influx on stem 
cell senescence, we used TRPV4 inhibitor or SiRNA to 
reduce the expression of TRPV4. We found that TRPV4 
inhibition attenuated the protective effect of H2S on cell 
senescence. It was reported that the transient receptor 
potential TRP) family mediated Ca2+ channels were 
sulfhydrylated by H2S22.The decrease in H2S levels leads 
to cascade reactions in BMMSCs, including altered Ca2+ 
channel (at least including TRPV6, TRPV3 and TRPM4) 
sulfyhydration, and osteogenic differentiation22. H2S-
mediated vasodilation involves the activation of TRPV4-
dependent Ca2+ influx and eBK channel activation in 
vascular endothelial cells38. H2S also promotes the ac-
tivation of T cells and differentiation of Th-cells (Treg 
cells) to control the homeostasis of the immune system. 
The specific molecular mechanisms that show H2S 
regulated calcium influx in PDLSCs need to be investi-
gated further. 

Conclusion 

The current research illustrates that H2S could inhibit 
the senescence of PDLSCs and determines the inter-
mediary role of TRPV4-mediated calcium ion influx in 
the protective effect of H2S on senescence. It provides a 
potential strategy to prevent cell aging and may facili-
tate cell therapy for oral diseases. 
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