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Abstract Periodontitis is an oral chronic inflammatory disease. Inhibiting tissue destruction
and promoting tissue regeneration are important means for the treatment of periodontitis.
Metformin not only has hypoglycemic effect but also has anti-inflammatory effect. Metformin
has been shown to inhibit oxidative stress and activate autophagy through AMPK/mTOR
pathway. High mobility group box 1 (HMGB1) has been implicated in the pathogenesis of many
inflammatory diseases including periodontitis, it can participate in the induction of oxidative
stress. HMGB1 is an autophagy regulator under oxidative stress, which can activate mTOR
pathway. However, it is not clear whether metformin is related to HMGB1 and its mechanism
in the process of periodontitis. Cell viability and expression of inflammatory cytokines were
clarified by Cell Counting Kit-8, real-time PCR and enzyme-linked immunosorbent assay. West-
ern blot and immunofluorescence were conducted to determine HMGB1 intracellular localiza-
tion and expression of autophagy-associated proteins in vitro. Experimental periodontitis mice
model was induced by administering a ligature. Immunohistochemistry was performed to
detect the expression and localization of HMGB1 in vivo. The results of CCK-8, real-time
PCR, enzyme-linked immunosorbent assay, Western blot and immunofluorescence showed lipo-
polysaccharide (LPS) treatment inhibited cell viability, and increased HMGB1 expression at a
dose-independent manner. Metformin can reduce the effect of LPS. It also improves autophagy
pathway inhibited by LPS and down-regulates mTOR expression. In addition, metformin atten-
uated alveolar bone resorption induced by ligation. This study provides new evidence for that
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metformin is a potential drug for the treatment of periodontitis and HMGB1 may be a potential
target for periodontal intervention.
ª 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Periodontal diseases are recognized as chronic infective
diseases affecting approximately 20%e50% of the global
population.1 Periodontitis is a common periodontal disease,
which is a chronic inflammatory disease of tooth supporting
tissue caused by bacteria. Periodontitis is usually accom-
panied by destruction of alveolar bone.2 At the same time,
periodontal inflammation may also be caused by changes in
bacterial composition, biological disorders and oxidative
stress conditions. At present, the treatment of periodonti-
tis includes mechanical debridement, anti-inflammatory
drugs and regenerative surgery.1 Periodontal flora and its
products can also cause the accumulation of reactive oxy-
gen species (ROS) and oxidative stress in tissues.3 Excessive
ROS in periodontal tissue can trigger the release of pro-
inflammatory cytokines, the expression of nuclear factor-
k B and the activation of RANKL, and then RANKL promotes
the formation of osteoclasts.4 Thus, inflammation control is
a priority in periodontitis.

Metformin has been widely used in the treatment of type
2 diabetes because of its hypoglycemic and insulin sensitizing
effects, and is recommended as a first-line treatment for all
patients with type 2 diabetes.5 In addition, Caballero and
Dandona have shown for the first time that metformin can
change the state of inflammation without blood glucose
control.1 It is reported that metformin has anti-inflammatory
effects on human vascular smooth muscle cells and endo-
thelial cells.6,7 In the field of dentistry, metformin reduced
the inflammatory response, oxidative stress, and bone loss in
ligation-induced periodontitis in rats.8 Our previous studies
have shown that metformin can improve the oxidative stress
state of cells and increase the osteogenic ability of human
periodontal ligament cells (hPDLCs) by reducing the pro-
duction of reactive oxygen species (ROS).1 Metformin can
also activate autophagy through AMPK/mTOR pathway.9 This
evidence suggests that metformin can be used as a potential
drug for the treatment of periodontal inflammation-related
diseases.1 However, the mechanism of metformin inhibiting
tissue destruction and its mechanism of reducing oxidative
stress is not completely clear.

High mobility group protein 1 (HMGB1) is a nuclear pro-
tein which binds to DNA. It is also a cofactor of gene tran-
scription. It has been confirmed that it is involved in a
variety of inflammatory responses including periodontitis.10

HMGB1 stimulates the secretion of pro-inflammatory me-
diators and cytokines such as interleukin-1 b (IL-1 b),11 IL-6
and IL-8 in the extracellular matrix.12 The secretion of in-
flammatory mediators and cytokines can further promote
the positive feedback circulation secretion of HMGB1 in the
inflammatory process.13,14 Some studies have found that
inflammatory factors such as tumor necrosis factor-a (TNF-
a) and IL-1 are usually released in the early stage of eti-
ology, resulting in limited action time of the corresponding
antagonists. HMGB1 is a pro-inflammatory factor produced
in the later stage of inflammation, so the treatment win-
dow of anti-HMGB1 therapy is much wider than that of TNF
targeted intervention. HMGB1 antagonists may be more
effective in the treatment of periodontitis.15 Studies have
shown that, as a redox protein, the function of HMGB1 may
depend on its cell location. When the body is stimulated,
HMGB1 is released from the nucleus to play a role outside
the cell.16e18 The function of extracellular HMGB1 is closely
related to oxidative stress. In periodontitis, stimulated
cells accumulate a large amount of ROS due to the imbal-
ance between ROS production and antioxidant activity,
which directly reflects the degree of oxidative stress.19

Many studies have pointed out that HMGB1 and ROS regu-
late each other and show a synergistic effect.20 The accu-
mulation of ROS can promote the redox reaction and up-
regulate the nuclear translocation of HMGB1. Extracel-
lular HMGB1 inhibits autophagy, further enhances oxidative
stress, and induces apoptosis.21

Our previous studies have shown that metformin can
reduce the oxidative stress in human periodontal ligament
cells (hPDLCs) through autophagy.1 Our hypothesis is that
metformin activates autophagy through AMPK/mTOR
pathway, which inhibits HMGB1-induced oxidative stress in
periodontal tissue. To test this hypothesis, relationship
between metformin and HMGB1 in the occurrence and
development of periodontitis is determined.

Materials and methods

Ethics statement

The experimental protocol was approved by the ethics
committee of the College of Stomatology, Chongqing Med-
ical University. All healthy volunteers aged from 10 to 20
years with informed consent from guardians donated their
teeth for “orthodontic extraction treatment”. All animal
experiments in this study were conducted in accordance
with the Declaration of Helsinki under protocols reviewed
and approved by Ethics Committee of College of Stoma-
tology, Chongqing Medical University.

Cell & treatment schedule

Cell culture
Isolation and culturing of hPDLCs were performed as
described previously.1 In short, periodontal ligament tissue
was scraped from the middle-third of the root and digested
with 3 mg/ml type I collagenase (Sigma, St. Louis, MO, USA)
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at 37 �C for 30 min. Following full digestion, the periodontal
ligament tissue suspension was seeded in a-Minimum
Essential Medium (a-MEM; Hyclone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco, Grand
Island, NY, USA), 100 U/ml of penicillin and 100 mg/ml of
streptomycin. The culture was incubated at 37 �C in a hu-
midified 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. A pooled cell samples from the third pas-
sage were used for further treatment.

Cell treatment
In order to establish the cellular inflammation model,
hPDLCs were exposed to LPS (Sigma, St. Louis, MO, USA) for
24 h (h) after reaching approximately 70% confluence and
further incubated in culture medium for 8 h hPDLCs were
pretreated with metformin 24 h prior to the addition of LPS
to investigate its effect on inflammation. hPDLCs was pre-
treated with Bafilomycin A1 (25 nM) (Solarbio, Beijing,
China) for 4 h and 3-MA (10 mM) (Selleck, Houston, TX, USA)
for 1 h, and then pretreated with metformin for 24 h
hPDLCs was exposed to about 70% fusion of LPS (Sigma, St.
Louis, MO, USA) for 24 h to observe the role of autophagy in
the mechanism of inflammation. In order to explore the
mechanism of mTOR pathway in this experiment, rapamy-
cin (5 mg/mL) (AbMole, Shanghai, China) was used as posi-
tive control. hPDLCs was treated with Rapamycin for 24 h.
All experiments were performed in triplicate.

Cell viability/Evaluation of cell proliferation
hPDLCs proliferation was evaluated with a Cell Counting
Kit-8 (Beyotime Biotechnology, Shanghai, China). The
treated cell suspension (5 � 103 cells/well) was seeded on a
96-well plate for 48 h. Next, cells were treated with CCK-8
reagent (Beyotime, Shanghai, China) and incubated for 2 h
at 37 �C. Absorbance at 450 nm was measured using a
microplate reader (PerkinElmer, USA). All experiments
were repeated in triplicate.

Enzyme-linked immunosorbent assay
The levels of IL-6, IL-8 and HMGB1 were measured by
commercially available enzyme-linked immunosorbent
assay (ELISA) kits from BOSTER Biological Technology
(Wuhan, China) and Sangon Biotech (Shanghai, China) ac-
cording to the manufacturer’s instructions.

Real time PCR analysis
Total RNA was extracted from hPDLCs in a six-well plate
using RNAiso plus (Takara, Dalian, China). Next, 500 ng of
total RNA was used as the template to synthesize cDNA using
a 5 � PrimeScript RT Master Mix (Takara, Dalian, China). For
PCR amplification, a 10 mg reaction volume was used,
comprising 5 mg of 2 � TB Green Fast Mix (Takara, Dalian,
China), 0.1 mmol/l of each primer, 1 ml of fivefold diluted
cDNA and diethyl pyro carbonate water (DEPC, Sangon
Biotech, Shanghai, China). The reaction and detection were
conducted using a CFX96 Real-Time PCR Detection System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The cycle
threshold (Ct) values were collected and normalized to the
level of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a housekeeping gene. The primer sequences used
for IL-6, IL-8, HMGB1 and GAPDH were as follows: IL-6 (F) 50-
GTACATCCTCGACGGCATC-30, (R) 50-ACCTCAAACTCCAAAA-
GACCAG-30; IL-8 (F) 50-ATGACTTCCAAGCTGGGCCGTG-30, (R)
50-TATGAATTCTCAGCCCTC TTCAAAA-30; HMGB1 (F) 50-
TATGGCAAAAGCGGACAAGG-30, (R) 50-CTTCGCAA-
CATCACCAATGGA-30; GAPDH (F) 50-CTTTGGTATCGTGGAAG-
GACTC-30, (R) 50-GTAGAGGCAGGGATGATGTTCT-30.

Western blot analysis
The total protein content of the cells was isolated using
RIPA lysis buffer (Beyotime, Shanghai, China) with 1 mM
phenyl methane sulfonyl fluoride (PMSF; Beyotime,
Shanghai, China), nuclear protein extraction by nuclear
protein extraction kit (Beyotime, Shanghai, China), and
protein concentration was measured using a BCA protein
assay kit (Beyotime, Shanghai, China). Thirty micrograms of
each protein sample were separated via sodium dodecyl
sulfateepolyacrylamide gel electrophoresis (SDS-PAGE;
Beyotime, Shanghai, China), followed by transfer to a pol-
yvinylidene difluoride membrane (PVDF; Bio-Rad, Hercules,
CA, USA). After blocking with 5% nonfat milk, the mem-
branes were incubated with primary antibodies against
HMGB1 (1:2000) (Abcam, Cambridge, UK), GAPDH (1:1000)
(ZenBio Science, Chengdu, China), PCNA (1:1000) (ZenBio
Science, Chengdu, China), LC3 (1:1000) (ZenBio Science,
Chengdu, China), mTOR (1:1000) (ZenBio Science,
Chengdu, China) overnight at 4 �C, followed by the
respective secondary antibodies: peroxidase affinipure goat
anti-rabbit IgG (1:3000) (ZenBio Science, Chengdu, China)
or peroxidase affinipure goat anti-mouse IgG (1:3000)
(ZenBio Science, Chengdu, China). Bands were detected
using electrochemiluminescence plus reagent (Bio-Rad,
Hercules, CA, USA). Finally, the intensity of these bands
was quantified using ImageJ software (Version 1.8.0; Na-
tional Institutes of Health, USA).

Immunofluorescence
Cells were treated with metformin and LPS to induce the
translocation of HMGB1. Following treatment, cells were
fixed using 4% paraformaldehyde and blocked with goat
serum for 1 h. Cells were then incubated overnight with
HMGB1 antibodies (1:200) (Abcam, Cambridge, UK), and
subsequently with goat anti-rabbit antibodies (1:400)
(BIOSS, Beijing, China) conjugated with Alexa Fluor 555
for 1 h the following day. Cells were stained with DAPI.
Images were acquired using an Olympus microscope
(Olympus).
Animal & treatment schedule

Animals
Eight-week-old C57BL/6 mice were purchased from Exper-
imental Animal Center of Chongqing Medical University
(Chongqing, China). All animals were housed in a specific-
pathogen-free animal room of Chongqing Key Laboratory of
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Oral Diseases and Biomedical Sciences and received water
and food ad libitum from the Animal Care Facility Service.

Group allocation
Metformin hydrochloride (Molecular weight 165.63,
SigmaeAldrich, St. Louis, MO, USA) was dissolved in
distilled water. Distilled water served as the vehicle
treatment. All treatments were administered by oral
gavage once daily for 14 days. Eighteen C57BL/6 mice were
randomly divided into 3 groups of 6 each. The 3 groups were
as follows: Control (no ligature group that received water),
Ligature (ligature group that received water), and
Ligature þ Met (a ligature group treated with 200 mg/kg
metformin).

Mouse model of ligature-induced periodontitis
Establishing and inducing the experimental periodontitis
model was performed as previously described.22 Except
for the Ligature þ Met group treated with 200 mg/kg
metformin, the distilled water was used as the control in
the Control and Ligature groups. All the treatments were
given by intragastric administration once a day for 14
days. On the fifth day after intragastric administration,
the Ligature and Ligature þ Met groups were ligated with a
5-0 silk between the maxillary left first and second molars
and knots were tied on both ends to secure the ligature.
The distance between the two knots is about 2.5 mm. The
ligatures were examined daily to ensure that they
remained in place during the experimental period. Peri-
odontal inflammation and bone loss in this model is initi-
ated by massive local accumulation of bacteria on the
ligature-treated molars.23 The contralateral side of each
mouse was left without ligature treatment. A second set of
controls included mice that were not treated with liga-
tures on either side.

Micro-computed tomography
The upper jaws were dissected and scanned using a high-
resolution CT system (Skyscan 1172; Skyscan, Aartselaar,
Belgium). Three-dimensional reconstructions were generated
using Amira software. Scans were performed using the
following scanner settings: X-ray source voltage - 70 kVp;
current �114mA, and power -8 W. CT scan (SCANCO Medical
AG) settings were high resolution, a voxel size of 15 mm,a slice
thicknessof0.01mmandaFOV/diameterof30.7mm,whilean
integration time of 250msMicro-CTwas used to assess the loss
ofalveolar bone.Toqualify bone loss, the six-site total cement
to enamel junctionandalveolar bone crest (CEJ-ABC) distance
for the ligature-treated side of each mouse was subtracted
from the six-site total CEJ-ABC distance of the contralateral
side (no ligature treatment) of the same mouse.

Histologic analysis
Following micro-CT scans, specimens were decalcified in
10% EDTA for at least 1 month, and then blocked parallel to
the long axis of left first and second molar on the lingual
margin in order to allow subsequent histologic sections to
show the interproximal region between the two teeth.
Specimens were then dehydrated and embedded in
paraffin, and 4 mm sections were coded and stained using
the antibodies indicated below.

Immunohistochemistry
Periodontal sections were blocked in 10% normal goat
serum, and incubated overnight with primary antibodies
against HMGB1 (1:350) (Abcam, Cambridge, UK), at 4 �C and
stained with HRP-conjugated secondary antibodies (ZSJQ-
BIO, Beijing, China). Diaminobenzidine (DAB, ZSJQ-BIO,
Beijing, China) was used as a substrate for color develop-
ment. All slides were counterstained with hematoxylin.
Images of histologically stained sections were obtained
using an Olympus microscope (Olympus BX41, Japan).

Statistical analysis
GraphPad Prism software (version 6.0, USA) was used for
statistical analyses. Data were presented as the
mean � standard deviation (SD) in all graphs. Data were
analyzed using the unpaired Student’s t-test in order to
compare group pairs or ANOVA for multiple group compar-
isons. Statistical significance was set at P < 0.05.

Results

LPS inhibited hPDLCs viability and induced
inflammation

To determine a dosage of LPS that would be adequate to
establish the cellular inflammation model, hPDLCs were
stimulated with diverse concentrations of LPS, followed by
measurements of cell viability. Compared with non-
treated cells, cell viability was significantly reduced by
0.5 and 1 mg/ml LPS (Fig. 1A). To further mimic the
inflammation status in periodontitis, the RNA level of in-
flammatory cytokines and its supernatant protein pro-
duction were detected by real-time PCR and ELISA. LPS
markedly increased the inflammatory cytokines of IL-6 and
IL-8 both in mRNA (Fig. 1B, C) and protein levels
(Fig. 1D, E). IL-6 and IL-8 in LPS-exposed hPDLCs was
significantly increased with concentration dependent
manner. Accordingly, the LPS concentration that would be
best suitable for use in subsequent experiments was
ascertained to be 1 mg/ml.

HMGB1 is highly expressed in LPS-induced hPDLCs

HMGB1 has been implicated in the pathogenesis of in-
flammatory diseases.24 To determine the mRNA expression
levels of HMGB1 in inflammation status, relative quanti-
fication was performed by real-time PCR. These data
displayed HMGB1 was significantly higher in LPS exposed
than in non-stimulated, and the mRNA levels were
consistently increased at a concentration-dependent
manner (Fig. 2A). HMGB1 protein expression was
analyzed by ELISA and Western blotting. Expression levels
of HMGB1 protein in supernatants of cells exposed to LPS
was significantly higher than with non-stimulated group
(Fig. 2B). In the LPS group treated with 1 mg/ml, the



Figure 1 LPS inhibits hPDLCs viability and induces inflammation. (A) Cell viability detected by the CCK-8 assay at different
concentration of LPS. Inflammatory cytokines mRNA expression of IL-6 (B) and IL-8 (C) were examined by real-time PCR. Inflam-
matory cytokines production of IL-6 (D) and IL-8 (E) were examined by ELISA in culture medium. Data are presented as the
mean � SD (n Z 3). *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005.
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expression of total HMGB1 protein increased significantly,
but the nuclear HMGB1 protein decreased significantly.
The results showed that HMGB1 transferred to the cyto-
plasm (Fig. 2C, D).
Metformin decreased inflammation cytokines
expression in LPS-induced hPDLCs

To examine whether metformin exert anti-inflammation
effects on LPS-induced inflammation, the cell viability of
metformin was first examined. The cell activity was not
inhibited at 1 and 2 days after metformin (0e200 mM)
exposure (Fig. 3A). To further confirm the protective effect
of metformin, hPDLCs were measured by real-time PCR to
analyze mRNA expression of the inflammatory cytokines.
Metformin attenuated LPS-induced highly HMGB1, IL-6 and
IL-8 mRNA expression in a dose-dependent manner, and
200 mM metformin was adequate to significantly reverse
inflammation status (Fig. 3B, C). The concentration of
HMGB1 in the culture medium of hPDLCs was also increased
by LPS. Metformin decreased the levels of HMGB1 in the
medium of the cells treated with LPS (Fig. 3D). The ELISA
results also showed metformin dramatically down-
regulated LPS-influenced IL-6 and IL-8 secreted in super-
natant (Fig. 3E, F).
Metformin inhabited HMGB1 translocation and
releasing in LPS-induced hPDLCs

Metformin had an extracellular function that directly in-
teracts with HMGB1 and inhibits its cytokine activity.25

Meanwhile, inhibition of HMGB1 has been demonstrated to
ameliorate various diseases in animal models.1 The anti-
inflammation effects of metformin and HMGB1 on the in-
flammatory response were further investigated by Western
blot. Protein levels of total HMGB1 were enhanced in LPS
exposed and decreased in metformin treatment. Nuclear
HMGB1 protein level decreased in LPS exposure group and
increased in metformin treatment group. Metformin inhibi-
ted the translocation of HMGB1 as demonstrated by the high
percentage of HMGB1 expression noted in the nuclei of
hPDLCs treated with metformin and LPS (Fig. 4A). Immuno-
fluorescence staining indicated that HMGB1 was localized in
the nuclei of normal hPDLCs. However, LPS induced HMGB1
release from the nuclei to the cytoplasm, which was blocked
by 200 mM metformin treatment (Fig. 4B).
Metformin alleviates ligature induced-periodontitis

To determine relationship between HMGB1 and protective
effect of metformin in experimental periodontitis, mice



Figure 2 HMGB1 is highly expressed in LPS-induced hPDLCs. (A) HMGB1 mRNA expression were examined by qPCR. (B) HMGB1
production detected by ELISA in culture medium. Total (D) and nuclear (C) HMGB1 protein expression were examined by Western
blot. Data are presented as the mean � SD (n Z 3). *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005.
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were treated with metformin or vehicle, daily for 14 days
(Fig. 5A). Micro-CT imaging showed that CEJ-ABC distance
showed that metformin treatment significantly reduced
bone resorption in experimental periodontitis (Fig. 5B, C).
The results showed that metformin significantly improved
the inflammatory state and slowed down bone resorption. In
addition, immunohistochemistry staining showed that mice
in the ligature group showed significantly elevated expres-
sion of HMGB1, IL-6 and IL-8 in extracellular milieu,
compared with those in the control, while reduced with
metformin treatment (Fig. 5D). However, no significant dif-
ference was observed between the control and metformin
groups, but the expression of inflammatory factors IL-6 and
IL-8 was still higher than that of the control group. Histo-
logical analysis of H&E staining showed that bone resorption
in the ligature group was increased compared with that of
the control group, the infiltration of inflammatory cells was
obvious, and the periodontal ligament was widened.
However, it was rescued by metformin (Fig. 5E). It indicates
that metformin can reduce the expression of inflammatory
factors, reduce the release of extracellular inflammatory
factors, and have a tendency to inhibit the transfer of in-
flammatory factors to extracellular cells.
mTOR pathway is involved in the antioxidant stress
of metformin

To discuss the role of autophagy in metformin antioxidant
stress, we treated hPDLCs with autophagy inhibitors Bafi-
lomycin A1, and then added metformin for 12 h and 24 h,
respectively. There was significant difference in the ratio of
LC3-II/LC3-I between metformin treatment group and LPS
stimulation group in 24 h group. There was no significant
statistical difference in the 12-hour treatment group. The
results showed that the effect of metformin on autophagy



Figure 3 Metformin alleviates LPS-induced hPDLCs. (A) Cell viability detected by the CCK-8 assay at different concentration of
metformin. Inflammatory cytokines mRNA expression of HMGB1 (B), IL-6 and IL-8 (C) were examined by real-time PCR. Inflam-
matory cytokines production of HMGB1 (D), IL-6 (E) and IL-8 (F) were examined by ELISA in culture medium. Data are presented as
the mean � SD (n Z 3). *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005.
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was more obvious at 24 h, indicating that metformin pro-
moted autophagy in a time-dependent manner (Fig. 6A, B;
Fig. S1A, B). To further explore whether the mechanism of
metformin inhibiting HMGB1 is related to mTOR, we added
Rapamycin to the experimental group for positive control.
Two autophagy inhibitors 3-MA and Bafilomycin A1 were
added to pretreat hPDLCs respectively. Western Blotting
results showed that mTOR expression was up-regulated
after LPS treatment, mTOR expression was inhibited after
metformin treatment, and mTOR expression was restored
after adding autophagy inhibitor. This is consistent with the
expression trend of HMGB1 (Fig. 6C, D; Fig. S1C, D). These
results suggest that the mechanism of metformin inhibiting
HMGB1 is related to mTOR-related autophagy.
Discussion

Periodontitis is among the most widespread inflammatory
problems encountered worldwide.26 Inflammation plays an
important role in the pathogenesis of periodontitis.
Excessive release of inflammatory cytokines will accel-
erate the resorption of alveolar bone and bring difficulties
to periodontal tissue regeneration. At present, a number
of studies to explore the treatment of periodontitis focus
on inflammation control.27 Severe chronic inflammation
further causes periodontal tissue destruction. The pres-
ence of oral pathogenic bacteria and their products evokes
a series of host immune responses that mediate inflam-
matory events.28 Pro-inflammatory mediators and



Figure 4 Metformin alleviates LPS-induced hPDLCs via inhabiting HMGB1 translocation and releasing. (A) Total and nuclear
HMGB1 protein expressions were examined by Western blot. (B) HMGB1 translocation and releasing was determined by immuno-
fluorescence at 400� magnification. Red: HMGB1-staining, Blue: nucleus (DAPI) and Pink: merge of blue and red indicating nuclear
localization of HMGB1. Scale barZ 100 mm. Data are presented as the mean � SD (nZ 3). *, P < 0.05; **, P < 0.005; ***, P < 0.0005;
****, P < 0.00005.
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cytokines such as IL-1 b,11 IL-6 and IL-8 participate in the
inflammatory response, stimulate osteoblasts to synthe-
size and secrete cytokines, and transmit signals to osteo-
clasts by paracrine or direct connection, resulting in bone
resorption.29 Some studies have shown that systemic in-
flammatory parameters return to values closer to those of
good health after periodontal treatment. This provides
strong evidence for the effect of periodontitis on the state
of the whole body.30 Therefore, periodontitis treatment
becomes very important for the maintenance of general
health.

Several studies have shown that there is a two-way
relationship between periodontitis and diabetes, which
aggravates periodontitis.30 Metformin is used in the treat-
ment of type 2 diabetes.31 and is an affordable and well-
tolerated drug. In addition to its antidiabetic effects,
metformin has also been shown to be a potential drug for
the treatment of inflammation-related diseases.8,32 A large



Figure 5 Metformin alleviates ligature induced-periodontitis. (A) Mice were subjected to ligature insertion for 14 d, with or
without metformin treatment (every day, with 200 mg/kg). (B) CEJ-ABC distance. Control (no treatment), Ligature (ligature
induced experimental periodontitis), Ligature þ Met (experimental periodontitis with metformin treatment). (C) Micro CT image of
the alveolar bone. (D) Immunohistochemical staining of HMGB1 at a 400x (scale bar Z 100 mm) magnification. (E) Histological
analysis of Hype staining showed that the bone resorption in the ligation group was higher than that in the control group. Data are
presented as the mean � SD (n Z 6). *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005.
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Figure 6 mTOR pathway is involved in the antioxidant stress of metformin. (A) hPDLCs was pretreated with autophagy inhibitors
3-MA and Bafilomycin A1, and then treated with metformin for 12 h, then the expression of autophagy related proteins was
observed. (B) hPDLCs was pretreated with autophagy inhibitors 3-MA and Bafilomycin A1, and then treated with metformin for 24 h,
then the expression of autophagy related proteins was observed. Pretreatment of periodontal ligament stem cells with different
autophagy inhibitors bafilomycin a1 (C) and 3-MA (D). Then rapamycin was added to make positive control. Finally, periodontal
ligament stem cells were treated with met for 24 h. Autophagy-related proteins were examined by Western blot. Data are pre-
sented as the mean � SD (n Z 3). *, P < 0.05; **, P < 0.005; ***, P < 0.0005; ****, P < 0.00005.
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number of studies have confirmed that oxidative stress
plays a role in periodontal tissue destruction, and excessive
ROSs in periodontal tissue can cause tissue destruction. Our
previous studies have confirmed that metformin can
improve the oxidative stress state of cells in periodontitis,
thus partially restoring the osteogenic differentiation abil-
ity of hPDLCs.1 This study showed that the expression of
inflammatory cytokines in hPDLCs induced by LPS was high,
but decreased after metformin treatment. At the same
time, these results were also confirmed by micro-CT im-
aging. CEJ-ABC distance showed that metformin signifi-
cantly reduced the inflammatory response of experimental
periodontitis. The above results suggest that metformin
may have a protective effect on periodontal disease
through its anti-inflammatory effect. Therefore, we want
to further explore the mechanism of metformin in reducing
periodontal tissue damage.

As a pro-inflammatory cytokine, HMGB1 has been
confirmed to exist in periodontal inflammatory tissues and
participate in the induction of oxidative stress in peri-
odontal tissues.10 Previous studies have shown that in-
flammatory cytokines and bacterial components such as
lipopolysaccharide (LPS) can induce the secretion of
HMGB1, while HMGB1 is essential for the progression of
inflammation.14 Nogueira et al detected a significant in-
crease in the expression of HMGB1 mRNA and protein in
hPDLCs, stimulated by LPS in vitro.33 Consistent with this
result, our study shows that the expression of HMGB1 in the
culture supernatant of hPDLCs stimulated by LPS is signifi-
cantly increased, the expression of HMGB1 mRNA is
enhanced after LPS stimulation, and the expression of
inflammation-related cytokines such as IL-6 and IL-8 is also
up-regulated. The up-regulation of these inflammatory cy-
tokines promotes the development of the disease.16 The
function of HMGB1 can depend on its location.18 When cells
are stimulated, HMGB1 in the nucleus is released into the
extracellular environment and participates in various in-
flammatory processes. Studies have shown that in peri-
odontitis, due to the imbalance between the production of
ROS and the process of antioxidation, the accumulation of a
large amount of ROS. The accumulated ROS directly reflects
the level of oxidative stress.19 A large number of studies
have pointed out that HMGB1 and ROS regulate each other
and show a synergistic effect.20 The accumulation of ROS
can form a hyperoxic environment of the tissue, and a large
amount of oxidized HMGB1 is released into the extracellular
environment, which in turn promotes inflammation.18,34

Extracellular HMGB1 inhibits autophagy, further enhances
oxidative stress, and induces apoptosis.21 Furthermore,
HMGB1 physically binds to extracellular LPS and subse-
quently utilizes a RAGE-dependent internalization process
to deliver LPS to enhance inflammation activation.35 After
LPS exposure, metformin could reduce the up-regulated
expression, nuclear and cytoplasmic translocation, and
release of HMGB1. Immunohistochemistry showed that
metformin inhibited the release of HMGB1 from nucleus to
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extracellular matrix in experimental periodontitis. It is
suggested that metformin can reduce the inflammatory
state by reducing the expression of HMGB1 and inhibiting
the transfer of inflammatory factors to extracellular.
Combined with the conclusions of previous experiments, it
is proved that metformin reduces periodontal tissue dam-
age by inhibiting the release of HMGB1. This is also
consistent with our previous results that metformin can
reduce oxidative stress. Therefore, we believe that HMGB1
is a key factor in the process of oxidative stress in peri-
odontal cells.

Our previous studies have shown that the antioxidant
stress mechanism of metformin may related to AMPK
pathway and autophagy.1,9 As a key factor in the process of
oxidative stress, HMGB1 can cause the change of auto-
phagy.36 There is evidence that HMGB1 plays an important
role in inflammation by activating mTOR pathway.37

Therefore, we speculate that metformin weakens the ef-
fect of HMGB1 through AMPK/mTOR signal pathway, which
mediates the activation of antioxidation.38 By adding early
autophagy inhibitor 3-MA and late autophagy inhibitor Baf-
A1 to treat hPDLCs, results showed that LC3-II/LC3-I ratio
and the expression of HMGB1 was increased or decreased
accordingly, which was consistent with the previous
studies.39 In our results, the ratio of LC3-II/LC3-I in LPS
stimulation group increased after they having metformin
treatment for 12 h. This may be due to the expression of
HMGB1 promotes the initiation of autophagy in a short
time, but cannot sustain the normal flow of autophagy, thus
blocking the flux of autophagy.40 However, autophagy is a
dynamic process and an autophagy flow, so it is not enough
to observe the state of LC3.41 At the same time, it has been
proved that HMGB1 has a high affinity with Beclin1 and
participates in the expression of p62, which affects the
whole process of autophagy.40,42 In order to further confirm
the relationship and role of autophagy in metformin in
reducing oxidative stress, further research is needed.

Conclusion

This study provides evidence for metformin to reduce the
oxidative stress state of periodontitis and tissue destruction
by regulating the expression, translocation, and release of
HMGB1. It is proved that metformin can activate autophagy
through mTOR pathway and then affect HMGB1. Since the
translocation and release of HMGB1 play an important role
in the pathological process of periodontal disease, our re-
sults provide a new idea for the mechanism of metformin in
the prevention and treatment of periodontitis and a new
perspective for the development of drugs for HMGB1.
Nevertheless, there are also deficits in this study. In future
studies, the protective role of metformin in periodontitis
needs to be further confirmed using HMGB1 knockout mice.
What’s more, the initiation mechanism of autophagy
affected by HMGB1 and the stage of the role of metformin
in autophagy flow needs to be explored. As several studies
have proved that oxidative stress was higher in diabetic
periodontitis and metformin was a drug to fight against type
2 diabetes, metformin may be a useful tool for diabetic
periodontitis.
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