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A B S T R A C T   

The junctional epithelium (JE) serves a crucial protective role in the periodontium. High glucose- 
related aging results in accelerated barrier dysfunction of the gingival epithelium, which may be 
associated with diabetic periodontitis. Metformin, an oral hypoglycemic therapeutic, has been 
proposed as a anti-aging agent. This study aimed to clarify the effect of metformin on diabetic 
periodontitis and explore its mechanism in ameliorating senescence of JE during hyperglycemia. 
The db/db mice was used as a diabetic model mice and alterations in the periodontium were 
observed by hematoxylin-eosin staining and immunohistochemistry. An ameloblast-like cell line 
(ALC) was cultured with high glucose to induce senescence. Cellular senescence and oxidative 
stress were evaluated by SA-β-gal staining and Intracellular reactive oxygen species (ROS) levels. 
Senescence biomarkers, P21 and P53, and autophagy markers, LC3-II/LC3-I, were measured by 
western blotting and quantitative real-time PCR. To construct a stable SIRT1 (Sirtuin 1) over
expression cell line, we transfected ALCs with lentiviral vectors overexpressing the mouse SIRT1 
gene. Cellular senescence was increased in the JE of db/db mice and the periodontium was 
destroyed, which could be alleviated by metformin. Moreover, oxidative stress and cellular 
senescence in a high glucose environment were reduced by metformin in in-vitro assays. The 
autophagy inhibitor 3-MA and SIRT1 inhibitor EX-527 could dampen the effects of metformin. 
Overexpression of SIRT1 resulted in increased autophagy and decreased oxidative stress and 
cellular senescence. Meanwhile, AMPK (AMP-activated protein kinase) inhibition reversed the 
anti-senescence effects of metformin. Overall, these results suggest that metformin alleviates 
periodontal damage in db/db mice and cellular senescence in ALCs under high glucose conditions 
via the AMPK/SIRT1/autophagy pathway.   

1. Introduction 

Periodontitis is an inflammatory disease caused by the progressive destruction of tooth support tissues due to long-term invasion of 
periodontal tissue by dental plaque [1,2]. As the sixth commonest complication of diabetes, the susceptibility and severity of 
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periodontitis is reported to be increased by diabetes [3–6]. Diabetes is defined as a group of metabolic diseases characterized by 
hyperglycemia and mounting evidence indicates that cellular senescence induced by hyperglycemia may be associated with the 
pathogenesis of diabetic periodontitis [7–9]. 

The junctional epithelium (JE), a nonkeratinized epithelium, is a specialized epithelial structure that is in contact with the tooth 
surface to prevent the invasion of bacteria into the underlying hard and soft tooth-supporting tissues [10,11]. As an epithelial barrier, 
the JE plays an important role in maintaining gingival and periodontal health [12–14]. Accumulation of senescent cells results in 
damage to the epithelial barrier by increasing expression of inflammatory cytokines directly affecting barrier integrity and epithelial 
permeability [15]. High glucose-related aging and oxidative stress leads to accelerated physical, chemical and immune barrier 
dysfunction of the gingival epithelium, which may be a key cause of diabetic periodontitis [16,17]. Recent evidence suggests that 
hyperglycemia is associated with a decrease in epithelial barrier function [18,19]. However, little research focus has been applied to 
dysfunction of the JE barrier in periodontitis after hyperglycemia. 

Metformin is a biguanide and currently one of the most commonly utilised medications for the treatment of type 2 diabetes [20]. It 
has been reported that locally delivered metformin, particularly in gel form, can markedly improve the effect of mechanical peri
odontal therapy for periodontitis [21,22]. Clinical trials revealed that metformin has been applied locally to relieve clinical symptoms 
of periodontitis [23,24]. However, the underlying mechanisms by which metformin treatment functions in periodontitis in the JE has 
not been clearly resolved. Significant evidence does exist that reveals metformin can delay ageing, inhibit age-related pathological 
changes and reduce oxidative stress damage [25,26]. As previously shown, metformin can alleviate oxidative stress 
induced-senescence by activating AMPK and promoting autophagy in human lens epithelial cells [27]. Additional studies have re
ported that metformin can modulate hyperglycemia-induced endothelial senescence by activating silent mating type information 
regulation 2 homolog-1 (sirtuin-1, SIRT1) [28]. Moreover, it was reported that metformin attenuates epithelial cell senescence by 
activating autophagy in MLE-12 cells [29]. Therefore, we speculate that metformin may protect the JE from senescence through the 
AMPK/SIRT/autophagy pathway in hyperglycemia. 

In the present study, we focused on the JE and explored the mechanism of metformin in periodontitis secondary to pre-diabetic 
hyperglycemia. In vivo, db/db diabetic mice were used to study the effect of metformin on the periodontium in hyperglycemia. In 
vitro, we established a high-glucose induced cellular senescence model to explore the molecular mechanisms by which metformin 
alleviates cellular senescence in JE. 

2. Materials and methods 

2.1. Animal experiments 

Sixteen four-week-old male diabetic BKS-db/db mice (C57BLKS/J-leprdb/leprdb*) and eight age-matched BKS mice were pur
chased from Changzhou Cavens Experimental Animal Co., Ltd. The mice were maintained at 23 ± 2 ◦C and 55 ± 5% humidity with 12h 
light/dark cycles and free access to food and water. All animal experiments were performed in accordance with the Guide for the Care 
and Use of Laboratory Animals. The present study was approved by the Laboratory Animal Ethics Committee of the Institute of 
Medicinal Plant Development, Binzhou Medical University (2022-391). 

Based on changes in blood glucose value at different periods, mice were divided into two batches. The first batch of mice were kept 
until 6 weeks of age and the second batch of mice were maintained until their 14th week. Animals were randomly divided into the 
following groups: control mice (C), db/db mice (D), and db/db mice that were intraperitoneally injected with metformin (DM) at a 
dose of 250 mg/kg daily. The 6-week-old groups were treated with metformin at 4 weeks of age for 2 weeks, and mice in the 14-week- 
old group were treated with metformin at 8 weeks of age for 6 weeks. Mice in the C, D, DM groups were treated with a equivalent sterile 
water. 

2.2. Histological and immunohistochemical analysis 

The mandibular bone of each mouse was harvested and fixed in 4% paraformaldehyde at 4 ◦C overnight. After decalcification in 
10% ethylene diamine tetraacetic acid (EDTA) solution and changing of the solution every two days for one month, tissues were 
embedded in paraffin and sliced (5 μm). Sections containing the interalveolar crest between the first and second molars were collected 
and stained with hematoxylin and eosin (HE). For immunohistochemistry (IHC), the sections containing JE between the first and 
second molars were incubated with E-cadherin (1:200; proteintech, Cat No: 20874-1-AP), P21 (1:200; proteintech, Cat No: 10355-1- 
AP) and P53 (1:600; proteintech, Cat No: 10442-1-AP) antibodies, and a secondary antibody (1: 1000) against rabbit IgG (Proteintech, 
Cat No:SA00004-2) was utilised prior to staining with 3, 3′-diaminobenzidine (DAB). Images of stained tissue were acquired using a 
light microscope with an attached digital camera (BX53F; Olympus. Tokyo, Japan). 

2.3. Cell culture 

The ameloblast-lineage cell (ALC) line (donation from Professor Souichi Koyota) was maintained in normal glucose (NG, 5.5 mM) 
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12; Meilunbio, MA0214) supplemented with 10% fetal bovine 
serum (FBS; EVERY GREEN, 13011-8611). Cells were maintained at 37 ◦C in a humidified 5% CO2 incubator. To establish the cellular 
senescence model, ALCs were treated with high glucose (HG, 45 mM) for 72 h. In addition, some ALCs were treated with metformin (2 
mmol/L) for 2 h after serum starvation for 24 h, prior to incubation with normal or high glucose media for 72 h. ALCs were divided into 
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the following groups: the normal glucose group (NG), the normal glucose treated with metformin group (Met), the high glucose group 
(HG) and the high glucose treated with metformin group (HG + Met). 

2.4. Establishment of SIRT1 stable cell lines 

To construct a stable SIRT1 overexpression cell line, we transfected ALCs with lentiviral vectors overexpressing the mouse SIRT1 
gene; these vectors were constructed and purchased from GenePharma (Shanghai, China). The cells were seeded in 24-well plates, and 
transfection was performed when 40% confluency was reached. Polybrene (5 μg/ml) was used to facilitate transfection of ALC cells 
with lentivirus. The stable cell line was selected for using puromycin. Overexpression of SIRT1 was confirmed by western blotting 
analysis. 

2.5. Western blotting assay 

Total protein was extracted from ALCs by incubation with RIPA lysis buffer (Beyotime, Cat No: P0013K) for 30 min on ice. The 
samples were next centrifuged at 12,000 g at 4 ◦C for 20 min. Protein concentrations were determined using a BCA protein assay kit 
(solarbio, catalog no. PC0020) before being separated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 
a 10% or 12% acrylamide resolving gel. Separated protein bands were further transferred to polyvinylidene difluoride (PVDF) 
membranes. The PVDF membranes were next incubated in TBST (0.05% Tween-20) with 5% nonfat milk for 2 h at room temperature, 
followed by an incubation for 14 h with primary antibodies against (polyclone) LC3 (1:2000; proteintech, Cat No: 14600-1-AP), P21 
(1:2000; proteintech, Cat No: 10355-1-AP), ac-P53 (1:2000; Affinity biosciences, Cat No: AF-3744), P53 (1:2000; proteintech, Cat No: 
10442-1-AP), and β-actin (1:2000; proteintech, Cat No: 81115-1-RR). The membranes were subsequently incubated with the appro
priate corresponding horseradish peroxidase-conjugated secondary antibody (Beyotime, Cat No: A0208) for 1 h. The bands were 
detected using electrochemiluminescence (Tanon, Shanghai, China). The relative integrated density values (IDVs) were calculated 
using ImageJ software with β-actin utilised as an internal control. 

2.6. Real-time PCR 

Total RNA was extracted from ALCs using Trizol RNA isolating regents (TaKaRa Biotechnology, Japan). The concentration and 
quality of RNA were determined using the Nanodrop 2000 spectrophotometer (NanoDrop Products). Next, RNA was reverse tran
scribed to cDNA using a Prime Script RT reagent Kit (TaKaRa Biotechnology, Japan). Real-time PCR was performed by SYBR® Premix 
ExTaq™ II kits (TaKaRa Biotechnology, Japan) and RNA primers as follows: P21–F: 5′-GTCGCTGTCTTGCACTCTGG-3′, P21-R: 5′- 
CCAATCTGCGCTTGGAGTGATA-3’; P53–F: 5′-AACTTACCAGGGCAACTATGGCTTC-3′, P53-R: 5′-AACTGCACAGGGCACGTCTTC-3’; 
GAPDH-F: 5′-TGTGTCCGTCGTGGATCTGA-3′, GAPDH-R: 5′-TTGCTGTTGAAGTCGCAGGAG-3’. Amplification and quantitative poly
merase chain reaction (PCR) measurements were carried out using the LightCycler® 96 Instrument (Roche Biochemicals). The mRNA 
expression was normalized to that of GAPDH. Relative quantification calculations were performed using the 2− ΔΔCt relative quanti
fication method. 

2.7. SA-β-gal staining 

SA-β-gal activity was evaluated using a Senescence-Associated β-Galactosidase Staining kit (Solabio, Peking, China) according to 
the manufacturer’s instructions. ALCs seeded in 6-well plates were washed with phosphate-buffered saline (PBS), fixed for 15 min, and 
washed 3 times. Cells were incubated with β-galactosidase staining solution at 37 ◦C overnight. Cells were further washed twice with 
PBS before being observed and photographed with an inverted microscope (invitrogen EVOS M5000). Finally, cells in each group were 
counted using ImageJ software. 

2.8. Intracellular reactive oxygen species (ROS) analysis 

Intracellular ROS levels were determined using an ROS Assay kit (Beyotime, China). After treatment with high glucose in 24-well 
plates, cells were washed with PBS. Subsequently, cells incubated with 1% 2,7-dichlorofluorescin diacetate (DCFH-DA) diluted in 
DMEM/F12 at 37 ◦C for 20 min followed by washing three times with PBS. Green fluorescence levels were observed using a fluo
rescence microscope (Invitrogen EVOS M5000). 

2.9. Statistical analysis 

GraphPad Prism V8.0 was used to analyze the data. The data were presented as the mean ± standard deviation (SD) in all groups. 
Unpaired Student’s t-tests were used for comparisons between two groups. Differences among groups were analyzed using one-way 
ANOVA. Statistical significance was defined as P values < 0.05. 
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3. Results 

3.1. Metformin alleviates cellular senescence of the junctional epithelium and periodontal destruction in db/db mice 

First, we detected the effect of hyperglycemia on the periodontium. As illustrated in Fig. 1Aa, at week 14 in group D, the elongation 
of rete ridges invaded the underlying connective tissue (black arrow), causing the fascicules of the collagen fibers to break and 
disarrange. Moreover, inflammatory cell infiltration was observed inside the epithelium (yellow arrow). Unclear boundaries between 
the epithelium and connective tissue were also observed. After treatment with metformin, the damage to periodontal tissue was 
reduced, as shown by the regular arrangement of fibers in a horizontal direction. E-cadherin, as a critical junction protein, plays an 
important role in the epithelial barrier [30]. IHC staining of the JE reveals that the percentage contribution of E-cadherin-positive cells 
in group D was significantly decreased compared with group C (Fig. 1Ab). Interestingly, metformin alleviated this damage as shown in 

Fig. 1. Metformin alleviates periodontium destruction and cellular senescence of the JE in db/db mice. (A) HE staining (a) and IHC staining of E- 
cadherin (b) of JE between M1 and M2 at 14-week-old. Original magnification × 40. Scale bar, 40 μm. (B) IHC staining of P21, P53 in JE between 
M1 and M2 at 6-week-old. Original magnification × 40. Scale bar, 40 μm. M1, first molar, M2, second molar. 
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group DM wherein E-cadherin accumulated in JE. Next, we investigated the senescent phenotype caused by hyperglycemia in peri
odontal tissue in situ and we validated our mouse model at different ages using IHC demonstrating presence of senescence biomarkers 
P21 and P53. As shown in Fig. 1B, the percentage of P21 and P53 positive cells was significantly increased in 6-week-old db/db mice in 
the JE. Meanwhile, the percentage contribution of P21 and P53 was dramatically decreased in the JE after daily treatment with 
metformin for 2 weeks. Altogether, these data demonstrate that senescent cell burden and periodontal damage in mice is caused by 
hyperglycemia, and that metformin could alleviate these pathologic changes. 

3.2. High glucose (HG) induces cellular senescence and oxidative stress in ALCs 

Firstly, we constructed a cellular senescence model wherein ALCs were treated with HG at different time-points. After HG treatment 
for 48, 60, and 72h, cellular senescence was indicated by two markers: accumulation of SA-β-Gal activity, and the expression of P21 
and P53. At 48 and 60 h, there was no statistically significant difference between the HG group and the NG group with regards to P21 
and P53 expression. However, at 72 h, the expression levels of P21 and P53 were significantly higher in the HG group than in the NG 
group (Fig. 2A). Accordingly, there was no change in the level of SA-β-Gal staining senescence in ALCs after HG treatment for 48h and 

Fig. 2. High glucose induces senescence and oxidative stress in ALCs. (A) Western blotting detected the expression of P21 and P53 in ALCs that were 
treated with NG and HG at different time-points. (B) The percentage of SA-β-gal-positive cells was detected in ALCs that were exposed to NG and HG 
at different times. Scale bar, 100 μm. (C) Effect of HG on intracellular ROS production in ALCs. ROS was stained with a dichloro-dihydro-fluorescein 
diacetate fluorescent probe. Scale bar, 300 μm. (D) Western blotting detected the expression of P21 and P53 in ALCs that were treated with NAC. 
Data shown represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001. All results are representative of at least three independent experiments. 
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60h. Similarly, the SA-β-gal positive staining rate was significantly higher in the HG group than in the NG group at 72 h (Fig. 2B). 
Together, these results suggest that treatment with HG for 72 h was adequate to induce cellular senescence in ALCs and was applied in 
the subsequent studies. 

The most feasible mechanism underpinning HG-induced senescence is oxidative stress [31]. Therefore, ROS accumulation was 
measured to determine the effect of HG on oxidative stress in ALCs. As such, results demonstrated that up-regulation of ROS was 
detectable at 72 h after induction of HG conditions (Fig. 2C). Next, we used the antioxidant NAC to investigate whether oxidative stress 
induces cellular senescence after HG in ALCs. NAC could reduce HG-induced cellular senescence as revealed by the reduced expression 
levels of P21 and P53 in Fig. 2D. These data suggest that HG induces cellular senescence by triggering oxidative stress. 

3.3. Metformin alleviates oxidative stress and cellular senescence in ALCs in high glucose conditions 

According to the results of our previous experiments, we observed that metformin had no effect on cell viability at a concentration 
of 2 mM, so this concentration was selected for further investigations. Firstly, we studied the effect of metformin on oxidative stress by 
detected intracellular ROS in ALCs after exposure HG conditions. The addition of metformin substantially decreased the ROS content in 
the HG group compared to in the NG group (Fig. 3A). Furthermore, as demonstrated by SA-β-Gal staining, metformin treatment 
reduced the percentage of SA-β-gal-positive cells (Fig. 3B). Meanwhile, as per western blotting and RT-PCR analysis, metformin 
inhibited the expression of P21 and P53 protein and mRNA (Fig. 3C and D). These results indicate that metformin alleviates HG- 
induced cellular senescence in ALCs. 

3.4. Metformin attenuates cellular senescence by activating SIRT1-mediated autophagy in ALCs 

To study the mechanism of anti-senescence during metformin treatment in ALCs under HG conditions, we firstly investigated the 
effect of metformin on autophagy in an HG environment in ALCs. We performed western blotting to detect the ratio of autophagy 
markers, LC3-II/LC3-I. As revealed in Fig. 4A, compared with the control group, the ratio of LC3-II/LC3-I was significantly increased 
after treatment with metformin. Moreover, inhibition of autophagy by 3-methyladenine (3-MA) significantly decreased the effect of 
metformin. The results demonstrated that 3-MA treatment caused increased intercellular ROS and expression of P21 and P53 proteins 
compared with the Met group (Fig. 4B and C). These findings suggest that metformin alleviates senescence primarily by the activation 

Fig. 3. Metformin treatment alleviates high glucose induced oxidative stress and senescence in ALCs. (A) After treatment with Met, the intracellular 
ROS production in ALCs was reduced. Scale bar, 300 μm. (B) SA-β-gal-positive cells were detected in ALCs that were exposed to NG, Met, HG, and 
HG + Met. Scale bar, 100 μm. (C and D) P21 and P53 mRNA and protein expression levels were detected by RT-PCR and western blotting in ALCs. 
Data shown represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All results are representative of at least three independent 
experiments. 
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of autophagy. Additionally, SIRT1 is a well-established activator of autophagy [32]. Thus, to examine whether SIRT1 mediates the 
effects of metformin on autophagy in ALCs, we constructed a stable SIRT1 overexpressing cell line using lentiviral vectors. Compared 
with the LV-NC group, the expression of SIRT1 and the ratio of LC3-II/LC3-I were markedly increased in SIRT1 overexpressing cells 
(Fig. 4D). Meanwhile, pretreatment with the SIRT1 inhibitor Ex527 reduced the autophagy promoting effect of metformin, as detected 
by the ratio of LC3-II/LC3-I (Fig. 4E). Taken together, these data suggest that SIRT1 mediates the autophagy-promoting effects of 
metformin. 

3.5. SIRT1 mediates the protective effects of metformin against oxidative stress and senescence 

Given prior results, we decided to explore whether SIRT1 was responsible for mediating the effects of metformin on oxidative stress 
and senescence in ALCs. Firstly, we detected the effect of metformin on SIRT1 under HG conditions. Results revealed that the protein 
expression level of SIRT1 was increased in the Met group compared with the control group (Fig. 5A). Next, pretreatment of ALCs with 
the SIRT1 inhibitor Ex527 revealed the effect of metformin on intracellular ROS accumulation was reversed by SIRT1 inhibition 
(Fig. 5B). Meanwhile, levels of positive SA-β-Gal staining and of P21 and P53 expression were increased in the Met + Ex527 group 
compared with the Met group (Fig. 5C and D). Furthermore, to investigate the effect of SIRT1 on oxidative stress and cellular 
senescence under HG conditions, SIRT1-overexpressing lentivirus were stably transfected into ALCs. As shown in Fig. 5E, compared 
with the LV-NC group, intracellular ROS production was decreased suggesting that SIRT1-overexpression could dampen oxidative 
stress in ALCs during HG conditions. Meanwhile, results revealed that compared with the LV-NC group, SIRT1 protein expression levels 
were significantly increased, but the protein expression levels of ac-P53, P53 and P21 were evidently decreased; the same trends were 
demonstrated by SA-β-gal staining (Fig. 5F and G). These data suggest that SIRT1-induced deacetylation of P53 partially inactivates 
P53, and this partial loss of function can attenuate P53-dependent cellular senescence. 

3.6. Metformin activates the SIRT1-autophagy pathway via AMPK 

As is widely reported, metformin was revealed to alter biological functions in cells by activating AMPK. AMPK activation is 
conducive to cellular homeostasis and senescence prevention [33]. Therefore, to determine whether metformin exerts its protective 
role in an AMPK-dependent manner, we used an AMPK inhibitor (Compound C) to examine its role in the mechanisms induced by 
metformin. As revealed in Fig. 6A and B, Compound C attenuated the effect of metformin on oxidative stress and cellular senescence in 

Fig. 4. Metformin attenuates cell senescence by activating the autophagy pathway through SIRT1 in ALCs. (A) Western blotting was used to detect 
the ratio of LC3-II/LC3-I in ALCs that were cultured in HG and HG + Met. (B and C) Intracellular ROS (B) and expression of P21 and P53 (C) were 
detected after pretreatment with 3-MA. Scale bar, 300 μm. (D) The expression of SIRT1 and the ratio of LC3-II/LC3-I were detected in ALCs 
overexpressing SIRT1 by western blotting. (E) Western blotting was further used to detect the ratio of LC3-II/LC3-I after pretreatment with EX527. 
Data shown represent means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001. All results are representative of at least three independent experiments. 
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Fig. 5. SIRT1 mediates a metformin-induced reduction in cell senescence in ALCs. (A) Western blotting was used to detect protein expression levels 
of SIRT1 in ALCs that were cultured in HG and HG + Met. Pretreatment of ALCs with SIRT1 inhibitor Ex527. (B) The intracellular ROS production in 
ALCs. Scale bar, 300 μm. (C) The percentage of SA-β-gal-positive cells was detected in ALCs. Scale bar, 100 μm. (D) The protein expression levels of 
P21 and P53 in ALCs were detected by western blotting. (E) Intracellular ROS production in ALCs. Scale bar, 300 μm. (F) The percentage of SA-β-gal- 
positive cells was detected to determine the effect of SIRT1 on senescence in ALCs. Scale bar, 100 μm. (G) The protein expression levels of ac-P53, 
P53 and P21 were detected in ALCs overexpressing SIRT1 by western blotting. Data shown represent means ± SD; *p < 0.05, **p < 0.01, ***p <
0.001. All results are representative of at least three independent experiments. 
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ALCs in an HG environment. Furthermore, we explored whether Compound C could counteract the effect of metformin on the 
SIRT1-autophagy pathway. As expected, Compound C reduced the ability of metformin to active the SIRT1-autophagy pathway, as 
evidenced by protein expression levels of SIRT1 and the LC3-II/LC3-I ratio (Fig. 6B). 

4. Discussion 

In this study we identified the potential association between accumulated senescent cells in the JE and the destruction of the 
junctional epithelial barrier and periodontal tissue in db/db mice. Moreover, we demonstrated the protective effects of metformin in 
ameliorating cellular senescence in the JE induced by hyperglycemia via the AMPK/SIRT1/autophagy signaling pathway. 

In the development of periodontitis, the JE is a critical tissue barrier and the permeability of the JE is essential for maintaining 
periodontal health. In this study, we demonstrated that the junctional epithelial barrier and periodontal tissue are damaged during 
hyperglycemia consistent with previous studies [16,34]. Age-dependent changes in cell adhesion complexes have been associated with 
an increase in barrier permeability [30,35,36]. Hyperglycemia can cause a high local burden of senescent cells in many tissues, such as 
adipose tissues, renal tubular, and vascular smooth muscle tissue amongst others [37,38]. Moreover, senescent cells constantly secret 
inflammatory factors, which have an adverse effect on the control of inflammation [39]. Senescent cells adopt several unique iden
tifying characteristics, including accumulation of DNA damage sensors like P53, upregulation of cell cycle inhibitors such as P21, 
reactive oxygen species production, and SA-β-Gal activity [40,41]. In the present study, the elevated expression levels of P21 and P53 
indicate that hyperglycemia aggravated the local burden of senescent cells in the JE of db/db mice. These results indicate that hy
perglycemia may play an important role in the accumulation of senescent cells in the JE that results in barrier dysfunction driving the 
progression of periodontitis. 

Metformin, an anti-diabetic drug, has been reported to alleviate the hyperglycemia-induced preaging state in periodontitis [34]. 
Our results indicate that metformin could decrease cellular senescence in the JE and alleviate damage to periodontal tissue in db/db 
mice. Meanwhile, metformin treatment could attenuate HG-induced senescence in ALCs. However, the molecular mechanism by which 
metformin attenuates hyperglycemia-induced cellular senescence in the JE is not clear. Previous reports suggest that the beneficial 
effects of metformin on aging and health are primarily indirect via its effects on cellular metabolism and reduction of oxidative stress 
[42]. 

Oxidative stress, defined as disturbances to the pro-/anti-oxidant balance, is harmful to cells due to the excessive generation of ROS 
and nitrogen species [43]. In a hyperglycemic environment, a set of metabolic abnormalities are initiated, including the polyol, AGE 
formation, PKC, and hexosamine pathways; these pathways augment ROS generation and subsequently facilitate oxidative stress [44, 
45]. It has been reported that augmented ROS directly results in damage to vital biomolecules, such as proteins, lipids and DNA, and 
the accumulation of molecular damage intracellularly induces cellular senescence [43]. Evidence has linked ROS to the pathological 
destruction of connective tissue in periodontal disease [46]. Interestingly, metformin was demonstrated to inhibit the process of 
oxidative stress and ameliorate periodontitis [25,47–49]. Similarly, in our study, metformin could dampen HG-induced oxidative 

Fig. 6. Metformin activated the SIRT1-autophagy pathway via AMPK. (A) Intracellular ROS production in ALCs after pretreatment with Compound 
C. (B) P53, P21 and SIRT1 protein expression levels and the ratio of LC3-II/LC3-I were detected in ALCs that were exposed to Met, Compound C +
Met and Compound C. All results are representative of at least three independent experiments. 
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stress in ALCs. 
Autophagy is an essential metabolic process that can remove damaged or senescent organelles and as a major sensor of redox 

signaling can decreases oxidative stress to maintain cellular homeostasis [50,51]. The SIRT1 mediated autophagy pathway is uni
versally required to prevent a range of diseases, such as diabetic kidney disease, skin aging, and acute pancreatitis [52]. Previous study 
suggested that metformin alleviates hepatic steatosis through SIRT1-mediated effects upon the autophagy machinery [53]. Moreover, 
autophagy was demonstrated to mediate the anti-aging effects of metformin [54,55]. Therefore, we speculated that autophagy may be 
involved in the mechanisms of metformin and our investigating revealed that metformin could protect against oxidative stress 
-induced cellular senescence through the SIRT1-mediated autophagy pathway in ALCs exposed to a high glucose environment. 

SIRT1 exerts an important role in both cellular defense against oxidative stress and cellular senescence; it can also be activated by 
metformin. SIRT1 prevents premature aging/cellular senescence by regulating FOXOs, P53, and P21, in addition to molecules involved 
in DNA damage and repair [56]. In the present study, the SIRT1 inhibitor EX527 reversed the effects of metformin on cellular oxidative 
stress and cellular senescence. P53 plays a pivotal role in the context of senescence; its activation can occur in a DDR-dependent or 
DDR-independent manner [57]. As a deacetylase, SIRT1 can deacetylate certain key proteins, such as P53, to delay cellular senescence, 
a finding that is consistent with our experimental results [58]. These results indicated that metformin may protect against cellular 
senescence by activating SIRT1 to deacetylate P53 in ALCs exposed to high glucose. 

The generally accepted mechanism of metformin’s mechanism of action is stimulation of AMPK. The role of AMPK in the pre
vention of aging is generally attributed to its effects on the activation of SIRT1 and FOXO1, as well as the suppression of mTOR [59]. 
Activation of AMPK increases cellular NAD + levels, which in turn activates SIRT1 activity and autophagy [60]. A previous study 
reported that metformin triggered AMPK-SIRT1 signaling and increased the deacetylation of P53 in HepG2 cells in HG conditions [61]. 
Additional studies have demonstrated that metformin could inhibit the process of oxidative stress, promote the induction autophagy, 
and protect diabetic renal injury by activating the AMPK/SIRT1 pathway [62]. In our study, an AMPK inhibitor alleviated the effects of 
metformin on antioxidant, anti-senescence and SIRT1-mediated autophagy in ALCs. These data suggest that metformin alleviates 
cellular senescence by activating SIRT1-mediated autophagy induction via an AMPK-independent pathway in ALCs. 

Overall, our results suggest that hyperglycemia resulted in accelerated cellular senescence in the JE and induced the damage of the 
JE barrier and periodontal tissue simultaneously. Meanwhile, the present study further clarified the mechanism by which metformin 
treatment functions to ameliorate cellular senescence in the JE. Currently, few studies have investigated cellular senescence in the JE 
during diabetic periodontitis. Further research is required to deconvolute the potential mechanisms of diabetes and periodontitis to 
provide new avenues for their clinical diagnosis and treatment. 

Funding 

This study was supported by the National Natural Science Foundation of China (Grant No. 81870738). 

Data availability statement 

The dataset supporting the conclusions of this article is included within this article and is available from the corresponding author 
upon request. 

Ethics approval and informed consent statement 

The animal experiments involved in this study were approved by the Animal Ethics Committee of Binzhou Medical University (the 
animal ethics approval number: 2022-391) in accordance with ethical principles. 

Patient consent for publication 

Not applicable. 

Additional information 

No additional information is available for this paper. 

CRediT authorship contribution statement 

Xiaoyuan Ye: Writing – original draft, Visualization, Validation, Methodology, Formal analysis, Conceptualization. Yumin Wang: 
Writing – original draft, Validation, Conceptualization. Yanying Tian: Validation, Methodology. Ruonan Bi: Formal analysis. 
Mingyue Li: Validation. Chunyan Yang: Writing – review & editing. Li Zhang: Writing – review & editing, Project administration. 
Yuguang Gao: Writing – review & editing, Supervision, Methodology, Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 

X. Ye et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e27478

11

influence the work reported in this paper. 

Acknowledgements 

Not applicable. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e27478. 

References 

[1] P.N. Papapanou, M. Sanz, N. Buduneli, T. Dietrich, M. Feres, D.H. Fine, T.F. Flemmig, R. Garcia, W.V. Giannobile, F. Graziani, et al., Periodontitis: Consensus 
report of workgroup 2 of the 2017 World Workshop on the classification of periodontal and Peri-Implant diseases and conditions, Periodontol 89 (Suppl 1) 
(2018) S173–S182, https://doi.org/10.1002/JPER.17-0721. 

[2] J. Slots, Periodontitis: facts, fallacies and the future, Periodontol. 2000 75 (1) (2017) 7–23, https://doi.org/10.1111/prd.12221. 
[3] D. Diehl, A. Friedmann, [Periodontitis and Diabetes - two common and associated diseases], MMW Fortschr Med 164 (12) (2022) 52–59, https://doi.org/ 

10.1007/s15006-022-1136-0. 
[4] D. Polak, L. Shapira, An update on the evidence for pathogenic mechanisms that may link periodontitis and diabetes, J. Clin. Periodontol. 45 (2) (2018) 

150–166, https://doi.org/10.1111/jcpe.12803. 
[5] S. Kabisch, O.S. Hedemann, A.F.H. Pfeiffer, Periodontitis, age-related diseases and diabetes in an endocrinological outpatient setting (PARADIES): a cross- 

sectional analysis on predictive factors for periodontitis in a German outpatient facility, Acta Diabetol. 59 (5) (2022) 675–686, https://doi.org/10.1007/s00592- 
021-01838-z. 

[6] D.T. Graves, Z. Ding, Y. Yang, The impact of diabetes on periodontal diseases, Periodontol. 2000 82 (1) (2020) 214–224, https://doi.org/10.1111/prd.12318. 
[7] P. Zhang, Q. Wang, L. Nie, R. Zhu, X. Zhou, P. Zhao, N. Ji, X. Liang, Y. Ding, Q. Yuan, et al., Hyperglycemia-induced inflamm-aging accelerates gingival 

senescence via NLRC4 phosphorylation, J. Biol. Chem. 294 (49) (2019) 18807–18819, https://doi.org/10.1074/jbc.RA119.010648. 
[8] M. Yin, Y. Zhang, H. Yu, X. Li, Role of hyperglycemia in the senescence of Mesenchymal Stem cells, Front. Cell Dev. Biol. 9 (2021) 665412, https://doi.org/ 

10.3389/fcell.2021.665412. 
[9] F.S.C. Sczepanik, M.L. Grossi, M. Casati, M. Goldberg, M. Glogauer, N. Fine, H.C. Tenenbaum, Periodontitis is an inflammatory disease of oxidative stress: we 

should treat it that way, Periodontol. 2000 84 (1) (2020) 45–68, https://doi.org/10.1111/prd.12342. 
[10] M. Nakamura, Histological and immunological characteristics of the junctional epithelium, Jpn Dent Sci Rev 54 (2) (2018) 59–65, https://doi.org/10.1016/j. 

jdsr.2017.11.004. 
[11] S. Nouri, J. Holcroft, L.L. Caruso, T.V. Vuong, C.A. Simmons, E.R. Master, B. Ganss, An SCPPPQ1/LAM332 protein complex enhances the adhesion and 

migration of oral epithelial cells: implications for dentogingival regeneration, Acta Biomater. 147 (2022) 209–220, https://doi.org/10.1016/j. 
actbio.2022.05.035. 

[12] P.Q. Huang, X.Y. Jia, L. Zhao, X.D. Zhou, X. Xu, [Research updates: relationship between gingival epithelial intercellular junctions and periodontal pathogenic 
bacteria], Sichuan Da Xue Xue Bao Yi Xue ban 53 (2) (2022) 214–219, https://doi.org/10.12182/20220360201. 

[13] S.S. Wang, Y.L. Tang, X. Pang, M. Zheng, Y.J. Tang, X.H. Liang, The maintenance of an oral epithelial barrier, Life Sci. 227 (2019) 129–136, https://doi.org/ 
10.1016/j.lfs.2019.04.029. 

[14] T. Fujita, T. Yoshimoto, M. Kajiya, K. Ouhara, S. Matsuda, T. Takemura, K. Akutagawa, K. Takeda, N. Mizuno, H. Kurihara, Regulation of defensive function on 
gingival epithelial cells can prevent periodontal disease, Jpn Dent Sci Rev 54 (2) (2018) 66–75, https://doi.org/10.1016/j.jdsr.2017.11.003. 

[15] M.C. Funk, J. Zhou, M. Boutros, Ageing, metabolism and the intestine, EMBO Rep. 21 (7) (2020) e50047, https://doi.org/10.15252/embr.202050047. 
[16] P. Zhang, B. Lu, R. Zhu, D. Yang, W. Liu, Q. Wang, N. Ji, Q. Chen, Y. Ding, X. Liang, et al., Hyperglycemia accelerates inflammaging in the gingival epithelium 

through inflammasomes activation, J. Periodontal. Res. 56 (4) (2021) 667–678, https://doi.org/10.1111/jre.12863. 
[17] M. Chen, W. Cai, S. Zhao, L. Shi, Y. Chen, X. Li, X. Sun, Y. Mao, B. He, Y. Hou, et al., Oxidative stress-related biomarkers in saliva and gingival crevicular fluid 

associated with chronic periodontitis: a systematic review and meta-analysis, J. Clin. Periodontol. 46 (6) (2019) 608–622, https://doi.org/10.1111/jcpe.13112. 
[18] C.A. Thaiss, M. Levy, I. Grosheva, D. Zheng, E. Soffer, E. Blacher, S. Braverman, A.C. Tengeler, O. Barak, M. Elazar, et al., Hyperglycemia drives intestinal barrier 

dysfunction and risk for enteric infection, Science 359 (6382) (2018) 1376–1383, https://doi.org/10.1126/science.aar3318. 
[19] Y. Mitamura, I. Ogulur, Y. Pat, A.O. Rinaldi, O. Ardicli, L. Cevhertas, M.C. Brüggen, C. Traidl-Hoffmann, M. Akdis, C.A. Akdis, Dysregulation of the epithelial 

barrier by environmental and other exogenous factors, Contact Dermatitis 85 (6) (2021) 615–626, https://doi.org/10.1111/cod.13959. 
[20] L. Qing, J. Fu, P. Wu, Z. Zhou, F. Yu, J. Tang, Metformin induces the M2 macrophage polarization to accelerate the wound healing via regulating AMPK/mTOR/ 

NLRP3 inflammasome singling pathway, Am J Transl Res 11 (2) (2019) 655–668. 
[21] Y.G. Kim, S.M. Lee, S. Bae, T. Park, H. Kim, Y. Jang, K. Moon, H. Kim, K. Lee, J. Park, et al., Effect of aging on homeostasis in the soft tissue of the periodontium: 

a Narrative review, J. Personalized Med. 11 (1) (2018) 58, https://doi.org/10.3390/jpm11010058. 
[22] A.R. Pradeep, K. Patnaik, K. Nagpal, S. Karvekar, C.N. Guruprasad, K.M. Kumaraswamy, Efficacy of 1% metformin gel in patients with moderate and severe 

chronic periodontitis: a randomized controlled clinical trial, J. Periodontol. 88 (10) (2017) 1023–1029, https://doi.org/10.1902/jop.2017.150096. 
[23] M. Ala, M. Ala, Metformin for cardiovascular protection, inflammatory bowel disease, Osteoporosis, periodontitis, Polycystic Ovarian Syndrome, 

Neurodegeneration, cancer, inflammation and senescence: what is next? ACS Pharmacol. Transl. Sci. 4 (6) (2021) 1747–1770, https://doi.org/10.1021/ 
acsptsci.1c00167. 

[24] A.C. Nicolini, T.A. Grisa, F. Muniz, C.K. Rösing, J. Cavagni, Effect of adjuvant use of metformin on periodontal treatment: a systematic review and meta-analysis, 
Clin. Oral Invest. 23 (6) (2019) 2659–2666, https://doi.org/10.1007/s00784-018-2666-9. 

[25] A.A. de Araújo, A. Pereira, C. Medeiros, G.A.C. Brito, R.F.C. Leitão, L.S. Araújo, P.M.M. Guedes, S. Hiyari, F.Q. Pirih, R.F. Araújo Júnior, Effects of metformin on 
inflammation, oxidative stress, and bone loss in a rat model of periodontitis, PLoS One 12 (8) (2017) e0183506, https://doi.org/10.1371/journal. 
pone.0183506. 

[26] Y. Kuang, B. Hu, G. Feng, M. Xiang, Y. Deng, M. Tan, J. Li, J. Song, Metformin prevents against oxidative stress-induced senescence in human periodontal 
ligament cells, Biogerontology 21 (1) (2020) 13–27, https://doi.org/10.1007/s10522-019-09838-x. 

[27] M. Chen, C. Zhang, N. Zhou, X. Wang, D. Su, Y. Qi, Metformin alleviates oxidative stress-induced senescence of human lens epithelial cells via AMPK activation 
and autophagic flux restoration, J. Cell Mol. Med. 25 (17) (2021) 8376–8389, https://doi.org/10.1111/jcmm.16797. 

[28] G. Arunachalam, S.M. Samuel, I. Marei, H. Ding, C.R. Triggle, Metformin modulates hyperglycaemia-induced endothelial senescence and apoptosis through 
SIRT1, Br. J. Pharmacol. 171 (2) (2014) 523–535, https://doi.org/10.1111/bph.12496. 

[29] Y. Wang, H. Chen, C. Sun, H. Shen, X. Cui, Metformin attenuates lipopolysaccharide-induced epithelial cell senescence by activating autophagy, Cell Biol. Int. 45 
(5) (2021) 927–935, https://doi.org/10.1002/cbin.11536. 

[30] A.R. Parrish, The impact of aging on epithelial barriers, Tissue Barriers 5 (4) (2017) e1343172, https://doi.org/10.1080/21688370.2017.1343172. 

X. Ye et al.                                                                                                                                                                                                              

https://doi.org/10.1016/j.heliyon.2024.e27478
https://doi.org/10.1002/JPER.17-0721
https://doi.org/10.1111/prd.12221
https://doi.org/10.1007/s15006-022-1136-0
https://doi.org/10.1007/s15006-022-1136-0
https://doi.org/10.1111/jcpe.12803
https://doi.org/10.1007/s00592-021-01838-z
https://doi.org/10.1007/s00592-021-01838-z
https://doi.org/10.1111/prd.12318
https://doi.org/10.1074/jbc.RA119.010648
https://doi.org/10.3389/fcell.2021.665412
https://doi.org/10.3389/fcell.2021.665412
https://doi.org/10.1111/prd.12342
https://doi.org/10.1016/j.jdsr.2017.11.004
https://doi.org/10.1016/j.jdsr.2017.11.004
https://doi.org/10.1016/j.actbio.2022.05.035
https://doi.org/10.1016/j.actbio.2022.05.035
https://doi.org/10.12182/20220360201
https://doi.org/10.1016/j.lfs.2019.04.029
https://doi.org/10.1016/j.lfs.2019.04.029
https://doi.org/10.1016/j.jdsr.2017.11.003
https://doi.org/10.15252/embr.202050047
https://doi.org/10.1111/jre.12863
https://doi.org/10.1111/jcpe.13112
https://doi.org/10.1126/science.aar3318
https://doi.org/10.1111/cod.13959
http://refhub.elsevier.com/S2405-8440(24)03509-6/sref20
http://refhub.elsevier.com/S2405-8440(24)03509-6/sref20
https://doi.org/10.3390/jpm11010058
https://doi.org/10.1902/jop.2017.150096
https://doi.org/10.1021/acsptsci.1c00167
https://doi.org/10.1021/acsptsci.1c00167
https://doi.org/10.1007/s00784-018-2666-9
https://doi.org/10.1371/journal.pone.0183506
https://doi.org/10.1371/journal.pone.0183506
https://doi.org/10.1007/s10522-019-09838-x
https://doi.org/10.1111/jcmm.16797
https://doi.org/10.1111/bph.12496
https://doi.org/10.1002/cbin.11536
https://doi.org/10.1080/21688370.2017.1343172


Heliyon 10 (2024) e27478

12

[31] B. Umbayev, S. Askarova, A. Almabayeva, T. Saliev, A.R. Masoud, D. Bulanin, Galactose-induced skin aging: the role of oxidative stress, Oxid. Med. Cell. Longev. 
2020 (2020) 7145656, https://doi.org/10.1155/2020/7145656. 

[32] C. Xu, L. Wang, P. Fozouni, G. Evjen, V. Chandra, J. Jiang, C. Lu, M. Nicastri, C. Bretz, J.D. Winkler, et al., SIRT1 is downregulated by autophagy in senescence 
and ageing, Nat. Cell Biol. 22 (10) (2020) 1170–1179, https://doi.org/10.1038/s41556-020-00579-5. 

[33] X. Han, H. Tai, X. Wang, Z. Wang, J. Zhou, X. Wei, Y. Ding, H. Gong, C. Mo, J. Zhang, et al., AMPK activation protects cells from oxidative stress-induced 
senescence via autophagic flux restoration and intracellular NAD(+) elevation, Aging Cell 15 (3) (2016) 416–427, https://doi.org/10.1111/acel.12446. 

[34] L. Nie, P. Zhao, Z. Yue, P. Zhang, N. Ji, Q. Chen, Q. Wang, Diabetes induces macrophage dysfunction through cytoplasmic dsDNA/AIM2 associated pyroptosis, 
J. Leukoc. Biol. 110 (3) (2021) 497–510, https://doi.org/10.1002/JLB.3MA0321-745R. 

[35] L.E. Pascal, R. Dhir, G.K. Balasubramani, W. Chen, C.N. Hudson, P. Srivastava, A. Green, D.B. DeFranco, N. Yoshimura, Z. Wang, E-cadherin expression is 
inversely correlated with aging and inflammation in the prostate, Am J Clin Exp Urol 9 (1) (2021) 140–149. 

[36] M. de Vries, K.O. Nwozor, K. Muizer, M. Wisman, W. Timens, M. van den Berge, A. Faiz, T.L. Hackett, I.H. Heijink, C.A. Brandsma, The relation between age and 
airway epithelial barrier function, Respir. Res. 23 (1) (2022) 43, https://doi.org/10.1186/s12931-022-01961-7. 

[37] Y. Wan, Z. Liu, A. Wu, A.H. Khan, Y. Zhu, S. Ding, X. Li, Y. Zhao, X. Dai, J. Zhou, et al., Hyperglycemia promotes endothelial cell senescence through AQR/PLAU 
signaling Axis, Int. J. Mol. Sci. 23 (5) (2022) 2879, https://doi.org/10.3390/ijms23052879. 

[38] Z. Liu, K.K.L. Wu, X. Jiang, A. Xu, K.K.Y. Cheng, The role of adipose tissue senescence in obesity- and ageing-related metabolic disorder, Clin Sci (Lond). 134 (2) 
(2020) 315–330, https://doi.org/10.1042/CS20190966. 

[39] C. Schmeer, A. Kretz, D. Wengerodt, M. Stojiljkovic, O.W. Witte, Dissecting aging and senescence-current concepts and open lessons, Cells 8 (11) (2019) 1446, 
https://doi.org/10.3390/cells8111446. 

[40] H.L. Ou, B. Schumacher, DNA damage responses and p53 in the aging process, Blood 131 (5) (2018) 488–495, https://doi.org/10.1182/blood-2017-07-746396. 
[41] A. Hernandez-Segura, J. Nehme, M. Demaria, Hallmarks of cellular senescence, Trends Cell Biol. 28 (6) (2018) 436–453, https://doi.org/10.1016/j. 

tcb.2018.02.001. 
[42] I. Mohammed, M.D. Hollenberg, H. Ding, C.R. Triggle, A critical review of the evidence that metformin is a putative anti-aging drug that enhances Healthspan 

and Extends Lifespan, Front. Endocrinol. 12 (2021) 718942, https://doi.org/10.3389/fendo.2021.718942. 
[43] G. Pizzino, N. Irrera, M. Cucinotta, G. Pallio, F. Mannino, V. Arcoraci, F. Squadrito, D. Altavilla, A. Bitto, Oxidative stress: Harms and Benefits for human health, 

Oxid. Med. Cell. Longev. 2017 (2017) 8416763, https://doi.org/10.1155/2017/8416763. 
[44] K. Luc, A. Schramm-Luc, T.J. Guzik, T.P. Mikolajczyk, Oxidative stress and inflammatory markers in prediabetes and diabetes, J. Physiol. Pharmacol. 70 (6) 

(2019), https://doi.org/10.26402/jpp.2019.6.01. 
[45] Q. Kang, C. Yang, Oxidative stress and diabetic retinopathy: molecular mechanisms, pathogenetic role and therapeutic implications, Redox Biol. 37 (2020) 

01799, https://doi.org/10.1016/j.redox.2020.101799. 
[46] X. Qiu, Y. Yu, H. Liu, X. Li, W. Sun, W. Wu, C. Liu, L. Miao, Remodeling the periodontitis microenvironment for osteogenesis by using a reactive oxygen species- 

cleavable nanoplatform, Acta Biomater. 135 (2021) 593–605, https://doi.org/10.1016/j.actbio.2021.08.009. 
[47] D.G. Le Couteur, S.M. Solon-Biet, B.L. Parker, T. Pulpitel, A.E. Brandon, N.J. Hunt, J.A. Wali, R. Gokarn, A.M. Senior, G.J. Cooney, et al., Nutritional 

reprogramming of mouse liver proteome is dampened by metformin, resveratrol, and rapamycin, Cell Metabol. 33 (12) (2021) 2367–2379.e4, https://doi.org/ 
10.1016/j.cmet.2021.10.016. 

[48] N. Katila, S. Bhurtel, P.H. Park, D.Y. Choi, Metformin attenuates rotenone-induced oxidative stress and mitochondrial damage via the AKT/Nrf2 pathway, 
Neurochem. Int. 148 (2021) 105120, https://doi.org/10.1016/j.neuint.2021.105120. 

[49] S. Najeeb, M.S. Zafar, Z. Khurshid, S. Zohaib, S.A. Madathil, M. Mali, K. Almas, Efficacy of metformin in the management of periodontitis: a systematic review 
and meta-analysis, Saudi Pharmaceut. J. 26 (5) (2018) 634–642, https://doi.org/10.1016/j.jsps.2018.02.029. 

[50] K.H. Kim, M.S. Lee, Autophagy–a key player in cellular and body metabolism, Nat. Rev. Endocrinol. 10 (6) (2014) 322–337, https://doi.org/10.1038/ 
nrendo.2014.35. 

[51] H.R. Yun, Y.H. Jo, J. Kim, Y. Shin, S.S. Kim, T.G. Choi, Roles of autophagy in oxidative stress, Int. J. Mol. Sci. 21 (9) (2020) 3289, https://doi.org/10.3390/ 
ijms21093289. 

[52] J. Xu, Y. Chen, Y. Xing, S. Ye, Metformin inhibits high glucose-induced mesangial cell proliferation, inflammation and ECM expression through the SIRT1- 
FOXO1-autophagy axis, Clin. Exp. Pharmacol. Physiol. 46 (9) (2019) 813–820, https://doi.org/10.1111/1440-1681.13120. 

[53] Y.M. Song, Y.H. Lee, J.W. Kim, D.S. Ham, E.S. Kang, B.S. Cha, H.C. Lee, B.W. Lee, Metformin alleviates hepatosteatosis by restoring SIRT1-mediated autophagy 
induction via an AMP-activated protein kinase-independent pathway, Autophagy 11 (1) (2015) 46–59, https://doi.org/10.4161/15548627.2014.984271. 

[54] L.P. Bharath, M. Agrawal, G. McCambridge, D.A. Nicholas, H. Hasturk, J. Liu, K. Jiang, R. Liu, Z. Guo, J. Deeney, et al., Metformin enhances autophagy and 
normalizes mitochondrial function to alleviate aging-associated inflammation, Cell Metabol. 32 (1) (2020) 44–55, https://doi.org/10.1016/j.cmet.2020.04.015, 
e6. 
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