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Abstract

Aim

To evaluate the effects of metformin (Met) on inflammation, oxidative stress, and bone loss

in a rat model of ligature-induced periodontitis.

Materials & methods

Male albino Wistar rats were divided randomly into five groups of twenty-one rats each, and

given the following treatments for 10 days: (1) no ligature + water, (2) ligature + water, (3) lig-

ature + 50 mg/kg Met, (4) ligature + 100 mg/kg Met, and (5) ligature + 200 mg/kg Met. Water

or Met was administered orally. Maxillae were fixed and scanned using Micro-computed

Tomography (μCT) to quantitate linear and bone volume/tissue volume (BV/TV) volumetric

bone loss. Histopathological characteristics were assessed through immunohistochemical

staining for MMP-9, COX-2, the RANKL/RANK/OPG pathway, SOD-1, and GPx-1. Addition-

ally, confocal microscopy was used to analyze osteocalcin fluorescence. UV-VIS analysis

was used to examine the levels of malondialdehyde, glutathione, IL-1β and TNF-α from gin-

gival tissues. Quantitative RT-PCR reaction was used to gene expression of AMPK, NF-κB
(p65), and Hmgb1 from gingival tissues. Significance among groups were analysed using a

one-way ANOVA. A p-value of p<0.05 indicated a significant difference.
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Results

Treatment with 50 mg/kg Met significantly reduced concentrations of malondialdehyde, IL-

1β, and TNF-α (p < 0.05). Additionally, weak staining was observed for COX-2, MMP-9,

RANK, RANKL, SOD-1, and GPx-1 after 50 mg/kg Met. OPG and Osteocalcin showed

strong staining in the same group. Radiographically, linear measurements showed a statisti-

cally significant reduction in bone loss after 50 mg/kg Met compared to the ligature and Met

200 mg/kg groups. The same pattern was observed volumetrically in BV/TV and decreased

osteoclast number (p<0.05). RT-PCR showed increased AMPK expression and decreased

expression of NF-κB (p65) and HMGB1 after 50 mg/kg Met.

Conclusions

Metformin, at a concentration of 50 mg/kg, decreases the inflammatory response, oxidative

stress and bone loss in ligature-induced periodontitis in rats.

Introduction

Periodontal disease is mediated by the inflammatory response in the host and bacteria in the

dental tissue. In order for the disease to be established, susceptibility of the immunological

response to bacterial infection is necessary [1]. The disruption of the balance between osteo-

blast and osteoclast activities by bacterial products and inflammatory cytokines is the main

underlying cause of inflammation-induced bone loss. Complex inflammatory signals and cyto-

kines, including Receptor Activator of Nuclear Factor kappa-B ligand (RANKL), interleukin

(IL)-1β, IL-6, tumour necrosis factor-α (TNF-α), and prostaglandin E2, regulate osteoclasto-

genesis [2].

In addition to being a result of the changing balance in bone metabolism, periodontal dis-

ease may be affected by metabolic changes of systemic diseases, such as diabetes. Persistent

hyperglycaemia leading to exaggerated immune-inflammatory responses that are induced by

periodontal pathogens is likely responsible for the greater risk and severity of periodontal dis-

ease in diabetic patients [3,4].

Metformin, a biguanide, is the top choice of oral agent for the treatment of type 2 diabetes

according to the guidelines (Consensus Statement of the American Diabetes Association and

the European Association for the Study of Diabetes) [5]. Metformin was shown to activate the

AMP-activated protein kinase (AMPK) in intact cells and in vivo [6]. AMPK may confer bene-

fits in chronic inflammatory diseases independent of its ability to normalise blood glucose.

Previous groups have expressed considerable interest in the identification and exploitation of

its anti-inflammatory effects [7,8]. It has also been suggested that AMPK activation is responsi-

ble for the inhibition of NF-κB activation. AMPK has been shown to exert significant anti-

inflammatory and immunosuppressive effects in models of inflammatory/autoimmune disease

[9,10].

Metformin may stimulate osteoblast differentiation through the transactivation of genes via

AMPK regulation. AMPK has been shown to increase significantly the expression of the key

osteogenic genes, such as alkaline phosphatase (ALP) and osteocalcin (OC) [11]. Taken

together, the aim of this study was to investigate the role of metformin in oxidative stress,

inflammation and bone loss, as well as the participation of the AMPK/NF-KB (p65) and

HMGB1 in periodontitis disease in a rat model.

Effect of metformin on experimental periodontitis
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Materials and methods

Animals

Two-Months-old male Wistar rats (180g) were bred and handled at the Federal University of

Rio Grande do Norte (UFRN), Brazil. This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal

Experiments of the UFRN (CEUA, Permit Number: 066/2014). All surgery was performed

under anesthesia, and all efforts were made to minimize suffering. In brief, animals were

housed in standard conditions (12hr light/dark cycle and 22 ± 0.1˚C), with standard chow and

access to food and water ad libitum.

Model for experimental periodontitis (EPD)

Animals were anesthetized by the IP injection of 10% ketamine (80 mg/kg, Quetamina, Vetnil,

São Paulo, Brazil) and 2% xylazine (10 mg/kg, Calmium, São Paulo, Brazil). EPD was induced

by the placement of a sterile nylon thread ligature (3–0; Polysuture, NP45330, São Paulo, Bra-

zil) around the cervix of the maxillary left second molar. No ligature was added to the right

contralateral side. Additionally, in 21 rats, no ligature was added to either the right or left side,

which served as control animals. Animals were euthanized eleven days after the initial treat-

ment by an i.p injection of 80 mg/kg thiopental (0.5 g Thiopentax, Cristália, São Paulo, Brazil).

Drug treatments

Metformin hydrochloride (Met), 850mg (Medley, Campinas, São Paulo, Brazil) was dissolved

in distilled water. Distilled water served as the vehicle treatment. All treatments (Met or vehi-

cle) were administered by oral gavage 2 hours before the addition of the ligature (induction of

EPD) and thereafter once daily for 10 days. The animals were assigned randomly to the follow-

ing 5 groups of 21 rats each: (1) a no ligature group that received water (NL), (2) a ligature

group that received water (L), (3) a ligature group treated with 50 mg/kg Met, (4) a ligature

group treated with 100 mg/kg Met, and (5) a ligature group treated with 200 mg/kg Met. The

dose selection for the present study was based on doses translation from animal to human

studies [12,13].

Radiographic Micro-computed tomography (microCT) measurement of

ABL

At the end of the experiment (10 days after addition of the ligature and first drug treatments),

animals were euthanized; maxillae were dissected and fixed in 10% buffered formalin for 24

hours and Stored in 70% alcohol. Rat maxillae were scanned using micro-computed tomogra-

phy (μCT, micro-CT) (Model 1172; SkyScan, Kontich, Belgium) at 20 micrometers resolution,

as previously described (Hiyari et al). Micro-CT files were converted to Digital Imaging and

Communications in Medicine (DICOM) files and imported into Dolphin software for linear

bone height analysis. Linear bone height analysis was performed by orienting the second

molar cementoenamel junctions (CEJ) parallel to each other in the coronal plane. In the axial

plane, the middle of the crown was identified and linear bone distances were recorded on the

mesial aspect of the second molar on the sagittal image. Additional measurements were taken

0.3mm palatal from the middle of the crown; again recording on the mesial aspect of the sec-

ond molar on the sagittal image. The linear measurements were recorded from the CEJ to the

alveolar crest (AC). Each second molar received a total of 2 measurements and these values

were averaged for each group. To assess volumetric bone volume/tissue volume (BV/TV)

Effect of metformin on experimental periodontitis
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changes, samples were oriented using DataViewer (V.1.5.2 Bruker, Billerica, MA) such that

the CEJ’s of the second molar were parallel to each other in the sagital and coronal planes. The

axial plane showed the crowns of each molar, first, second, and third. Oriented images were

analyzed using CTAn (V.1.16 Bruker, Billerica, MA). A 40 slice volume set at a threshold of 75

in the bifurcation área of the second molar was used as a region of interest for analysis. Analy-

sis started at the slice where the second molar roots first presented with bifurcation and went

down 40 slices towards the root apices. BV/TV values were recorded as a percent and averaged

for each group (n�3/group for all μCT analysis).

Histopathological analysis and osteoclast quantification

Five maxillae per group were harvested, fixed in 10% neutral-buffered formalin, and deminer-

alized in 5% nitric acid for 14 days. Following decalcification, specimens were dehydrated and

embedded in paraffin. Four-μm thick sections were obtained in the sagittal plane. Sections

were stained with hematoxylin and eosin using standard protocols[14].

Histomorphometrical evaluations were performed in the areas between the first and second

molars (where the ligature had been placed). Sections were evaluated by light microscopy (40X

magnification). The sectioning and subsequently the analysis by light microscopy were per-

formed in the Laboratory of Investigation of Cancer and Inflammation (LAICI) in the Depart-

ment of Morphology/UFRN.

Hematoxylin and eosin stained alveolar bone specimens (n = 5/group) were evaluated on

the following parameters: inflammatory cell influx and integrity of the alveolar bone and

cementum. Samples were analyzed by a histologist in a single-blind fashion and graded as fol-

lows: a score of 0 indicated that inflammatory cell infiltration was absent or sparse, was

restricted to the region of the marginal gingiva, and that the alveolar process and cementum

were preserved; a score of 1 indicated moderate cellular infiltration (inflammatory cellular

infiltration present on the entire gingival insert), minor alveolar resorption, and intact cemen-

tum; a score of 2 indicated accentuated cellular infiltration (inflammatory cellular infiltration

present in the gingiva and in the periodontal ligament), accentuated degradation of the alveo-

lar process, and partial destruction of the cementum; and a score of 3 indicated accentuated

cellular infiltration, complete resorption of the alveolar process, and severe destruction of the

cementum [14]. In addition, all the osteoclasts found on the surface of the alveolar bone

between the first and second molars were counted on H&E stained slides, at 20x magnification.

Only osteoclasts with two or more nuclei and in contact with the bone surface were counted.

The result is expressed as the average osteoclast number per experimental group, considering

at least 4 animals per group. The histological and immunohistochemical analysis scores of the

periodontal tissues were conducted by calibrated oral pathologists (R.F.A. Jr, A.A.A, F.Q.P and

S.H).

Immunohistochemical analysis of RANK-L, RANK, and OPG, Cathepsin,

COX-2, MMP-9, SOD-1, Gpx

Thin sections of periodontal tissue (4 μm) (n = 3/group) were obtained with a microtome and

were transferred to gelatin-coated slides. Each tissue section was then deparaffinized and rehy-

drated. The gingival and periodontal tissue slices were washed with 0.3% Triton X-100 in

phosphate buffer, quenched with endogenous peroxidase (3% hydrogen peroxide), and incu-

bated with the following primary antibodies overnight at 4˚C: receptor activator of the NF-κB

ligand (RANK-L), 1:400; receptor activator of NF-κB (RANK), 1:400; and osteoprotegerin

(OPG), 1:400; Cathepsin, 1:400; Cycloxygenase (COX-2), 1:400; Matrix Metalloproteinase-9

(MMP-9), 1:400; Superoxide dismutase (SOD-1), 1:400; Glutathione Peroxidase (Gpx), 1:400

Effect of metformin on experimental periodontitis
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(all antibodies from Santa Cruz Biotechnology, INTERPRISE, Brazil). After primary antibody

incubation, sections were washed with phosphate buffer and incubated with a streptavidin-

HRP-conjugated secondary antibody (Biocare Medical, Concord, CA, USA) for 30 minutes.

Immunoreactivity to RANK, RANK-L, OPG, Cathepsin, COX-2, MMP-9, SOD-1, and GPx,

were visualized using a colorimetric-based detection kit following the protocol provided by the

manufacturer (TrekAvidin-HRP Label + Kit from Biocare Medical, Dako, USA).

Immunofluorescence

Three tissue sections from each animal (n = 3/group) were deparaffinized in xylene and

washed in a series of concentrations of ethanol and PBS buffer. Antigen retrieval was per-

formed by placing the sections in a 10 mM sodium citrate solution with 0.05% Tween 20 for

40 minutes at 95˚C. Autofluorescence background noise was reduced by incubating the sec-

tions in 0.1% Sudan black in 70% ethanol for 20 min at room temperature (RT). The sections

were incubated overnight with rabbit anti-ostecalcin primary antibody (1:100, respectively, in

1% normal goat serum; Santa Cruz Biotechnology, USA) at 4˚C, washed three times in 0.2%

triton X-100 for 5 min and incubated with Alexa Fluor 488- conjugated goat anti-rabbit sec-

ondary antibody (1:500 in BSA 1%) and DAPI nuclear counterstain (SIGMA, USA). Finally,

the sections were mounted with Vectashield medium.

Samples were counterstained with DAPI (SIGMA, USA). Finally, the sections were

mounted with Vectashield medium.Fluorescent images were obtained on a Carl Zeiss Laser

Scanning Microscope (LSM 710, 20× objective, Carl Zeiss, Jena, Germany, Brazil). Known

positive and negative controls were included in each batch of samples. The quantitative estima-

tion of fluorescently-tagged osteocalcin (labeled with Alexa-fluor) was determined from digital

images of at least? different areas from each section (from? specimens per group), at? x magni-

fication, using Image J software (http://rsb.info.nih.gov/ij/). Tissue reactivity (immunofluores-

cence) in all groups (NL, L, and Met 50mg/kg) was assessed by computerized densitometry

analysis. Contrast index measurements were obtained from the formula (selected area × 100)/

total area after removal of background in regions of interest (three samples per animal).

Malondialdehyde (MDA) levels

MDA is an end product of lipid peroxidation. To quantify the increase in free radicals in gingi-

val samples, MDA content was measured via the assay previously described [15]. Gingival sam-

ples (Four sample for group) were suspended in Tris HCl buffer 1:5 (weight/volume) and

minced with scissors for 15 sec on an ice-cold plate. The resulting suspension was homogenised

for 2 min with an automatic Potter homogenizer and centrifuged at 2500 × g at 4˚C for 10 min.

The supernatants were assayed to determine MDA content. The absorbance of each sample was

measured at 586nm. The results are expressed as nanomoles of MDA per gram of tissue.

Glutathione (GSH) assay

GSH levels in the gingival tissues (Four sample for group) were measured as a marker for anti-

oxidant activity. GSH content was measured via the assay described by Costa et al [16]. The

gingival samples (5 samples per group) were removed and stored at −70˚C in TCA (Trichloro-

acetic acid)and frozen in liquid nitrogen until the assay. Gingival tissue homogenate (0.25 mL

of a 5% tissue solution prepared in 0.02 M EDTA) was added to 320 μL of distilled water and

80 μL of 50% TCA. The samples were then centrifuged at 3000 rpm for 15 minutes at 4˚C. The

supernatant (400 μL) was added to 800 μL of 0.4 M Tris buffer at pH 8.9 and 20 μL of 0.01 M

5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB). The absorbance of each sample was measured at

420 nm, and the results were reported as units of GSH per milligram of tissue.

Effect of metformin on experimental periodontitis
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Fig 1. Radiographic evaluation after Met treatment and experimental periodontitis. (A) Representative sagittal 2D and 3D microCT

images of no ligature (NL), ligature (L), Met 50, Met 100, and Met 200 groups. (B) Graph representing linear bone loss in the area of the mesial

second molar. Data are mean ± standard area of the mean. *p<0.05, *p<0.01, ***p<0.001, (n�3 for all groups/time points). (C) Graph

representing the % BV/TV in the area under the second molar bifurcation. Data are mean ± standard area of the mean. *p<0.05, *p<0.01,

***p<0.001, (n�3 for all groups/time points).

https://doi.org/10.1371/journal.pone.0183506.g001
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IL-1β and TNF-α assay

Gingival sample tissues (Four sample for group) were stored at −70˚C until required for each

assay. The tissue collected was homogenized and processed as described by by Safieh-Garabe-

dian et al [17]. Levels of IL-1β (detection range: 62.5–4000 pg/mL; sensitivity or lower limit of

detection: 12.5 ng/mL of recombinant mouse IL-1β) and TNF-α (detection range: 62.5–4000

pg/mL; sensitivity or lower limit of detection: 50 ng/mL of recombinant mouse TNF-α) in the

gingival samples (samples per group) were determined with a commercial ELISA kit (R&D

Systems, Minneapolis, MN, USA), as described previously [18]. All samples were within the

wavelength used in UV-VIS spectrophotometry (absorbance measured at 490 nm).

RNA extraction and quantitative real-time RT-PCR

Total RNA from the gingival tissues (Four sample for group)was extracted using Trizol reagent

(Life Technologies, California, USA) as described previously [19]. The RNA isolation and

purification procedure was performed using the SV Total RNA Isolation System (Promega

Corporation, USA). The RNA concentration was determined from the optical density at a

wavelength of 260 nm (using an OD260 unit equivalent to 40 μg/ml RNA). Five micrograms of

isolated total RNA were reverse transcribed to cDNA in a reaction mixture containing 4 μl 5X

reaction buffer, 2 μl dNTP mixture (10 mM), 20 units of RNase inhibitor, 200 units of avian-

myeloblastosis virus (AMV) reverse transcriptase, and 0.5 μg oligo(dT) primer (High-Capacity

cDNA Reverse Transcription Kit, Foster City, USA) in a total volume of 20 μl. The reaction

mixture was incubated at 42˚C for 60 min, and the reaction was terminated by heating at 70˚C

for 10 min. The cDNA was stored at −80˚C until further use. Gene expression was evaluated

by PCR amplification using primer pairs based on published rat sequences (GADPH- Rattus

norvegicus: Forward primer: AACTTGGCATCGTGGAAGG, Reverse Primer: GTGGATGC

AGGGATGATGTTC; AMPK-Rattus norvegicus protein kinase, AMP-activated, alpha 2

catalytic subunit (Prkaa2), mRNA: Forward primer: AGCTCGCAGTGGCTTATCAT, Reverse

Primer: GGGGCTGTCTGCTATGAGAG; NF-κB-Rattus norvegicus v-rel avian reticuloendothe-

liosis viral oncogene homolog A (Rela), mRNA Forward primer: TCTGCTTCCAGGTGACAG
TG, Reverse Primer: ATCTTGAGCTCGGCAGTGTT; Hmgb1-Rattus norvegicus high mobility

group box 1 (Hmgb1), mRNA: Forward primer: GAGTACCGCCCAAAAATCAA, Reverse

Primer: TTCATCCTCCTCGTCGTCTT.

Quantitative RT-PCR was performed using Power SYBR Green master mix (Applied Bio-

systems, USA), and a Step One Plus thermocycler (Applied Biosystems, USA), according to

the manufacturer’s instructions. To the 1X PCR master mix, 2.5 μl of each cDNA was added in

a final volume of 20 μl. The PCR conditions were as follows: 95˚C for 5 min, 40 cycles of 30 s

at 95˚C, 30 s at 52–60˚C (based on the target), and 60 s at 72˚C. The relative quantitative fold

change compared with the control (no ligature + water group) was calculated using the com-

parative Ct method, where Ct is the cycle number at which fluorescence first exceeds the

threshold. The Ct values from each sample were obtained by subtracting the values for

GADPH Ct from the target gene Ct value. The specificity of resulting PCR products was con-

firmed by melting curves.

Fig 2. Microscopic analyses. A, D and G No ligature. B, E, H: Ligature, Periodontium from a rat with periodontitis (treated with saline) showing alveolar

bone and cementum resorption (discontinuous cementum) and inflammatory cell infiltration. F: Treatment with Met (100 mg/kg) and I: Treatment with Met

(200 mg/kg) showing no reduced inflammation and increased alveolar bone loss. F: Periodontium from a rat with periodontitis (treated with Met, 50 mg/kg)

showing reduced inflammation and decreased alveolar bone loss. Sections were stained with H&E. Original magnification 40×. Scale bars = 100 μm. PL,

periodontal ligament; D, dentin; AB, alveolar bone; C, cementum; a, bone loss; b, resorption of cementum; c, inflammatory process; e, decreased

inflammation process.

https://doi.org/10.1371/journal.pone.0183506.g002
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Fig 3. Quantitation of osteoclast numbers after MET treatment and experimental periodontitis. (A) Representative H&E stained sagittal

images of no ligature (NL), ligature (L), Met 50, Met 100, and Met 200 groups. Black arrows highlight osteoclasts, multinucleated cells lining the

bone areas. Sections were stained with H&E. Original magnification 20×. Noted the increased bone destruction and porosity in the ligature and

Met 200 groups. (B) Graph representing osteoclast numbers quantitated (avg:average). Data are mean ± standard error of the mean. *p<0.05,

***p<0.001, (n�2 for all groups/time points). (ANOVA test followed by Bonferrone).

https://doi.org/10.1371/journal.pone.0183506.g003
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Statistical analysis

The data are presented as means ± standard error of the mean or as medians, when appropri-

ate. One-way analysis of variance (ANOVA) followed by a Bonferroni’s test was used to com-

pare significance among groups. A Kruskal-Wallis test followed by a Dunn’s test was used to

compare medians. For radiographic linear and volumetric bone loss, data were averaged per

each group and compared using a Student’s t-test. A p-value of p�0.05 indicated a statistical

significance. (GraphPad Prism 5.0 Software, La Jolla, CA, USA).

Results

Radiographic assessment of alveolar bone loss

Rats with EPD (L), and all concentrations of Met (50, 100, and 200 mg/kg) treatment showed

statistically significant more linear bone loss compared to NL (0.473mm ± 0.035mm). However,

when comparing L (1.888mm ± 0.111mm) to 50 mg/kg Met (1.106 ± 0.161mm) treatment,

bone loss was statistically reduced in 50 mg/kg Met treatment. All other concentrations of Met,

100 and 200 mg/kg, showed similar bone loss levels as the L group. The pattern was similar vol-

umetrically. Focusing on the area of the bifurcation under the second molar, all groups show

statistically significantly less BV/TV compared to NL (84.73% ± 2.35%). However, again, 50

mg/kg Met showed statistically more BV/TV (49.78% ± 8.96%) compared to L (1.77% ± 0.91%),

100 mg/kg Met (16.56% ± 7.28%), and 200 mg/kg Met (3.36% ± 0.98%), (Fig 1).

Histological analysis

Histological analysis of the region between the first and second molars of the NL group showed

that the structure of the periodontium was normal and that the gingiva, periodontal ligament,

alveolar bone, and cementum were easily observed (Fig 2A, 2D and 2G).

The periodontal histopathology of the animals subjected to ligature (L) that received no

Met treatment revealed inflammatory cell infiltration coupled with severe destruction of the

cementum and alveolar process, with animals of this group receiving a median score of 3 (Fig

2B, 2E and 2H; Fig 1).

Alveolar bone loss was reduced in the EPD-induced animals treated with 50 mg/kg Met

compared with the L group that received no Met treatment (median score of 1, 1–1.5)

(p<0.001) and 3 (3–3), respectively (Fig 1). This result can be clearly observed histopathologi-

cally; discrete cellular infiltration was restricted to the region of the marginal gingiva, there

was preservation of alveolar bone, and intact cementum in the group treated with 50 mg/kg

Met (Fig 2C).

The periodontal histopathology of the animals subjected to EPD that received treatment of

100 and 200 mg/kg Met revealed inflammatory cell infiltration coupled with severe destruction

of the cementum and alveolar process, with animals of this group receiving a median score of

3 (2–3) and 3 (3–3), respectively (p>0.05) (Fig 2F and 2I; Fig 1).

The Fig 3 shows representative slides of osteoclasts (arrows) lining the alveolar bone

between the first and second molars of non-ligated animals (NL) or animals subjected to EPD

that received saline (L) or Met, 50, 100 or 200 mg/kg, The experimental periodontal disease

Fig 4. Photomicrographs of periodontal tissue of PD rats treated with Met and No ligature and Ligature groups, showing immunoreactivity to

RANK, RANK-L, OPG, and Cathapsyn. Rats subjected to saline (A, D, G, J); rats subjected to ligation (B, E, H, K); rats subjected to ligation and treated with

Met (50 mg/kg) (C, F, I, L). Images are shown at 40×magnification. Bar = 100 μm. Arrow indicates high or moderate labeling in the periodontal ligament or the

alveolar bone. Asterisk indicates mild labeling in the periodontal ligament or the alveolar bone. Triangle and asterisk indicate mild labeling of OPG in

osteoclasts. Triangle and arrow indicate high labeling of osteoclasts. Triangle indicates intense labeling of Cathepsin on alveolar bone. Asterisk and triangle

indicate mild labeling of cathepsin on alveolar bone. Small picture- Upper right (non-immune or IgG controls).

https://doi.org/10.1371/journal.pone.0183506.g004
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significantly increased the osteoclast number. This effect was prevented by the lowest concen-

tration of Met 50 (p<0,05) and NL (p<0.001), as illustrated in the Fig 3.

Immunohistochemical analysis on markers of inflammation and bone

loss

Compared with that of the NL, the periodontium of rats subjected to EPD (L) showed marked

immunostaining for the following antibodies: RANK, RANK-L, OPG, Cathepsin K, MMP-9,

COX-2, SOD-1 and GPx (NL-saline, Figs 4, 5A, 5D, 5G and 5J; L-saline, Fig 5, 5B, 5E, 5H and

5K; Met 50 mg/kg, Figs 4, 5C, 5F, 5I and 5L).

Met at a concentration of 50 mg/kg, reduced the immunostaining of RANK, RANK-L,

Cathepsin, COX-2, MMP-9 and SOD-1 in the periodontium of rats subjected to L (Fig 4C, 4F,

4L and Fig 5C, 5F and 5I). However, intense staining was observed for OPG and GPx in the

group treated with 50 mg/kg Met (Figs 4I and 5L, respectively). The L group showed high

immunostaining of RANK, RANK-L, Cathepsin, COX-2, MMP-9, SOD-1 and GPx in the peri-

odontium of rats subjected to EPD (Fig 4B, 4E, 4K and Fig 5B, 5H and 5K). Mild staining was

observed for OPG, in the L group (Fig 4H).

Confocal immunofluorescence

Cellular osteocalcin labeling (green) was strong and diffuse in the Met 50 mg/kg group (Fig 6),

weak in the L group (Fig 6), and moderate in the NL group (Fig 6). Densitometric analysis

confirmed that there were significantly increased osteocalcin immunoreactivities in the Met

50mg/kg group (p<0.001), relative to the L group (Fig 6). Densitometric analysis confirmed

that there were significantly increased osteocalcin immunoreactivities in the Met 50 mg/kg

group (p<0.001), relative to the positive control group (Fig 6).

Effect of MET treatment on markers of oxidative stress

The NL group showed significantly lower levels of MDA compared to the L-saline group

(p<0.001). Treating EPD-induced rats with all doses of Met reduced MDA levels compared to

the L group (p<0.05). The treatment of EPD-induced rats with Met did not significantly

increase levels of GSH (p>0.05) compared with those of the L group (Fig 7). However, GSH

was significantly reduced in the L group (p>0.05) (Fig 7).

Effect of MET treatment on inflammatory activity

The levels of the proinflammatory cytokine IL-1β were significantly decreased in the group

treated with 50 mg/kg Met compared to the L group (p<0.05). Additionally comparing, the

NL and L group, the NL group showed significantly less IL-1β (p<0.05). Furthermore, TNF-α
levels were significantly reduced in the 50 mg/kg Met group (p<0.05). Moreover, comparing

the NL and L group, the L group had significantly more TNF-α levels (Fig 8).

All Met doses in the groups with induced EPD reduced the expression of NF-κB p65

(p<0.01) and the expression of high mobility group box 1 (Hmgb1) (p<0.05) compared to

those of the L-saline group (Fig 9). The 50 mg/kg Met treatment increased the expression of

Fig 5. Photomicrographs of periodontal tissue of PD rats treated with Met and No ligature and Ligature groups showing immunoreactivity to

MMP-9, COX-2, SOD-1 and GPX-1. Rats subjected to saline (A, D, G, J); rats subjected to ligation (B, E, H, K); rats subjected to ligation and treated with Met

(50 mg/kg) (C, F, I, L). Images are shown at 40×magnification. Bar = 100 μm. Arrow indicates high or moderate labeling in the periodontal ligament or the

alveolar bone. Asterisk indicates mild labeling in the periodontal ligament or the alveolar bone. Small picture- Upper right (non-immune or IgG controls)

https://doi.org/10.1371/journal.pone.0183506.g005
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Fig 6. Representative confocal photomicrographs of fluorescently-tagged osteocalcin (green) in the periodontal tissue. Samples were

counterstained with DAPI nuclear counterstained (blue). (A) No ligature group: The rat periodontium presents osteocalcin labelling, showing presence

of osteoblasts. (B) Weak osteocalcin labelling (red arrows) was seen in the ligature group. (C) Osteocalcin labelling (white narrow) was diffuse and

strong in the Met50 group. Scale bar, 100 mm, 10x. (G,H). (D) Densitometric analysis confirmed significant increases in osteocalcin immunoreactivity

in the Met (50mg/kg) that were blocked in the positive control group. Five immunofluorescence sections from each animal in each group were

analyzed (N = 3 animals per group) (***p < 0.001, Kruskal-Wallis test followed by Dunn’s test). Small picture- Upper right (non-immune or IgG

controls)

https://doi.org/10.1371/journal.pone.0183506.g006
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AMPK compared with the L and NL group (p<0.05), but 100 and 200 mg/kg Met did not sig-

nificantly increase expression (Fig 9).

Discussion

Periodontal disease is an immune-inflammatory disease characterize by connective tissue

breakdown, loss of attachment, and alveolar bone resorption [20]. Evidence has linked reactive

oxygen species (ROS) to the pathological destruction of connective tissue in periodontal dis-

ease [21,22]. The hydroxyl radical can initiate a classical chain reaction known as lipid peroxi-

dation, leading to bone reabsorption [23]. Hydrogen peroxide stimulates phosphorylation of

the Factor Nuclear kappa B-inhibitor of kappa B (NF-κB–IκB) complex, activating NF-κB and

facilitating nuclear translocation and downstream movement of proinflammatory cytokines,

such as Tumour Necrosis Factor-α (TNF-α), which are very important in the pathogenesis of

periodontal disease [24]. Superoxide generated at the osteoclast–bone interface is involved in

bone matrix degradation [25]. Superoxide is removed from tissue by superoxide dismutase

(SOD). NF-κB is a transcription factor that is specifically activated when T cells are exposed to

oxidant stress [26].

In the present study, all Met doses caused significant reductions in the formation of malon-

dialdehyde, a major end product of lipid peroxidation. In the ligature group treated with 50

mg/kg Met, the low degree of histological staining for enzymes involved in the neutralisation

of ROS, such as SOD, implies a productive antioxidant effect, in which the formation of

Fig 7. MDA and GSH in NL, L, and groups treated with 50 mg/kg, 100 mg/kg, and 200 mg/kg Met (*p <0.05, **p < 0.01). (ANOVA test

followed by Bonferrone).

https://doi.org/10.1371/journal.pone.0183506.g007
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oxidative stress products is reduced by the stimulation of antioxidant enzyme activity. These

results are corroborated by data reported by Akalin et al (ANO) [27], who found greater SOD

activity in inflamed gingiva from patients with chronic periodontitis than in healthy gingiva

from controls. SOD activity has been shown to increase directly after the occurrence of oxida-

tive stress [28]. One of the oxidative stress reduction outcomes for the metformin-treated

groups can be seen in the reduction of the gene expression of NF KB. Asehnoune,et al (ANO)

showed that ROS can modulate NF-B-dependent transcription [29].

Although NFKB expression was low in all metformin-treated groups at day 10, phenotypic

characteristics of an active inflammatory process with high levels of IL-1β and TNF-alpha were

still found in the groups treated with 100mg/ kg and 200mg /kg metformin. These findings

may contribute to the lack of effect of the higher concentrations of Met in preventing bone

loss. Accordingly, the lowest dose (50mg / kg) of metformin resulted in a significant reduction

in IL-1β and TNF-alpha levels, as well as COX-2 immunostaining. A transcription factor

directly related to the mechanism of action of metformin is activated protein kinase (AMPK).

AMPK provides a target capable of mediating the beneficial metabolic effects of metformin.

AMPK is a key for metabolic enzymes such as 3-hidroxi-3-metilglutaril CoA redutase

(HMGCoA redutase) and acetil CoA carboxilase (ACC) [30]

Other important role of AMPK is the regulation of bone metabolism [31],. Osteocalcin

(OC) is a bone-specific protein, specifically synthesized in osteoblasts. OC is recognized as one

of the markers of the mature osteoblast phenotype [32]. Kasai et al evaluated the effects of met-

formin on matrix mineralization by osteoblasts. For both MC3T3-E1 and primary osteoblasts,

Fig 8. Levels of A) IL-1β, B) TNF- α, in NL, L, and Met-treated animals (50 mg/kg, 100 mg/kg, and 200 mg/kg) (*p <0.05). (ANOVA test followed by

Bonferrone).

https://doi.org/10.1371/journal.pone.0183506.g008
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Fig 9. Real-Time RT-PCR analysis of gene expression. Met effects on AMPK, NF-KB p65, and Hmgb1

mRNA expression in rats with Periodontal disease. The expression of AMPK mRNA was increased in Met 50

mg/kg group (*p< 0.01, Fig 8) and decreased in L and NL group. The expression of NF-Kb p65 mRNA was

decreased in All Met groups and NL group compared to the L group (*p< 0.05)Hmgb1 mRNA levels appeared
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Matrix mineralization induced by ascorbic acid and β-glycerophosphate were significantly

inhibited by the presence of 2mM metformin. Lower concentrations of metformin failed to

affect matrix mineralization in both cell types, but high concentrations of metformin affected

matrix mineralization. The degree of AMPKα phosphorylation was well correlated with the

inhibition of matrix mineralization in metformin-stimulated osteoblasts [33]. On the other

hand, findings indicate the participation of AMPK by negatively regulating the RANKL[34].

Lee at al found that RANKL itself can positively stimulate AMPK activation up to the 50ng/ml

concentration of RANKL, which implies that stimulated AMPK will inhibit RANKL, however

concentrations of 100ng/ml RANKL were not able to activate AMPK[34], indicating a possible

saturation of this negative feedback.

In our study we were able to verify in vivo that low doses of metformin (50mg/kg) reduced

bone loss and increased relative mRNA expression AMPK, with osteocalcin elevation and reduced

RANKL immunolabeling, thereby indicating an increase in the presence of mature osteoblasts

and a reduction of osteoclasts number. On the other hand, the higher doses of metformin

(100mg/kg or 200mg/kg) appear to have negatively regulated AMPK. This finding may partially

explain why the higher doses failed to reduce the bone loss induced by periodontitis, considering

some studies showing that activation of AMPK promotes bone formation in vitro[35].

HMGB1, a nuclear protein released from activated macrophages or injured cells, displays

pro-inflammatory cytokine-like properties once it enters the extracellular space and HMGB1-

induced osteoclastogenesis [36]. Once in the extracellular space, HMGB1 seems to be an

important participant in RANKL-induced osteoclastogenesis in vitro and in vivo [37]. In our

study it was possible to verify a reduction of the gene expression of HMGB1 in the group

treated with the dose of 50mg / kg metformin and consequently lower immunolabeling of

RANKL, which supports our findings of a lower osteoclast activity in this group, and conse-

quently lower bone loss.

Another important finding is the disorganization of the extracellular matrix in the peri-

odontal tissue. Selective production of MMP-9 can lead to the acceleration of matrix degrada-

tion in pathological conditions, such as periodontitis [38]. In this study, weak labelling for

MMP-9 was observed in the 50-mg/kg MET group.

Our data showed that the best bone loss results were found when metformin was adminis-

tered at a lower dose of 50 mg / kg, correlating drug dosage from animal to human dose[13],

We verified that the therapeutic dose of metformin in humans occurs in a range of 1700mg-

3000mg/day. The dose of 50 mg/kg used in this study is below the therapeutic dose (approxi-

mately 567 mg/day), while the groups treated with 100 or 200 mg/kg is equivalent to the thera-

peutic dose used in diabetic humans. However it is important to consider that the animals in

this study were not diabetic, since our objective was to verify the pleiotropic effect of metfor-

min in periodontal disease. Thus, we believe that this effect of low dose metformin in animals

with periodontal disease without diabetes interfered differently in bone loss. However, we also

believe that although doses of 100mg/kg or 200mg/kg are equivalent to the human therapeutic

dose, when administered in animals without diabetes it can affect matrix mineralization by

osteoblasts, as seen in the in vitro study carried out by Kasai et al. (ANO) [33].

Our study demonstrated the ability of Met to regulate AMPK, NF-κB p65, and Hmgb1

gene expression, resulting in the reduction of malondialdehyde, TNF-α, and IL-1β levels and

control bone loss. Ultimately, Metformin showed anti-inflammatory, antioxidant activity and

decreased bone loss.

to be lower in the Met 50 mg/kg group and NL group compared to the L group (*p>0.05, Fig 8). (N = 5 animals

per group; ANOVA test followed by Bonferrone).

https://doi.org/10.1371/journal.pone.0183506.g009
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Methodology: Aurigena Antunes de Araújo, Aline de Sousa Barbosa Freitas Pereira, Caroline

Addison Carvalho Xavier de Medeiros, Gerly Anne de Castro Brito, Renata Ferreira de Car-
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Hiyari, Flávia Q. Pirih, Raimundo Fernandes de Araújo Júnior.
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