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Abstract

Objective—The alpha 7 nicotinic receptor (α7nAChR) is expressed by oral keratinocytes.

α7nAChR activation mediates anti-inflammatory responses. The objective of this study was to

determine if α7nAChR activation inhibited pathogen-induced interleukin-8 (IL-8) expression by

oral keratinocytes.

Materials and methods—Periodontal tissue expression of α7nAChR was determined by real-

time PCR. OKF6/TERT-2 oral keratinocytes were exposed to Porphyromonas gingivalis in the

presence and absence of a α7nAChR agonist (PHA-543613 hydrochloride) alone or after pre-

exposure to a specific α7nAChR antagonist (α-bungarotoxin). Interleukin-8 (IL-8) expression was

measured by ELISA and real-time PCR. Phosphorylation of the NF-κB p65 subunit was

determined using an NF-κB p65 profiler assay and STAT-3 activation by STAT-3 in-cell ELISA.

The release of ACh from oral keratinocytes in response to P. gingivalis lipopolysaccharide was

determined using a GeneBLAzer M3 CHO-K1-bla cell reporter assay.

Results—Expression of α7nAChR mRNA was elevated in diseased periodontal tissue.

PHA-543613 hydrochloride inhibited P. gingivalis-induced expression of IL-8 at the

transcriptional level. This effect was abolished when cells were pre-exposed to a specific

α7nAChR antagonist, α-bungarotoxin. PHA-543613 hydrochloride downregulated NF-κB

signalling through reduced phosphorylation of the NF-κB p65-subunit. In addition, PHA-543613

hydrochloride promoted STAT-3 signalling by maintenance of phosphorylation. Furthermore, oral

keratinocytes upregulated ACh release in response to P. gingivalis lipopolysaccharide.

Conclusion—These data suggest that α7nAChR plays a role in regulating the innate immune

responses of oral keratinocytes.
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Introduction

The alpha 7 nicotinic acetylcholine receptor (α7nAChR) plays a key role in regulating the

‘cholinergic anti-inflammatory pathway’ [1–3]. The ‘cholinergic anti-inflammatory

pathway’ is a mechanism by which the autonomous nervous system can modulate

inflammation. The afferent branch of the vagus nerve relays inflammatory signals emanating

from tissues to the brain. In response, acetylcholine (ACh) is released via increased efferent

vagal nerve activity. The released ACh then binds to α7AChRs on proximal

immunocompetent cells and downregulates localised inflammation [4].

Studies using vagotomised animals have shown the importance of the ‘cholinergic anti-

inflammatory pathway’ in regulating inflammatory responses to pathogens. In a

polymicrobial model of abdominal sepsis, vagotomised animals showed elevated serum

levels of tumour necrosis factor alpha (TNF-α) and interleukin (IL)-6 [5]. Similarly, in a

mouse model of bacterial lipopolysaccharide (LPS)-induced endotoxic shock, vagotomised

animals demonstrated increased levels of both serum and hepatic TNF-a [4]. These studies

highlight the functional relevance of the vagus nerve—immune system cross-talk. However,

whether the apparent anti-inflammatory effects are exclusively mediated via vagus nerve-

derived ACh remains unresolved [6–8]. Indeed, ex vivo, the anti-inflammatory responses of

cells to cholinergic agonists are mediated by mechanisms independent of vagus nerve

activity [9]. Thus, non-neuronal ACh may also play a role in regulating localised

inflammation at sites far removed from the influence of the vagus nerve.

Studies using α7nAChR-deficient (α7nAChR−/−) animals have shown the key role that

α7nAChR plays in regulating the ‘cholinergic anti-inflammatory pathway’. α7nAChR−/−

mice intratracheally instilled with 5 mg/ml Escherichia coli LPS, or instilled with 107

colony-forming units (CFU) directly into the lung air spaces, demonstrated higher mortality

from sepsis-induced lung injury and had more severe lung damage than control α7nAChR+/+

animals [10]. In addition, α7nAChR−/− mice injected intraperitoneally with LPS were found

to be hypersensitive and presented with increased expression levels of TNF-α in serum, liver

and the spleen as well as increased levels of IL-1β and IL-6 in serum [11].

α7nAChR is widely expressed by immunocompetent cells which can also synthesise and

release ACh [12]. This therefore suggests that both autocrine and paracrine mechanisms are

in place to regulate inflammation. In vitro, the pharmacological α7nAChR agonist 3-(2,4-

dimethoxybenzylidene) anabaseine (GTS-21) inhibited Toll-like receptor (TLR)-mediated

expression of TNF-α and IL-6 from macrophages [13]. Furthermore, activation of

α7nAChR has been shown to reduce IL-8 expression by epithelial cells of patients with

cystic fibrosis [14] and human colon epithelial cells [15]. In addition, α7nAChR activation

reduced TNF-α expression by HBE16 airway epithelial cells [16] and reduced expression of

IL-6 and IL-8 from fibroblast-like synoviocytes [17].
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The mechanisms by which α7nAChR mediates anti-inflammatory responses have been

elucidated in monocytes/macrophages. α7nAChR activation inhibited the transcriptional

activity of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [18]. In

addition, α7nAChR activation also stimulated the Janus kinase 2/signal transducer and

activator of transcription 3 (JAK-2/STAT-3) pathway, leading to inhibited pro-inflammatory

cytokine expression, and promoting IL-10 expression [19]. Therefore, α7nAChR activation

can specifically induce downregulated expression of pro-inflammatory cytokines whilst

promoting expression of anti-inflammatory cytokines.

Periodontal disease is a chronic inflammatory condition affecting the complex anatomical

structures which support the teeth. Although the primary initiating factor is the pathogenic

microflora of subgingival plaque, periodontal disease results from an inappropriately

excessive and dysregulated immune response to these bacteria. α7nAChR is widely

expressed by resident and migratory cells found within the periodontium including oral

keratinocytes, fibroblasts, macrophages, neutrophils, B cells and T cells [12, 20–24]. In

addition, oral epithelial cells have been demonstrated to express all the components required

to synthesise, release and respond to ACh. Gingival epithelial cells have been shown to

express the ACh synthesising enzyme, choline acetyltransferase (ChAT) [21], and free ACh

has been detected in oral keratinocyte homogenates, culture supernatants [25] and gingival

tissue samples [26]. Furthermore, there is tentative evidence to suggest that levels of ACh

are up-regulated in inflamed gingival tissue [26]. These observations provide evidence for a

non-neuronal cholinergic mechanism operating within periodontal tissues. However, the

cellular mechanisms which control the synthesis storage and release of ACh within

periodontal tissues remain unknown.

As the host response plays a prominent role in periodontal disease pathogenesis, host

response modulation has emerged as a valid treatment concept [27]. Therefore, α7nAChR

may be a potential therapeutic target. Previous studies in monocytes have shown that

α7nAChR can inhibit Porphyromonas gingivalis-induced expression of pro-inflammatory

cytokines, while promoting expression of anti-inflammatory IL-10 [28]; this suggests that

cholinergic mechanisms operate within the periodontium to regulate the immune responses

initiated by periodontal pathogens. However, studies in oral keratinocytes have shown that

nicotine, acting via nAChRs, can in fact enhance IL-1β and P. gingivalis LPS-induced IL-8

release [29]. However, the relative contributions of specific nAChR subunits (such as

α7nAChR) were not investigated in detail in this study.

In this study we begin to investigate the role that α7nAChR specifically plays in modulating

early immune responses of oral keratinocytes against periodontal pathogens. Oral

keratinocytes reside at the gingival sulcus and respond to bacterial challenge via TLRs.

Their activation engages the transcription factor NF-κB to increase expression and secretion

of cytokines and chemokines, in particular IL-8 (CXCL8). IL-8 plays a pivotal role in the

recruitment of immune cells to sites of infection in the periodontium. If this process is not

regulated appropriately, it acts as one of the earliest steps in the pathogenesis of periodontal

disease. The data show for the first time that specific activation of α7nAChR can modulate

the activity of both the NF-κB and STAT-3 transcription factors and negatively regulate P.

gingivalis-induced IL-8 expression by oral keratinocytes. In addition, the release of ACh
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from oral keratinocytes is mediated by P. gingivalis LPS. These findings suggest that

complex cholinergic mechanisms operate within the periodontium. Furthermore, as the oral

mucosa shows structural similarities to mucosal tissues in the gut, lungs and many other

organ systems, it is interesting to speculate that non-neuronal cholinergic mechanisms may

be involved in regulating pathogen-induced inflammation at other mucosal surfaces.

Materials and methods

RNA isolation from periodontal tissue

Diseased tissues were obtained from patients with periodontal disease undergoing surgery in

the Unit of Periodontics at Glasgow Dental Hospital. Healthy tissues were taken from

patients undergoing non-periodontal disease-related mucogingival surgery. Ethical review

and approval was provided by the West of Scotland Research Ethics Committee. Written

consent was obtained from all participants. The tissue samples were immediately submerged

in RNAlater™ (Qiagen, UK) and stored at −80 °C. RNA extraction and purification from

tissue samples was carried out using the RNeasy® Fibrous Tissue Kit (Qiagen).

TaqMan® real-time PCR

mRNA was reverse transcribed to cDNA using the High Capacity RNA-to-cDNA Master

Mix (Applied Biosystems, UK) according to the manufacturer’s instructions. Real-time PCR

was carried out using TaqMan® Gene Expression Master Mix (Applied Biosystems) and

TaqMan® Gene Expression Assay Mix for the following genes—α7nAChR =

Hs01063373_m1 and POLR2A (RNA polymerase II) = Hs00172187_m1 (both Life

Technologies, UK). Analysis of samples was performed in duplicate in a 96-well plate

format on a MX3000P™ real-time PCR machine (Stratagene, UK). Data were analysed

using MxPro-Mx3000P software, version 4.10 (Stratagene). Relative expression of

α7nAChR mRNA was calculated using the 2−ΔCT method [30].

P. gingivalis culture

P. gingivalis biofilms were prepared as follows. P. gingivalis ATCC 33277 was cultured at

37 °C in Schaedler anaerobe broth (Oxoid, UK) for 2 days. The bacteria were then washed

by centrifugation in PBS and standardised to 1 × 107 cells/ml in artificial saliva [31]. P.

gingivalis (500 μl) suspension was then cultured on Thermanox® plastic coverslips (NUNC,

UK) at 37 °C in an anaerobic environment for 4 days. Artificial saliva was replaced daily.

Heat-killed P. gingivalis was obtained by incubating a 1 × 108 CFU/ml suspension of

bacteria in PBS at 56 °C for 30 min.

OKF6/TERT-2 cell culture

OKF6/TERT-2 oral keratinocytes were a gift from the Rheinwald Laboratory (Brigham and

Women’s Hospital, Boston, USA). OKF6/TERT-2 cells were cultured in keratinocyte

serum-free medium (KSFM) supplemented with 25 μg/ml bovine pituitary extract, 0.2 ng/ml

epidermal growth factor (Life Technologies), 2 mM L-glutamine, 100 IU/ml penicillin, 100

mg/ml streptomycin and 0.4 μM calcium chloride (Sigma-Aldrich, UK) at 37 °C with 5 %
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CO2. The growth media were changed at three-day intervals and cells were passaged when

they reached 70–80 % confluence.

For in vitro experiments, 1 × 105 OKF6/TERT-2 cells were seeded into 24-well plates. The

plates were then incubated at 37 °C with 5 % CO2 overnight. The following day, the media

in each well were changed to defined keratinocyte serum-free media (D-KSFM) (Invitrogen,

UK). To stimulate the cells, the Thermanox® coverslips, with the live P. gingivalis biofilms,

were attached to Millicell® cell culture inserts (Millipore, UK) using Vaseline® and

suspended above the cell monolayer. This was conducted in the presence of varying

pharmacological concentrations (10, 100, 1,000 nM) of a commercially available α7nAChR

agonist, PHA-543613 hydrochloride (HCl; Tocris, UK). For control purposes, cells were left

unstimulated or exposed to 1,000 nM PHA-543613 HCl in the absence of biofilm. To

confirm the specific role of α7nAChR, experiments were repeated in which 10 nM of

α7nAChR antagonist, α-bungarotoxin (Tocris), was added to cells 30 min prior to

PHA-543613 HCl. The plates were then incubated at 37 °C with 5 % CO2 for 4 or 24 h. At

each time point, the bathing supernatant was harvested for analysis by ELISA and the cell

monolayer lysed with RLT buffer (Qiagen) for RNA isolation.

SYBR® green real-time PCR

To measure changes in IL-8 mRNA expression, mRNA was extracted from cell monolayers

using an RNeasy® mini kit (Qiagen). RNA was reverse transcribed to cDNA as described

previously. IL-8 mRNA was then measured using SYBR® green real-time PCR technology

with the following primers—GAPDH: Forward: CAAGGCTGAGAACGGAAG and

Reverse: GGTGGTGAAGACGCCAGT; IL-8: Forward:

CAGAGACAGCAGAGCACACAA and Reverse: TTAGCACTCCTTGGCAAAAC. Real-

time PCR was performed on a MX3000P™ real-time PCR machine (Stratagene). Data were

analysed using MxPro-MX3000P software, version 4.10 (Stratagene). Relative expression of

IL-8 mRNA was calculated using the 2−ΔΔCT method for graphical purposes; however, the

2−ΔCT values were used for statistical analysis.

IL-8 ELISA

Measurement of IL-8 release into bathing supernatants was performed using the human IL-8

Cytoset (Invitrogen) according to the manufacturer’s recommendations. Briefly, monoclonal

antibodies specific for IL-8 were pre-coated onto a MaxiSorp F96 Immunoplate (NUNC,

Denmark) and incubated overnight at 4 °C. The following day, the plate was washed with

PBS-0.05 % Tween 20 and 100 μl of standards and samples added to each well along with

50 μl of working detection antibody. The plate was incubated for 2 h at room temperature

with continual shaking and then washed 5 times before the addition of 100 μl of

streptavidin-HRP. The plate was incubated for a further 30 min, washed and the reaction

developed with 100 μl of TMB (3,3′,5,5′-tetramethylbenzidine) (KPL, USA). The intensity

of the colour was read at both 650 and 450 nm using a Fluostar Omega® microplate reader

(BMG Labtech, Germany). Data analysis was performed using BMG Analysis Software

(BMG Labtech).
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GeneBLAzer M3 CHO-K1-bla cell reporter assay

To measure ACh release, 1 × 105 OKF6/TERT-2 cells were seeded into 24-well plates and

incubated at 37 °C with 5 % CO2 overnight. The following day, the media was replaced with

media containing PHA-543613 HCl (10, 100 and 1,000 nM) or P. gingivalis LPS (0.1 and 1

μg/ml) and the cells were incubated for 4 h. Media were then changed to media containing

0.5 mM physostigmine hemisulphate (an ACh esterase inhibitor) and incubated for a further

10 min before harvesting the bathing supernatants. ACh release into supernatants was

determined using a GeneBLAzer M3 CHO-K1-bla cell reporter assay (Invitrogen) as

described previously [32]. The experiments were performed in duplicate on three separate

occasions. The average response for each experiment was then determined along with the

mean of all three experiments. These values were then used to standardise the data set. The

data presented show the total ACh (nM) released during a 10-min period.

Fast-activated cell-based ELISA (FACE™) NF-κB p65 profiler

The effect of PHA-543613 HCl on the activation of NF-κB was investigated using the

FACE™ NF-κB p65 profiler (Active Motif, UK). OKF6/TERT-2 cells were seeded into 96-

well plates at a density of 1 × 105 cells/well and left to adhere overnight at 37 °C with 5 %

CO2. The following day, cells were stimulated for 30 min with either 1,000 nM

PHA-543613 HCl alone, dead (heat-killed) P. gingivalis alone (MOI = 200) or in the

presence of varying concentrations (10, 100, 1,000 nM) of PHA-543613 HCl. Supernatants

were then discarded and the cells fixed with 4 % formaldehyde. Quenching was then

performed using 1 % H2O2 (v/v) and 0.1 % azide (v/v) in PBS. After quenching, cells were

incubated with antibody-blocking buffer prior to the addition of 40 μl of primary antibody—

anti-phospho-NFκB p65 (S468), anti-phospho-NFκB p65 (S536) or anti-total NFκB p65.

For negative control wells, antibody dilution buffer only was added. Cells were then

incubated overnight at 4 °C. The following day, the cells were washed and incubated with

HRP-conjugated secondary antibody and then exposed to developing solution for 15 min.

The absorbance of each well was then measured at 570 nm with a reference wavelength of

655 nm using a Fluostar Omega® microplate reader (BMG Labtech). To correct the data for

cell numbers, the cells were washed and a crystal violet assay performed. All data analysis

was performed using BMG Analysis Software (BMG Labtech). The experiment was

performed in duplicate on three separate occasions. The percentage of the total NF-κB p65

subunit which was phosphorylated at serine 468 or serine 536 was then calculated in

accordance with the manufacturer’s instructions. The percentage data were subjected to

angular transformation to parametric data for graphical representation and statistical

analysis.

To confirm that changes in NF-κB p65 subunit phosphorylation state corresponded with

modulation of IL-8 expression, simultaneous experiments were performed in which replicate

cultures in 96-well plates were exposed to the same conditions as described above. The

supernatants were harvested after 4 h and IL-8 release investigated by ELISA.

STAT-3 in-cell ELISA

The effect of PHA-543613 HCl on the activation of STAT-3 signalling was investigated

using the STAT-3 in-cell ELISA kit (Thermo Scientific, UK). OKF6/TERT-2 cells were
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seeded into 96-well plates at a density of 1 × 104 cells/well and left to adhere overnight at 37

°C with 5 % CO2. The following day, cells were stimulated for 30 min with either 1,000 nM

PHA-543613 HCl alone, dead P. gingivalis alone (MOI = 200) or dead P. gingivalis in the

presence of varying concentrations (10, 100 and 1,000 nM) of PHA-543613 HCl.

Supernatants were then discarded and the cells fixed with 4 % formaldehyde. The cells were

then permeabilised and quenching performed with 1 % H2O2 (v/v) and 0.1 % azide (v/v).

After quenching, cells were incubated with antibody-blocking buffer prior to the addition of

50 μl of anti-phospho-STAT3 (Y705) or anti-total STAT3 primary antibody. For negative

control wells, antibody dilution buffer only was added. Cells were then incubated overnight

at 4 °C. The following day, the cells were washed and incubated with a secondary HRP-

conjugated antibody and then exposed to developing solution for 2–20 min until the desired

blue colour was achieved. The development reaction was then stopped by addition of a stop

solution. The absorbance of each well was then measured at 450 nm with a reference

wavelength of 655 nm using a Fluostar Omega® microplate reader (BMG Labtech). To

correct the data for cell numbers, the cells were washed and a crystal violet assay performed.

All data analysis was performed using BMG Analysis Software (BMG Labtech). The

experiment was performed in duplicate on three separate occasions. The percentage of the

total STAT3 which was phosphorylated at tyrosine 705 was then calculated in accordance

with the manufacturer’s instructions. The percentage data were subjected to angular

transformation to parametric data for graphical representation and statistical analysis.

To confirm that changes in STAT-3 phosphorylation state corresponded with modulation of

IL-8 expression, simultaneous experiments were performed in which replicate cultures in

96-well plates were exposed to the same conditions as described above. The supernatants

were harvested after 4 h and IL-8 release investigated by ELISA.

Statistical analysis

Statistical analysis was performed using SPSS (IBM, Chicago, USA). The type 1 error alpha

for a 2-sided probability was set at 0.05.

Tissue real-time PCR data and real-time PCR data investigating changes in IL-8 mRNA

expression in cultured OKF6/TERT-2 cells were analysed by performing Levene’s test on

the variance of the natural log-transformed 2−ΔCT values followed by an independent t test

to compare two means (significance was set at P < 0.05).

Statistical analysis of ELISA data was performed by log transformation followed by

ANOVA with a post hoc Bonferroni correction.

The standardised GeneBLAzer data were subjected to Levene’s test of homoscedasticity.

Since the variance of all the data was not significantly different, the statistical difference

between mean values for treatments and controls in each experiment was determined by

linear ANOVA and a post hoc least significant difference test with Holm–Bonferroni (H–B)

correction (significance was set at P = <0.05/H–B correction factor).

The angular-transformed NF-κB or STAT-3 data were subjected to Levene’s test of

homoscedasticity. Again, since the variance of all the data was not significantly different,
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the statistical difference between mean values for treatments and controls in each

experiment was determined by linear ANOVA and a post hoc least significant difference test

with H–B correction (significance was set at P = <0.05/H–B correction factor).

Results

α7nAChR mRNA expression is elevated in diseased periodontal tissues

The mean level of α7nAChR mRNA expression was elevated in the tissue of 17 patients

with periodontal disease when compared with 9 control tissue samples (periodontal disease

2−ΔCT = 0.46 vs healthy 2−ΔCT = 0.24, P = 0.017, Fig. 1).

α7nAChR agonist PHA-543613 HCl inhibits P. gingivalis-induced expression of IL-8 by
OKF6/TERT-2 cells

Stimulation of OKF6/TERT-2 cells with a P. gingivalis biofilm for 4 h induced significant

release of IL-8 in control unstimulated cells from 28.79 ± 11.68 pg/ml to 380.95 ± 22.03

pg/ml (P < 0.001) (Fig. 2a). P. gingivalis-induced IL-8 release was inhibited by

PHA-543613 HCl (10 nM = 217.01 ± 68.72 pg/ml, P = 0.043; 100 nM = 127.71 ± 58.83

pg/ml, P = 0.014 and 1,000 nM = 94.98 ± 29.65 pg/ml, P = 0.012) (Fig. 2a). Similar effects

were seen at 24 h, with P. gingivalis inducing significant release of IL-8 in control

unstimulated cells from 118.67 ± 61.12 pg/ml to 1,190.67 ± 209.57 pg/ml (P = 0.004) (Fig.

2a). Again, this induction of IL-8 release was inhibited by PHA-543613 HCl (10 nM =

710.88 ± 222.67 pg/ml, P = 0.046; 100 nM = 129.85 ± 15.69 pg/ml, P = 0.013 and 1,000

nM = 76.10 ± 10.92 pg/ml, P = 0.011) (Fig. 2a).

The inhibition of IL-8 production was mediated at the transcriptional level (Fig. 2b). IL-8

mRNA expression increased 7.90 ± 3.65-fold after 4 h stimulation with P. gingivalis (P =

0.032). IL-8 mRNA expression levels were not significantly different when cells were pre-

stimulated with 10 and 100 nM PHA-543613 HCl. However, a significant reduction in IL-8

mRNA was observed after 4 h when cells were pre-stimulated with 1,000 nM PHA-543613

HCl (1.28 ± 1.28-fold, P = 0.011). At 24 h, P. gingivalis increased IL-8 mRNA expression

12.11 ± 3.86-fold (P = 0.002). However, in the presence of PHA-543613 HCl, IL-8 mRNA

levels were significantly lower with all concentrations investigated (10 nM = 4.66 ± 2.56-

fold, P = 0.041; 100 nM = 1.76 ± 3.90-fold, P = 0.014 and 1,000 nM = 0.84 ± 1.28-fold, P =

0.011) (Fig. 2b).

The reduction in IL-8 expression was unrelated to cell viability as determined by a lactate

dehydrogenase activity assay (data not shown).

To confirm that the effects of PHA-543613 HCl were specifically mediated by α7nAChR,

experiments were repeated using a specific α7nAChR antagonist, α-bungarotoxin. The P.

gingivalis biofilm induced significant IL-8 release from OKF6/TERT-2 cells at 4 h (control

= 47.74 ± 12.27 pg/ml and biofilm = 221.86 ± 50.57 pg/ml; P < 0.001) and 24 h (control =

85.84 ± 12.03 pg/ml and biofilm = 1,088.80 ± 185.96 pg/ml; P < 0.001). In addition, the P.

gingivalis biofilm-induced IL-8 release was again inhibited by 1,000 nM PHA-543613 HCl

at 4 h (biofilm = 221.86 ± 50.57 pg/ml and biofilm + 1,000 nM PHA-543613 HCl = 35.42 ±

11.59 pg/ml; P < 0.05) and 24 h (biofilm = 1,088.80 ± 185.96 pg/ml and biofilm + 1,000 nM
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PHA-543613 HCl = 70.80 ± 11.59 pg/ml; P < 0.05) (Fig. 2c). α-Bungarotoxin alone or in

combination with PHA-543613 HCl had no effect on IL-8 release from OKF6/TERT-2 cells

(data not shown). In addition, α-bungarotoxin had no effect on P. gingivalis biofilm-induced

IL-8 release from OKF6/TERT-2 cells (data not shown). However, α-bungarotoxin

abolished PHA-543613 HCl-mediated downregulation of P. gingivalis-induced IL-8 release

from OKF6/TERT-2 cells at 4 h (biofilm = 221.86 ± 50.57 pg/ml and biofilm + 1,000 nM

PHA-543613 HCl + 10 nM α-bungarotoxin = 188.19 ± 54.29 pg/ml; P > 0.05) and at 24 h

(biofilm = 1,088.80 ± 185.96 pg/ml and biofilm + 1,000 nM PHA-543613 HCl + 10 nM α-

bungarotoxin = 1,018.33 ± 192.72 pg/ml; P > 0.05) (Fig. 2c).

P. gingivalis LPS and PHA-543613 HCl modulate the release of ACh from OKF6/TERT-2
cells

OKF6/TERT-2 cells were either left unstimulated (basal) or stimulated with P. gingivalis

LPS or PHA-543613 HCl for 4 h. A 10-min snapshot of ACh release into bathing media was

then determined using the GeneBLAzer M3 CHO-K1-bla cell reporter assay. The basal

release level of ACh from OKF6/TERT-2 cells was 0.66 ± 0.09 nM over a period of 10 min

(Fig. 3). No significant change in basal ACh release was observed with 10 and 100 nM

PHA-543613 HCl or 0.1 μg/ml P. gingivalis LPS. ACh release was significantly

downregulated from basal levels in response to 1,000 nM PHA-543613 HCl to 0.37 ± 0.13

nM over a period of 10 min (P = 0.031). In contrast, there was a significant increase in ACh

release from basal levels by cells stimulated with 1 μg/ml P. gingivalis LPS to 0.83 ± 0.91

nM over a period of 10 min (P = 0.042) (Fig. 3).

PHA-543613 HCl regulates the expression of IL-8 in P. gingivalis-stimulated OKF6/TERT-2
cells by inhibiting phosphorylation of the NF-κB p65 subunit

Exposure of OKF6/TERT-2 cells to dead P. gingivalis or PHA-543613 HCl for 30 min had

no significant effect on total NF-κB p65 subunit levels (data not shown). Stimulation of

OKF6/TERT-2 cells with dead P. gingivalis caused significantly elevated phosphorylation

of the NF-κB p65 subunit at serine 468 from 32.51° ± 4.92° (29 %) in control cells to 39.51

± 4.92 (40 %) in stimulated cells (P = 0.016) (Fig. 4a). In addition, stimulation also caused

significantly elevated phosphorylation of the NF-κB p65 subunit at serine 536 from 26.56 ±

6.02 (23 %) in control cells to 36.62° ± 6.38° (31 %) in stimulated cells (P = 0.013) (Fig.

4b). There was a significant decrease in P. gingivalis-induced NF-κB activation when

conducted in the presence of 1,000 nM PHA-543613 HCl. Phosphorylation of the NF-κB

p65 subunit at serine 468 was reduced from 39.51 ± 4.92 (40 %) to 27.92 ± 8.52 (23 %) (P =

0.011) (Fig. 4a) and serine 536 from 36.62° ± 6.38° (31 %) to 21.04 ± 8.99 (22 %) (P =

0.014) (Fig. 4b). Linear ANOVA analysis showed there was a dose-dependent reduction in

phosphorylation of serine 468 (P < 0.05) and serine 536 (P < 0.05) in the presence of

PHA-543613 HCl but only the 1,000 nM concentration reached statistical significance in

both cases. Analysis of IL-8 release into bathing supernatants from simultaneous cultures

showed that the changes in IL-8 release correlated with changes in the phosphorylation state

of the NF-κB p65 subunit (data not shown).
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PHA-543613 HCl regulates the expression of IL-8 in P. gingivalis-stimulated OKF6/TERT-2
cells by maintaining phosphorylation of STAT-3

Exposure of OKF6/TERT-2 cells to dead P. gingivalis or PHA-543613 HCl had no

significant effect on total STAT-3 levels (data not shown). Stimulation of OKF6/TERT-2

cells with dead P. gingivalis caused significantly (P = 0.022) decreased phosphorylation of

STAT-3 at tyrosine 705 from 39.02° ± 0.01° (40 %) in control cells to 21.77° ± 5.74° (14 %)

in stimulated cells (P = 0.011) (Fig. 5). In comparison to P. gingivalis-stimulated cells alone

(21.77° ± 5.74°; 14 %), levels of STAT-3 phosphorylated at tyrosine 705 were significantly

higher in cells stimulated with P. gingivalis in the presence of 100 nM (37.42° ± 5.12°, 38

%; P = 0.024) and 1,000 nM (39.07 ± 8.67, 40 %, P = 0.013) PHA-543613 HCl (Fig. 5).

Linear ANOVA analysis also showed there was a dose-dependent increase in levels of

STAT-3 phosphorylated at tyrosine 705 in the presence of PHA-543613 HCl (P < 0.05) but

only the 100 and 1,000 nM concentrations reached statistical significance. Analysis of IL-8

release into bathing supernatants from simultaneous cultures showed that changes in IL-8

release correlated with changes in the phosphorylation state of STAT-3 (data not shown).

Discussion

α7nAChR signalling has anti-inflammatory effects on epithelial cells [14–17, 23]. In

agreement, this study showed α7nAChR signalling inhibits P. gingivalis-induced expression

of IL-8 by oral keratinocytes. α7nAChR exerts its anti-inflammatory effects in monocytes

through inhibited NF-κB activation [18]. This study suggests that α7nAChR mediates

similar effects in epithelial cells. NF-κB exists in cells in an inactivated form and IL-8 gene

transcription is reliant on NF-κB activation, which occurs through phosphorylation of the

NF-κB p65 subunit and degradation of the inhibitory protein IκB [33, 34]. In this study,

α7nAChR activation inhibited P. gingivalis LPS-induced phosphorylation of the NF-κB p65

subunit at serine 468 and 536 in oral keratinocytes. Phosphorylation of the NF-κB p65

subunit at serine 536 has been shown to play a role in NF-κB activation [35, 36]. In contrast,

phosphorylation at serine 468 has been shown to play an important role in NF-κB

ubiquitination and degradation [37]. Despite their opposing functions, phosphorylation at

serine 536 and 468 occurs simultaneously [36]. Therefore, NF-κB activation and regulation

may go hand in hand. Indeed, phosphorylation of serine 468 is suggested to be a hallmark of

constitutively activated NF-κB in chronic inflammatory diseases [38]. Phosphorylation of

serine 536 of the NF-κB p65 subunit has been demonstrated to be important in transcription

of the IL-8 gene [39]. However, at present, the role that phosphorylation of serine 468 plays

in IL-8 transcription is unknown.

Previous studies have demonstrated a role for STAT-3 in suppression of IL-8 transcription

[40]. In macrophages, the anti-inflammatory effects of α7nAChR signalling are in part

driven by activation of STAT-3 [19]. This study demonstrates that a similar phenomenon

occurs in epithelial cells. Indeed, PHA-543613 HCl inhibited P. gingivalis LPS-induced

expression of IL-8 by oral keratinocytes through maintained STAT-3 tyrosine 705

phosphorylation. Phosphorylation of tyrosine 705 is reported to induce STAT-3 activation

[41], which in turn causes dimerisation and binding to target genes [42] as well as promoting

suppressor of cytokine signalling 3 (SOCS-3) activation [43, 44]. In macrophages,
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α7nAChR exerts its anti-inflammatory effects by direct activation of STAT-3 and not

through increased SOCS-3 activity [19]. In this study, activation of SOCS-3 was not

measured. Therefore, although it can be concluded that direct activation of STAT-3 is

responsible for α7nAChR-mediated inhibition of IL-8 expression by oral keratinocytes, it is

still unknown whether this occurs through SOCS-3-dependent or -independent mechanisms.

In this study, stimulation of oral keratinocytes with P. gingivalis LPS induced a significant

decrease in the percentage of STAT-3 phosphorylated at tyrosine 705. This decrease in

phosphorylation coincided with increased IL-8 expression (data not shown). In contrast,

studies using live P. gingivalis have shown it to induce an increase in phosphorylation of

STAT-3 tyrosine 705 in gingival epithelial cells [45, 46]. This increased activation of

STAT-3 is suggested to be related to the process of internalisation and intracellular

adaptation [45]. Therefore, the differential finding in our study may be related to the use of

P. gingivalis LPS as a stimulator. Indeed, different P. gingivalis antigens have in fact been

shown to have differential effects on STAT-3 phosphorylation in monocytes. Furthermore,

in agreement with the data presented in this study, P. gingivalis LPS has been found to

downregulate STAT-3 activation [47].

Oral keratinocytes can synthesise and release ACh [21] and evidence suggests that levels are

elevated in oral pathologies [3]. The mechanisms controlling release of ACh from non-

neuronal cells are at present poorly understood. Placental models have demonstrated a role

for organic cation transporter 3 (OCT-3). Pharmacological evidence suggests that oral

epithelial cells express OCTs [48]. Furthermore, data from our laboratory suggest oral

keratinocytes express OCT-3 mRNA (data not shown). However, at present, the exact

mechanisms by which oral keratinocytes mediate the synthesis and release of ACh remain

unknown. The data show that P. gingivalis LPS can trigger an increase in ACh release from

oral keratinocytes. In contrast, agonist-induced α7nAChR signalling triggers a decrease in

the release of ACh. Although these findings are in the preliminary stages, it is interesting to

speculate that during inflammation the release of ACh from oral keratinocytes is tightly

regulated. This regulation may be important in ensuring the immune response is appropriate

for the perceived threat. Furthermore, as oral keratinocytes, fibroblasts and numerous

immune cells express α7nAChR, a complex network of autocrine and paracrine non-

neuronal signalling mechanisms can be hypothesised to be operating within the

periodontium that may play a role in periodontal disease pathogenesis. Indeed, this study

shows that α7nAChR mRNA levels are elevated in the tissue of patients with periodontal

disease. Furthermore, our data suggest that the elevated α7nAChR mRNA expression in

diseased periodontal tissue is due to an increased influx of α7nAChR+ immune cells (data

not shown). The precise α7nAChR+ immune cell subsets in diseased periodontal tissue and

their role in disease pathogenesis are currently a matter for further investigation.

The results presented here indicate that non-neuronal ACh and α7nAChR may play a role in

regulating pathogen-induced immune response at epithelial surfaces. They may also play a

role in the pathogenesis of epithelial inflammatory pathologies such as periodontal disease.

However, further research is required to investigate the physiological and immunoregulatory

functions of non-neuronal ACh/α7nAChR-mediated signalling mechanisms within

periodontal tissues.

Macpherson et al. Page 11

Inflamm Res. Author manuscript; available in PMC 2014 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Acknowledgments

This work was wholly supported by a grant awarded to CN by The Dunhill Medical Trust.

References

1. Pohanka M. Alpha7 nicotinic acetylcholine receptor is a target in pharmacology and toxicology. Int
J Mol Sci. 2012; 13(2):2219–38. [PubMed: 22408449]

2. Tracey KJ. Understanding immunity requires more than immunology. Nat Immunol. 2010; 11(7):
561–4. [PubMed: 20562838]

3. Zoheir N, Lappin DF, Nile CJ. Acetylcholine and the alpha 7 nicotinic receptor: a potential
therapeutic target for the treatment of periodontal disease? Inflamm Res. 2012; 61(9):915–26.
[PubMed: 22777144]

4. Borovikova LV, Ivanova S, Zhang M, et al. Vagus nerve stimulation attenuates the systemic
inflammatory response to endotoxin. Nature. 2000; 405(6785):458–62. [PubMed: 10839541]

5. Kessler W, Traeger T, Westerholt A, Neher F, Mikulcak M, Muller A, Maier S, Heidecke CD. The
vagal nerve as a link between the nervous and immune system in the instance of polymicrobial
sepsis. Langenbecks Arch Surg. 2006; 391(2):83–7. [PubMed: 16568325]

6. Nance DM, Sanders VM. Autonomic innervation and regulation of the immune system
(1987-2007). Brain Behav Immun. 2007; 21(6):736–45. [PubMed: 17467231]

7. Goehler LE, Erisir A, Gaykema RP. Neural-immune interface in the rat area postrema.
Neuroscience. 2006; 140(4):1415–34. [PubMed: 16650942]

8. Stojanovich L, Milovanovich B, de Luka SR, Popovich-Kuzmanovich D, Bisenich V, Djukanovich
B, Randjelovich T, Krotin M. Cardiovascular autonomic dysfunction in systemic lupus, rheumatoid
arthritis, primary Sjogren syndrome and other autoimmune diseases. Lupus. 2007; 16(3):181–5.
[PubMed: 17432103]

9. Bruchfeld A, Goldstein RS, Chavan S, Patel NB, Rosas-Ballina M, Kohn N, Qureshi AR, Tracey
KJ. Whole blood cytokine attenuation by cholinergic agonists ex vivo and relationship to vagus
nerve activity in rheumatoid arthritis. J Intern Med. 2010; 268(1):94–101. [PubMed: 20337855]

10. Su X, Matthay MA, Malik AB. Requisite role of the cholinergic alpha7 nicotinic acetylcholine
receptor pathway in suppressing Gram-negative sepsis-induced acute lung inflammatory injury. J
Immunol. 2010; 184(1):401–10. [PubMed: 19949071]

11. Wang H, Yu M, Ochani M, et al. Nicotinic acetylcholine receptor alpha7 subunit is an essential
regulator of inflammation. Nature. 2003; 421(6921):384–8. [PubMed: 12508119]

12. Neumann S, Razen M, Habermehl P, Meyer CU, Zepp F, Kirkpatrick CJ, Wessler I. The non-
neuronal cholinergic system in peripheral blood cells: effects of nicotinic and muscarinic receptor
antagonists on phagocytosis, respiratory burst and migration. Life Sci. 2007; 80(24-25):2361–4.
[PubMed: 17286990]

13. Rosas-Ballina M, Goldstein RS, Gallowitsch-Puerta M, et al. The selective alpha7 agonist GTS-21
attenuates cytokine production in human whole blood and human monocytes activated by ligands
for TLR2, TLR3, TLR4, TLR9, and RAGE. Mol Med. 2009; 15(7-8):195–202. [PubMed:
19593403]

14. Greene CM, Ramsay H, Wells RJ, O’Neill SJ, McElvaney NG. Inhibition of Toll-like receptor 2-
mediated interleukin-8 production in Cystic Fibrosis airway epithelial cells via the alpha7-
nicotinic acetylcholine receptor. Mediators Inflamm. 2010; 2010:423241. [PubMed: 20379354]

15. Summers AE, Whelan CJ, Parsons ME. Nicotinic acetylcholine receptor subunits and receptor
activity in the epithelial cell line HT29. Life Sci. 2003; 72(18-19):2091–4. [PubMed: 12628462]

16. Li Q, Zhou XD, Kolosov VP, Perelman JM. Nicotine reduces TNF-alpha expression through a
alpha7 nAChR/MyD88/NF-kB pathway in HBE16 airway epithelial cells. Cell Physiol Biochem.
2011; 27(5):605–12. [PubMed: 21691078]

17. van Maanen MA, Stoof SP, van der Zanden EP, et al. The alpha7 nicotinic acetylcholine receptor
on fibroblast-like synoviocytes and in synovial tissue from rheumatoid arthritis patients: a possible
role for a key neurotransmitter in synovial inflammation. Arthritis Rheum. 2009; 60(5):1272–81.
[PubMed: 19404936]

Macpherson et al. Page 12

Inflamm Res. Author manuscript; available in PMC 2014 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



18. Yoshikawa H, Kurokawa M, Ozaki N, Nara K, Atou K, Takada E, Kamochi H, Suzuki N. Nicotine
inhibits the production of proinflammatory mediators in human monocytes by suppression of I-
kappaB phosphorylation and nuclear factor-kappaB transcriptional activity through nicotinic
acetylcholine receptor alpha7. Clin Exp Immunol. 2006; 146(1):116–23. [PubMed: 16968406]

19. de Jonge WJ, van der Zanden EP, The FO, et al. Stimulation of the vagus nerve attenuates
macrophage activation by activating the Jak2-STAT3 signaling pathway. Nat Immunol. 2005;
6(8):844–51. [PubMed: 16025117]

20. Chernyavsky AI, Arredondo J, Galitovskiy V, Qian J, Grando SA. Upregulation of nuclear factor-
kappaB expression by SLURP-1 is mediated by alpha7-nicotinic acetylcholine receptor and
involves both ionic events and activation of protein kinases. Am J Physiol Cell Physiol. 2010;
299(5):C903–11. [PubMed: 20660165]

21. Nguyen VT, Hall LL, Gallacher G, Ndoye A, Jolkovsky DL, Webber RJ, Buchli R, Grando SA.
Choline acetyltransferase, acetylcholinesterase, and nicotinic acetylcholine receptors of human
gingival and esophageal epithelia. J Dent Res. 2000; 79(4):939–49. [PubMed: 10831096]

22. Skok MV, Kalashnik EN, Koval LN, Tsetlin VI, Utkin YN, Changeux JP, Grailhe R. Functional
nicotinic acetylcholine receptors are expressed in B lymphocyte-derived cell lines. Mol
Pharmacol. 2003; 64(4):885–9. [PubMed: 14500745]

23. Toyabe S, Iiai T, Fukuda M, Kawamura T, Suzuki S, Uchiyama M, Abo T. Identification of
nicotinic acetylcholine receptors on lymphocytes in the periphery as well as thymus in mice.
Immunology. 1997; 92(2):201–5. [PubMed: 9415027]

24. Wang XJ, Liu YF, Wang QY, Tsuruoka M, Ohta K, Wu SX, Yakushiji M, Inoue T. Functional
expression of alpha 7 nicotinic acetylcholine receptors in human periodontal ligament fibroblasts
and rat periodontal tissues. Cell Tissue Res. 2010; 340(2):347–55. [PubMed: 20309583]

25. Grando SA, Kist DA, Qi M, Dahl MV. Human keratinocytes synthesize, secrete, and degrade
acetylcholine. J Invest Dermatol. 1993; 101(1):32–6. [PubMed: 8331294]

26. Rajeswari KR, Satyanarayana M. Cholinergic components in human gingiva in healthy and
inflamed states. Indian J Dent Res. 1990; 2(2-3):166–9. [PubMed: 2096961]

27. Preshaw PM. Host response modulation in periodontics. Periodontol. 2000; 2008(48):92–110.
[PubMed: 18715360]

28. Rehani K, Scott DA, Renaud D, Hamza H, Williams LR, Wang H, Martin M. Cotinine-induced
convergence of the cholinergic and PI3 kinase-dependent anti-inflammatory pathways in innate
immune cells. Biochim Biophys Acta. 2008; 1783(3):375–82. [PubMed: 18178163]

29. Kashiwagi Y, Yanagita M, Kojima Y, Shimabukuro Y, Murakami S. Nicotine up-regulates IL-8
expression in human gingival epithelial cells following stimulation with IL-1beta or P. gingivalis
lipopolysaccharide via nicotinic acetylcholine receptor signalling. Arch Oral Biol. 2012; 57(5):
483–90. [PubMed: 22119045]

30. Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat
Protoc. 2008; 3(6):1101–8. [PubMed: 18546601]

31. Pratten J, Smith AW, Wilson M. Response of single species biofilms and microcosm dental
plaques to pulsing with chlorhexidine. J Antimicrob Chemother. 1998; 42(4):453–9. [PubMed:
9818743]

32. Kunapuli P, Ransom R, Murphy KL, et al. Development of an intact cell reporter gene beta-
lactamase assay for G protein-coupled receptors for high-throughput screening. Anal Biochem.
2003; 314(1):16–29. [PubMed: 12633598]

33. Baldwin AS Jr. The NF-kappa B and I kappa B proteins: new discoveries and insights. Annu Rev
Immunol. 1996; 14:649–83. [PubMed: 8717528]

34. Matsusaka T, Fujikawa K, Nishio Y, Mukaida N, Matsushima K, Kishimoto T, Akira S.
Transcription factors NF-IL6 and NF-kappa B synergistically activate transcription of the
inflammatory cytokines, interleukin 6 and interleukin 8. Proc Natl Acad Sci USA. 1993; 90(21):
10193–7. [PubMed: 8234276]

35. Mattioli I, Sebald A, Bucher C, Charles RP, Nakano H, Doi T, Kracht M, Schmitz ML. Transient
and selective NF-kappa B p65 serine 536 phosphorylation induced by T cell costimulation is
mediated by I kappa B kinase beta and controls the kinetics of p65 nuclear import. J Immunol.
2004; 172(10):6336–44. [PubMed: 15128824]

Macpherson et al. Page 13

Inflamm Res. Author manuscript; available in PMC 2014 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



36. Moreno R, Sobotzik JM, Schultz C, Schmitz ML. Specification of the NF-kappaB transcriptional
response by p65 phosphorylation and TNF-induced nuclear translocation of IKK epsilon. Nucleic
Acids Res. 2010; 38(18):6029–44. [PubMed: 20507904]

37. Geng H, Wittwer T, Dittrich-Breiholz O, Kracht M, Schmitz ML. Phosphorylation of NF-kappaB
p65 at Ser468 controls its COMMD1-dependent ubiquitination and target gene-specific
proteasomal elimination. EMBO Rep. 2009; 10(4):381–6. [PubMed: 19270718]

38. Buss H, Dorrie A, Schmitz ML, Frank R, Livingstone M, Resch K, Kracht M. Phosphorylation of
serine 468 by GSK-3beta negatively regulates basal p65 NF-kappaB activity. J Biol Chem. 2004;
279(48):49571–4. [PubMed: 15465828]

39. Buss H, Dorrie A, Schmitz ML, Hoffmann E, Resch K, Kracht M. Constitutive and interleukin-1-
inducible phosphorylation of p65 NF-{kappa}B at serine 536 is mediated by multiple protein
kinases including I{kappa}B kinase (IKK)-{alpha}, IKK{beta}, IKK{epsilon}, TRAF family
member-associated (TANK)-binding kinase 1 (TBK1), and an unknown kinase and couples p65 to
TATA-binding protein-associated factor II31-mediated interleukin-8 transcription. J Biol Chem.
2004; 279(53):55633–43. [PubMed: 15489227]

40. de la Iglesia N, Konopka G, Lim KL, et al. Deregulation of a STAT3-interleukin 8 signaling
pathway promotes human glioblastoma cell proliferation and invasiveness. J Neurosci. 2008;
28(23):5870–8. [PubMed: 18524891]

41. Rebe C, Vegran F, Berger H, Ghiringhelli F. STAT3 activation: a key factor in tumor
immunoescape. JAKSTAT. 2013; 2(1):e23010. [PubMed: 24058791]

42. Levy DE, Inghirami G. STAT3: a multifaceted oncogene. Proc Natl Acad Sci USA. 2006; 103(27):
10151–2. [PubMed: 16801534]

43. Levy DE, Lee CK. What does Stat3 do? J Clin Invest. 2002; 109(9):1143–8. [PubMed: 11994402]

44. Kubo M, Hanada T, Yoshimura A. Suppressors of cytokine signaling and immunity. Nat Immunol.
2003; 4(12):1169–76. [PubMed: 14639467]

45. Moffatt CE, Lamont RJ. Porphyromonas gingivalis induction of microRNA-203 expression
controls suppressor of cytokine signaling 3 in gingival epithelial cells. Infect Immun. 2011; 79(7):
2632–7. [PubMed: 21536793]

46. Mao S, Park Y, Hasegawa Y, et al. Intrinsic apoptotic pathways of gingival epithelial cells
modulated by Porphyromonas gingivalis. Cell Microbiol. 2007; 9(8):1997–2007. [PubMed:
17419719]

47. Zhou Q, Amar S. Identification of proteins differentially expressed in human monocytes exposed
to Porphyromonas gingivalis and its purified components by high-throughput immunoblotting.
Infect Immun. 2006; 74(2):1204–14. [PubMed: 16428770]

48. Brayton JJ, Yang Q, Nakkula RJ, Walters JD. An in vitro model of ciprofloxacin and minocycline
transport by oral epithelial cells. J Periodontol. 2002; 73(11):1267–72. [PubMed: 12479629]

Macpherson et al. Page 14

Inflamm Res. Author manuscript; available in PMC 2014 July 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 1.
α7nAChR mRNA expression is upregulated in the tissue of patients with periodontal

disease. RNA was isolated from tissue samples from healthy patients and those with

periodontal disease and analysed for α7nAChR mRNA expression by real-time PCR.

α7nAChR mRNA expression was normalised against a housekeeping gene, RNA

Polymerase II. The data presented represent the mean with 95 % confidence intervals of the

normalised α7nAChR mRNA expression for the two cohorts calculated by the 2−ΔCT

method. Statistical analysis involved Levene’s test of homoscedasticity on the natural log-

transformed 2−ΔCT values followed by an independent t test to compare two means (*P <

0.05)
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Fig. 2.
PHA-543613 HCl inhibits P. gingivalis-induced expression of IL-8 by OKF6/TERT-2 oral

keratinocytes through specific activation of α7nAChR. P. gingivalis-induced release of IL-8

by OKF6/TERT-2 oral keratinocytes was inhibited by the α7AChR agonist PHA-543613

HCl (a). The inhibition of release by the α7AChR agonist PHA-543613 HCl was mediated

at the transcriptional level (b). The specific role of α7AChR in mediating the inhibition of P.

gingivalis-induced expression and release of IL-8 was demonstrated using the specific

antagonist, α-bungarotoxin (c). IL-8 release into bathing supernatants was determined by
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ELISA and changes in IL-8 mRNA expression by real-time PCR. ELISA data are presented

as the mean IL-8 release with standard deviation (SD) and are derived from duplicate wells

of 3 independent experiments (n = 3). Statistical analysis of ELISA data was performed by

log transforming the data followed by ANOVA with a post hoc Bonferroni corrected t test

(*P < 0.05). Real-time PCR data are presented as the fold induction change (±SD) in IL-8

mRNA expression in relation to the unstimulated control (2−ΔΔCT). The data are derived

from duplicate wells of 3 independent experiments (n = 3). Statistical analysis of real-time

PCR data was performed by Levene’s test of homoscedasticity on the natural log-

transformed 2−ΔCT values followed by an independent t test to compare two means (*P <

0.05)
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Fig. 3.
P. gingivalis LPS and PHA-543613 HCl modulate the release of ACh from OKF6/TERT-2

cells. The concentration of ACh in cell culture supernatants was determined using the

GeneBLAzer M3 CHO-K1-bla cell reporter assay. The data represent the total concentration

of ACh (with SD) in supernatants after a 10-min incubation period with a correction for cell

number. The data are derived from duplicate wells of 3 independent experiments (n = 3).

The data were standardised and statistical analysis performed by ANOVA and a post hoc

Holm–Bonferroni (H–B) corrected least significant difference test (*P < 0.05/H–B)
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Fig. 4.
The α7AChR agonist PHA-543613 HCl inhibits P. gingivalis-induced phosphorylation of

the NF-κB p65 subunit at serine 536 and 468. The percentage of the NF-κB p65 subunit

phosphorylated at serine residues 536 (a) and 468 (b) was calculated. The data represent the

mean angular-transformed percentage of NF-κB p65 subunit phosphorylated at each residue

with the SD. The data are derived from duplicate wells of 3 independent experiments (n =

3). Statistical analysis was performed by ANOVA and a post hoc Holm–Bonferroni (H–B)

corrected least significant difference test (*P < 0.05/H–B)
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Fig. 5.
The α7AChR agonist PHA-543613 HCl reverses the P. gingivalis-induced decrease in

phosphorylation of STAT-3 at tyrosine 705. The percentage of STAT-3 phosphorylated at

tyrosine 705 was therefore calculated and angular-transformed to parametric data for

graphical representation and statistical analysis. The data represent the mean angular-

transformed percentage of STAT-3 phosphorylated at tyrosine 705 with the SD. The data are

derived from duplicate wells of 3 independent experiments (n = 3). Statistical analysis was

performed by ANOVA and a post hoc Holm–Bonferroni (H–B) corrected least significant

difference test (*P < 0.05/H–B)
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