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Abstract Periodontitis is a chronic infectious dis-

ease involving periodontal tissues. Periodontal liga-

ment cells (PDLCs) play an important role in the

regeneration of periodontal tissue. However, senes-

cent PDLCs have an impeded regenerative potential.

Metformin has been reported to prevent senescence at

both the cellular and individual levels. The objectives

of the present study were to evaluate the effects of

metformin on cellular senescence in human PDLCs

(hPDLCs) under oxidative stress. hPDLCs were

pretreated with metformin, followed by H2O2 expo-

sure. The cell viability, oxidative damage, cellular

senescence and osteogenic potential were detected. To

inhibit autophagy, hPDLCs were treated with

3-methyladenine before metformin treatment. The

present study revealed that H2O2 exposure inhibits

proliferation, increased lysosomal b-galactosidase
activity, augments reactive oxidative species (ROS)

accumulation, elevates the oxidative damage, stimu-

lates the expression of senescence-related genes and

impedes the activity of the osteogenic differentiation

of hPDLCs. Metformin pretreatment could partly

reverse the detrimental influences of H2O2 on

hPDLCs. Moreover, metformin could stimulate autop-

hagy, whereas the inhibition of autophagy with

3-methyladenine reversed the anti-senescence effects

of metformin on hPDLCs under oxidative stress. The

present study manifested that metformin could allevi-

ate oxidative stress-induced senescence via stimulat-

ing autophagy and could partially recover the

osteogenic potential of hPDLCs, possibly providing

a reference for the discovery of periodontal treatment

from the perspective of antisenescence.
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Introduction

Periodontitis is recognized as a chronic infective

disease involving periodontal tissues (alveolar bone,

the periodontal ligament and gingivae). It is one of the
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main causes of tooth loss that occurs in later life (Ong

1998), a condition that has significant impacts on the

quality of life in individuals (Reynolds and Duane

2018). Although many treatment modalities have been

studied and applied, a radical cure for periodontitis has

not been realized.

The periodontal ligament is a type of fibrous

connective tissue, with neural and vascular compo-

nents, that serves a supporting function by attaching

the tooth to the surrounding alveolar bone proper.

Periodontal ligament cells (PDLCs), which reside in

the periodontal ligament, have characteristics of

mesenchymal stem cells (Zhu and Liang 2015) and

play an important role in maintaining the homeostasis

of periodontal tissue (Jung et al. 2015; Kanzaki et al.

2001). In periodontitis, ectogenic pathogens and their

products trigger the production of inflammatory

cytokines, such as tumor necrosis factor a (TNF-a)
and interleukin 8 (IL-8), recruiting polymorphonucle-

ocytes (PMNs) to periodontal tissues. PMNs further

generate reactive oxygen species (ROS) through a

respiratory burst mechanism to defend against infec-

tion (Dahiya et al. 2013). When in excess, ROS have

deleterious effects on periodontal tissue just like

inflammatory factors. It was reported that augmented

ROS cause direct damages to vital biomolecules, such

as proteins, lipids and DNA (Chapple and Matthews

2007), and the accumulation of molecular damage

intracellularly induces cellular senescence, character-

ized by irreversible growth arrest, increased expres-

sion of cyclin-dependent kinase inhibitor 2A

(P16INK4a) and cyclin-dependent kinase inhibitor 1

(P21), activation of damage sensing pathways (e.g.,

P38 and nuclear factor jB (NF-jB)), increased cell

spreading and elevated lysosomal b-galactosidase
activity that is responsible for the characteristic

senescence-associated b-gal (SA-b-gal) staining near

neutral pH (He and Sharpless 2017). Additionally,

senescent PDLCs have shown decreased capacity

toward osteoblastic differentiation (Konstantonis et al.

2013; Sawa et al. 2000). Previous studies have

observed some links between inflammation and cel-

lular senescence. Some studies have found that the

preinflammatory cytokine TNF-a can induce cellular

senescence in nucleus pulposus cells (Xie et al. 2018)

and hematopoietic stem cells (Zhang et al. 2007), and

others have found that lipopolysaccharide (LPS) can

induce cellular senescence in pulmonary alveolar

epithelial cells (Kim et al. 2012) and human dental

pulp stem cells (Feng et al. 2014). The studies further

found that both preinflammatory cytokine TNF-a-
induced senescence and LPS-induced senescence

were closely related to elevated ROS accumulation.

Tang et al. (2016) found that mesenchymal stem cells

(MSC) derived from inflamed periodontal ligament

exhibit impaired osteogenic/chondrogenic differenti-

ation, decreased immunomodulation and compro-

mised tissue regeneration. We speculate that

inflammation in periodontal tissue may induce senes-

cence in PDLCs. Cellular senescence plays an impor-

tant role in the development and progression of

inflammatory diseases; however, little attention has

been focused on the prevention of cellular senescence

in the treatment of periodontitis. Therefore, we

hypothesized that exploring the modalities to reduce

cellular senescence may help open up new avenues of

discovery for periodontal treatment.

Anti-oxidation and anti-senescence have been

extensively investigated. As a result, several anti-

oxidation and anti-senescence agents have been iden-

tified, such as berberine (Zhu et al. 2017), sulfated

galactan extracted from Porphyra haitanensis (Zhang

et al. 2018), salidroside (Xing et al. 2018), and

metformin. Metformin has been widely used in the

treatment of type 2 diabetes (T2D) for more than

50 years (Foretz et al. 2014) and is currently recom-

mended as the first-line therapy for all newly diag-

nosed T2D patients (Association 2014). In addition to

its use in T2D, there is interest in the use of metformin

for the studies of treatments of atherogenesis (Detaille

et al. 2005), heart attack (Batchuluun et al. 2014) and

cancer (Birsoy et al. 2014). In the field of dentistry,

metformin, in the gel form, has been locally used as an

adjunct to scaling and root planing in the treatment of

periodontal disease. It was reported to relieve clinical

symptoms, such as bleeding on probing, the probing

depth and attachment loss, and decrease further

disease progression (Akram et al. 2018). However,

the underlying mechanism of metformin in the treat-

ment of periodontitis has not been clearly illuminated.

Algire et al. (2012) indicated that metformin might

reduce ROS production and prevent DNA damage of

mouse embryonic fibroblasts. Additionally, previous

studies have shown that metformin attenuated stress-

induced senescence of C2C12 myoblasts (Jadhav et al.

2013), endothelial cells (Arunachalam et al. 2014) and

mouse olfactory ensheathing cells (Smieszek et al.

2017). We speculate that metformin may protect
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PDLCs from oxidative stress-induced cellular

senescence.

Therefore, we established an oxidative stress-

induced cellular senescence model of human PDLCs

(hPDLCs) by H2O2 exposure in this study. The effects

and underlying mechanism of action of metformin in

oxidative stress-induced senescence in hPDLCs were

investigated. Simultaneously, the ability of the

osteogenic differentiation of hPDLCs under met-

formin treatment and oxidative stress was tested.

Materials and methods

Ethics statement

The experimental protocol was approved by the

medical ethics committee of the College of Stomatol-

ogy, Chongqing Medical University. All healthy

volunteers aged from 10 to 20 years with informed

consent from guardians donated their teeth for

orthodontic extraction treatment.

Cell culture

The isolation and culture of hPDLCs were performed

as previously described (Hu et al. 2014). Briefly,

periodontal ligament tissue was carefully scraped

from the middle-third of the root and was digested

with 3 mg/ml of type I collagenase (Sigma-Aldrich,

USA) dissolved in phosphate-buffered saline (PBS) at

37 �C for 30 min. After full digestion, the periodontal

ligament tissue suspension was seeded in a-Minimum

Essential Medium (a-MEM; HyClone, USA) supple-

mented with 10% fetal bovine serum (FBS; Gibco,

USA), 100 U/ml of penicillin and 100 lg/ml of

streptomycin. The culture was incubated at 37 �C in

a humidified atmosphere with 95% air and 5% CO2.

The cell culture medium was changed every 3 days.

hPDLCs were passaged at a ratio of 1:3 when they

reached approximately 80% confluence. The pooled

cell sample at the 3rd passage was used for further

treatments.

Cell treatment

To establish the cellular senescence model, hPDLCs

were exposed to H2O2 (Sigma, USA) for 2 h when

they reached approximately 90% confluence and were

further incubated for 3 days. hPDLCs were pretreated

with metformin hydrochloride (Molecular weight

165.63, Sigma, USA) diluted in a-MEM supple-

mented with 10% FBS before the addition of H2O2 to

investigate its effects on cell senescence. To study the

role of autophagy in metformin-induced senescence

prevention, hPDLCs were pretreated with 10 lM of

the autophagy inhibitor, 3-methyladenine (3-MA;

MedChem Express, USA) for 1 h before metformin

treatment. All the experiments were performed in

triplicate.

Serial passaging and cell doubling time

After the indicated treatment, hPDLCs were further

incubated in culture medium. When they reached 80%

confluence, the hPDLCs were harvested and serially

subcultured at a ratio of 1:3. At every passage,

hPDLCs were seeded in culture medium at a density

of 5 9 103/cm2. On days 2 and 4, the cells were

harvested and calculated using a hemocytometer. The

cell doubling times, which represent the cell popula-

tion replication rate, were determined from the

number of hPDLCs on days 2 and 4.

Cell viability

Cell viability was assayed using the cell counting kit-8

(CCK-8; Beyotime, China) according to the manu-

facturer’s protocol. Briefly, after the indicated treat-

ment, hPDLCs were seeded in 96-well plates (5000

cells per well) and were incubated in a-MEM with

10% FBS at 37 �C. After 1, 3, 5 and 7 days of

incubation, the cells were washed with PBS, and then

100 ll of a-MEM containing 10 ll of CCK-8 solution
was added to each well, and the plate was incubated

for 2 h. The absorbance of the wells was measured at

450 nm using a microplate reader (Perkin Elmer,

USA).

Cell apoptosis

After H2O2 exposure for 2 h, the hPDLCs were

cultured for another 3 days. Both the culture medium

and cells were collected for centrifugation. The

collected cells were washed with PBS three times

and were incubated with Annexin V-FITC/PI (Best-

Bio, China) according to the manufacturer’s protocol.

Cell apoptosis was then assayed by flow cytometry.
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SA-b-gal staining

Because the positive blue staining of SA-b-gal was
recognized as a typical biomarker of cellular senes-

cence (Dimri et al. 1995), SA-b-gal staining was

performed using the b-galactosidase staining kit

(KeyGEN BioTECH, China) to assess the senescence

of hPDLCs. Namely, 2 days after H2O2 exposure,

hPDLCs were seeded in a six-well plate and were

incubated for 24 h. The cells were then fixed for

10 min at room temperature, washed three times with

PBS and stained with working solution at 37 �C
without CO2 for 10 h. Images were captured with a

light microscope.

Observation of intracellular ROS

Intracellular ROS were detected using ROS Assay Kit

(Beyotime, China). After H2O2 exposure for 2 h, cells

in six-well plates were incubated with 1 ml of 0.1%

DCFH-DA diluted in a-MEM at 37 �C for 20 min and

were washed three times with a-MEM. The green

fluorescence was observed with a fluorescence

microscope.

Activity of malonaldehyde (MDA)

Three days after H2O2 exposure, hPDLCs were

collected and the protein was extracted. The concen-

tration of protein was determined using the BCA

protein assay kit (Beyotime, China). The activity of

MDAwas detected using the Lipid PeroxidationMDA

Assay Kit (Beyotime, China) according to the man-

ufacturer’s protocol. MDA concentrations were

expressed as nmol/mg protein.

Real-time polymerase chain reaction (PCR)

Total RNA was extracted from hPDLCs in a six-well

plate using RNA iso plus (Takara, Japan). Next, 500

ng of total RNAwas used as the template to synthesize

cDNA using the 5 9 PrimeScript RT Master Mix

(Takara, Japan). For PCR amplification, a 10 ll of
reaction volume was used, comprising 5 ll of 2 9 TB

Green Fast qPCR Mix (Takara, Japan), 0.1 mmol/l of

each primer, 1 ll of fivefold diluted cDNA and diethyl

pyrocarbonate water (DEPC, Sangon Biotech, China).

The reaction and detection were conducted using a

CFX96 Real-Time PCR Detection System (BIO RAD,

USA). The cycle threshold (Ct) values were collected

and normalized to the level of glyceraldehyde-3-

phosphate dehydrogenase (gapdh), a housekeeping

gene. The 2-DDCt method was used to calculate the

relative mRNA levels of each target gene. The primer

sequences used for runt-related transcription factor-2

(runx2), osteocalcin (ocn), osteopontin (opn), colla-

gen 1 (col-1), p16, p21, p38 p53 and gapdh were as

follows: runx2 (F) 50-CCGGAATGCCTCTGCTG
TTA-30, (R) 50-TGTCTGTGCCTTCTGGGTTC-30,
ocn (F) 50-TCCTTTGGGGTTTGGCCTAC-30, (R) 50-
CCAGCCTCCAGCACTGTTTA-30, opn (F) 50-CAGT
TGTCCCCACAGTAGACAC-30, (R) 50-GTGATGTC
CTCGTCTGTAGCATC-30, col-1 (F) 50-AGACGAAG
ACATCCCACCAATC-30, (R) 50-GATCACGTCATC
GCACAACAC-30, p16 (F) 50-GCCCTTTGGTTA
TCGCAAGC-30, (R) 50-TTTCCCGAGGTTTCTCAG
AGC-30; p21 (F) 50- TCTGCAATTCCCCTCTGCTG-
30, (R) 50-AGGGTGCCCTTCTTCTTGTG-30; p38

(F) 50-GCTTCAGCAGATTATGCGTCTG-30, (R) 50-
AGCATCTTCTCCAGCAAGTCG- 30; p53 (F) 50-
TTTCACCCTTCAGATCCGTG-30, (R) 50-TTTATG
GCGGGAGGTAGACT- 30, gapdh (F) 50-CTTTGGT
ATCGTGGAAGGACTC-30, (R) 50-GTAGAGGCAG
GGATGATGTTCT-30.

Western blot assay

The total protein of the cells was isolated using RIPA

lysis buffer (Beyotime, China) with 1 mM phenyl-

methanesulfonyl fluoride (PMSF; Beyotime, China),

and then the protein concentration was measured using

the BCA protein assay kit (Beyotime, China). Thirty

micrograms of each protein sample was separated by

sodium dodecyl sulfate–polyacrylamide gel elec-

trophoresis (SDS-PAGE; GenScript, USA), followed

by transfer to a polyvinylidene difluoride membrane

(PVDF; Bio-Rad, USA). Following blocking with 5%

nonfat milk, the membranes were incubated with the

primary antibody against phosphor-H2A histone fam-

ily member X (P-H2A.X) (1:1000) (Cell Signaling

Technology, USA), P16 (1:1000) (Cell Signaling

Technology, USA), P21 (1:1000) (Cell Signaling

Technology, USA), P62 (1:1000) (ZenBio Science,

China), BECLIN-1 (1:1000) (ZenBio Science, China),

LC3A/B (1:1000) (Cell Signaling Technology, USA),

GAPDH (1:1000) (ZenBio Science, China) overnight

at 4 �C, followed by the respective secondary anti-

bodies (1:5000) (ZenBio Science, China). The bands
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were detected using the electrochemiluminescence

plus reagent (Bio-Rad, USA). Finally, the intensity of

these bands was quantified using ImageJ software

(Version 1.8.0; National Institutes of Health, USA).

Osteogenic differentiation detection

Osteogenic induction was applied to detect the hPDLC

osteogenic differentiation capacity with H2O2 induc-

tion in the presence or absence of metformin pretreat-

ment. After the indicated treatment, hPDLCs were

subcultured.When reaching 60% confluence, hPDLCs

were cultured in osteogenic medium [a-MEM sup-

plemented with 10% FBS, 50 lg/ml of ascorbic acid

(Sigma, St. Louis, MO, USA), 5 mM L-glycerophos-

phate (Sigma, St. Louis, MO, USA), and 100 nM

dexamethasone (Sigma, St. Louis, MO, USA)] for

7–21 days depending on the experiment. Alka-

line phosphatase (ALP) staining was determined

using NBT/BCIP (Beyotime, China) according to the

manufacturer’s protocol after 7 days of osteogenic

induction. The ALP activity was evaluated using the

AKP analysis kit (Nanjing Jiancheng Bioengineering

Institute, China) according to the manufacturer’s

instructions after 7 days. Calcium accumulation was

detected by fixing with 4% fixative solution (Salarbio,

China) and staining with 0.2% alizarin red (Salarbio,

China) after 21 days of osteogenic induction. To

quantify mineralization, the cells stained with Alizarin

Red were destained with 10% cetylpyridinium chlo-

ride, monohydrate (Solarbio, China), the extracted

stain was transferred to a 96-well plate, and the

absorbance at 562 nm was measured using a micro-

plate reader (Perkin Elmer, USA).

Statistical analysis

GraphPad Prism software (version 6.0, USA) was used

for statistical analysis. The data were presented as the

mean ± standard deviation (SD) in all graphs. The

data were analyzed by unpaired Student’s t-test for

comparisons between groups or ANOVA for multiple

comparisons. P values\ 0.05 were considered statis-

tically significant.

Results

H2O2 induces senescence in hPDLCs

To mimic the oxidative stress status in periodontitis,

hPDLCs were treated with different concentrations of

H2O2 (0–500 lM) for 2 h. As shown in Fig. 1a,

50 lMH2O2 had little influence on the cell viability of

hPDLCs; when the concentration reached 100 lM, the

cell viability was inhibited from the 3rd day; C 200

lM showed more significant inhibitory effects on the

cell viability of hPDLCs. The results of flow cytom-

etry (Fig. 1b, c) revealed that 50 lM or 100 lMH2O2

did not induce apoptosis in hPDLCs compared with

that in control cells. hPDLCs exposed to 100 lM
H2O2 for 2 h showed typical senescent features, such

as spreading and a flattened morphology (Fig. 1d), and

increased positivity to SA-b-gal staining (Fig. 1e, f).

Additionally, H2O2--treated hPDLCs showed compro-

mised osteogenic differentiation [a feature of senes-

cent hPDLCs (Konstantonis et al. 2013)], as evidenced

by the decreased expression of osteogenesis-related

gene (col-1, ocn, opn, runx2) (Fig. 1g). Together, the

results above suggest that 100 lMH2O2 was adequate

to induce senescence in hPDLCs and was applied in

the subsequent studies.

Metformin treatment decreases H2O2-induced

oxidative damage in hPDLCs

To examine the effects of metformin on H2O2-induced

oxidative damage in hPDLCs, the toxicity of met-

formin was first examined. Metformin (0–500 lM)

treatment for 24 h displayed no toxicity toward

hPDLCs, as shown in Fig. 2a, in which the cell

viability was not inhibited even 7 days after met-

formin exposure. Next, ROS accumulation in hPDLCs

was tested. The results (Fig. 2b) showed ROS accu-

mulation in hPDLCs after 2 h of treatment with

100 lM H2O2, 24 h of pretreatment with metformin

could decrease H2O2-induced ROS accumulation in a

dose-dependent manner, and 100 lM metformin was

adequate to significantly reverse ROS accumulation.

Simultaneously, 100 lM metformin could suppress

H2O2-induced augmentation of MDA, a biomarker of

oxidative damage of lipid (Pirinccioglu et al. 2010), as

shown in Fig. 2c. Additionally, metformin could

decrease the protein expression of P-H2A.X, a

biomarker of DNA damage (Fig. 2c, d). Therefore,

123

Biogerontology



100 lM metformin was used in subsequent

experiments.

Metformin attenuates senescence and protects

against the osteogenic potential of hPDLCs

Because metformin prevents oxidative damage in

hPDLCs, further studies were performed to explore

the effects of metformin on cellular senescence. As

shown in Fig. 3a, 100 lM metformin could decrease

H2O2-induced inhibition of cell viability. As shown in

Fig. 3f, hPDLCs in the H2O2 group could not reach

80% confluence at 8th passage any more. While,

hPDLCs in H2O2? metformin group could reach 80%

confluence until the 15th passage. At the same

passage, the cell population doubling time in the

H2O2? metformin group was less than that in the

H2O2 group but more than that in the control group.

The results of SA-b-gal staining (Fig. 3b, c) showed

that metformin had a negative effect on SA-b-gal
activity in hPDLCs. The expression levels of senes-

cence-related gene were remarkably distinct among

different treatment groups (Fig. 3d, e). Additionally,

100 lM H2O2 alone significantly increased the

expression level of p21 from 0 to 12 h after H2O2

exposure, and the expression level of p21 reached the

peak at 0 h after H2O2 exposure. Therefore, the

mRNA expression levels of p16, p21, p38 and p53

Fig. 1 Effects of H2O2 exposure on hPDLCs. a Cell viability,

detected by the CCK-8 assay, is suppressed by H2O2

(50–500 lM) in a dose-dependent manner. b Flow cytometry

shows the effects of H2O2 exposure (50–500 lM) on apoptosis

in hPDLCs. c Comparison of apoptotic cells in various groups.

d Cell morphology is observed after treatment with 100 lM

H2O2. e SA-b-gal staining was conducted to detect the senescent
hPDLCs (dyed blue) after treatment with 100 lM H2O2.

f Percentage of senescent hPDLCs. g mRNA expression of

osteogenesis-related genes after 7 days of osteogenic induction.

*P\ 0.05 compared with the 0 lM group; #P\ 0.05 compared

with the control group; Con control
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were immediately evaluated after metformin and

H2O2 exposure. The results showed that metformin

reverses the expression levels of p16, p21, p38 and p53

induced by H2O2. H2O2 exposure inhibited the

expression of ALP, while metformin pretreatment

significantly reversed the expression of ALP, findings

that were verified by both ALP staining (Fig. 4a) and

the ALP activity assay (Fig. 4b). Similarly, Alizarin

red staining of calcium accumulation (Fig. 4c) and

quantification of mineralization (Fig. 4d) also mani-

fested the protective effects of metformin on the

osteogenic potential of hPDLCs.

Autophagy might be involved in the protective

effects of metformin against senescence

Finally, the possible mechanism of the protective

effects of metformin was explored. As shown in the

results of western blotting (Fig. 6a, b), H2O2 increased

the shift of LC3-I to LC3-II, expression of BECLIN1

and accumulation of P62. Metformin pretreatment not

only increased the shift of LC3-I to LC3-II and

expression of BECLIN1 but also decreased the

accumulation of P62, which was reversed by 3-MA.

As shown in Fig. 5a, b and c, metformin affected the

expression of autophagy-related proteins in a time

dependent manner and metformin treatment for 24 h

could best promote the shift of LC3-I to LC3-II and

expression of BECLIN1, as well as decrease the

accumulation of P62. Furthermore, the expression of

Fig. 2 Metformin treatment for 24 h decreases H2O2-induced

oxidative damage in hPDLCs. a Effects of metformin

(50–500 lM) on the cell viability of hPDLCs. b Met decreases

H2O2 (100 lM)-induced ROS accumulation in hPDLCs.

c Metformin (100 lM) alleviates H2O2-induced production of

malonaldehyde (MDA), a biomarker of lipid peroxidation.

d Three days after H2O2 exposure, the protein expression of

P-H2A.X is detected. e Relative expression of P-H2A.X.

*P\ 0.05 compared with the control group; #P\ 0.05 com-

pared with the H2O2 group; Met metformin, Con control
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senescence related proteins was also detected. The

results (Fig. 6c, d) showed that H2O2 alone could

significantly increase the expression of P16 and P21,

which was decreased by metformin. However, the

effects of metformin on the expression levels of P16

and P21 were reversed by 3-MA, a finding that was

similar to the situation of autophagy.

Discussion

Studies of modalities to treat periodontitis have been

constantly performed by many investigators.

Conventionally, efforts have been focused on patho-

gen elimination (Kuang et al. 2017), control of

inflammation (Riccia et al. 2007), modulation of

immunity (Oringer 2002), and regeneration of lost

periodontal tissue (Batool et al. 2018). However, a

thorough treatment of periodontitis has not been

established. In the present study, metformin was

applied to manage oxidative stress-induced senes-

cence in hPDLCs, an approach that might provide a

new reference for future studies of periodontal

treatment.

There is a strong correlation between oxidative

stress and periodontitis. In previous clinical studies,

Fig. 3 Metformin treatment for 24 h attenuates H2O2-induced

cellular senescence in hPDLCs. a Metformin (100 lM) rescues

the cell viability of hPDLCs inhibited by H2O2 (100 lM)

treatment. b Metformin decreases the incidence of senescent

hPDLCs induced by H2O2. c Percentage of senescent hPDLCs.
d mRNA expression of p21 at different time points after H2O2

exposure. e Metformin reverses H2O2-induced expression of

p16, p21, p38 and p53. f Cell population doubling time of

hPDLCs was assayed after treatment with metformin and H2O2.

H2O2-treated hPDLCs show decreased passage ability and

increased cell doubling time, which are alleviated bymetformin.

*P\ 0.05 compared with the control group; #P\ 0.05 com-

pared with the H2O2 group; Met metformin, Con control
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oxidative stress-related markers, such as myeloperox-

idase, glutathione peroxidase, glutathione S-trans-

ferase, oxidized glutathione, and thiobarbituric acid-

reactive substances, have been found to be elevated in

the periodontal tissue (Borges et al. 2007), saliva

(Gumus et al. 2015), gingival crevicular fluid and

blood (Dursun et al. 2016) of patients with periodon-

titis. The increase in ROS leads to the peroxidation of

lipids, activation of protease and morphofunctional

changes in periodontal tissue, resulting in collagen

destruction and bone resorption (Nava-Villalba et al.

2013). In the present study, hPDLCs were treated with

H2O2, regular and direct oxidative stress, to mimic the

oxidative stress status in periodontitis. The results

showed that H2O2- induced not only senescence but

also apoptosis, depending on the concentration of

H2O2. This result was similar to a previous study,

which found the same phenomenon in nucleus pulpo-

sus cells (Chen et al. 2016). Previous researchers have

treated cells with various concentrations of H2O2 for

different duration to establish cellular senescence

models. Tian et al. (2011) treated human skin fibrob-

lasts with 150 lM H2O2 for 2 h; (Zdanov et al. 2009)

treated IMR-90 lung fibroblasts with 200 lMH2O2 for

2 h; and (Zhou et al. 2013) treated MRC-5 fibroblasts

with 200 lM H2O2 for 24 h. In the present study, the

Fig. 4 Metformin protects against the osteogenic potential of

hPDLCs from H2O2-induced damage. hPDLCs were pretreated

with 100 lM metformin for 24 h followed by exposure to

100 lM H2O2 for 2 h. Next, osteogenic induction was

performed. a ALP staining after 7 days of osteogenic induction.

b Detection of ALP activity after 7 days of osteogenic

induction. c Alizarin red staining after 21 days of osteogenic

induction. d The stained mineral layers were dissolved in 10%

cetylpyridinium chloride, monohydrate and were quantified via

a microplate reader. *P\ 0.05 compared with the control

group, #P\ 0.05 compared with the H2O2 group; Met met-

formin, Con control
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results showed that treatment with 100 lM H2O2 for

2 h mainly induced senescence, but not apoptosis, in

hPDLCs. Therefore, 100 lM was selected as an

optimal concentration in subsequent studies.

Healthy hPDLCs are crucial for the maintenance of

tissue homeostasis, remodeling and repair (Konstan-

tonis et al. 2014). Once senescence is achieved,

hPDLCs have the retarded ability of proliferation and

differentiation (Diomede et al. 2017; Zhang et al.

2012), thereby presenting impeded ability to repair

periodontal tissue. Worse, senescent cells remain

functional in tissue and constantly secret inflammatory

factors (Bae et al. 2018), which is adverse for the

control of inflammation. To manage cellular senes-

cence, hPDLCs were pretreated with metformin for

24 h before H2O2 exposure. Metformin has been

proven, beyond its regular use in glycemic control, to

prevent senescence not only at the cellular level (Park

and Shin 2017; Smieszek et al. 2017) but also at the

individual level (Anisimov et al. 2008; Garg et al.

2017). Importantly, its safety in long-term systemic

application in patients has been verified by investiga-

tors (Center 2012). In the present study, the results

have shown that metformin could antagonize H2O2-

induced intracellular ROS accumulation, a finding that

is similar to the study of (Zhu et al. 2017) demon-

strating the inhibitory effect of berberine on H2O2-

induced ROS accumulation in human diploid fibrob-

lasts (HDFs). However, these results were different

from those of a previous study that found metformin

attenuated endogenous rather than H2O2-induced ROS

production in mouse embryonic fibroblasts and human

mammary epithelial cells (Algire et al. 2012). The

possible mechanism needs to be further clarified.

Similar to previous studies that demonstrated met-

formin could decrease senescence in nucleus pulposus

cells (Chen et al. 2016), C2C12 myoblasts (Jadhav

et al. 2013), endothelial (Arunachalam et al. 2014) and

mouse olfactory ensheathing cells (Smieszek et al.

2017), the present study found that pretreatment with

metformin prevented H2O2-induced senescence in

hPDLCs, as evidenced by the results of cell viability,

SA-b-gal staining, and the mRNA and protein levels

of senescence-related genes. Because senescence

retarded the osteogenic differentiation of hPDLCs, it

is reasonable to hypothesize that the osteogenic

differentiation capacity could also be recovered by

metformin. As expected, metformin could partly

reverse the inhibition of the osteogenic differentiation

capacity in hPDLCs by H2O2. This result was similar

Fig. 5 Effects of

metformin on autophagy in

hPDLCs. a hPDLCs were

treated with 100 lM
metformin for different

times (3 h, 6 h, 12 h, 24 h

and 48 h) and autophagy-

related proteins (P62,

BECLIN1 and LC3) were

detected by western

blotting. b Relative

expression of P62 and

BECLIN1. c Relative
expression of LC3-I and

LC3-II
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to that in a previous study (Bae et al. 2018) that found

melatonin could protect the osteogenic differentiation

of hPDLCs by preventing senescence induced by

ethanol.

Autophagy is a catabolic process through which

cells degrade dysfunctional organelles and molecules

to protect against cellular stress (Mizushima 2007). It

is closely related to cell fate in various inflammatory

disease, such as osteoarthritis (Li et al. 2016),

inflammatory bowel disease (Hosomi et al. 2015)

and periodontitis (Liu et al. 2017). Particularly,

autophagy is beneficial to protect hPDLCs from

apoptosis in an inflammatory microenvironment (An

et al. 2016). As confirmed in various cellular models

(Bridges et al. 2014; Kim et al. 2013; Piel et al. 2015;

Stephenne et al. 2011), metformin specifically inhibits

mitochondrial respiratory-chain complex 1, which

induces a drop in the ATP concentration and an

increase in the ADP/ATP and AMP/ATP ratios, thus

activating adenosine monophosphate-activated pro-

tein kinase (AMPK), a critical energy sensor of

cellular energy homeostasis (Foretz et al. 2014).

AMPK activation has been reported to induce the

autophagic process through two different mecha-

nisms, namely, the inhibition of mTOR and direct

phosphorylation of ULK1 (Mihaylova and Shaw

2011). Thus far, whether metformin can elevate

autophagy in hPDLCs has not been tested. The present

study first found that metformin can activate autop-

hagy in hPDLCs. Additionally, the protective effects

of metformin on hPDLCs was mediated by autophagy

because the activation of autophagy was negatively

correlated to the protein expression of P16 and P21,

hallmarks of cellular senescence. These results were

Fig. 6 Autophagymight be involved in the protective effects of

metformin against senescence. hPDLCs were pretreated with

10 lM 3-MA for 1 h and then were treated with 100 lM
metformin for 24 h followed by exposure to 100 lM H2O2 for

2 h. a Autophagy-related proteins are detected immediately

after H2O2 exposure. bRelative expression of autophagy-related

proteins. c Senescence-related proteins are detected 3 days after

H2O2 exposure. d Relative expression of senescence-related

proteins. *P\ 0.05 compared with the control group; #P\ 0.05

compared with the H2O2 group;
$P\ 0.05 compared with the

H2O2? Met group; Met metformin, Con control, 3-MA

3-methyladenine
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consistent with those of a previous study that demon-

strated autophagy is involved in the prevention of

senescence in nucleus pulposus cells under oxidative

stress (Chen et al. 2016). Interestingly, the results

seemed to contradict a previous study by (Luo et al.

2011). They found that H2O2 exposure could signif-

icantly induce both autophagy and senescence in

WI38 cells, a type of normal human diploid fibrob-

lasts, and the inhibition of autophagy by knocking

down Atg5 remarkably decreased the senescence

incidence in WI38 cells under oxidative stress,

showing that autophagy is likely detrimental to cells.

The inconsistent results could be attributed to the

different concentrations of H2O2 used in individual

studies. Different concentrations of H2O2 lead to

diverse degrees of oxidative stress, which might

enhance autophagy at different levels. The concentra-

tion of H2O2 (100 lM) used in the present study was

relatively lower than that used in the study of Luo et al.

(250 lM). Moderate autophagy might be beneficial

for cells to survive under poor conditions, regarded as

the phenomenon of hormesis, a process by which

short-term exposure to a low dose of a stressor could

stimulate protective mechanisms by activating one or

more stress response pathways, thus increasing the

stress resistance and life expectancy of an organism

(Rattan 2008). Induction of autophagy is considered a

process crucially involved in hormetic responses

(Demirovic and Rattan 2012; Madeo et al. 2015;

Zimmermann et al. 2014). In the present study,

hPDLCs were pretreated with metformin for 24 h to

activate moderate autophagy, thus promoting the

resistance against subsequent more severe insults

induced by H2O2, by which metformin alleviates

H2O2-induced senescence in hPDLCs. However,

excessive autophagy might well mistakenly degrade

normal ingredients, which are disadvantageous for cell

survival (Ahn and Kim 2013). Thus, it is understand-

able that the present study stimulated autophagy to

prevent oxidative stress-induced senescence in

hPDLCs, while, Luo et al. inhibited autophagy to

decrease oxidative stress-induced senescence in WI38

cells.

The present study only observed the effects of

metformin on senescence in hPDLCs under oxidative

stress and preliminarily found the effects might be

related to autophagy at the cellular level. In future

studies, the pathways through which metformin might

activate autophagy and how autophagy could prevent

against senescence in hPDLCs need to be explored.

Furthermore, in vivo studies are necessary to further

verify the effects of metformin-mediated anti-senes-

cence on periodontitis.

Conclusion

Metformin could prevent against senescence in

hPDLCs under oxidative stress. Additionally, met-

formin exhibited a protective effect on the osteogenic

potential of hPDLCs. These results provide some

information that future studies of periodontal treat-

ment modalities may focus on the management of

senescence in periodontitis. Regarding the underlying

mechanism, we preliminarily found that autophagy

might be involved in the anti-senescence effects of

metformin. However, further studies should be con-

ducted to explore the underlying mechanism andmany

in vivo studies are necessary to verify the efficacy of

periodontal treatment by metformin-mediated anti-

senescence.
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