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Abstract: Porphyromonas endodontalis (P. endodontalis) lipopolysaccharide (LPS) is associated with the
progression of bone resorption in periodontal and periapical diseases. Matrix metalloproteinase-2
(MMP-2) expression and activity are elevated in apical periodontitis and have been suggested
to participate in bone resorption. Therefore, inhibiting MMP-2 activation may be considered
a therapeutic strategy for treating apical periodontitis. Resveratrol is a natural non-flavonoid
polyphenol that has been reported to have antioxidant, anti-cancer, and anti-inflammatory properties.
However, the capacity of resveratrol to protect osteoblast cells from P. endodontalis LPS insults and the
mechanism of its inhibitory effects on MMP-2 activation is poorly understood. Here, we demonstrate
that cell viability is unchanged when 10 mg L−1 P. endodontalis LPS is used, and MMP-2 expression is
drastically induced by P. endodontalis LPS in a concentration- and time-dependent manner. Twenty
micromolar resveratrol did not reduce MC3T3-E1 cell viability. Resveratrol increased AMP-activated
protein kinase (AMPK) phosphorylation, and Compound C, a specific AMPK inhibitor, partially
abolished the resveratrol-mediated phosphorylation of AMPK. In addition, AMPK inhibition blocked
the effects of resveratrol on MMP-2 expression and activity in LPS-induced MC3T3-E1 cells. Treatment
with resveratrol also induced suppressor of cytokine signaling 1 (SOCS1) expression in MC3T3-E1
cells. SOCS1 siRNA negated the inhibitory effects of resveratrol on LPS-induced MMP-2 production.
Additionally, resveratrol-induced SOCS1 upregulation was reduced by treatment with compound C.
These results demonstrate that AMPK and SOCS1 activation are important signaling events during
resveratrol-mediated inhibition of MMP-2 production in response to LPS in MC3T3-E1 cells, and
there is crosstalk between AMPK and SOCS1 signaling.
Keywords: cell signaling; resveratrol; lipopolysaccharide; apical periodontitis

1. Introduction
Apical periodontitis is an inflammatory lesion in periodontal tissues that is caused mostly
by bacterial elements derived from an infected root canal system. The association between
apical periodontitis and cardiovascular diseases has been reported [1]. Porphyromonas endodontalis
(P. endodontalis) is a black pigmented Gram-negative anaerobic microorganism, that is a key pathogen
in endodontal infections and apical periodontitis, which is attributed to its high prevalence and
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pathogenic factors [2–4]. Lipopolysaccharide (LPS) produced by P. endodontalis triggers the production
of a variety of cytokines that participate in bone destruction in the course of apical periodontitis [5–7].
Matrix metalloproteinase-2 (MMP-2) is a member of MMP family of zinc-dependent endopeptidases
that have consistently been shown to be associated with the degradation of the extracellular connective
matrix (ECM) and may also be involved in bone destruction [8,9]. Many studies have demonstrated
that MMP-2 expression and activity are elevated in apical periodontitis and have been suggested
to play a key role in the progression of this disease [10–12]. Furthermore, one study showed that
there is a possible relationship between MMP-2 and tooth pain, which is related to maintenance of
the neuropathic pain process via cleavage of interleukin-1 β and astrocyte activation [11]. Therefore,
abnormally elevated MMP-2 activation must be tightly regulated or properly controlled.
Resveratrol (3,5,40 -trihydroxy-trans-stilbene) is a polyphenol commonly found in grapes [13–15],
red wine [16], mulberries and other plants, and its wide range of pharmacological properties, including
cardioprotective, antioxidant, neuroprotective and anticancer effects, is well-characterized [17,18].
Some studies have also reported a powerful effect of resveratrol in delaying the progress of ligature
placement-associated alveolar bone resorption during periodontitis [19–21]. AMP-activated protein
kinase (AMPK) is a serine/threonine kinase that can sense cellular changes in energy and regulate
energy metabolic homeostasis. AMPK is a heterotrimer complex comprising a catalytic α subunit and
regulatory β and γ subunits. Phosphorylation of threonine 172 in the catalytic domain of the α subunit
by an upstream AMPK kinase is essential for its activation [22]. Previous studies have shown that
AMPK might also act as a novel suppressor of inflammation [17,19].
The suppressor of cytokine signaling (SOCS) proteins is a family of intracellular proteins, including
at least eight SOCS members: SOCS1-7 and cytokine-inducible SH2 protein (CIS) [23]. All SOCS
proteins share a central SRC-homology 2 (SH2) domain, an amino-terminal domain of variable length
and sequence, and a conserved SOCS box at the C-terminus [23]. Specifically, SOCS1 and SOCS3
take part in a negative feedback loop to attenuate inflammatory responses in osteoblasts [24,25].
Current studies demonstrated that resveratrol is able to alleviate the inflammatory responses of
LPS-stimulated macrophages and microglial cells via SOCS1, as a negative regulator of cytokine
signaling [26,27]. However, the mechanism of resveratrol’s beneficial anti-inflammatory effects in
osteoblast are poorly understood.
In the present study, we demonstrate that resveratrol attenuates the expression of MMP-2 induced
by P. endodontalis LPS in mouse osteoblasts. Resveratrol treatment also results in AMPK activation and
upregulation of SOCS1, leading to anti-inflammatory effects.
2. Results
2.1. MMP-2 Is Elevated in MC3T3-E1 Cells by P. endodontalis LPS Treatment
After stimulation with different amounts of P. endodontalis LPS (0, 10, 20, 50 mg L−1 ), the viability
of mouse osteoblastic MC3T3-E1 cells was assessed by MTT assays at 24 h, 48 h and 72 h. Cell viability
decreased in a concentration-dependent manner in response to P. endodontalis LPS, to 92.6% with
50 mg/L P. endodontalis LPS at 48 h and 81.6% with 20 mg L−1 P. endodontalis LPS, to 73.1% using
50 mg/L P. endodontalis LPS at 72 h (Figure 1A). To elucidate MMP-2 mRNA and protein expression,
MC3T3-E1 cells were treated with 0, 1, 5, 10, 15, 20 mg L−1 P. endodontalis LPS for 24 h. MMP-2
mRNA and protein expression increased in response to increasing P. endodontalis LPS concentrations
(Figure 1B,C). Within 48 h of observation, MMP-2 mRNA and protein expression gradually increased
with extending stimulus periods with 10 mg L−1 P. endodontalis LPS (Figure 1D,E). Gelatin zymography
was performed to determine whether P. endodontalis LPS treatment affects MMP-2 activity. Gelatinases
separated by molecular weight were visualized as transparent spots on Coomassie Blue-stained gels.
Conditioned medium from HT1080 cells (human fibrosarcoma cells) was used as a positive control.
The intensity of MMP-2 spots increased with the prolonged stimulated time.
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Initially, the toxicities of various does of resveratrol (0, 5, 10, 20, 50 µM) on MC3T3-E1
Initially, the toxicities of various does of resveratrol (0, 5, 10, 20, 50 µM) on MC3T3-E1 cells was
cells was measured by MTT assay at 24 h and 48 h. Concentrations below 20 µM resveratrol
measured by MTT assay at 24 h and 48 h. Concentrations below 20 µM resveratrol showed no
showed no toxicity as compared to the control group, while 50 µM resveratrol caused progressive
toxicity as compared to the control group, while 50 µM resveratrol caused progressive osteoblast cell
osteoblast cell death from 24 to 48 h (Figure 2A). We thus used 20 µM resveratrol for the subsequent
death from 24 to 48 h (Figure 2A). We thus used 20 µM resveratrol for the subsequent
experimentation. To further determine whether AMPK phosphorylation is induced by resveratrol,
antibodies against phospho-AMPKα (Thr172) and AMPKα were used in resveratrol-treated cells.
Treatment of cells with resveratrol increased AMPKα phosphorylation at Thr172 in a concentrationand time-dependent manner (Figure 2B,C). Compound C, an AMPK inhibitor, effectively antagonized
AMPK phosphorylation that was caused by resveratrol administration (Figure 2D). The inhibitory
effects of resveratrol on P. endodontalis LPS-induced MMP-2 mRNA expression and collagenase activity
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2.3. SOCS1 Was Involved in the Inhibitory Effects of Resveratrol on MMP-2 Expression in MC3T3-E1 Cells
Stimualted by P. endodontalis LPS
We next examined whether SOCS1 induction is involved in the effects of resveratrol. Stimulating
cells with various concentrations of resveratrol increased SOCS1 protein (Figure 3A). SOCS1 protein
expression increased, when osteoblasts were exposed to 20 µM resveratrol for 60 min (Figure 3B).
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3. Discussion
3. Discussion
Persistent periapical inflammation often leads to destruction of periapical tissue and even alveolar
Persistent periapical inflammation often leads to destruction of periapical tissue and even
bone resorption. Pathologic changes of the periapical tissues in apical periodontitis are caused
alveolar bone resorption. Pathologic changes of the periapical tissues in apical periodontitis are
by microbes, their toxins and metabolic byproducts. P. endodontalis, a Gram-negative anaerobic
caused by microbes, their toxins and metabolic byproducts. P. endodontalis, a Gram-negative
bacteria, is frequently encountered in apical periodontitis with a prevalence of nearly 65% [2].
anaerobic bacteria, is frequently encountered in apical periodontitis with a prevalence of nearly 65%
Our previous studies demonstrated that the release of a series of pro-inflammatory cytokines induced
[2]. Our previous studies demonstrated that the release of a series of pro-inflammatory cytokines
by P. endodontalis LPS may be related to bone destruction in apical periodontitis [5–7]. MMP-2 can
induced by P. endodontalis LPS may be related to bone destruction in apical periodontitis [5–7].
cleave type IV collagen, specifically, which is a major structural component of the ECM. As periapical
MMP-2 can cleave type IV collagen, specifically, which is a major structural component of the ECM.
tissue destruction is usually accompanied by ECM degradation, MMP-2 is considered responsible
As periapical tissue destruction is usually accompanied by ECM degradation, MMP-2 is considered
for periapical damage during inflammation [10–12]. In the bone resorption microenvironment, two
responsible for periapical damage during inflammation [10–12]. In the bone resorption
gelatinases are increased by stimulating factors and are involved in bone destruction, one of which is
microenvironment, two gelatinases are increased by stimulating factors and are involved in bone
MMP-2 produced mainly by osteoblasts, and the other one is MMP-9 produced by both osteoblasts
destruction, one of which is MMP-2 produced mainly by osteoblasts, and the other one is MMP-9
and osteoclasts [28]. Therefore, we herein investigated the induction of MMP-2 by P. endodontalis
produced by both osteoblasts and osteoclasts [28]. Therefore, we herein investigated the induction
LPS and the mechanism by which resveratrol reduces MMP-2 production in osteoblasts. Osteoblasts
of MMP-2 by P. endodontalis LPS and the mechanism by which resveratrol reduces MMP-2
express many matrix metalloproteinases (MMPs) in response to inflammatory processes including
production in osteoblasts. Osteoblasts express many matrix metalloproteinases (MMPs) in response
MMP-2, MMP-3, MMP-8, MMP-9 and MMP-13 [8,9]. Excessive gelatinase activation is a leading
to inflammatory processes including MMP-2, MMP-3, MMP-8, MMP-9 and MMP-13 [8,9]. Excessive
cause of detrimental outcomes in apical periodontitis. Given the role of MMP-2 in the degradation
gelatinase activation is a leading cause of detrimental outcomes in apical periodontitis. Given the
of fibrillar collagen, which is one of the main constituents of the periodontium and alveolar bone,
role of MMP-2 in the degradation of fibrillar collagen, which is one of the main constituents of the
it is well-understood that MMP-2 may be used as a biomolecule for the healing of apical lesions [29].
periodontium and alveolar bone, it is well-understood that MMP-2 may be used as a biomolecule
Most studies support the hypothesis that LPS from Porphyromonas gingivalis, which is another common
for the healing of apical lesions [29]. Most studies support the hypothesis that LPS from
Gram-negative bacteria associated with periapical infection, induces MMP-2 production in different
Porphyromonas gingivalis, which is another common Gram-negative bacteria associated with
cell types [30,31]. Here, we found that 10 mg L−1 P. endodontalis LPS did not affect osteoblast
periapical infection, induces MMP-2 production in different cell types [30,31]. Here, we found that
viability (Figure
1A); however, it clearly induces the expression and gelatinolytic activities of MMP-2
10 mg L−1 P. endodontalis LPS did not affect osteoblast viability (Figure 1A); however, it clearly
(Figure 1D–F). Therefore, it is important to further interrogate strategies for diminishing active
induces the expression and gelatinolytic activities of MMP-2 (Figure 1D–F). Therefore, it is
MMP-2 levels.
important to further interrogate strategies for diminishing active MMP-2 levels.
Resveratrol is a stilbenoid compound produced by several plants, including grapes and some
Resveratrol is a stilbenoid compound produced by several plants, including grapes and some
traditional Chinese medicinal plants, such as Polygonum Cuspidatum [32], and it has been reported to
traditional Chinese medicinal plants, such as Polygonum Cuspidatum [32], and it has been reported to
exhibit a variety of biological activities [17,18]. Emerging evidence implicates AMPK as a metabolic
exhibit a variety of biological activities [17,18]. Emerging evidence implicates AMPK as a metabolic
sensor and regulator of cellular energy homeostasis mediating the anti-inflammatory effects of
sensor and regulator of cellular energy homeostasis mediating the anti-inflammatory effects of
resveratrol in neurodegenerative disease [17] and endothelial dysfunction [33]. It has been reported that
resveratrol in neurodegenerative disease [17] and endothelial dysfunction [33]. It has been reported
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resveratrol-mediated AMPK activation is not ubiquitously observed in different cell types, for example,
resveratrol fails to activate AMPK even at high concentrations in preadipocytes [34]. In the present
study, we show that resveratrol promote AMPK phosphorylation in MC3T3E1 cells under basal
conditions (Figure 2B,C). Several studies have reported that metformin, an activator of AMPK, regulates
endothelial cell and fibroblast migration by inhibiting MMP-2 expression [35,36]. However, only a
few studies have been conducted exploring MMP-2 inhibition by resveratrol via an AMPK-dependent
mechanism. To further confirm the role of AMPK in mediating the anti-inflammatory effect of
resveratrol, we used the AMPK inhibitor Compound C, and finding that Compound C abrogates AMPK
phosphorylation (Figure 2D). Indeed, the inhibitor also blocks resveratrol-mediated anti-inflammatory
effects in human embryonic stem cells [17]. Similar phenomena were observed in rat periodontitis
model, which demonstrate that AMPK activation by resveratrol prevents alveolar bone resorption
and periodontal inflammation induced by ligature placement [19]. This suggests that AMPK is widely
involved in the anti-inflammatory effect of resveratrol.
Increasing evidence has shown that SOCS1 negatively regulates inflammation by taking part
in a negative feedback loop to attenuate cytokine signaling [37]. SOCS1-defcient macrophages
secrete more pro-inflammatory cytokines than wild-type cells, including tumor necrosis factor-α and
interleukin-6 [38]. It also has been reported that SOCS1 is a negative modulator of the inflammatory
response in apical periodontitis [39]. Importantly, recent studies have reported that resveratrol is
a very potent inducer of SOCS1 protein expression in microglia, head and neck tumor cells, and
macrophages [26,27,40]. In present study, we observed that SOCS1 protein is considerably expressed,
even under the sedentary conditions, in MC3T3E1 cells (Figure 3A,B). Our findings are consistent with
those of several prior reports [26,27], and we hypothesize that basal expression of SOCS1 protein is
likely stored for rapid responses to contrast inflammation or cellular stress. SOCS1 has been reported
to inhibit signal transducers and activators of transcription (STAT) phosphorylation by inhibiting
the activation of a family of receptor-bound tyrosine kinases known as the Janus kinases (JAKs) [23].
Interestingly, MMP-2 is a STAT-regulated gene product [41]. It has also been reported that SOCS1
overexpression in human epithelial lung carcinoma cells significantly inhibits MMP-2 levels [42],
which is consistent with our results. We found that compound C reduces the positive effect of
resveratrol on SOCS1 expression in osteoblasts (Figure 3G). As far as we know, this is the first report
to demonstrate that the inter-regulation between AMPK and SOCS1 mediates the anti-inflammatory
effects of resveratrol. One prior report demonstrated that AMPK may interact with SOCS1 by inducing
JAK2 degradation in anemia-induced inflammation [43].
Our previous studies indicated that resveratrol is a potent agonist for SIRT1, and SIRT1
upregulation effectively exerts anti-inflammation molecule expression in osteoblasts [7]. Resveratrol
has previously been reported to regulate SIRT1 by activating AMPK, as AMPK inhibitory activity
remarkably abolished resveratrol-induced SIRT1 expression [44]. Interestingly, SIRT1 activation
also plays a key role in regulating SOCS1 expression in microglia [45]. Further work is needed
to clearly investigate whether SIRT1 acts as a modulator of the AMPK/SOCS1 pathway-mediated
anti-inflammatory effects of resveratrol in osteoblasts.
Altogether, our results indicate that resveratrol suppresses MMP-2 expression induced by
P. endodontalis LPS by regulating the AMPK/SOCS1 pathway in osteoblasts. These findings provide
further pharmacological evidence for the beneficial effects of resveratrol on local bone resorption
during apical periodontitis.
4. Materials and Methods
4.1. Cell Culture
Murine osteoblastic MC3T3-E1 cells were acquired from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and were cultured in α-MEM (Invitrogen, Carlsbad, CA, USA) with 10%
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fetal bovine serum (Invitrogen) at 37 ◦ C in a humidified incubator with an atmosphere of 5% CO2 and
95% air.
4.2. Bacterial Culture and LPS Extraction
P. endodontalis (ATCC35406) was acquired from the Central Laboratory of Capital Medical
University (Beijing, China) and cultured anaerobically at 37 ◦ C. LPS was extracted from bacterial cell
walls using an established hot phenol-water method, as previously described [5,6,46].
4.3. MTT Assay
The day before treatment, MC3T3-E1 cells were seeded into 96-well plates and treated with
0, 5, 10, 20 or 50 µM resveratrol (Sigma-Aldrich, St. Louis, MO, USA) for 24 and 48 h; or with 0,
10, 20 or 50 mg/L P. endodontalis LPS for 24 h, 48 h and 72 h. Mitochondrial activity was assayed
with an MTT (3-[4-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich) assay.
Absorbance at 570 nm was determined in solubilized cells using an Infinite M200 Multimode Reader
(Tecan, Männedorf, Switzerland). The cell growth rate was expressed as a percentage of the control.
4.4. ELISA Analysis
The day before treatment, MC3T3-E1 cells were seeded into 35-mm dishes and treated with
different doses of P. endodontalis LPS for the indicated time periods. MMP-2 concentrations were
measured in triplicate using supernatants obtained from cultures using ELISA (Boster Company,
Wuhan, China) according to the manufacturer’s instructions. Absorbance at 450 nm was determined in
cellular supernatants using an Infine M200 Multimode Reader (Tecan). The concentration of proteins
were calculated in triplicate using the standard protein curve.
4.5. Gelatin Zymography
Grouping situation was detailed in the Section 2. The gelatinolytic activities of MC3T3-E1 cell
supernatants were determined via gelatin zymography assay (Xinfan Technology, Shanghai, China)
according to the manufacturer’s instructions. HT1080 (human fibrosarcoma) cell media conditioned
for 24 h was used as a positive control, as it is enriched with gelatinases [47]. Supernatants were
collected from culcured cells and examined with 8% polyactylamide gels containing 0.1% gelatin. Gels
were washed with 2.5% Triton X-100 buffer three times following electrophoresis. Gels were incubated
in reaction buffer (50 mM Tris HCL (pH 7.6), 5 mM CaCl2 and so on) at 37 ◦ C overnight. Gels were
then stained with Coomassie Blue R-250 (Sigma-Aldrich) and destained appropriately. The gels image
was obtained by Odyssey CLx imaging system (LI-COR, Lincoln, NE, USA).
4.6. Transfection
MC3T3-E1 cells were transfected with mouse SOCS1 siRNA (RiboBio Company, Guangzhou,
China) using LipofectamineTM Reagent (Invitrogen) at 70–80% confluence, according to the
manufacturer’s protocol. SOCS-1 suppression was determined by real-time PCR and western blotting
after transfection for 48 h. Cells were stimulated 48 h post-transfection with 10 mg L−1 P. endodontalis
LPS for 24 h, or not, in the absence or presence of 20 µM resveratrol for 1 h.
4.7. RNA Preparation and Real-Time PCR
Total RNA was extracted from MC3T3-E1 cells using RNAiso Plus reagent (TaKaRa, Kyoto, Japan),
followed by phenol extraction and ethanol precipitation. RNA was then reversed transcribed into
cDNA using PrimeScriptTM RT Master Mix (TaKaRa). Real-time PCR was performed using SYBR®
Premix Ex TaqTM II (TaKaRa). Amplified reactions were quantified on an ABI 7500 Real-time PCR
system (Applied Biosystems, Foster City, CA, USA).

Molecules 2018, 23, 2327

9 of 12

Primers used for the desired sequence are as shown: mouse MMP-2 (forward) 50 -ACCCA
GATGTGGCCAACTAC-30 ; mouse MMP-2 (reverse) 50 -TACTTTTAAGGCCCGAGCAA-30 ; mouse
SOCS1 (forward) 50 -CACCTTCTTGGTGCGCG-30 ; mouse SOCS1 (reverse) 50 -AAGCCATCTTCA
CGCTGAGC-30 ; mouse β-actin (forward) 50 -CAATAGTGATGACCTGGCCGT-30 ; mouse β-actin
(reverse) 50 -AGAGGGAAATCGTGCGTGAC-30 . Relative mRNA expression levels were quantified,
as compared to β-actin using the 2−∆∆Ct method.
4.8. Western Blotting
Following appropriate treatment, MC3T3-E1 cells were lysed using a protein extraction kit
(Bio-Rad, Hercules, CA, USA). Equal quantities of protein samples were separated by SDS-PAGE and
transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). Membranes
were blocked in 5% fat-free milk for 2 h at room temperature before being probed with anti-AMPKα
antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) (diluted at 1:1000 v:v), anti-p-AMPKα
(Thr172) antibody (Cell Signaling Technology) (diluted at 1:1000 v:v), anti-SOCS1 antibody (Abcam,
Cambridge, MA, USA) (diluted at 1:1000 v:v), or anti-β-actin antibody (Proteintech, Rosemont, IL, USA)
(diluted at 1:2000 v:v) overnight at 4 ◦ C. Protein bands were detected using an Odyssey CLx imaging
system (LI-COR) followed by incubation for 2 h at ambient temperature with goat anti rabbit secondary
antibody conjugated with DyLight fluorescent 800 (LI-COR) (diluted at 1:20,000 v:v).
4.9. Statistical Analysis
According to Shapiro-Wilk tests, all data were normally distributed. Homogeneity of variances
was tested with a Levene’s test. Results are expressed as the mean ± standard deviation (SD).
The significance of differences between treated groups and the control group were analyzed by
one-way ANOVA followed by Dunnett’s t-test. Statistical comparisons between two groups with
different treatment factors were performed using one-way ANOVA followed by Bonferroni post hoc
analysis. Differences were considered significant when p < 0.05. Graphs were constructed using
GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA).
Author Contributions: Y.Y. and L.Q. (Lihong Qiu) conceived and designed the experiments, Y.Y., X.L., J.M.,
L.Q. (Liu Qu), D.Y. and J.G. performed and analyzed the experiments, Y.Y. and L.Q. (Lihong Qiu) wrote the initial
version of this manuscript, the paper and all authors contributed to the final version.
Funding: This research was funded by A Project of Liaoning Province Higher Educational Basic Scientific Research
Program (No.: LQNK201721, to Y.Y.) and Scientific Research Foundation for young Scholars of the Affiliated
Stomatology School of China Medical University (No.: K101593-16-01, to Y.Y.).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.

5.

Liljestrand, J.M.; Mantyla, P.; Paju, S.; Buhlin, K.; Kopra, K.A.; Persson, G.R.; Hernandez, M.; Nieminen, M.S.;
Sinisalo, J.; Tjaderhane, L.; et al. Association of Endodontic Lesions with Coronary Artery Disease.
J. Dent. Res. 2016, 95, 1358–1365. [CrossRef] [PubMed]
Rocas, I.N.; Siqueira, J.F., Jr.; Debelian, G.J. Analysis of symptomatic and asymptomatic primary root canal
infections in adult Norwegian patients. J. Endod. 2011, 37, 1206–1212. [CrossRef] [PubMed]
Montagner, F.; Jacinto, R.C.; Signoretti, F.G.; Sanches, P.F.; Gomes, B.P. Clustering behavior in microbial
communities from acute endodontic infections. J. Endod. 2012, 38, 158–162. [CrossRef] [PubMed]
Marinho, A.C.; Martinho, F.C.; Leite, F.R.; Nascimento, G.G.; Gomes, B.P. Proinflammatory Activity of
Primarily Infected Endodontic Content against Macrophages after Different Phases of the Root Canal
Therapy. J. Endod. 2015, 41, 817–823. [CrossRef] [PubMed]
Guo, J.; Yang, D.; Okamura, H.; Teramachi, J.; Ochiai, K.; Qiu, L.; Haneji, T. Calcium hydroxide suppresses
Porphyromonas endodontalis lipopolysaccharide-induced bone destruction. J. Dent. Res. 2014, 93, 508–513.
[CrossRef] [PubMed]

Molecules 2018, 23, 2327

6.

7.

8.
9.
10.

11.

12.

13.
14.

15.
16.
17.

18.

19.

20.
21.

22.

23.

10 of 12

Yu, Y.; Qiu, L.; Guo, J.; Yang, D.; Qu, L.; Yu, J.; Zhan, F.; Xue, M.; Zhong, M. TRIB3 mediates the expression of
Wnt5a and activation of nuclear factor-kappaB in Porphyromonas endodontalis lipopolysaccharide-treated
osteoblasts. Mol. Oral Microbiol. 2015, 30, 295–306. [CrossRef] [PubMed]
Qu, L.; Yu, Y.; Qiu, L.; Yang, D.; Yan, L.; Guo, J.; Jahan, R. Sirtuin 1 regulates matrix metalloproteinase-13
expression induced by Porphyromonas endodontalis lipopolysaccharide via targeting nuclear factor-kappaB
in osteoblasts. J. Oral Microbiol. 2017, 9, 1–9. [CrossRef] [PubMed]
Franco, C.; Patricia, H.R.; Timo, S.; Claudia, B.; Marcela, H. Matrix metalloproteinases as regulators of
periodontal inflammation. Int. J. Mol. Sci. 2017, 18, 440. [CrossRef] [PubMed]
Lynch, C.C. Matrix metalloproteinases as master regulators of the vicious cycle of bone metastasis. Bone
2011, 48, 44–53. [CrossRef] [PubMed]
Takahama, A., Jr.; Rocas, I.N.; Faustino, I.S.P.; Alves, F.R.F.; Azevedo, R.S.; Gomes, C.C.; Araujo-Filho, W.R.;
Siqueira, J.F., Jr. Association between bacteria occurring in the apical canal system and expression of
bone-resorbing mediators and matrix metalloproteinases in apical periodontitis. Int. Endod. J. 2018, 51,
738–746. [CrossRef] [PubMed]
Pereira Faustino, I.S.; Azevedo, R.S.; Takahama, A., Jr. Metalloproteinases 2 and 9 immunoexpression
in periapical lesions from primary endodontic infection: possible relationship with the histopathological
diagnosis and the presence of pain. J. Endod. 2016, 42, 547–551. [CrossRef] [PubMed]
Martinho, F.C.; Teixeira, F.F.; Cardoso, F.G.; Ferreira, N.S.; Nascimento, G.G.; Carvalho, C.A.; Valera, M.C.
Clinical investigation of matrix metalloproteinases, tissue inhibitors of matrix metalloproteinases, and matrix
metalloproteinase/tissue inhibitors of matrix metalloproteinase complexes and their networks in apical
periodontitis. J. Endod. 2016, 42, 1082–1088. [CrossRef] [PubMed]
Jeandet, P.; Bessis, R.; Gautheron, B. The production of resveratrol (3,5,40 -trihydroxy-stilbene) by grape
berries in different developmental stages. Am. J. Enol. Viticult. 1991, 42, 41–46.
Jeandet, P.; Breuil, A.C.; Adrian, M.; Weston, L.A.; Debord, S.; Meunier, P.; Maume, G.; Bessis, R. HPLC
analysis of grapevine phytoalexins coupling photodiode array detection and fluorometry. Anal. Chem. 1997,
69, 5172–5177. [CrossRef]
Adrian, M.; Jeandet, P.; Douillet-Breuil, A.C.; Tesson, L.; Bessis, R. Stilbene content of mature Vitis vinifera
berries in response to UV-C elicitation. J. Agric. Food Chem. 2000, 48, 6103–6105. [CrossRef] [PubMed]
Jeandet, P.; Bessis, R.; Maume, B.F.; Meunier, P.; Peyron, D.; Trollat, P. Effect of enological practices on the
resveratrol isomer content of wine. J. Agric. Food Chem. 1995, 43, 316–319. [CrossRef]
Chiang, M.C.; Nicol, C.J.; Cheng, Y.C. Resveratrol activation of AMPK-dependent pathways is
neuroprotective in human neural stem cells against amyloid-beta-induced inflammation and oxidative
stress. Neurochem. Int. 2018, 115, 1–10. [CrossRef] [PubMed]
Knobloch, J.; Wahl, C.; Feldmann, M.; Jungck, D.; Strauch, J.; Stoelben, E.; Koch, A. Resveratrol attenuates
the release of inflammatory cytokines from human bronchial smooth muscle cells exposed to lipoteichoic
acid in chronic obstructive pulmonary disease. Basic Clin. Pharmacol. Toxicol. 2014, 114, 202–209. [CrossRef]
[PubMed]
Tamaki, N.; Cristina Orihuela-Campos, R.; Inagaki, Y.; Fukui, M.; Nagata, T.; Ito, H.O. Resveratrol improves
oxidative stress and prevents the progression of periodontitis via the activation of the Sirt1/AMPK and the
Nrf2/antioxidant defense pathways in a rat periodontitis model. Free Radic. Biol. Med. 2014, 75, 222–229.
[CrossRef] [PubMed]
Bhattarai, G.; Poudel, S.B.; Kook, S.H.; Lee, J.C. Resveratrol prevents alveolar bone loss in an experimental
rat model of periodontitis. Acta Biomater. 2016, 29, 398–408. [CrossRef] [PubMed]
Casati, M.Z.; Algayer, C.; Cardoso da Cruz, G.; Ribeiro, F.V.; Casarin, R.C.; Pimentel, S.P.; Cirano, F.R.
Resveratrol decreases periodontal breakdown and modulates local levels of cytokines during periodontitis
in rats. J. Periodontol. 2013, 84, e58–e64. [CrossRef] [PubMed]
Viollet, B.; Andreelli, F.; Jorgensen, S.B.; Perrin, C.; Geloen, A.; Flamez, D.; Mu, J.; Lenzner, C.; Baud, O.;
Bennoun, M.; et al. The AMP-activated protein kinase alpha2 catalytic subunit controls whole-body insulin
sensitivity. J. Clin. Investig. 2003, 111, 91–98. [CrossRef] [PubMed]
Liau, N.P.D.; Laktyushin, A.; Lucet, I.S.; Murphy, J.M.; Yao, S.; Whitlock, E.; Callaghan, K.; Nicola, N.A.;
Kershaw, N.J.; Babon, J.J. The molecular basis of JAK/STAT inhibition by SOCS1. Nat. Commun. 2018, 9, 1558.
[CrossRef] [PubMed]

Molecules 2018, 23, 2327

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

11 of 12

Wu, T.; Xie, M.; Wang, X.; Jiang, X.; Li, J.; Huang, H. miR-155 modulates TNF-alpha-inhibited osteogenic
differentiation by targeting SOCS1 expression. Bone 2012, 51, 498–505. [CrossRef] [PubMed]
Gao, A.; Kantarci, A.; Herrera, B.S.; Gao, H.; Van Dyke, T.E. A critical role for suppressors of cytokine
signaling 3 in regulating LPS-induced transcriptional activation of matrix metalloproteinase-13 in osteoblasts.
Peer J. 2013, 1, e51. [CrossRef] [PubMed]
Ma, C.; Wang, Y.; Shen, A.; Cai, W. Resveratrol upregulates SOCS1 production by lipopolysaccharide-stimulated
RAW264.7 macrophages by inhibiting miR-155. Int. J. Mol. Med. 2017, 39, 231–237. [CrossRef] [PubMed]
Dragone, T.; Cianciulli, A.; Calvello, R.; Porro, C.; Trotta, T.; Panaro, M.A. Resveratrol counteracts
lipopolysaccharide-mediated microglial inflammation by modulating a SOCS-1 dependent signaling
pathway. Toxicol. In Vitro 2014, 28, 1126–1135. [CrossRef] [PubMed]
Tat, S.K.; Pelletier, J.P.; Mineau, F.; Caron, J.; Martel-Pelletier, J. Strontium ranelate inhibits key factors
affecting bone remodeling in human osteoarthritic subchondral bone osteoblasts. Bone 2011, 49, 559–567.
[CrossRef] [PubMed]
Pattamapun, K.; Handagoon, S.; Sastraruji, T.; Gutmann, J.L.; Pavasant, P.; Krisanaprakornkit, S. Decreased
levels of matrix metalloproteinase-2 in root-canal exudates during root canal treatment. Arch. Oral Biol. 2017,
82, 27–32. [CrossRef] [PubMed]
Bozkurt, S.B.; Hakki, S.S.; Hakki, E.E.; Durak, Y.; Kantarci, A. Porphyromonas gingivalis Lipopolysaccharide
Induces a Pro-inflammatory Human Gingival Fibroblast Phenotype. Inflammation 2017, 40, 144–153.
[CrossRef] [PubMed]
Yoo, T.; Ham, S.A.; Hwang, J.S.; Lee, W.J.; Paek, K.S.; Oh, J.W.; Kim, J.H.; Do, J.T.; Han, C.W.;
Kim, J.H.; et al. Peroxisome proliferator-activated receptor delta inhibits Porphyromonas gingivalis
lipopolysaccharide-induced activation of matrix metalloproteinase-2 by downregulating NADPH oxidase 4
in human gingival fibroblasts. Mol. Oral Microbiol. 2016, 31, 398–409. [CrossRef] [PubMed]
Lin, J.A.; Kuo, C.H.; Chen, B.Y.; Li, Y.; Liu, Y.C.; Chen, J.H.; Shieh, C.J. A novel enzyme-assisted ultrasonic
approach for highly efficient extraction of resveratrol from Polygonum cuspidatum. Ultrason. Sonochem.
2016, 32, 258–264. [CrossRef] [PubMed]
Liu, Z.; Jiang, C.; Zhang, J.; Liu, B.; Du, Q. Resveratrol inhibits inflammation and ameliorates insulin resistant
endothelial dysfunction via regulation of AMP-activated protein kinase and sirtuin 1 activities. J. Diabetes
2016, 8, 324–335. [CrossRef] [PubMed]
Lan, F.; Weikel, K.A.; Cacicedo, J.M.; Ido, Y. Resveratrol-induced amp-activated protein kinase activation is
cell-type dependent: Lessons from basic research for clinical application. Nutrients 2017, 9, 751. [CrossRef]
[PubMed]
Li, W.D.; Li, N.P.; Song, D.D.; Rong, J.J.; Qian, A.M.; Li, X.Q. Metformin inhibits endothelial progenitor cell
migration by decreasing matrix metalloproteinases, MMP-2 and MMP-9, via the AMPK/mTOR/autophagy
pathway. Int. J. Mol. Med. 2017, 39, 1262–1268. [CrossRef] [PubMed]
Um, J.Y.; Lee, S.A.; Park, J.H.; Shin, J.M.; Park, I.H.; Lee, H.M. Role of adenosine monophosphate-activated
protein kinase on cell migration, matrix contraction, and matrix metalloproteinase-1 and matrix
metalloproteinase-2 production in nasal polyp-derived fibroblasts. Am. J. Rhinol. Allergy 2017, 31, 357–363.
[CrossRef] [PubMed]
Alexander, W.S.; Hilton, D.J. The role of suppressors of cytokine signaling (SOCS) proteins in regulation of
the immune response. Annu. Rev. Immunol 2004, 22, 503–529. [CrossRef] [PubMed]
Guenterberg, K.D.; Lesinski, G.B.; Mundy-Bosse, B.L.; Karpa, V.I.; Jaime-Ramirez, A.C.; Wei, L.; Carson, W.E.
Enhanced anti-tumor activity of interferon-alpha in SOCS1-deficient mice is mediated by CD4(+) and CD8(+)
T cells. Cancer Immunol. Immunother. 2011, 60, 1281–1288. [CrossRef] [PubMed]
Menezes, R.; Garlet, T.P.; Trombone, A.P.; Repeke, C.E.; Letra, A.; Granjeiro, J.M.; Campanelli, A.P.; Garlet, G.P.
The potential role of suppressors of cytokine signaling in the attenuation of inflammatory reaction and
alveolar bone loss associated with apical periodontitis. J. Endod. 2008, 34, 1480–1484. [CrossRef] [PubMed]
Baek, S.H.; Ko, J.H.; Lee, H.; Jung, J.; Kong, M.; Lee, J.W.; Lee, J.; Chinnathambi, A.; Zayed, M.E.;
Alharbi, S.A.; et al. Resveratrol inhibits STAT3 signaling pathway through the induction of SOCS-1: Role in
apoptosis induction and radiosensitization in head and neck tumor cells. Phytomedicine 2016, 23, 566–577.
[CrossRef] [PubMed]

Molecules 2018, 23, 2327

41.

42.

43.

44.

45.
46.

47.

12 of 12

Shishodia, G.; Shukla, S.; Srivastava, Y.; Masaldan, S.; Mehta, S.; Bhambhani, S.; Sharma, S.; Mehrotra, R.;
Das, B.C.; Bharti, A.C. Alterations in microRNAs miR-21 and let-7a correlate with aberrant STAT3 signaling
and downstream effects during cervical carcinogenesis. Mol. Cancer 2015, 14, 116. [CrossRef] [PubMed]
Zhang, Q.; Guo, Y.; Dong, R.; Dai, R.; Zhou, M. Suppressor of cytokine signaling 1-modulated
metalloproteinases and tissue inhibitor of metalloproteinase in pulmonary fibrosis. Mol. Med. Rep. 2015, 12,
3855–3861. [CrossRef] [PubMed]
Wang, M.; Xin, H.; Tang, W.; Li, Y.; Zhang, Z.; Fan, L.; Miao, L.; Tan, B.; Wang, X.; Zhu, Y.Z. AMPK serves as
a therapeutic target against anemia of inflammation. Antioxid. Redox Signal. 2017, 27, 251–268. [CrossRef]
[PubMed]
Wang, X.H.; Zhu, L.; Hong, X.; Wang, Y.T.; Wang, F.; Bao, J.P.; Xie, X.H.; Liu, L.; Wu, X.T. Resveratrol
attenuated TNF-alpha-induced MMP-3 expression in human nucleus pulposus cells by activating autophagy
via AMPK/SIRT1 signaling pathway. Exp. Biol. Med. 2016, 241, 848–853. [CrossRef] [PubMed]
Zhang, S.; Gao, L.; Liu, X.; Lu, T.; Xie, C.; Jia, J. Resveratrol attenuates microglial activation via SIRT1-SOCS1
pathway. Evid. Based Complement. Altern. Med. 2017, 2017, 8791832. [CrossRef] [PubMed]
Roberts, H.C.; Moseley, R.; Sloan, A.J.; Youde, S.J.; Waddington, R.J. Lipopolysaccharide alters decorin and
biglycan synthesis in rat alveolar bone osteoblasts: Consequences for bone repair during periodontal disease.
Eur. J. Oral Sci. 2008, 116, 207–216. [CrossRef] [PubMed]
Chen, S.; Meng, F.; Chen, Z.; Tomlinson, B.N.; Wesley, J.M.; Sun, G.Y.; Whaley-Connell, A.T.; Sowers, J.R.;
Cui, J.; Gu, Z. Two-dimensional zymography differentiates gelatinase isoforms in stimulated microglial cells
and in brain tissues of acute brain injuries. PLoS ONE 2015, 10, e0123852. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

