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Beyond Toll-Like Receptors: Porphyromonas gingivalis Induces
IL-6, IL-8, and VCAM-1 Expression Through NOD-Mediated
NF-kB and ERK Signaling Pathways in Periodontal

Fibroblasts

Jianru Liu,' Yixiang Wang,>* and Xiangying Ouyang'~

Abstract—To investigate whether oligomerization domains (NODs) are involved in Porphyromonas
gingivalis-induced interleukin (IL)-6, IL-8, and vascular cell adhesion molecule (VCAM)-1 expres-
sion beyond Toll-like receptors (TLRs), we investigated the role of NOD1/2 in P. gingivalis-induced
IL-6, IL-8, and VCAM-1 expression in human gingival fibroblasts (hGFs) and periodontal ligament
cells (hPDLCs). The mechanism was explored by activation and silence of NODs, electrophoretic
mobility shift assay (EMSA), and pathway blockade assays. Results showed that P. gingivalis could
induce NOD1, NOD2, IL-6, IL-8, and VCAM-1 expression in hGFs and hPDLs at mRNA and protein
levels. Activation of NOD1/2 by agonists could clearly upregulate the expression of these genes,
while silence of NOD1/2 could remarkably attenuate them. EMSA and blockade of NF-kB and
extracellular-signal-regulated kinase (ERK)1/2 pathway assays also verified that the two pathways
were involved in NOD1/2-mediated IL-6, IL-8, and VCAM-1 expression. In conclusion, our findings
demonstrated that P. gingivalis induced IL-6, IL-8, and VCAM-1 expression in hGFs and hPDLCs

through NOD1/2-mediated NF-kB and ERK1/2 signaling pathways beyond TLRs.
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INTRODUCTION

Periodontitis is a chronic inflammatory disorder
involving the inflammation of the periodontium and
results in the destruction of soft and hard tissues.
Porphyromonas gingivalis (P. gingivalis) has long been
known to be one of the major pathogens involved in this
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inflammatory disease [1, 2]. It has the property of
invading into the periodontal connective tissue [3] and
acting with periodontal residential cells such as human
gingival fibroblasts (hGFs) and human periodontal
ligament cells (WPDLCs). The ability of these periodontal
residential cells to recognize such pathogens renders them
crucial in dealing with microbial invasion. These cells can
release several inflammatory cytokines including
interleukins, chemokines, and adhesion molecules, so as
to play active roles in the host defense [4, 5].
Interleukin (IL)-6 and IL-8 are important
inflammatory cytokines in the initiation of periodontitis.
Increased presence of IL-6 and IL-8 secreted by
fibroblasts has been detected in periodontitis lesions [6].
In addition, adhesion molecules are also involved in this
process. Vascular cell adhesion molecule (VCAM)-1
(CD106), belonging to the transmembrane
immunoglobulin superfamily of adhesion molecules [7],
can bind to its ligand lymphocyte function-associated
antigen-4 and mediate the influx of leukocytes into the
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local inflammatory tissue [8, 9]. Thus, it is reported to
take part in the pathogenesis of several inflammatory
diseases, such as rheumatoid arthritis [10] and coronary
atherosclerosis [11, 12]. Some studies showed that
soluble VCAM-1 in gingival crevicular fluid of subjects
with periodontitis was increased [13], but other studies
found the opposite result [14]. Therefore, the regulation
of this adhesion molecule in infectious condition needs
more investigation.

Previous studies have showed that Toll-like receptor
(TLR) signal was one of the pathways to mediate IL-6, IL-8,
and VCAM-1 expression by P, gingivalis [15-17]. TLRs are
the first discovered subfamily of pattern recognition
receptors (PRRs), which mainly locate on the membrane
and recognize several pathogen-associated molecule
patterns including lipopolysaccharides. Recently, another
kind of PRRs, namely nucleotide-binding oligomerization
domain (NOD)-containing protein-like receptors (NLRs),
has been discovered to play pivotal roles in the immune
response against pathogens. Unlike TLRs, NLRs are a group
of receptors that is located in the cytoplasm. NODI1 and
NOD2 are representative NLRs. They consist of an N-
terminal caspase recruitment domain, an intermediate NOD,
and a C-terminal leucine-rich repeat domain [18] and
recognize peptidoglycan from the cell wall of bacteria.
NODI1 and NOD2 can be detected in various human
periodontal cells, including gingival epithelial cells [19],
gingival fibroblasts [20], periodontal ligament cells [21], and
cementoblasts [22]. It is demonstrated that activation of
NODI1 and (or) NOD2 in hGFs and/or hPDLCs in vitro
could mediate the release of IL-6 and IL-8 through
inflammatory pathways including the nuclear factor kappaB
(NF-kB) and mitogen-activated protein kinases (MAPKs)
signaling pathway [20, 21, 23]. However, up to now, little is
known whether NODs regulate VCAM-1 expression in
these cells. We previously discovered that NODI1/2
mediated another adhesion molecule ICAM-1 expression
in periodontal fibroblasts [24]. Given that these two
adhesion molecules belong to the same family, and the
similar regulations of which they are through, we
hypothesized that NOD1/2 could play a role in VCAM-1
production in hGFs and hPDLCs.

In this present study, the functions of NOD1 and
NOD2 in hGFs and hPDLCs were assessed. The
relationship of NOD1/2 and VCAM-1 by P. gingivalis
stimulation was mainly investigated by activation and
silence of NODs, electrophoretic mobility shift assay
(EMSA), and pathway blockade assays, while NOD1/2-
mediated IL-6 and IL-8 expression were taken as positive
control.

MATERIAL AND METHODS

Cell culture and reagents

hPDLCs and hGFs were obtained from four healthy
individuals (two male and two female, age range from 20
to 30 years old) who underwent the third molar extraction
at the Department of Oral and Maxillofacial Surgery in
Peking University School and Hospital of Stomatology,
which was also approved by the Medical Ethical
Committee of this hospital (ethics approval no.
PKUSSIRB-2012017), and written informed consents
were obtained from all the donors before tooth extraction.
All the donors at the time of enrollment were systemically
and periodontally healthy. The individuals were
nonsmoker and had no antimicrobial or any other
medicine treatment in the previous 6 months. The third
molars were fully erupted and had no tooth defect.
Extracted teeth and gingival tissues surrounding the
extraction socket were rinsed three times with D-hanks
solution. The PDL tissue from the mid-one-third of root
surfaces and gingival tissue were cut into small fragments
(1 mm®) in Dulbecco's Modified Eagle's Medium
(DMEM, Gibco, Paisley, Scotland, UK) containing
10 % fetal bovine serum (FBS; HyClone, Logan, UT)
and were cultured in 35-mm dishes. All cultures were
maintained at 37 °C with a humidified gas mixture of 5 %
CO,/95 % air. The cells from each donor were cultured
and utilized individually and identified by
immunohistochemistry for the expression of vimentin
(mesenchymal marker) and cytokeratin (CK)-14
(epithelial markers) (Supplementary Fig. 1) and were
used in all experiments at four to eight passages. The
agonists, D-glutamyl-meso-diaminopimelic acid (Tri-
DAP, NODI1 ligand) and muramyldipeptide (MDP,
NOD?2 ligand) were purchased from InvivoGen (San
Diego, CA, USA). NF-kB signal inhibitor pyrrolidine
dithiocarbamate (PDTC) and ERK1/2 MAPK signal
inhibitor U0126 were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Bacterial strain and culture conditions

P gingivalis W83 was kindly provided by Prof.
Chenxiong Lai of the Kaohsiung Medical University in
Taiwan. Bacteria were grown in brain heart infusion
(BHI, Bacto, Sparks, MD, USA) broth agar plates
(supplemented with 5 % fetal bovine serum, 5 pg/ml
hemin and 0.4 pg/ml menadione) in an anaerobic system
(5% CO,, 10 % H,, and 85 % N,) at 37 °C for 5 to 7 days.
The cultures were then inoculated into fresh BHI broth
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(supplemented with 5 pg/ml hemin and 0.4 pg/ml
menadione) and grown for 24 h or until the optical
density at 600 nm reached 1.0.

Bacteria challenge

P. gingivalis W83 was grown to an optical density of
1.0, pelleted by centrifugation, washed three times with
PBS (pH 7.2), and resuspended in DMEM with 10 % FBS
at a final concentration of 10% cells/ml [25]. Bacterial
suspensions were added to confluent fibroblast
monolayers at an indicated multiplicity of infection
(MOI) for the indicated times at 37 °C in 5 % COs,.
Control cultures were incubated with medium alone. The
cells were then harvested and used in subsequent
experiments. The viabilities of the fibroblasts were
assessed by a 0.2 % trypan blue exclusion test, and were
>90 %. All assays were performed in triplicate.

RNA interference

NODI1, NOD2 small-interfering (si) RNA, and
control siRNA were obtained from Invitrogen
Biotechnology (Invitrogen, San Diego, CA, USA).
Transfection of siRNA was performed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer's instructions. A 100-pM
siRNA was transfected into hPDLCs and hGFs for 48 h.
The relative expression levels of VCAM-1 and NOD1/2
were then determined by real-time PCR and western blot.
The efficiency of the transfection and viability were also
detected using BLOCK-iT™ Fluorescent Oligo and
trypan blue exclusion tests, respectively.

RNA extraction and cDNA synthesis

Total RNA was extracted from cells by using the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer's instructions. The RNA
concentration was measured spectrophotometrically. Total
RNA (2 png) was then reverse-transcribed into single-
stranded cDNA by using M-MLV reverse transcriptase
(Promega, Madison, WI, USA) and oligo(dT),s primers,
according to the manufacturer's protocol.

Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction
(qPCR) was performed in an ABI Prism 7000 Sequence
Detection System (Applied Biosystems,
LifeTechnologies, Warrington, UK) using SYBR Green
Reagent (Roche, Indianapolis, IN, USA). -actin was
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used as the endogenous control gene. The primers for
each gene were listed in Table 1. The standard PCR
conditions were 10 min at 95 °C, followed by 40 cycles of
95 °C for 15 s, and 60 °C for 1 min. All reactions were
performed in triplicate. The expression levels of the target
transcripts in each sample were calculated by the
comparative 272AC method after normalization to the
expression of (3-actin.

Western blot

The cells were harvested and lysed in RIPA buffer
(Applygen, Beijing, China) containing proteinase inhibitors
and phosphatase inhibitors. After measuring the protein
concentration by the BCA Kit (Thermo, Rockford, IL,
USA), equal amounts of protein samples were separated by
10 % sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to polyvinylidene difluoride
membranes by wet blotting. The membranes were blocked
in 5 % nonfat dry milk for 1 h and probed with antibodies
against NOD1 (Cell Signaling Technology, Danvers, MA,
USA); NOD2 (Abgent, San Diego, CA, USA); VCAM-1
(Santa Cruz, CA, USA), phospho-P65 and total P65;
phospho-p38 MAPK and total p38 MAPK; phospho-JNK
and total JNK; phospho-ERK1/2 and total ERK1/2; and (3-
actin (ZSGB-BIO, Beijing, China) separately at 4 °C
overnight. All anti-P65 and anti-MAPK antibodies were
purchased from Cell Signaling Technology (Danvers, MA,
USA). After incubation with peroxidase-linked secondary
antibodies, the ECL Reagent (Thermo, Rockford, IL, USA)
was used to visualize the immunoreactive proteins.

Electrophoretic mobility shift assay

Nuclear extraction and EMSA were performed as
described by Zhou ef al.[26]. Periodontal fibroblasts were
incubated for 24 h with either 10 pg/ml Tri-DAP or
10 pg/ml MDP. After washing three times with ice-cold
PBS, nuclear extracts from periodontal fibroblasts were
prepared using the Nuclear—Cytosol Extraction Kit
(Applygen Technology, Shanghai, China), according to
the manufacturer's instruction. Aliquots of the extract
were immediately frozen at —80 °C.

Nuclear extracts (5 pug each) were prepared and
subjected to EMSA by using a chemiluminescence-
labeled NF-«kB oligonucleotide probe (5'-
AGTTGAGGGGACTTTCCC AGGC-3'). A binding
reaction was performed using the LightShift
Chemiluminescent EMSA Kit (Pierce, Rockford, IL,
USA). The DNA-protein complex samples were
analyzed on a 6 % polyacrylamide gel.
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Table 1. PCR Primers Used in this Study

Target Gene  Sequence 5'—3' Product
size (bp)

TLR2 AATCCTCCAATCAGGCTTCTCT 157
TGTAGGTCACTGTTGCTAATGTAGGT

NODI ACAGCCAGGGCGAGATAC 189
AAAGGTGCTAAGCGAAGAG

NOD2 TCAGTTAAGCCTTTGGAAACAG 109
CATCAACCAGAAGCCTAGTGAG

IL-6 GTGAGGAACAAGCCAGAGC 232
TACATTTGCCGAAGAGCC

IL-8 TTTTGCCAAGGAGTGCTAAAGA 194

AACCCTCTGCACCCAGTTTTC

GGACCACATCTACGCTGACAATGAA 160

TCCAGAGGGCCACTCAAATGAATCT

[-actin CCTGGCACCCAGCACAAT 68
CCGATCCACACGGAGTACTTG

VCAM-1

Statistical analysis

Data were expressed as the means+SD. Cells from
four different donors were used for statistical analysis by
multivariate ANOVA of SPSS. The level of significance
(P) was set as <0.05.

RESULTS

P. gingivalis increased TLR2, NOD1/2, IL-6, IL-8 as
well as VCAM-1 expression in hGFs and hPDLCs

P. gingivalis W83, as one of the major periodontal
pathogens, was used in vitro to simulate the infectious
conditions on periodontal fibroblasts. As expected, this
microbe increased TLR2, NOD1, and NOD2 expressions
in hPDLCs and hGFs in a concentration-dependent
manner (Fig. 1a) as well as in a time-dependent manner
(Fig. 1b). However, it did not affect TLR4 expression
(Supplementary Fig. 2). The expression of IL-6, IL-8, and
VCAM-1 was also upregulated after P. gingivalis
stimulation at mRNA (P<0.05) and (or) protein levels.
When P. gingivalis infection was applied at MOI of 1:100
for 8 h, the mRNA level of IL-6 was 15.2+2.5 fold in
hPDLCs (P<0.001) and 23+2.4 fold in hGFs (£<0.001)
compared to their untreated controls. For IL-8, the
increased fold was up to 43.1£4.6 fold in hPDLCs (P<
0.001) and 58.6+6.8 fold in hGFs (P<0.001); VCAM-1
mRNA was upregulated to 3.24+2.0 fold in hPDLCs and
6.6%1.8 fold in hGFs (P<0.001).

Activation of NOD1 or NOD2 upregulated IL-6, IL-8,
and VCAM-1 expression in hPDLCs and hGFs

Since it was known that TLR2 could mediate IL-6, IL-
8, and VCAM-1 expressions in periodontal fibroblasts, we
focused on the role of NOD1/2 in regulating these cytokines
in hGFs and hPDLCs. The results showed that Tri-DAP (an
agonist for NOD1) successfully activated NOD1 expression
at mRNA as well as protein level (Fig. 2a). Activation of
NODI1 significantly increased IL-6, IL-8, and VCAM-1
expression in these two fibroblasts in a dose-dependent
manner (Fig. 2a). Specially, Tri-DAP at 10 pg/ml increased
IL-6 mRNA level by 3.3+0.8 fold in hPDLCs (P<0.01) and
by 6.4+1.5 fold in hGFs (P<0.001); increased IL-8 mRNA
level by 5.7+1.3 fold in hPDLCs (P<0.001) and 9.2+1.2
fold in hGFs (P<0.001); and increased VCAM-1 mRNA
level by 2.56+0.86 fold in hPDLCs (P<0.01) and by 1.89+
0.65 fold in hGFs (P<0.01).

In addition, MDP (the agonist for NOD2) could
activate NOD2 in both of periodontal fibroblasts
(Fig. 2b). It also remarkably upregulated 1L-6, IL-8,
and VCAM-1 expression at mRNA level (P<0.05).
The results were further confirmed by western blot
(Fig. 2b).

Silencing of NOD1 or NOD?2 decreased P. gingivalis-
induced IL-6, IL-8, and VCAM-1 expression in
hPDLCs and hGFs

To determine whether NOD1 or NOD2 mediated
VCAM-1 expression, RNA interference (RNAI) targeting of
NOD1/2 mRNA was performed on hPDLCs and hGFs,
respectively. Real-time PCR and western blot clearly showed
that siNOD1 or siNOD?2, respectively, downregulated
NOD1lor NOD2 expression in the two periodontal fibroblasts
stimulated by P. gingivalis at mRNA level (P<0.05, Fig. 3a,
b) and protein level (Fig. 3f). Downregulation of NOD1 or
NOD2 suppressed P. gingivalis-induced mRNA production
of IL-6 to 3050 % (P<0.01, Fig. 3c) and IL-8 to 25-45 % (P
<0.01, Fig. 3d) in both of fibroblasts. Furthermore, either si-
NODI! or si-NOD2 could successfully attenuate P. gingivalis-
induced VCAM-1 mRNA to approximately 70 % in hPDLCs
(P<0.01) and to 60 % in hGFs (P<0.01, Fig. 3e). The results
were confirmed at protein level by western blot (Fig. 3f).

Effects of Tri-DAP and MDP on NF-kB and ERK1/2
activities in hPDLCs and hGFs

The signaling pathways involved in the effect of
NOD1/2 activation were then assessed. We investigated
NF-kB activity by using Tri-DAP or MDP treatment in
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Fig. 1. P, gingivalis W83 increased TLR2, NOD1, NOD2, IL-6 and IL-8, and VCAM-1 expression levels in hPDLCs and hGFs. hPDLCs and hGFs were
treated with P. gingivalis W83 at the indicated concentrations for 4 h. Real-time PCR and western blot were used to detect TLR2, NOD1, NOD2, IL-6, IL-
8, and VCAM-1 expression. The expression levels of these molecules were all upregulated by P. gingivalis W83 at both mRNA level and (or) protein
levels (a). hPDLCs and hGFs were treated with P. gingivalis W83 at multiplicity of infection of 1:100 for indicated times. TLR2, NOD1, NOD2, IL-6, IL-
8, and VCAM-1 were also increased by P. gingivalis infection in a time-dependent manner (b). ¥*P<0.05; **P<0.01; ***P<0.001 as compared with their
corresponding untreated controls.
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Fig. 2. Tri-DAP and MDP upregulated IL-6, IL-8, and VCAM-1 expression in a dose-dependent manner. A 10-pg/ml Tri-DAP (NOD! ligand) or 10 pg/
ml MDP (NOD2 ligand) was applied to hPDLCs and hGFs at the indicated doses for 24 h. The specific agonist activated their targets (NOD1 or NOD2) in
a dose-dependent manner in hGFs and hPDLCs at mRNA level (a, b). Either Tri-DAP (a) or MDP (b) increased the expression of IL-6, IL-8, and VCAM-
1. Western blot showed and confirmed these results in both hPDLCs and hGFs. *P<0.05; **P<0.01; ***P<0.001 as compared with their corresponding

untreated controls.

both fibroblasts. As shown in EMSA assays, compared
with the nontreated group, the NF-kB DNA-binding
activity remarkably increased in both hPDLCs and hGFs
when treated with 10 pg/ml Tri-DAP or MDP (Fig. 4a).
Furthermore, the immunoblotting results of
phosphorylated (p)-P65 confirmed these results. p-P65

expression was higher in hPDLCs and hGFs treated by
either Tri-DAP or MDP, while the total P65 level was the
same among all the samples (Fig. 4b).

Meanwhile, we examined the activated forms of
P38, ERK1/2, and JNK MAPK. p-ERK1/2 expression
was remarkably upregulated after stimulation either by
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Fig. 3. Silencing of NOD1 and NOD2 attenuated IL-6, IL-8, and VCAM-1 expression induced by P, gingivalis W83. Small interfering RNAs (siRNAs)
targeting NOD1 and NOD2 were used in both types of fibroblasts followed by 10 pg/ml of Tri-DAP or 10 pg/ml of MDP treatment. The relative
quantities of NOD1 and NOD2 mRNA decreased by their specific siRNA (a, b). IL-6 (¢), IL-8 (d), and VCAM-1 expression (e) were also suppressed by
siNOD1 or siNOD2 compared with the group transfected with scrambled siRNA in hGFs and hPDLCs. The protein levels were consistent with mRNA

changes (f). ¥*P<0.05; **P<0.01; ***P<0.001 as compared with their corresponding scrambled siRNA controls.

Tri-DAP or MDP, while total ERK1/2 was not
significantly different between the treated and untreated
groups (Fig. 4c). However, p-P38 and p-JNK did not
show any significant changes compared with their
corresponding total P38, and total INK (Fig. 4c). The
results indicated that the agonists of NODI1/2 could
activate the NF-kB and ERK1/2 signaling cascade in
hPDLCs and hGFs, but not including JNK and P38
MAPK.

NF-kB- and ERK1/2-mediated IL-6, IL-8,
and VCAM-1 expression by Tri-DAP and MDP
in hPDLCs and hGFs

The ligands of NOD1/2 could activate NF-kB and
ERK1/2 signals in hGFs and hPDLCs; therefore, the
effects of these two signaling pathways on IL-6, IL-8, and
VCAM-1 expression were determined. The cells were
treated with 5 pg/ml PDTC (an inhibitor of NF-kB) or
10 uM UO0126 (an inhibitor of ERK1/2) for 30 min before
incubation of 10 pg/ml Tri-DAP or 10 png/ml MDP for

24 h. The results showed that p-P65 was significantly
decreased in inhibitor-treated hGFs and hPDLs (Fig. Sc,
d). Meanwhile, IL-6, IL-8, and VCAM-1 were reduced to
about 20~40 % in hPDLCs and t025~50 % in hGFs
compared with those treated by Tri-DAP alone (Fig. 5a, c,
d). Similarly, blockade of NF-kB signal by PDTC
successfully and significantly decreased MDP-induced
IL-6, IL-8, and VCAM-1 products in hPDLCs and hGFs
(Fig. 5b—d). In addition, pretreatment of U0126 also
successfully attenuated the agonist-induced IL-6, IL-8,
and VCAM-1 expression (Fig. 5 a—d). These results
suggested that NOD1/2-mediated IL-6, IL-8, and
VCAM-1 expression depended on NF-kB and ERK1/2
signals in periodontal fibroblasts.

DISCUSSION

In this study, we utilized P. gingivalis strain W83 to
challenge hGFs and hPDLCs in vitro, showing that this
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Fig. 4. Tri-DAP and MDP activated NF-kB and ERK1/2 MAPK signals in hPDLCs and hGFs. Cells were incubated with 10 pg/ml of Tri-DAP or 10 pg/
ml of MDP for 24 h, and NF-«kB signal and MAPK signals were examined in hPDLCs and hGFs. By verifying the banding specificity with cold
competition in EMSA assay, the results showed that the DNA-binding protein activities of p-P65 were remarkably higher in the two fibroblasts triggered
by Tri-DAP or MDP than that in the untreated cells (a). Western blot showed that phosphorylated-P65 was increased in the groups treated with Tri-DAP
or MDP, while the total P65 level was the same in the treated and untreated groups (b). Western blot showed that ERK 1/2 signals were activated by NOD1
and NOD?2 agonists, while P38 MAPK and JNK MAPK did not take part in this process in hPDLCs and hGFs (¢).

strain successfully activates NODI1/2 in periodontal
fibroblasts. Although the activity of P gingivalis to
induce inflammation is weakest among the periodontal
pathogens [27], even weaker than the commensal bacteria
Escherichia coli [27, 28], this bacterium is recognized as
the predominant causal agent involved in chronic
periodontitis, which belongs to the “red” complex of
pathogens. Considering the similar cell wall construction
of the gram-negative microbe, it is reasonable to speculate
that other periodontal pathogens, such as Aggregatibacter
actinomycetemcomitans and Fusobacterium nucleatum,
also have the ability to trigger NOD1/2 expression in
periodontal fibroblasts and induce the inflammatory
response. Owing to the capability of P. gingivalis to
penetrate into connective tissue through degrading the
barrier junctions of gingival epithelium [3, 29], we chose
this microbe as the representative stimuli to challenge
periodontal fibroblasts in this in vitro study. Our results
demonstrated that P. gingivalis could increase IL-6 and
IL-8 expression in hGFs and hPDLCs though NOD1/2
signaling pathways, which was in line with previous
studies [20, 21]. IL-6 and IL-8 are pivotal cytokines and
mediators to modulate the inflammatory cascade in
chronic periodontitis [30]. The high level of IL-8 could

also induce the chemotaxis in its target cells, thus leading
to periodontal inflammation and tissue destruction [31].
Furthermore, these pro-inflammatory cytokines were
shown to play a role in stimulating osteoclast activity
[32]. The evidence of NOD1/2-mediated IL-6 and IL-8
expression in hPDLCs and hGFs not only further
demonstrates the selective pathological roles of NOD1/2
in periodontitis but also confirms the immune behavior of
periodontal fibroblasts.

In addition, to confirm the relationship between
NOD1/2 and IL-6, and IL-8, which is more important, our
data further expanded the roles of NOD1/2, showing that
activation of NOD1/2 could also upregulate VCAM-1
expression in hGFs and hPDLCs. So far, to the best of our
knowledge, this is the first evidence linking NOD1/2 with
VCAM-1 in periodontal fibroblasts. For a long time,
VCAM-1 is thought to be mainly expressed in endothelial
cells of blood vessels and can be a biomarker for
activation of the endothelium. Recently, it is also reported
that VCAM-1 can be detected in hPDLCs and hGFs [33—
35], and its regulation in such cells by inflammation is
very complicated [34]. Tumor necrosis factor-oc and
interferon-y are shown to enhance VCAM-1 expression,
while TGF-p1 inhibits its expression. Therefore, the
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Fig. 5. Blocking of either the NF-kB or ERK1/2 signal pathway attenuated NOD1/2-mediated IL-6, IL-8, and VCAM-1 productions. The fibroblasts
were treated with PDTC (an inhibitor of NF-kB signaling) and U0126 (an inhibitor of ERK1/2 signaling) for 30 min, respectively, followed by Tri-DAP
or MDP treatment at 10 pg/ml for 24 h in hPDLCs and hGFs. The expression of IL-6, IL-8, and VCAM-1 were examined. Real-time PCR showed that
Tri-DAP-induced expression of IL-6, IL-8, and VCAM-1 were all partly attenuated after blockade of either NF-kB or ERK1/2 signaling in the two
fibroblasts compared with unblocked controls (a). Similarly, MDP-induced expression of these three cytokines were partly decreased when blocking the
either of two signaling pathways (b). Western blotting results confirmed real-time PCR, showing that compared with Tri-DAP or MDP treatment alone,
VCAM-1 expression was attenuated when NF-kB and ERK 1/2 signals were blocked by their own inhibitors in hPDLCs and hGFs (¢, d). *P<0.05; **P<
0.01; ***P<0.001 as compared with their corresponding controls (Tri-DAP or MDP-alone-treated fibroblasts).
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regulation of VCAM-1 in inflammation seems to depend
on the types and levels of stimuli. Our data indicated that
P. gingivalis was an activating factor in regulating
VCAM-1 expression, which was supported by other
studies [36, 37]. The high level of VCAM-1 in
periodontal fibroblasts can promote lymphocyte
infiltration and binding to periodontal fibroblasts, and
this binding can trigger fibroblasts to secrete
inflammatory cytokines, such IL-1x and IL-13 [38]. In
addition to attract the immune cells, recent studies have
discovered another role of VCAM-1, showing that it
could recruit monocytic osteoclast progenitors and
elevate local osteoclast activity [39]. Periodontitis is a
complex inflammatory disease involving destruction of
soft tissue and loss of hard tissue, and osteoclasts play a
critical role in the absorption of alveolar bone. The
NOD1/2-regulated VCAM-1 expression makes it
sensible to speculate that NOD1/2 may not only play the
functional immune receptors role in periodontal
fibroblasts, but also take part in the bone remodeling.
Further studies are needed to support this hypothesis.

Both of NODs and TLRs are innate immune
receptors responding to microbe challenges. It is
discovered that, rather than function respectively,
interaction with each other would be more likely to be
the ways of the two receptors regulating the immune
response [20, 40]. In this study, TLR2, NOD1, and NOD2
were all activated by P. gingvalis stimulation, indicating
that both of TLRs and NODs were the functional
receptors in hGFs and hPDLCs. They may synergistically
induce IL-6, IL-8, and VCAM-1 expression. That may be
a possible reason that knockdown of NODI1/2 only
attenuated P. gingvalis-induced VCAM-1 expression by
3040 % in this study.

NF-kB is an ubiquitous effector in transduction
pathways of the inflammatory response. NOD1 and
NOD?2 act as sensors to trigger activation of the NF-«B
signaling pathway [41]. The production of pro-
inflammatory cytokines, such as IL-6, IL-8, and
monocyte chemoattractant protein-1, induced by NOD1
and NOD?2 ligands, is significantly inhibited by an RNA
interference assay targeted to p65 in gingival fibroblasts
[20]. The present study confirmed the role of NF-«kB in
the immune response, showing that the activation of the
NF-«B pathway is also responsible for NOD1/2-mediated
VCAM-1 expression. In parallel to the activation of NF-
kB, we also found that ERK1/2 MAPK signaling
pathway was also involved in NOD-triggered production
of these pro-inflammatory cytokines. ERK1/2 belongs to
the MAPK signaling pathways and is first identified to be

responsible for cell proliferation and activation [42].
Actually, this pathway is also involved in regulating
inflammatory molecules such as ICAM-1, IL-6, IL-8, and
MMP?9 in response to different stimuli such as IL-17 and
IL-20 [43-45]. The downregulation of IL-6, IL-8, and
VCAM-1 by PDTC and UO0126 in P. gingivalis-
challenged periodontal fibroblasts confirmed the pro-
inflammatory properties of NF-xB and ERK1/2 MAPK.

CONCLUSIONS

In conclusion, this study suggests that NOD1 and
NOD2 are the functional receptors to modulate
inflammation in the periodontal fibroblasts. Our findings
demonstrate P. gingivalis-induced IL-6, IL-8, and
VCAM-1 expression in hGFs and hPDLCs through
NOD1/2-mediated NF-kB and ERK1/2 signaling
pathways beyond TLRs, indicating that NOD1/2 can be
anew potential therapeutic target for treating periodontitis
in the future.
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