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A B S T R A C T

Objective: This study was performed in an attempt to examine the influence of agomelatine in mitigating the
generation of proinflammatory mediators in RAW264.7 murine macrophages exposed to lipopolysaccharide
(LPS) obtained from Prevotella intermedia, a gram-negative anaerobic bacterium that is related with various types
of periodontal diseases, and the molecular mechanisms behind its effects.
Design: LPS from P. intermedia strain ATCC 25611 was prepared employing the conventional phenol-water
procedure. Conditioned culture media were analyzed for the levels of nitric oxide (NO), interleukin-1β (IL-1β)
and IL-6. Real-time PCR analysis was carried out to determine the mRNA levels of inducible NO synthase (iNOS),
IL-1β, IL-6 and SOCS1. Protein expression levels were evaluated by immunoblot test. NF-κB-dependent SEAP
reporter assay was performed using a reporter cell line. DNA-binding activities of NF-κB subunits were analyzed
utilizing the ELISA-based kits.
Results: Agomelatine was found to down-regulate significantly the generation of iNOS-derived NO, IL-1β and IL-
6 as well as the expression of their mRNAs in cells activated with P. intermedia LPS. Agomelatine decreased NF-
κB-dependent SEAP release caused by P. intermedia LPS. Agomelatine did not inhibit NF-κB transcription induced
by LPS at the level of IκB-α degradation. Instead, LPS-induced nuclear translocation and DNA binding of NF-κB
p50 subunit was blocked by agomelatine. P. intermedia LPS-elicited activation of STAT1 and STAT3 was reduced
notably by co-treatment with agomelatine. Agomelatine showed a tendency to enhance mRNA level of SOCS1 in
LPS-activated cells as well.
Conclusions: Agomelatine merits further evaluation to reveal its usefulness on the host modulation of periodontal
disease.

1. Introduction

Periodontal disease is an inflammatory disorder affecting the tooth-
supporting structures and several gram-negative anaerobic bacterial
species are key etiological agents (Williams, 1990). Periodontal disease
has also been demonstrated to be a possible risk factor for a number of
systemic diseases, which include cardiovascular diseases

(Stewart &West, 2016), type 2 diabetes (Bascones-Martínez,
González-Febles, & Sanz-Esporrín, 2014) and stroke (Lafon et al.,
2014). It is well recognized that tissue breakdown in periodontal
disease is primarily dependent on the immune-inflammatory response
of host to several potential periodontopathogens found in the subgingi-
val bacterial biofilm. Thus, various treatment strategies have been
introduced lately to modulate the deleterious host responses that are
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responsible for periodontal tissue destruction (Preshaw, 2008; Reddy,
Geurs, & Gunsolley, 2003).

Prevotella intermedia, a gram-negative anaerobic bacterium, has long
been known to be related with various kinds of periodontal diseases,
including chronic periodontitis (Braga et al., 2010; Estrela, Pimenta,
Alencar, Ruiz, & Estrela, 2010), aggressive periodontitis (Kamma,
Nakou, Gmur, & Baehni, 2004), necrotizing ulcerative gingivitis
(Chung, Nisengard, Slots, & Genco, 1983) and hormone-induced preg-
nancy gingivitis (Kornman & Loesche, 1980). In addition to periodontal
disease, this bacterium has also been shown to be associated with
endodontic infections (Jacinto, Gomes, Ferraz, Zaia, & Filho, 2003) and
noma (Bolivar et al., 2012). Several lines of evidence support the notion
that P. intermedia induces various inflammatory and immune responses
pivotal in periodontal tissue destruction (Guan et al., 2009; Jansen,
Grenier, & Van der Hoeven, 1995; Okuda, Ono, & Kato, 1989).

Lipopolysaccharide (LPS) is the major cell wall element of gram-
negative bacterial species. It is one of the most effective inducers of
proinflammatory mediators, which include nitric oxide (NO), inter-
leukin 1β (IL-1β), IL-6 and tumor necrosis factor-α (TNF-α), in
macrophages and mononuclear cells (Morrison & Ryan, 1987). Our
previous studies provide evidence that P. intermedia LPS has the
capacity to promote the generation of NO and inflammatory cytokines
in macrophages (Kim, Ha, Choi, Choi, & Choi, 2004; Kim et al., 2007;
Choi et al., 2011; Choi, Jin, Choi, Choi, & Kim, 2014).

Hamada et al. (1990) found that the function and structure of P.
intermedia LPS is distinct from those of LPS prepared from Escherichia
coli and Salmonella species. Additionally, the findings of Kirikae et al.
(1999) show that, quite unlike Salmonella LPS, LPS prepared from P.
intermedia induced the activation of macrophages of LPS-resistant C3H/
HeJ mice. Besides, whereas the biological activities of LPS prepared
from enteric bacteria were blocked by antimicrobial peptide polymyxin
B, P. intermedia LPS was not susceptible to this antimicrobial peptide
(Kirikae et al., 1999).

Agomelatine, a structural analog of melatonin, is the first melato-
nergic antidepressant drug (Olie & Kasper, 2007; de Bodinat et al.,
2010). It has both melatonin MT1 and MT2 receptor agonistic and
serotonin 5-HT2C receptor antagonistic activities (Conway et al., 2000;
Millan et al., 2003). Our previous study (Choi et al., 2011) showed that
melatonin strongly attenuates NO and IL-6 production at both gene
transcription and translation levels in RAW264.7 cells activated by P.
intermedia LPS. LPS-induced nuclear translocation and DNA binding
activity of NF-κB p50 subunit was blocked by melatonin. Melatonin
attenuated STAT1 signaling as well.

Agomelatine shows a longer half-life and a comparatively higher
affinity as an agonist at MT1 and MT2 melatonin receptors compared to
melatonin (Delagrange & Boutin, 2006). This compound has been
reported to possess potentially beneficial properties similar to those
of melatonin, such as antioxidant and anti-inflammatory activities
(Aguiar et al., 2013; Molteni et al., 2013). Thus, this melatonin analog
may useful as putative drug for the treatment of periodontal disease via
attenuating inflammatory response. However, the efficacy of agomela-
tine on inflammatory periodontal disease has not been studied so far. In
the present work, we tried to assess the influences and potential
mechanisms of agomelatine in mitigating the generation of inflamma-
tory mediators in murine macrophages activated by LPS obtained from
P. intermedia, a pathogenic bacterial species that is closely associated
with various types of periodontal diseases.

2. Material and methods

2.1. Reagents

Agomelatine was acquired from Selleckchem (Houston, TX, USA).
Primary antibodies recognizing p38 (#9212), phospho-p38 (#9215),
JNK (#9258), phospho-JNK (#4668), IκB-α (#4814), STAT1 (#9172),
phospho-STAT1 (#7649), STAT3 (#9139) and phospho-STAT3

(#9145) were bought from Cell Signaling Technology (Beverly, MA,
USA), while antibodies against iNOS (sc-650), NF-κB p50 (sc-7178), NF-
κB p65 (sc-372), β-actin (sc-1616) and PCNA (sc-7907) were the
products of Santa Cruz Biotechnology (Santa Cruz, CA, USA). All the
other reagents were purchased from Sigma-Aldrich except stated
otherwise.

2.2. Bacterial culture and purification of LPS

P. intermedia strain ATCC 25611 was grown anaerobically at 37 °C
in GAM broth (Nissui, Tokyo, Japan). As previously described (Choi
et al., 2011), LPS was purified from lyophilized P. intermedia cells
utilizing the conventional phenol-water extraction procedure described
by Westphal and Jann (1965).

2.3. Cell culture and cytotoxicity assay

RAW264.7 murine macrophage cell line, which was obtained from
the American Type Culture Collection (Rockville, MD, USA), was
cultivated in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% heat-inactivated FBS and antibiotics (100 μg/ml of streptomycin
and 100 U/ml of penicillin) at 37 °C in a 5% CO2 humidified atmo-
sphere, as reported previously (Choi et al., 2011). The effect of
agomelatine on the cell viability was estimated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in
accordance with the manufacturer’s protocols. In brief, cells were
incubated with different dosages of agomelatine with or without P.
intermedia LPS for 24 h, and MTT was added to the cultures. After
incubation for 2 h, the cells were solubilized in dimethyl sulfoxide.
Then, the conversion of MTT to formazan within the cells was estimated
by measuring the optical density at a wavelength of 570 nm.

2.4. Assay of NO generation

The levels of NO in the culture supernatants were analyzed by
determining the quantity of nitrite (NO2

−), a stable metabolite of NO,
following a procedure described (Choi et al., 2011). Briefly, cells were
plated at a density of 5 × 105 cells per well in 24-well culture plates,
followed by incubation with different dosages of agomelatine (0, 100,
200, 400 and 600 μM) with or without P. intermedia LPS (10 μg/ml) for
24 h. An incubation time of 24 h was selected because P. intermedia LPS-
elicited generation of NO reached a maximum at that time point (data
not shown). Following incubation, aliquots of 100 μl of culture super-
natant were reacted with the equivalent volume of Griess reagent for
10 min, and the absorbance was determined at a wavelength of 540 nm.
Nitrite concentration was estimated by employing a calibration curve
prepared with known concentration of NaNO2.

2.5. Assay of IL-1β and IL-6 generation

Cells were plated at a density of 5 × 105 cells per well in 24-well
culture plates, followed by incubation with different dosages of
agomelatine (0, 100, 200, 400 and 600 μM) with or without P.
intermedia LPS (10 μg/ml) for 24 h (for IL-6) or 48 h (for IL-1β), after
which the levels of cytokines in the culture supernatants were estimated
by enzyme-linked immunosorbent assay (ELISA) using commercially
available kits (OptEIA; BD Pharmingen, San Diego, CA, USA). The
incubation times were selected because P. intermedia LPS-elicited
generation of IL-6 and IL-1β reached a maximum at those time points
(data not shown).

2.6. Real-time polymerase chain reaction analysis

Cells were plated in 100 mm tissue culture dishes at a density of
1 × 107 cells per dish and treated with indicated dosages of agomela-
tine (0, 100, 200, 400 and 600 μM) in the absence or presence of P.
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intermedia LPS (10 μg/ml) for 1 h (for SOCS1), 6 h (for IL-1β) or 24 h
(for iNOS and IL-6). These incubation times were chosen because
maximal effects were found at those time points (data not shown).
Following incubation, real-time PCR analysis was performed by a
previously described procedure (Choi et al., 2011). Briefly, total RNA
was extracted from the treated cells using an RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) according to the maker’s protocols. Extracted RNA
(1 μg) was reverse transcribed into cDNA utilizing an iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA), and cDNA was amplified by
using the CFX96 real-time PCR detection system (Bio-Rad) and SsoFast
EvaGreen Supermix (Bio-Rad). The ensuing real-time PCR requirements
were applied: After denaturing at 98 °C for 30 s, PCR was carried out for
45 cycles, each of which consisted of denaturing at 95 °C for 1 s,
annealing/extending at 60 °C for 5 s. The sequences for the specific
oligonucleotide primers utilized were as follows: iNOS (130 bp) for-
ward, 5′-GCACCACCCTCCTCGTTCAG-3′ and reverse, 5′-TCCACAACT-
CGCTCCAAGATTCC-3′; IL-1β (131 bp) forward, 5′-TTCAGGCAGGCAG-
TATCA-3′ and reverse, 5′-AGGATGGGCTCTTCTTCAA-3′; IL-6 (162 bp)
forward, 5′-GCCAGAGTCCTTCAGAGAGATACAG-3′ and reverse, 5′-G-
AATTGGATGGTCTTGGTCCTTAGC-3′; SOCS1 (133 bp) forward, 5′-CA-
CTTCTGGCTGGAGACC-3′ and reverse, 5′-TGGAGAGGTAGGAGTGGA-
A-3′; β-actin (149 bp) forward, 5′-TGAGAGGGAAATCGTGCGTGAC-3′
and reverse, 5′- GCTCGTTGCCAATAGTGATGACC-3′. The levels of the
target gene expression were normalized against that of β-actin.

2.7. Immunoblot analysis

Cells were plated in 60-mm tissue culture dishes at a density of
4 × 106 cells per dish and incubated with indicated dosages of
agomelatine (0, 100, 200, 400 and 600 μM) with or without P.
intermedia LPS (10 μg/ml) for 15 min (for p38), 30 min (for JNK, IκB-
α and NF-κB p65), 4 h (for STAT1 and STAT3), 8 h (for NF-κB p50) or
24 h (for iNOS). These incubation times were selected because max-
imum effects were achieved at those time points (data not shown).
Then, immunoblot analysis was performed according to conventional
methods as described (Choi et al., 2011). Briefly, nuclear proteins were
isolated from the incubated cells employing the nuclear extract kit
(Active Motif, Carlsbad, CA, USA). To isolate whole-cell lysates, cells
were lysed by incubating for 30 min in cold lysis buffer (50 mM Tris·Cl,
150 mM NaCl, 0.002% sodium azide, 0.1% SDS, 1% Nonidet P-40)
containing protease inhibitors. Protein extracts (30 μg) were subjected
to separation on a 10% SDS-polyacrylamide gel and then transferred to
a nitrocellulose membrane. Immunoblots were probed with the appro-
priate primary antibodies, after which they were treated with second-
ary antibodies. Development of blots were carried out utilizing the
enhanced chemiluminescence reagent (Cell Signaling Technology).

2.8. NF-κB-dependent secretory alkaline phosphatase (SEAP) reporter
assay

RAW-Blue cells (Invivogen, San Diego, CA, USA), RAW264.7 cells
stably expressing the gene for secreted embryonic alkaline phosphatase
(SEAP) inducible by NF-κB transcription factor, were cultivated in
DMEM under the selection of Zeocin (Invivogen). Cells were plated in
96-well culture plates at a density of 1 × 105 cells per well and treated
with indicated dosages of agomelatine (0, 100, 200, 400 and 600 μM)
with or without P. intermedia LPS (10 μg/ml) for 24 h. Then, the culture
supernatants were subjected to SEAP secretion assay according to the
protocols supplied by the manufacturer. Briefly, aliquots of 50 μl of
cultured supernatant were reacted with 150 μl of SEAP detection
medium (Quanti-Blue; Invivogen) in 96-well culture plate for 30 min
at 37 °C to allow color development. Then, the optical density was
estimated at a wavelength of 630 nm.

2.9. DNA-binding of NF-κB subunits

Cells were treated with indicated dosages of agomelatine (0, 400,
and 600 μM) with or without P. intermedia LPS (10 μg/ml) for 30 min
(for NF-κB p65) or 8 h (for NF-κB p50). These incubation times were
chosen because maximal DNA-binding activities were found at those
time points after LPS addition (data not shown). Following incubation,
nuclear extracts were isolated and assessed for DNA-binding utilizing
the ELISA-based TransAM NF-κB Transcription Factor Assay Kits
(Active Motif) (Choi et al., 2011).

2.10. Statistical analysis

Data are depicted as means± S.E.M. One-way analysis of variance
(ANOVA) was utilized to test the significant differences within the
groups. The comparison between two groups was ascertained by
Tukey’s post-hoc comparisons. P values of< 0.05 were considered
statistically significant.

3. Results

3.1. Effects of agomelatine on the generation of NO, IL-1β and IL-6 by P.
intermedia LPS-treated cells

The amounts of NO, IL-1β and IL-6 were remarkably enhanced by
stimulation of RAW264.7 cells with P. intermedia LPS (10 μg/ml) as
compared to untreated cells, and treatment of LPS-stimulated cells with
agomelatine effectively decreased the synthesis of these proinflamma-
tory mediators in a dosage-dependent mode (Fig. 1). The suppression of
NO and IL-6 generation at 600 μM of agomelatine was about 67 and
90%, respectively, whereas this compound reduced IL-1β release in
LPS-stimulated macrophages up to 87% at 400 μM. As agomelatine did
not have any appreciable influence on cell viability at the concentra-
tions up to 600 μM as determined by MTT assay, it is unlikely that the
suppressive effect of agomelatine results from its direct cytotoxic effect
(data not shown). Consistent with the observed inhibitory effects on NO
release, agomelatine treatment also leads to a dose-dependent suppres-
sion of iNOS protein that was strongly augmented by P. intermedia LPS
stimulation (Fig. 2). Additionally, similar to its influences on P.
intermedia LPS-triggered release of NO, IL-1β and IL-6, agomelatine
dose-dependently repressed the mRNA levels of these inflammatory
mediators too (Fig. 3).

3.2. Effects of agomelatine on P. intermedia LPS-induced p38 and JNK
phosphorylation

The p38, JNK, NF-κB and JAK2/STAT1 pathways have been
implicated in P. intermedia LPS-elicited generation of NO and IL-6 in
RAW264.7 cells (Choi et al., 2011). These signaling pathways, except
JNK, also mediate IL-1β synthesis triggered by LPS from P. intermedia
(Choi et al., 2015). In addition, the STAT3 pathway takes part in P.
intermedia LPS-elicited release of NO, IL-1β and IL-6 (Choi et al., 2015).
First, we determined whether agomelatine is capable of disrupting the
activation of p38 and JNK elicited by P. intermedia LPS. As shown in
Fig. 4, immunoblot analysis of cell lysates demonstrated that agome-
latine did not interfere with p38 and JNK phosphorylation elicited by
LPS, suggesting that the inhibitory effects of this melatonin analog on P.
intermedia LPS-elicited release of NO, IL-1β and IL-6 are not due to the
inactivation of these signaling molecules.

3.3. Effects of agomelatine on P. intermedia LPS-induced activation of NF-
κB

We also tested the effect of agomelatine on NF-κB signaling that is
known to mediate P. intermedia LPS-induced synthesis of NO, IL-1β and
IL-6. NF-κB-dependent SEAP reporter assay was carried out using RAW-
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Fig. 1. Effects of agomelatine on the production of NO (A), IL-1β (B) and IL-6 (C) in
RAW264.7 cells activated by Prevotella intermedia LPS. Cells were incubated with various
concentrations of agomelatine in the absence or presence of P. intermedia LPS (10 μg/ml)
for 24 h (for NO and IL-6) or 48 h (for IL-1β), after which the levels of NO, IL-1β and IL-6
in the culture media were determined. The results are means ± S.E.M. of three
independent experiments. * P < 0.05 versus P. intermedia LPS alone; ** P < 0.01 versus
P. intermedia LPS alone.

Fig. 2. Effect of agomelatine on iNOS protein expression induced by Prevotella intermedia LPS in RAW264.7 cells. Cells were incubated with various concentrations of agomelatine in the
absence or presence of P. intermedia LPS (10 μg/ml) for 24 h, after which iNOS protein synthesis was determined by immunoblot analysis of cell lysates using iNOS-specific antibody. A
representative immunoblot from three separate experiments with similar results is shown.

Fig. 3. Effects of agomelatine on iNOS (A), IL-1β (B) and IL-6 (C) mRNA expression
induced by Prevotella intermedia LPS in RAW264.7 cells. Cells were incubated with various
concentrations of agomelatine in the absence or presence of P. intermedia LPS (10 μg/ml)
for 6 h (for IL-1β) or 24 h (for iNOS and IL-6), after which real-time PCR was performed
with EvaGreen Supermix. The results are means ± S.E.M. of three independent experi-
ments. * P < 0.05 versus P. intermedia LPS alone; ** P < 0.01 versus P. intermedia LPS
alone.
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Blue reporter cell line to determine if agomelatine is capable of
suppressing NF-κB transcriptional activity. The data presented in
Fig. 5A clearly show that incubation of RAW-Blue cells with LPS
isolated from P. intermedia for 24 h enhanced NF-κB-dependent SEAP
release by about 15-fold compared with the resting cells and agome-
latine dose-dependently decreased SEAP release induced by LPS. In
addition, immunoblot analysis was performed to ascertain whether
agomelatine inhibited P. intermedia LPS-elicited generation of inflam-
matory mediators by its effect on IκB-α degradation. Evaluation of the
cytoplasmic content of IκB-α protein indicated that IκB-α degradation
induced by LPS from P. intermedia was not hampered by agomelatine
(Fig. 5B). We next determined the influence of agomelatine on the
nuclear content of NF-κB subunits in cells activated with P. intermedia
LPS. Whereas agomelatine dosage-dependently blocked P. intermedia
LPS-induced translocation of NF-κB p50 subunit into the nucleus,
nuclear translocation of p65 elicited by LPS was not impeded in the
presence of agomelatine (Fig. 5C). We further investigated whether
agomelatine could interfere with the DNA-binding of NF-κB subunits in
P. intermedia LPS-stimulated cells. p65 and p50 binding to DNA was
notably enhanced by P. intermedia LPS treatment (Fig. 5D). While
treatment with agomelatine induced a notable reduction in DNA-
binding of p50 induced by LPS, agomelatine did not influence p65
binding activity (Fig. 5D).

3.4. Effects of agomelatine on P. intermedia LPS-induced phosphorylation
of STAT1 and STAT3

We further examined the possibility that agomelatine attenuates
elaboration of NO, IL-1β and IL-6 elicited by P. intermedia LPS by a
mechanism that involves inhibition of STAT1 and STAT3. LPS-tirggered
activation of STAT1 and STAT3 was reduced profoundly by co-
treatment with agomelatine, indicating the potential role of these
members of STAT family in the possible mechanism of agomelatine in
suppressing NO, IL-1β and IL-6 release (Fig. 6).

3.5. Effect of agomelatine on P. intermedia LPS-induced expression of
SOCS1

Finally, we tested whether agomelatine could regulate the SOCS
signaling that is known to provide negative feedback to cytokine signal
transduction. Agomelatine showed a tendency to enhance, in a dose-
dependent mode, SOCS1 mRNA induction in P. intermedia LPS-activated
cells (Fig. 7).

4. Discussion

Host's immune response against periodontal pathogenic bacteria
and their virulence factors results in excessive secretion of an array of
inflammatory mediators, which include NO, IL-1β, IL-6 and TNF-α, by
the immune and resident cells of periodontal tissues (Rossomando,
Kennedy, & Hadjimichael, 1990; Stashenko et al., 1991; Geivelis,
Turner, Pederson, & Lamberts, 1993; Matejka, Partyka, Ulm,
Solar, & Sinzinger, 1998; Mogi et al., 1999), and current evidence
shows that these mediators have a definitive role in bone destruction
(Tatakis, 1993; Kobayashi et al., 2000; Pelt, Zimmermann,
Ulbrich, & Bernimoulin, 2002; Liu, Kirschenbaum, Yao, & Levine,
2005). Accordingly, host modulatory strategies targeting these dama-
ging mediators are thought to be crucial in the preventive and
therapeutic intervention of periodontal disease.

This study analyzed the impacts of agomelatine on the generation of
proinflammatory mediators in P. intermedia LPS-activated murine
macrophages. P. intermedia LPS-induced generation of proinflammatory
mediators in RAW264.7 cells attained a maximum at a concentration of
10 μg/ml. Thus, 10 μg/ml of P. intermedia LPS was chosen as an
inflammatory stimulus in this study. In this work, agomelatine was
found to down-regulate significantly the release of iNOS-derived NO,
IL-1β and IL-6 as well as the expression of their mRNAs in murine
macrophages activated with P. intermedia LPS. Our results indicate that
agomelatine suppressed these proinflammatory mediators at both gene
transcription and translation levels. In this study, we also tested
whether agomelatine plays a role in regulating P. intermedia LPS-
induced generation of TNF-α. However, agomelatine didn’t suppress
TNF-α production (data not shown).

Our previous study shows that the JNK and p38 pathways are
implicated in the generation of NO and IL-6 in murine macrophages
activated by P. intermedia LPS (Choi et al., 2011). The p38 pathway also
mediates P. intermedia LPS-elicited elaboration of IL-1β in macrophages
(Choi et al., 2015). Accordingly, we analyzed the likelihood that the
inhibitory influencies of agomelatine on LPS-elicited elaboration of NO,
IL-1β and Il-6 are due to the blockade of p38 and JNK phosphorylation.
However, agomelatine did not hamper the activation of p38 and JNK
elicited by LPS prepared from P. intermedia, indicating that these
pathways are not related with the suppressive influences of agomelatine
on the generation of proinflammatory mediators.

As a critical transcription factor, the NF-κB family of proteins plays a
critical role in the expression of several proinflammatory genes
(Baeuerle & Henkel, 1994; Rothwarf & Karin, 1999; Karin & Ben-
Neriah, 2000). The modulation of this pathway by bioactive substances
could be a potential application in the therapy of inflammatory
diseases. In this study, agomelatine decreased NF-κB-dependent SEAP
release elicited by P. intermedia LPS. Agomelatine notably reduced P.
intermedia LPS-induced nuclear translocation and DNA binding activity
of p50 subunits without affecting IκB-α degradation.

Another important transcription factor that has been implicated to
play pivotal roles in the regulation of inflammatory reactions induced
by bacterial LPS is signal transducer and activator of transcription
(STAT) (Pfitzner, Kliem, Baus, & Litterst, 2004). Among the STAT
members, STAT 1 and STAT3 are major regulators which modulate
the transcription of target genes encoding diverse proinflammatory
mediators in LPS-triggered macrophages (Gao et al., 1998; Samavati
et al., 2009). Members of the STAT signaling are typically triggered
through Janus kinases (JAKs) through the tyrosine phosphorylation
cascade. We found that agomelatine suppressed the generation of NO,
IL-1β and IL-6 from P. intermedia LPS-activated RAW264.7 cells by via
blockade of STAT1 and STAT3 phosphorylation. Inhibition of STAT1
and STAT3 activation by agomelatine may be due to the inactivation of
JAK2, the kinase primarily responsible for phosphorylation of these
transcription factors.

The suppressors of cytokine signaling (SOCS) family, which sup-
presses cytokine signaling, has eight members (Alexander, 2002;

Fig. 4. Effects of agomelatine on the phosphorylation of p38 and JNK induced by
Prevotella intermedia LPS in RAW264.7 cells. Cells were incubated with various concen-
trations of agomelatine in the absence or presence of P. intermedia LPS (10 μg/ml) for
15 min (for p38) or 30 min (for JNK), after which cells lysates were subjected to
immunoblot analysis using specific antibodies. A representative immunoblot from three
separate experiments with similar results is shown.
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Fig. 5. Effects of agomelatine on activation of NF-κB induced by Prevotella intermedia LPS in RAW264.7 cells. (A) RAW-Blue cells, RAW264.7 cells stably expressing the gene for SEAP
inducible by NF-κB transcription factors, were cultivated in DMEM under the selection of Zeocin. Cells were treated with different concentrations of agomelatine in the absence or
presence of P. intermedia LPS (10 μg/ml) for 24 h, after which the supernatants were collected for SEAP secretion assay. The results are means ± S.E.M. of three independent
experiments. * P < 0.05 versus P. intermedia LPS alone; ** P < 0.01 versus P. intermedia LPS alone. (B, C) RAW264.7 cells were incubated with various concentrations of agomelatine in
the absence or presence of P. intermedia LPS (10 μg/ml). (B) After 30 min of incubation, IκB-α degradation was determined by immunoblot analysis of cell lysates using antibody. A
representative immunoblot from three separate experiments with similar results is shown. (C) After 30 min (for NF-κB p65) or 8 h (for NF-κB p50) of incubation, the nuclear fraction was
isolated from cells. Nuclear translocation of NF-κB subunits was analyzed by immunoblot analysis using antibodies against NF-κB p65 and p50. A representative immunoblot from three
separate experiments with similar results is shown. (D) Cells were incubated with agomelatine (400 and 600 μM) in the absence or presence of P. intermedia LPS (10 μg/ml). After 30 min
(for NF-κB p65) or 8 h (for NF-κB p50) of incubation, the nuclear fraction was isolated from cells. DNA-binding activities of NF-κB subunits in nuclear fraction were assessed by using the
ELISA-based NF-κB p65/NF-κB p50 transcription factor assay kits. The results are means ± S.E.M. of two independent experiments. ** P < 0.01 versus P. intermedia LPS alone.
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Alexander &Hilton, 2004). Studies have demonstrated that SOCS can
be elicited by a variety of cytokines, as well as by toll-like receptor
(TLR) ligands, like LPS (Cassatella et al., 1999; Stoiber et al., 1999).
SOCS proteins are primarily increased upon the activation of JAK/STAT
signaling and give negative feedback to cytokine signal transduction by
repressing the interactions of activated JAK or STAT with receptors
(Tamiya, Kashiwagi, Takahashi, Yasukawa, & Yoshimura, 2011). In
particular, SOCS-1 has been reported to directly bind to JAK2 and
exerts anti-inflammatory properties (Waiboci et al., 2007). Addition-
ally, SOCS-1 also suppresses TLR activation and NF-κB-dependent
transcription by diminishing the stability of p65 subunit (Strebovsky,
Walker, Lang, & Dalpke, 2011). This study tested the likelihood that the
inhibitory influences of agomelatine on P. intermedia LPS-elicited
generation of NO, IL-1β and IL-6 are due to the inducement of SOCS1
protein. We showed that agomelatine notably augmented SOCS1 mRNA
expression in cells activated with P. intermedia LPS. It was reported by
Garlet et al. (2006) that SOCS1 mRNA expression is more elevated in
periodontally diseased tissues than in healthy gingival biopsies of
control subjects, suggesting a potential role for SOCS1 in the pathology
of chronic periodontitis. Further, it has been reported that the kinetics
of SOCS1 expression in a rat model of experimental periodontitis was
closely associated with severity of inflammation and bone destruction,
as well as with the state of STAT1 and STAT3 activation (de Souza et al.,
2011). Hence, the induction of SOCS1 in response to agomelatine could

be beneficial in the host modulation of periodontal diseases. This is, to
our knowledge, the first observation indicating the potential role of this
melatonin analog in SOCS modulation.

Macrophage cell lines have been utilized as in vitro models to study
compounds for potential anti-inflammatory effects. In the present
study, we examined the effects of agomelatine on P. intermedia LPS-
induced production of proinflammatory mediators in the well-charac-
terized RAW264.7 murine macrophage cell line. However, the respon-
siveness to LPS might be species-specific. It would be interesting to test
the effects of agomelatine on primary human macrophages.

Concerns have been raised regarding the potential risk posed by
agomelatine of inducing liver injury. However, this melatonin analog
demonstrated a favorable safety profile and no undesirable side effects
were reported in a large sample of patients with major depression
(Ivanov & Samushiya, 2014; Kennedy, Avedisova, Belaïdi, Picarel-
Blanchot, & de Bodinat, 2016). Agomelatine merits further evaluation
to reveal its usefulness on the host modulation of periodontal disease.

5. Conclusions

In summary, agomelatine, a structural analog of melatonin, was
found to exert inhibitory effects on the generation of NO, IL-1β and IL-6
in P. intermedia LPS-activated murine macrophages via the repression of
NF-κB, STAT1 and STAT3 activation and SOCS1 induction. Here, we
found evidence suggesting that agomelatine may represent an advan-
tage in its therapeutic use for the control of inflammatory periodontal
disease. Agomelatine merits further evaluation to reveal its usefulness
on the host modulation of periodontal disease.
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