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Objectives: The periodontal pathogen Porphyromonas gingivalis produces hydrogen sulfide
(H2S). H,S in the oral cavity is positively correlated with periodontitis but the mechanism by
which H,S contributes to periodontal diseases is obscure. We investigated the effect of H,S
in combination with P. gingivalis lipopolysaccharide (LPS) on expression of the pro-inflam-
matory cytokines interleukin (IL)-6 and IL-8 in periodontal fibroblasts and the underlying
mechanism of action.
Material and methods: Gingival fibroblasts (GFs) and periodontal ligament cells (PDLCs) were
treated with different concentrations of the H,S donor NaHS in the presence/absence of P.
gingivalis LPS for different time periods. Expression of IL-6 and IL-8 was detected by real-time
PCR and ELISA. The activity of nuclear factor-kappa B (NF-«B) signalling was investigated
using western blotting, EMSA and pathway blockade assays.
Results: Real-time PCR and ELISA results showed that H,S not only upregulated expression
of IL-6 and IL-8 at mRNA and protein levels in a dose- and time-dependent manner, but also
aggravated P. gingivalis LPS-induced expression of IL-6 and IL-8 in GFs and PDLCs. Western
blotting and EMSA showed that NF-«B signalling was activated by NaHS, P. gingivalis LPS, and
both, which was in accordance with the expression levels of IL-6 and IL-8 in GFs and PDLCs.
These results were confirmed using a NF-kB pathway blockade assay.
Conclusions: H,S synergistically upregulated P. gingivalis LPS-induced expression of IL-6 and
IL-8 in GFs and PDLCs via activation of NF-«B signalling, which could promote the develop-
ment of periodontitis.
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1. Introduction

Periodontitis is a type of bacteria-initiated inflammatory
disease with characteristics of periodontal degradation.
Host immune-inflammatory response to foreign pathogens
plays a major role in periodontal destruction.’ Gingival
fibroblasts (GFs) and periodontal ligament cells (PDLCs), the
predominant resident cells in periodontal tissue, are
reported to constitutively express pattern recognition
receptor, and consequently recognize periodontal pathogen
and their toxic factors in periodontium. Microorganisms
stimulated-GFs and PDLCs can produce several pro-inflam-
matory cytokines, such as interleukin (IL)-6 and IL-8,**
which are involved in the process of periodontal inflamma-
tory response.

Porphyromonas gingivalis, a major pathogenic bacterium of
periodontitis, produces various virulence factors, such as
lipopolysaccharide (LPS) and gingipains. Through these
virulence factors, P. gingivalis can induce an inflammatory
immune response in the host, and contribute to the
pathogenesis of periodontitis. Interestingly, apart from
LPS, P. gingivalis also produces a gas molecule: hydrogen
sulfide (H,S).”> H,S is considered to be (after nitric oxide
(NO) and carbon monoxide (CO)®) the third gaseotransmitter,
and plays a vital role in physiological and pathological
process including vasodilatation, neuromodulation, and
inflammation.”

In the oral cavity, a relationship between H,S and
periodontitis has been reported. H,S is the main contributor
to halitosis. High concentrations (2 mM) of H,S have been
found in the periodontal pockets of individuals with peri-
odontitis,'® and was positively correlated with the gingival
index, bleeding upon probing, periodontal pocket depth, and
radiographic bone loss.*** Several researchers have shown
that H,S can increase gingival epithelium permeability*® and
induce apoptosis of cells in the periodontium, including
gingival epithelial cells,'® GFs,"”” PDLCs'® and osteoblastic
cells.”?

Even though many deteriorative effects of H,S on period-
ontium have been reported, the effect of H,S on GFs and PDLCs
with regard to inflammation is incompletely understood.
Moreover, H,S was reported to increase epithelial permeability
and facilitate the passage of LPS across epithelial barrier.**?%?*
Given the role of H,S as a mediator of inflammation®, we
hypothesized that H,S may promote periodontitis by modula-
tion of pro-inflammatory cytokines like IL-6 and IL-8, and a
delicate relationship between P. gingivalis-produced H,S and P.
gingivalis-derived LPS in triggering expression of IL-6 and IL-8
may exist in GFs and PDLCs.

The aim of the present study was to investigate the effect of
H,S with/without P. gingivalis LPS on the expression of the pro-
inflammatory mediators IL-6 and IL-8 in GFs and PDLCs as well
as the underlying mechanism of action. This was achieved
using the real-time polymerase chain reaction (PCR), enzyme-
linked immunosorbent assay (ELISA), electrophoretic mobility
shift assay (EMSA) and western blotting. Our study is devoted
to enrich the pathologic mechanism regarding P. gingivalis-
induced periodontitis, and provide clues for treatment of
periodontitis.

2. Material and methods

The protocol was approved by the Medical Ethics Committee
of Peking University School and Hospital of Stomatology
(approval number, PKUSSIRB-2012017; Beijing, China). Written
informed consent to use teeth was obtained from all subjects.

2.1. Cell culture and treatment

Briefly, GFs and PDLCs were obtained from premolar teeth
extracted for orthodontic reasons in three young healthy
volunteers. Gingival tissues and middle-third-of-root peri-
odontal ligament tissues, respectively, were harvested and
cultured in Dulbecco’s modified minimum essential medium
(DMEM,; Invitrogen, Carlsbad, CA, USA) supplemented with
foetal bovine serum (10% v/v; Hyclone, Logan, UT, USA) and
antibiotics (100 U/mL penicillin G; 100 pg/mL streptomycin;
Invitrogen). Cultures were maintained at 37 °C in a humidified
atmosphere of 5% CO,.

GFs and PDLCs (both 4.0 x 10°) derived from three donors
were use to do the following experiments. Cells were seeded in
T25 flasks for 24 h, then treated with the H,S donor sodium
hydrogen sulfide (NaHS, Sigma Aldrich, St. Louis, MO, USA; 0,
250, 500 and 1000 pmol/L) in the absence/presence of 1 pg/mL
LPS derived from P. gingivalis (Invivogen, Cayla, France). At the
indicated time points, cells and culture supernatants were
harvested and prepared for real-time PCR, western blotting,
EMSA and ELISA.

2.2. RNA extraction and cDNA synthesis

Total RNA from GFs and PDLCs was extracted using Trizol
reagent (Invitrogen). Total RNA (2 pg) was used as the template
to synthesize cDNA using a Reverse Transcriptase Kit
(Promega, Madison, WI, USA).

2.3. Quantitative real-time PCR

Real-time PCR was undertaken in a 7500 Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) using SYBR
Green Reagent (Roche, Basel Switzerland). The respective
upstream and downstream primers for each gene were: IL-6
(5-GTGAGGAACAAGCCAGAGC-3' and 5-TACATTTGCCGAA-
GAGCC-3); IL-8 (5-TTTTGCCAAGGAGTGCTAAAGA-3' and 5'-
AACCCTCTGCACCCAGTTTTC-3); B-actin (5'-CATG-
TACGTTGCTATCCAGGC-3' and 5'-CTCCTTAATGTCACGCAC-
GAT-3'). PCR conditions were 10 min at 95 °C, followed by 40
cycles of 95 °C for 15 s and 60 °C for 60 s. All reactions were
carried out in triplicate in two separate experiments. The
relative expression of the targets in each sample was
calculated by the comparative 2-**“* method after normali-
zation to the expression of B-actin.

2.4. ELISA

The quantity of IL-6 and IL-8 in cell-culture supernatants was
measured using an ELISA kit (R&D Systems, Minneapolis, MN,
USA) according to manufacturer’s instructions. Culture super-
natants were diluted 1:5 and the absorbance was set at
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450 nm. All samples were measured in duplicate and repeated
independently at least twice.

2.5.  Western blotting

Cells were harvested and lysed in cold RIPA buffer with
protease inhibitors. After measurement of protein concentra-
tion by the bicinchoninic acid method, equal amounts of
protein samples were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membrane by wet blotting. After
blocking in 5% non-fat milk for 1h, membranes were
incubated with antibodies against nuclear factor-kappa B
(NF-kB)-phosphorylated p65 (p-p65; Cell Signalling, Beverly,
MA, USA) or B-actin (ZSGB-BIO, Beijing, China) at 4°C
overnight. Horseradish peroxidase-conjugated immunoglob-
ulin (Ig)G and ECL reagent (Thermo Scientific, Waltham, MA,
USA) were used to detect the immunoreactive proteins. The
assay was conducted in three separate experiments.

2.6. Blockade of the NF-kB pathway

GFs and PDLCs were pretreated with 5 puM BAY 11-7082 (Sigma
Aldrich, St. Louis, MO, USA) for 1 h to inhibit NF-«B signalling,
and then exposed to 500 pmol/L NaHS for 5 h. Gene expression
of IL-6 and IL-8 was detected by real-time PCR.

2.7. EMSA

Nuclear extracts from GFs and PDLCs were prepared using a
Nuclear-Cytosol Extraction kit (Thermo Fisher, Boston, MA,
USA). Nuclear extracts (5 pg) of each sample were subjected to
EMSA. A chemiluminescent-labelled oligonucleotide probe (5'-
AGTTGAGGGGACTTTCCCAGGC-3') was synthesized for detec-
tion of the binding of NF-«B protein to the probe. After
incubation of the nuclear extracts and the probe, the binding
activity of NF-«B protein to DNA was analyzed using a
LightShift Chemiluminescent EMSA kit (Pierce, Rockford, IL,
USA). The assay was conducted in three separate experiments.

2.8.  Statistical analyses
Data are expressed as means + SD. Statistical significance was

determined by one-way ANOVA by SPSS. P<0.05 was
considered significant.

3. Results

3.1. NaHS upregulated expression of IL-6 and IL-8 in a
dose- and time-dependent manner in GFs and PDLCs

To evaluate the effect of H,S on the expression of IL-6 and IL-8
in GFs and PDLCs, these two types of fibroblasts were exposed
to NaHS (0, 250, 500 and 1000 pmol/L) for 5h, or NaHS
(500 pmol/L) for 0, 1, 2 and 5 h. Expression of IL-6 and IL-8 was
detected by real-time PCR at mRNA level, and by ELISA at
protein level, respectively.

Fig. 1 shows that NaHS upregulated the production of
mRNA and protein of IL-6 and IL-8 in GFs and PDLCs in a dose-

dependent (panel I) and time-dependent manner (panel II).
When 500 pmol/L NaHS was used to treat GFs and PDLCs, IL-6
and IL-8 were increased significantly (P < 0.05) at mRNA and
protein levels after 5-h stimulation. Moreover, 500 pmol/L
NaHS did not affect cell morphology, whereas 1000 pwmol/L
NaHS caused cell shrinkage (data not shown). However, even
in this condition, NaHS induced the highest levels of
production of IL-6 and IL-8 in the two types of periodontal
fibroblasts.

3.2. BAY 11-7082 inhibited NaHS-induced expression of
IL-6 and IL-8 in GFs and PDLCs

We undertook a NF-kB pathway blockade assay to ascertain if
H,S upregulated expression of IL-6 and IL-8 in GFs and PDLCs
via the NF-«kB signalling pathway. BAY 11-7082 significantly
(P < 0.05) blocked H,S-induced expression of IL-6 and IL-8
genes in the two types of fibroblasts (100% in PDLCs and 67% in
GFs), suggesting the key role of NF-«kB pathway in H,S-induced
expression of IL-6 and IL-8 (Fig. 2).

3.3.  NaHS and P. gingivalis LPS increased expression of
IL-6 and IL-8 synergistically in GFs and PDLCs through the
NF-kB pathway

To ascertain if H,S and LPS had a synergistic effect on the
expression of IL-6 and IL-8 in GFs and PDLCs, the two types of
periodontal fibroblasts were treated with NaHS (500 pmol/L)
combined or not with P. gingivalis LPS (1 pg/mL) for 5 h. NaHS
or P. gingivalis LPS alone increased expression of IL-6 and IL-8
in GFs and PDLCs. Combined use of NaHS and P. gingivalis LPS
induced much higher expression of cytokines than single use
of NaHS or P. gingivalis LPS, revealing the synergistic role of
NaHS and P. gingivalis LPS in promoting expression of IL-6 and
IL-8 (Fig. 3A-H).

To further explore the underlying signalling mechanism by
which NaHS and P. gingivalis LPS exerted a synergistic effect
upon expression of IL-6 and IL-8, the activity of NF-«B
signalling was assessed. Fibroblasts were treated as described
above and expression of NF-kB p-p65 (by western blotting) and
DNA binding activity of NF-«B (by EMSA assay) were assessed.
Expression of p-p65 was upregulated by NaHS and/or P.
gingivalis LPS treatment, and the highest expression was found
in combination-treated cells (Fig. 3I and J). These results were
confirmed further by EMSA, which was designed to detect the
binding activity of NF-kB to DNA (Fig. 3K and L).

4, Discussion

The inflammatory response of host to bacterial challenge is
essential to not only periodontal defense but also period-
ontium destruction if the inflammatory response is excessive.
IL-6 and IL-8 are known to play important roles in the
inflammatory reaction and degradation of periodontal tissues.
IL-6 can induce osteoclastogenesis.’’* IL-8 is a potent
chemotactic factor for neutrophils,” and can produce pro-
teases such as cathepsin, elastase, or matrix metalloprotei-
nase-8, leading to tissue degradation. In the present study, H,S
generated from NaHS promoted the expression of IL-6 and IL-8
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Fig. 1 - Dose- and time-dependent effects of NaHS on expression of IL-6 and IL-8 in GFs and PDLCs. Panel I (dose-dependent
assay): fibroblasts were treated with 0, 250, 500 and 1000 p.mol/L NaHS for 5 h. Expression of IL-6 and IL-8 was examined by

real-time PCR (A-D) and by ELISA (E-H), respectively. The results

showed that NaHS upregulated expression of IL-6 and IL-8

in a dose-dependent manner. Panel II (time-dependent assay): fibroblasts were treated with 500 pmol/L NaHS for 1, 2 and
5 h, and expression of IL-6 and IL-8 was examined by real-time PCR (A-D) and by ELISA (E-H). The results showed that NaHS
upregulated expression of IL-6 and IL-8 in a time-dependent manner, *P < 0.05, **P < 0.01.

in GFs and PDLCs in a dose- and time-dependent manner. In
the presence of P. gingivalis LPS, the promoting effect of H,S on
expression of IL-6 and IL-8 in GFs and PDLCs was more
apparent. Our results showed that H,S-induced expression of
IL-6 and IL-8 may involve in the destruction of periodontal
tissue.

In addition to IL-6 and IL-8, we also detected gene
expression of other classical inflammatory mediators includ-
ing IL-1B, TNF-«, and IL-10 (Supplementary Figs. S1 and S2).
The expression pattern of pro-inflammatory cytokines (IL-18
and TNF-«) under stimulation of H,S in the presence/absence
of P. gingivalis LPS was similar as that of IL-6 and IL-8. In
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Fig. 2 - BAY 11-7082 inhibited NaHS-induced expression of IL-6 and IL-8 mRNA in GFs and PDLCs. GFs and PDLCs were pre-
treated with 5 pmol/L BAY 11-7082 for inhibition of NF-kB signalling and then exposed with 500 pmol/L NaHS for 5 h. Gene
expression of IL-6 and IL-8 examined by real-time PCR in GFs (A, B) and PDLCs (C, D). *P < 0.05, **P < 0.01 compared with
corresponding non-treated cells, 5P < 0.05, 55P < 0.01 compared with corresponding NaHS-treated cells.

contrast, the anti-inflammatory cytokine IL-10 expression
showed a time- and dose-dependent decrease when GFs and
PDLCs were treated with NaHS. This finding suggests that H,S
serves as a pro-inflammatory factor, and perhaps plays a role
in the pathogenesis of periodontitis.

NF-kB signalling is one of the most important pathways
mediating generation of IL-6 and IL-8 in GFs and PDLCs.”*?’
However, whether NF-«kB signalling involved in H,S-induced
expression of IL-6 and IL-8 in GFs and PDLCs was unknown.
We found for the first time that inhibition of NF-kB signalling
by BAY 11-7082 significantly inhibited expression of IL-6 and
IL-8 induced by H,S in GFs and PDLCs. In fibroblasts treated
with H,S and/or P. gingivalis LPS, NF-«B signalling activity was
also in accordance with expression of IL-6 and IL-8 (Fig. 3).
Taken together, our findings showed that activation of NF-«B
signalling was one of the mechanisms contributing to the
synergistic effect of H,S and P. gingivalis LPS on expression of
IL-6 and IL-8 in GFs and PDLCs. These results are consistent
with studies in other cells which showed that H,S regulated
expression of pro-inflammatory cytokines via signalling
pathways including the NF-xB pathway.?**°

Interestingly, we found that PDLCs appeared to be more
sensitive to H,S exposure than GFs in terms of IL-6 expression.
NaHS (500 umol/L) yielded a twofold increase in IL-6 mRNA
expression in GFs and a sevenfold increase in PDLCs.
Moreover, inhibition of NF-«kB signalling inhibited gene
expression of IL-6 and IL-8 almost completely in PDLCs, while

partially in GFs. These results suggest different characteristics
between GFs and PDLCs even though they are very close in
anatomic location. Our results are supported by those of Koka
et al, which described the heterogeneity of periodontal
fibroblasts when challenged by P. gingivalis LPS. They found
a more sensitive response of PDLCs to LPS stimulation with
regard to IL-6 production compared with GFs.>° The mecha-
nism by which H,S exerts effects on physiological and
pathological processes is not known, and the specific
receptors of H,S have yet to be discovered. Hence, the reason
for this difference in response between these two cell
populations is not clear. One could speculate that GFs and
PDLCs have different (or have a different density of) H,S
receptors, or that H,S binds to the receptors or diffuses into
specific cells at different speeds in GFs and PDLCs. These
mechanisms would lead to the different characteristics of GFs
and PDLCs as well as different sensitivities of GFs and PDLCs to
H,S. It has been reported that many cell-surface receptors are
expressed differentially in GFs and PDLCs. Han et al. showed
that PDLCs expressed SLC26A3 and SLC16A4 (the membrane
proteins for sulfate transportation) at 3.9- to 4.3-times greater
levels than those in GFs.*

H,S has been proposed to be a novel mediator of
inflammation. However, in recent years, the notion that H,S
has a dual role in regulating inflammation has become
acceptable. That is, H,S can be a pro-inflammatory mediator
as well as an anti-inflammatory molecule. H,S has been
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Fig. 3 - Combined effect of NaHS and P. gingivalis LPS on expression of IL-6 and IL-8 and NF-«B signalling activity in GFs and
PDLCs. GFs and PDLCs were treated with 500 pmol/L NaHS in the presence/absence of 1 pg/mL P. gingivalis LPS for 5 h.
Expression of IL-6 and IL-8 was examined by real-time PCR (A-D) and by ELISA (E-H), respectively. NaHS and P. gingivalis
LPS synergistically upregulated expression of IL-6 and IL-8 in GFs and PDLCs. The activity of NF-kB signalling was assessed
by western blotting (I and J) and EMSA (K and L). NF-kB signalling was activated by 500 pmol/L NaHS, and the signalling
activity was much higher when GFs and PDLCs were treated with NaHS combined with LPS. *P < 0.05, **P < 0.01 compared
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reported to inhibit NO production and the NF-«B pathway in
Raw 264.7 macrophages treated with LPS,*” and to protect
mice from oleic acid-induced acute lung injury via regulation
of expression of IL-6, IL-8 and IL-10.>% Li et al. evaluated the
effect of different administrations of exogenous H,S on
complete Freund’s adjuvant (CFA)-treated acute joint inflam-
mation in mice. They found that a H,S donor injected 1h
before CFA administration resulted in marked swelling in the
knee joints. Conversely, a H,S donor injected 6 h and 18 h after
CFA administration could induce relatively slight inflamma-
tion in knee joints. The anti-inflammatory role of H,S was
postulated to be through reduction of the activity of
myeloperoxidase and N-acetyl-b-p-glucosaminidase in syno-
vial fluid, as well as expression of IL-6 and IL-8, in this model.**
Hua et al. showed that the switch of H,S from one role to
another was dependent upon the cell subsets involved; the
crosstalk between H,S and NO as well as the spatial and
temporal formation of H,S was involved in this process.* In
the present study, H,S had a synergistic role together with P.
gingivalis LPS in triggering expression of IL-6 and IL-8 in GFs
and PDLCs. Therefore, we speculate that different cell types
and different treatment methods may determine the different
(pro-/anti-) inflammatory responses to H,S. Further study is
needed to elucidate the underlying mechanism.

In conclusion, the present study has, for the first time,
demonstrated that H,S can, and has a synergistic effect with,
P. gingivalis LPS on upregulating expression of IL-6 and IL-8 in
GFs and PDLCs via activation of NF-«B signalling, which could
promote the pathogenesis of periodontitis.
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