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Abstract

Background and objective: Plaque-induced gingival inflammation (gingivitis) is ubiquitous in humans.
The epithelial barrier reacts to the presence of oral bacteria and induces inflammatory cascades. The
objective of this study was to investigate the mechanism by which the small molecule micronutrient
curcumin could decrease inflammatory response in vitro to oral bacterium heat killed Fusobacterium
nucleatum as curcumin could be a useful compound for combatting gingivitis already consumed by

humans.

Methods: H400 oral epithelial cell line was pre-conditioned with curcumin and the production of
cytokines, by enzyme linked immunosorbent assay (ELISA), and translocation of transcription factors
used to monitor inflammatory responses. Haem oxygenase (HO-1) expression and molecules that HO-
1 releases were evaluated for their potential to reduce the quantity of cytokine production.
Immunofluorescence microscopy and Western blotting were used to evaluate changes in transcription

factor and enzyme location.

Results: Pre-conditioning of H400 cells with a sub-apoptotic concentration of curcumin (20uM)
attenuated secretion of Granulocyte-Macrophage — Colony-Stimulating Factor (GM-CSF) and reduced
NFkB nuclear translocation. This pre-conditioning caused an increase in nuclear Nrf2; an initial drop
(at 8h) followed by an adaptive increase (at 24h) in glutathione; and an increase in haem oxygenase
(HO-1) expression. Inhibition of HO-1 by SnPPIX prevented the curcumin-induced attenuation of GM-
CSF production. HO-1 catalyses the breakdown of haem to carbon monoxide, free iron and biliverdin:
the HO-1/CO anti-inflammatory pathway. Elevations in carbon monoxide, achieved using carbon
monoxide releasing molecule-2 (CORM2) treatment alone abrogated F. nucleatum induced cytokine
production. Biliverdin is converted to bilirubin by biliverdin reductase (BVR). This pleiotropic protein

was found to increase in cell membrane expression upon curcumin treatment

Conclusion: Curcumin decreased inflammatory cytokine production induced by Fusobacterium
nucleatum in H400 oral epithelial cells. The mechanism of action appears to be driven by the increase

of haem oxygenase and the production of carbon monoxide.
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Introduction

Gingivitis is an inflammatory condition of the gums, induced by the accumulation of a microbial biofilm
around the teeth that affects around 90% of adults 1. Unchecked, this may eventually lead to
periodontitis in up to 50% of adults, where the tooth-supporting connective tissues and alveolar bone
are destroyed, ultimately leading to tooth loss. Periodontitis is an inflammatory condition of the
periodontal tissues, evidenced by an increase in pro-inflammatory cytokines? and a large, neutrophil-
dominated inflammatory cell infiltrate 3. The initial local increase in cytokines is likely to emanate from
the epithelial cell barrier and transmigrating neutrophils responding to an emerging dysbiosis,
following engagement of surface pattern recognition receptors to pathogen associated molecular
patterns on the surface of periodontal pathogens such as Porphyromonas gingivalis and
Fusobacterium nucleatum. Specifically, chemokines are released by oral epithelial cells following
activation of the Toll-like receptor (TLR; TLR-2, -4 and/or -9) pathways * ° leading to activation of
transcription factors such as Nuclear Factor kappa B (NFkB) ¢ 7 and Activator Protein 1 (AP-1) & These
families of transcription factors are key regulators in the response to infection and are activated by
various stimuli including reactive oxygen species (ROS). One of the earliest features of the innate
immune response driven by epithelial-derived chemokines is the extravasation of leukocytes,
particularly neutrophils, into affected tissues, where they are a source of ROS such as the superoxide
anion, hydroxyl radicals and hypochlorous acid °. Antioxidant enzymes and peptides such as reduced
glutathione (GSH) remove such ROS and abrogate the damage they cause °. Recent studies of
periodontitis have demonstrated that local levels of glutathione in the epithelial exudate, gingival
crevicular fluid, are depleted. However, following successful, non-surgical treatment, glutathione
(GSH) levels partially recover and the GSH:GSSG ratio is restored, although total GSH concentrations
remain less than in healthy controls . Consistent with this the reducing environment of peripheral
blood neutrophils, which is maintained by a high GSH: oxidised glutathione (GSSG) ratio, is
compromised in periodontitis patients relative to controls, generating various sequelae of oxidative
stress that may damage periodontal tissues?. In lung epithelium models, exogenously added GSH can
decrease CXCL8 production in response to Pseudomonas aeruginosa diffusible material, but there is

limited data on GSH augmentation strategies in managing periodontitis.

Glutathione is a tripeptide present intra- and extra-cellularly and is highly conserved between species.
It is a major contributor to the redox balance within cells, and it is a master regulator of redox-
regulated pro-inflammatory gene transcription factors such as NFkB and AP-1, through which it
counteracts oxidative stress conditions. It is synthesized in two steps, with the first step, catalysed by

gamma-glutamyl cysteine synthetase, being the rate limiting step. The gene regulation of this enzyme



is controlled by the antioxidant response element (ARE) which binds the transcription factor, Nuclear
factor (erythroid-derived 2)-related factor 2 (Nrf2). Under normal conditions Nrf2 is sequestered in
the cytoplasm by ligation to Kelch-like ECH-associated protein (KEAP1), ubiquitinated and targeted for
proteasomal degradation. When a cell is challenged with a primary stressor, e.g. an electrophile or
oxidant, KEAP1 is modified at critical thiols thereby releasing Nrf2 and allowing it to relocate to the
nucleus'®. Many genes are regulated by Nrf2, most of which are involved in a protective adaptive
response to secondary stressors. Haem oxygenase-1 (HO-1) is one such gene upregulated in response
to Nrf2 activation. The protein HO-1 catalyses the conversion of haem to carbon monoxide (CO),
biliverdin and iron. Induction of HO-1 is considered a rapid protective response against hypoxia,
inflammation and inflammatory diseases such as diabetes, obesity, atherosclerosis and other non-
communicable diseases (NCD)*>%17, Of its products, iron is rapidly sequestered by ferritin, which is
also upregulated under Nrf2 control 8, However, CO and biliverdin have been shown to exhibit a
number of anti-inflammatory effects. CO inhibits pro-inflammatory cytokine production®® via
modulation of AP-1 2°, Mitogen-activated protein kinases (MAPK) *° and NFkB 2! pathways. CO can also
increase intracellular calcium concentrations 22 which may affect intracellular signalling pathways,
such as CaM kinase Il and histone deactelyase (HDAC) activity 2 24, Biliverdin is rapidly converted into
bilirubin by biliverdin reductase (BVR). Bilirubin possesses well documented antioxidant activities and
the enzyme biliverdin reductase also acts as a serine threonine kinase possessing its own

transcriptional regulation properties 25.

Curcumin, a polyphenol found in Curcuma longa tubers, has long been used in cooking and traditional
medicines. It is a natural pigment with a characteristic yellow-orange colour. It exhibits antibacterial,
antifungal, antiviral, antiprotozoal, and antiparasitic properties. Curcumin is lipophilic and is a dimeric
derivative of ferulic acid composed of two o-methoxyphenol rings connected by a 1,6-heptadiene-3,5-
dione chain. Additionally it has been the subject of research as a cancer therapeutic 2,
neuroprotective agent 2’ and anti-inflammatory agent 2. It is a classical Nrf2 agonist acting to release

2 and therefore curcumin is of potential

the transcription factor from KEAP1l sequestration
importance in downregulating the stress response and consequent inflammation within periodontitis

and other “hyperinflammatory” diseases.

In this study we have chosen to use F. nucleatum as a key species involved in periodontal diseases.
There are many hundred species of bacteria present in the mouth and this bridging organism has been
associated with patients with gingivitis and periodontitis: indeed, in periodontitis it helps the insertion

of the more prominent periodontopathogen P. gingivalis to become established. We have also chosen



to use heat killed F. nucleatum so as to minimise other effects that this bacterium may have such as

invasion into the epithelium.

The aim of the studies reported here was to determine the potential for curcumin to modulate the
initial pro-inflammatory response of oral epithelial cells to challenge by the periodontal pathogen
Fusobacterium nucleatum in a non-viable form. Herein we demonstrate that in oral epithelial cells,
curcumin, at concentrations with no discernible effect on cell viability, is able to decrease the quantity
of pro-inflammatory cytokines secreted in response to challenge by heat killed F. nucleatum, a process

that appears to be mediated through the HO-1 products, CO and biliverdin.



Materials & Methods:
Cell culture

H400 oral epithelial cells were routinely cultured at 37°C in Dulbeco’s Modified Eagle’s Media
(DMEM)/F12 supplemented with 10% foetal calf serum and glutamine in a 5% CO, atmosphere. This
cell line was derived from an oral squamous cell carcinoma, is adherent and shows a typical polygonal
epithelial cell morphology with desmosomal junctions in culture &3° . The cell line was a gift from the
originator (Professor S. S. Prime, University of Bristol, UK) but is lodged with the European Collection
of Cell Cultures and available commercially. Unless otherwise stated, all experiments were performed
on cells plated at a density of 2x10°/ml into white-walled 96 well plates (Corning; 100ul/well) and

allowed to adhere overnight before challenge.

Bacteria

Bacteria (Fusobacterium nucleatum American Type Culture Collection (ATCC) #10953) were grown as
described previously 3!, harvested, washed with sterile distilled water and heat killed for 10min at
100°C. The optical density at 600nm of each stock suspension was measured and used to calculate the
approximate numbers of bacteria present 3! for subsequent multiplicity of infection (MOI)

calculations.

Preparation of curcumin
Curcumin (Sigma, UK) was dissolved in ethanol, unless otherwise stated. The solution was made at
20mM and diluted with cell culture media 100-fold. Ethanol was used as a vehicle control at an

equivalent concentration and never exceeded 1% of the final assay volume.

Viability and caspase activity

Metabolic activity (as a measure of viability) of H400 cells under all treatments was determined by
CellTitre-Glo (Promega) and apoptosis was determined by Caspase-Glo 3/7 (Promega). In both cases
the manufacturer’s protocol was followed. Glo reagents were added at the end of the experiment and
luminescence was measured per well for 1s integration, using a Tecan SpectrafluorPlus instrument

(Tecan, Germany).

Cytokine and chemokine ELISA enzyme linked immunosorbent assays (ELISA)



To measure the secretion of GM-CSF, Interleukin (IL)-1B, tumour necrosis factor (TNF)-alpha or
chemokine (CXCLS, also known as interleukin-8), H400 cells were seeded in 12 well plates (Greiner;
2x10°/ml, 1.5ml/well) and left to settle for 24h. Media was exchanged before treatments. Cells were
then treated with a variety of compounds (curcumin, tetrahydocurcumin or ferulate 0-50uM) for 8h
and then F. nucleatum for 16h for GM-CSF, for 48h for IL-1 beta, for 4h for TNFalpha and for 8h for
CXCLS (see supplemental figure 1 for time course analysis). Cytokine levels in cell culture media were
determined by enzyme-linked immunosorbent assay (ELISA; Diaclone (IDS Ltd., Boldon, UK) following
the manufacturer’s instructions. Individual samples were analysed in duplicate and experiments were

conducted in triplicate.

NFkB reporter assay

Creation of pGL4.22 3enh transfected H400 cells has been described previously in 732, pGL4.22 3enh
transfected adherent cells were treated with curcumin (20uM) for 8h and then challenged with F.
nucleatum for 3h (at a range of MOIs). After 3 h, the amount of luciferase produced was determined
using ONE-Glo luciferase reagent (Promega, UK). Luminescence was measured per well for 1s

integration, using a Tecan SpectrafluorPlus instrument (Tecan, Germany).

TransAM nuclear fractionation and transcription factor detection

Briefly H400 cells (density 2x10° cells/ml, 50ml per 15cm Petri dish) were incubated: with/without
curcumin (20uM, 8h) and then challenged with: F. nucleatum (1h) for NFkB and AP-1 family members;
or with/without curcumin (20uM, 2h) for Nrf2. Nuclear extracts were then prepared by using Active
Motif's Nuclear extraction kit (Active Motif, USA). Nuclear extracts were used with TransAM
transcription factor ELISAs (Active Motif, USA) to quantify NFkB family members (p65, p50, c-Rel, p52
and Rel-B), AP-1 family members (phosphorylated c-Jun, c-Fos, Fra-1, FosB, JunD and JunB) or Nrf2 in
the nucleus. Manufacturer’s conditions were followed. Signals were measured using a Tecan

SpectrafluorPlus instrument and normalised to protein content determined by BCA assay (Sigma, UK).

Proteasome activity

Proteasome activity of H400 cells treated with curcumin was determined by the Proteasome-Glo 3-

Substrate System (Promega, UK) for chymotrypsin, caspase-like and trypsin proteasome activity.



Manufacturer’s conditions were followed and luminescence was measured per well for 1s integration,

using a Tecan SpectrafluorPlus instrument (Tecan, Germany).

Glutathione

Glutathione in curcumin-treated and control H400 cells pre- and post-bacterial challenge was analysed
by GSH-Glo (Promega, UK), following the manufacturer’s instructions. Luminescence was measured

per well for 1s integration, using a Tecan SpectrafluorPlus instrument (Tecan, Germany).

HO-1 ELISA

To measure the expression of haem oxygenase-1, H400 cells were seeded in 12 well plates (Greiner;
2x10°/ml, 1.5ml/well) and left to adhere and grow for 24h. Cells were then treated with a variety of
compounds for 8h. Media was removed from the cells and they were washed with ice cold PBS
containing protease inhibitors (Complete mini, Roche, UK). Cells were harvested by scraping into
extraction buffer (Stressgen). HO-1 content was then determined by HO-1 ELISA (Stressgen, UK) and
normalised to protein content, as determined by BCA assay (Sigma, UK). Absorbance was measured

using a Tecan SpectrafluorPlus instrument (Tecan, Germany).

Immunofluorescence

H400 oral epithelial cells were seeded (2x 10°/ml) into 12-well plates (Greiner, Stonehouse, UK)
containing acid washed 13mm coverslips and allowed to adhere overnight. Cells were treated as
described and then fixed with paraformaldehyde (4%, 10 min, room temperature) and permeabilized
with ice-cold methanol (20 min, -20°C). Non-specific binding was blocked by washing with 1% bovine
serum albumin (BSA) in PBS and then Nrf2 was located with anti-Nrf2 antibody (ab31163, dilution
1:50, Abcam, UK) or with anti-BVR (B8437, dilution 1:50, Sigma, UK). Secondary antibodies conjugated
to Texas Red (AB_2339610, dilution 1:200, Jackson labs, USA) were used to visualise the locations of
Nrf2 or Biliverdin reductase (BVR). Nuclei were counterstained with Hoescht stain (10ng/ml).
Coverslips were then mounted in MOWIOL® (Calbiochem, Darmstadt, Germany) containing anti-fade
compound. Immunostained cells were visualized using a Leica DMRB microscope equipped with a

Hamamatsu ORCA camera, and images were captured and processed using OpenlLab software



(Improvision, Perkin Elmer, Cambridge, UK) and processed with Image) and Abode Photoshop 6.0
(Adobe, San Jose, CA).

Ca?* signalling

Calcium fluctuations in response to curcumin and/or F. nucleatum treatment were detected by
changes in fluorescence of the calcium sensitive dye FluoForte (Enzo Life Sciences, UK). Adherent H400
cells were preloaded with Fluoforte dye (100ul/well, 1h). Individual wells were then followed
fluorescently using a Mithras instrument (Berthold, UK) before stimulants were injected directly into

the well. Fluorescent signals were followed for 1min, over which time they stabilised.

HDAC activity

Histone deacetylase (HDAC) class | & Il activity of H400 cells treated with curcumin were determined
by HDAC-Glo (Promega, UK). Manufacturer’s conditions were followed and luminescence was

measured per well for 1s integration.

Western blotting for BVR

H400 oral epithelial cells were seeded (2x 10°/ml) into 6-well plates (Greiner, Stonehouse, UK) and left
to settle for 24h. Subsequently cells were treated with curcumin for 8h and then heat-inactivated F.
nucleatum for 16h, or vehicle. Media was removed and cells washed with PBS prior to membrane
isolation (Abcam plasma membrane extraction kit ab65400). Proteins were then solubilised with
Laemlli buffer (Sigma, UK) and separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE, 4-20% gels) and electroblotted onto Polyvinylidene fluoride (PVDF). BVR
and E-cadherin were detected with anti-BVR (B8437, dilution 1:100 Sigma, UK) and anti-E-cadherin
(13-1700, dilution 1:100, Invitrogen, UK). Secondary antibodies conjugated to IR dyes were used to
visualise the locations of the proteins of interest. Membranes were visualized using fluorescence

detection on the Odyssey Infra-red Imaging System (Licor Biosciences, UK).

Statistics

All data were analysed using one-way analysis of variance (ANOVA), with Graph Pad Prism v 3.03

(Graph Pad, USA).






Results

Sub-apoptotic concentrations of curcumin reduce pro-inflammatory cytokine production in H400 cells
Prior to evaluating the anti-inflammatory properties of curcumin we determined concentrations of
curcumin that were not cytotoxic (figure 1 A) nor induced significant levels of apoptosis (figure 1B).
Following this 20uM curcumin was used for subsequent experiments. To evaluate the anti-
inflammatory effects of curcumin we examined its ability to reduce pro-inflammatory cytokine
secretion in response to the periodontally relevant bacterium, Fusobacterium nucleatum. GM-CSF
secretion was stimulated by F. nucleatum at all multiplicities of infection tested (MOI 10-300:1) in a
dose-dependent manner (Figure 1 C). Curcumin significantly reduced GM-CSF production across all

MOlIs tested. Similar responses were seen for TNF-alpha, CXCL8 and IL-1P (figure 1).

Curcumin affects location of NFkB and AP-1 transcription factor families

Concomitant with the decrease in cytokine production was a decrease in NFkB activity determined by
reporter assay (figure 2A). Nuclear fractionation and analysis of NFkB family members (figure 2B) and
AP-1 family members (figure 2C) revealed there was a significant reduction of p65 and p50 NFkB
subunits in the nucleus of cells treated with curcumin prior to F. nucleatum stimulation in comparison
to F. nucleatum stimulation alone. Nuclear phosphorylated c-Jun was the only member of the AP-1
family that was modulated by curcumin and/or F. nucleatum treatment. Treatment with either
showed a modest increase in phospho-c-Jun, however the treatment of cells with both curcumin and
F. nucleatum showed a large increase in its nuclear localisation. Following these experiments and
those of the range finding of cytokine and chemokine production as MOI of 100:1 was used for the

further experiments.

The effect of curcumin on F. nucleatum-induced NFkB activation

In order to establish whether curcumin could alter the activity of proteasomal degradation, which
could affect NFkB activation via degradation of IkB, cells were treated with curcumin and subsequently
proteasome activity was assessed. Decreases of NFkB activation in the presence of curcumin were not
associated with a modulation of proteasome activity (figure 3A) demonstrating that the release of the
functional subunits of the transcription factor was not affected by curcumin. The proteasome inhibitor
MG132, (200nM) showed at least a 50% inhibition of NFkB activation compared to vehicle controls
(supplemental fig 2). Incubation of H400 cells with F. nucleatum increased intracellular calcium
concentration and this was further enhanced by pre-treatment with curcumin (figures 3B & C). As
increases in intracellular calcium may increase CaMkinase Il activity and subsequently inhibit histone

deactelyase (HDAC) activity, a regulator of NFkB activity, we assessed the effect of curcumin on HDAC



activity. HDAC activity appeared to decrease but not significantly versus control (figure 3D).

Trichostatin A was used as a positive control for inhibition of HDAC activity.

Curcumin induces activation of Nrf2, changes glutathione levels and increases HO-1 expression

Curcumin is a well-known inducer of the transcription factor Nrf2, thus we determined if, in the
conditions shown to be anti-inflammatory, Nrf2 was induced in H400 cells. Nuclear fractionation and
Nrf2-consensus sequence binding assays demonstrated an increase in Nrf2 localisation to the nucleus
(figure 4A). Immunocytochemistry also confirmed an increase in the localisation of Nrf2 to the nucleus
(figure 4B). Intracellular glutathione, the production of which is determined by the rate limiting
enzyme gamma-glutamylcysteine synthetase, a protein controlled by Nrf2, decreased when measured
at 8h but was increased in response to curcumin treatment when measured at 24h (figure 4C). This
suggests an adaptive stress response from the cells. The decrease in glutathione content at 24h in
vehicle control cells (OuM curcumin) is likely to be an effect of the ethanol vehicle 33. We also
demonstrated that HO-1, a protein also controlled by Nrf2, was increased significantly by curcumin
incubation (figure 4D). The peak of induction was between 20 and 30uM, the same conditions that
elicited anti-inflammatory protection and reduced GM-CSF production. Incubation of H400 cells with
tetrahydrocurcumin (THC3) or ferulate (structures illustrated in figure 4E), did not elicit an increase in
HO-1 at similar concentrations to those used for curcumin (figure 4D). This confirms that the a, B-
unsaturated carbon within the central seven carbon chain (1,6-heptadiene-3,5-dione) are vital for

curcumin’s mechanism of action as previously described**.

Effects of HO-1 induction on cytokine production

To determine if HO-1 plays a role in the inhibition of epithelial cytokine production in the presence of
curcumin, HO-1 was induced by curcumin in the presence and absence of its inhibitor, Tin
protoporphyrin (SnPPIX). Whilst a cytokine response was induced by F. nucleatum stimulation, the
inhibitor had no effect on GM-CSF production either alone or in the presence of F. nucleatum, however
it prevented the decrease in GM-CSF production exerted by pretreatment with curcumin (figure 5A)
on F. nucleatum induced GM-CSF production. HO-1 degrades haem to CO, free iron and biliverdin. Iron
can be sequestered by ferritin and biliverdin can be further converted to bilirubin via biliverdin
reductase. To test whether CO may have anti-inflammatory effects H400 cells were incubated, without

)35

curcumin, with CO releasing molecule CORM2 (100uM)? (figure 5B) and challenged with F. nucleatum.

CORM?2 elicited a significant reduction in GM-CSF production in response to F. nucleatum.

Curcumin increases BVR expression at the cell membrane



As BVR is required for the conversion of biliverdin to bilirubin, we investigated whether there was an
effect on the cellular localisation of BVR by curcumin and/or F. nucleatum stimulation. While F.
nucleatum stimulation had no effect on BVR localisation, curcumin consistently increased the
localisation of BVR at the plasma membrane (figure 6A&B). Figure 6 A shows that in the presence of
curcumin there is potential for increased antibody staining seen at the membrane as illustrated by the
white arrows. In addition, Western blotting was used to identify BVR in different subcellular fractions:
guantification of the blots for optical density suggest that there is an increase in the quantity of BVR

isolated in membrane fractions.



Discussion

Many chronic inflammatory non-communicable diseases (NCD) are associated with a dysregulated
and exaggerated inflammatory response. Periodontitis is one such NCD and a model disease to study
inflammatory pathways and their regulation in response to microbial challenge. Here we have
employed gingival inflammation to explore the role of curcumin as a modulator of redox-regulated
gene transcription factors that are known to control inflammation and its resolution. Periodontitis and
gingivitis are characterised by a cytokine cascade and neutrophilic infiltration into the periodontal
tissues, in response to bacterial challenge. The exaggerated neutrophil derived oxidative burst 3637
and subsequent oxidative stress is likely to be responsible for the tissue destruction prevalent in

periodontitis %38,

We have demonstrated that sub-apoptotic concentrations of curcumin can decrease intracellular GSH
(8h) thereby stimulating an stress response, and cytokine release, particularly GM-CSF, across a range
of MOls by oral epithelial cells, which form the first line of defence against periodontopathogens, such
as Fusobacterium nucleatum. Curcumin has been used at similar concentrations (1-50uM) in other
studies®, using different cell lines, to demonstrate sub-apoptotic effects that are cytoprotective. This
includes the use of 10uM curcumin to prevent GM-CSF production in lymphocytes exposed to dust
mite Dermatophagoides farinea®. In the study presented here, the subsequent increase in GSH (24h)
demonstrates the adaptative response by these epithelial cells to the curcumin which may assist in
the reduction of GM-CSF production from curcumin pre-treated cells. The GM-CSF gene promoter
region contains both NFkB and AP-1 binding motifs®'. Within 1h of stimulation with F. nucleatum we
demonstrated an increase in NFkB activity and relocation of the classical NFkB components p65 and
p50 to the nucleus. The relocation of these components is dependent upon NFkB release from its
inhibitor of kB (IkB), which is complexed in the cytosol. This complex is phosphorylated and
subsequently ubiquitinated for targeted proteasomal degradation. Failure to degrade ubiquitinated
IkB may prevent activation of the pathway. Proteasome levels are governed by oxidative stress
through Nrf2 activation*?, however under our experimental conditions no change in proteasomal
activity was seen suggesting that alternate pathways may exist to regulate nuclear NFkB activity; one
such pathway is that of histone deacetylases (HDAC). We observed increases in calcium ion
concentrations, which can in turn increase CaMKinase Il activity and ultimately lead to
phosphorylation and deactivation of HDACs. HDAC3 has been shown to deacetylate NFkB and lead to
the transcription factor’s nuclear export . Here we show that pre-treatment with curcumin
decreases HDAC activity in the H400 cell line, which may contribute to the decrease in NFkB induced

GM-CSF production.



We did not observe an early increase in AP-1 components with the inflammatory stimulus alone. Pre-
incubation of the epithelial cells with curcumin prior to F. nucleatum stimulation increased
phosphorylated c-Jun alone. Studies have suggested that AP-1 may act as a negative regulator of
inflammation % through c-Fos or Fra-1, but neither of these proteins were increased in the nucleus

at 1h post inflammatory stimulation.

Morse et al % have shown that CO attenuates lipopolysaccharide (LPS) driven IL-6 production via
reduced binding of AP-1 components JunB, JunD, and c-Fos in macrophages. Here we see no evidence
for modulation of these AP-1 components in the nucleus at the time point employed (lhour).
However, we were able to demonstrate that curcumin pre-treatment does increase nuclear Nrf2 and
downstream Nrf2 targets glutathione and haem oxygenase 1 (HO-1). Tetrahydrocurcumin (THC3) or
ferulate had no effect demonstrating that the a,B-unsaturated carbon within the central seven carbon
chain (1,6-heptadiene-3,5-dione) is vital for curcumin’s mechanism of action in this system. Pae et al
% have also shown that THC3 does not induce HO-1, in rat smooth muscle cells. Interestingly,
demethoxycurcumin and bisdemethoxycurcumin, two other turmeric derived curcuminoids retaining
the 1,6-heptadiene-3,5-dione structure but with modified methoxy groups, preserve both NFkB

inhibitory capacities®® and HO-1 stimulating properties®’.

HO-1 is a stress response protein that catalyses the breakdown of haem to iron, CO and biliverdin. It
is inhibited by metallic protoporphyrins such as SnPPIX *°. Here we show that the effect of curcumin
pre-treatment on F. nucleatum induced GM-CSF production is abrogated by use of this inhibitor,
indicating that HO-1 production is linked to the anti-inflammatory effects of curcumin within H400
cells. The HO-1 product iron is rapidly sequestered by ferritin 8, however, CO and biliverdin may be
involved in the anti-inflammatory effects of HO-1. By using the CO releasing molecule 2 (CORM2),
biliverdin and bilirubin alone we attempted to tease out the role of these molecules. Whilst CORM
was the only molecule to significantly reduce F. nucleatum induced GM-CSF production, both
biliverdin and bilirubin had some effect independently. The overarching interaction of these molecules
is outlined in figure 7.

1945 and also to

CO has previously been shown to decrease proinflammatory cytokine production
increase intracellular calcium concentrations 22, which in turn may play a role in the regulation of NFkB
via HDAC activation and nuclear export of NFkB. In addition, CO is a ubiquitous vascular relaxant and

decreases leukocyte rolling, adhesion and neutrophil migration into inflammatory sites *4°, Whilst



these properties could not be tested here they may also contribute to the benefits of localized CO

production in situ within the gingiva.

BVR is a pleiotropic enzyme, exhibiting a catalytic function as well as being a dual specificity kinase *°.
This latter property can turn extracellular stimuli into cellular responses. Here we show that curcumin
stimulates the movement of BVR from the cytoplasm to the plasma membrane. This relocation has
been reported by Wegiel et al *! in macrophages in response to LPS but not previously after curcumin
stimulation. BVR has also been shown to activate c-Jun, perhaps aiding in the repression of GM-CSF
promoters®2. In addition, Wang et al*® and Kim et al®* found that BVR and HO-1 localise to caveolae,
caveolin-1 rich membrane domains, where bilirubin may be externalised and mediate extracellular
anti-inflammatory and/or anti-oxidant properties. Bilirubin, the product of BVR, can protect cells
against almost 10,000-fold higher concentrations of hydrogen peroxide® due to the cycling action of
biliverdin reductase. Interestingly systemic bilirubin shows an inverse relationship to the prevalence

of periodontitis .

Our study included the use of a cell line derived from an oral squamous cell carcinoma: H400. This cell
line has been used extensively to explore the interactions between oral bacteria and oral epithelial
cells. We have demonstrated the same molecular pathways are activated in H400 cells as primary oral
epithelial cells®*’. The use of the H400 cell line allows high throughput characterisation of cell
responses, such as transcriptional and translational events in response to stimulation, prior to future
confirmatory studies on primary cells. As noted by the review by Bierbaumer et al *® there as yet no

gold standard cell culture models of oral epithelium.

Curcumin is a pleiotropic molecule, which may affect many different epithelial cell pathways to
decrease the cellular effects of inflammatory stimuli, such as F. nucleatum and other periodontal
pathogens. Although in many systems curcumin will be rapidly metabolised to the less active form
THC3, in the oral cavity it may have a role to play in reducing the exaggerated inflammatory burden
evident within periodontal diseases, via topical application to gingival tissues. Clinical trials in this area
have begun® and a meta-analysis of the use of curcumin as a nonsurgical periodontal treatment has
reported that curcumin can decrease gingival index, sulcus bleeding index but not bleeding on
probing®. In conclusion, we have shown that curcumin can decrease inflammatory markers produced
by an oral epithelial cell line in response to challenge by F. nucleatum. The mechanism by which this
occurs appears to be driven by the induction of NrF2 responses. We have demonstrated that HO-1
and the production of this enzymes product carbon monoxide are key players. There is a hint that the

role of biliverdin reductase may also be important but more research on this is required.






Acknowledgements:

We gratefully acknowledge Unilever Oral Care (Unilever Oral Care, Quarry Road East, Bebington,
Wirral CH63 3JW, United Kingdom) for funding.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Steele JG, Treasure ET, O'Sullivan |, Morris J, Murray JJ. Adult Dental Health Survey 2009:
transformations in British oral health 1968-2009. Br Dent J. 2012;213(10):523-527.
Adonogianaki E, Moughal NA, Mooney J, Stirrups DR, Kinane DF. Acute-phase proteins in
gingival crevicular fluid during experimentally induced gingivitis. Journal of periodontal
research. 1994;29(3):196-202.

Kinane DF, Adonogianaki E, Moughal N, Winstanley FP, Mooney J, Thornhill M.
Immunocytochemical characterization of cellular infiltrate, related endothelial changes and
determination of GCF acute-phase proteins during human experimental gingivitis. Journal of
periodontal research. 1991;26(3 Pt 2):286-288.

Nussbaum G, Ben-Adi S, Genzler T, Sela M, Rosen G. Involvement of Toll-like receptors 2 and
4 in the innate immune response to Treponema denticola and its outer sheath components.
Infection and immunity. 2009;77(9):3939-3947.

Kim Y, Jo AR, Jang da H, et al. Toll-like receptor 9 mediates oral bacteria-induced IL-8
expression in gingival epithelial cells. Immunology and cell biology. 2012;90(6):655-663.
Milward MR, Chapple IL, Wright HJ, Millard JL, Matthews JB, Cooper PR. Differential activation
of NF-kappaB and gene expression in oral epithelial cells by periodontal pathogens. Clinical
and experimental immunology. 2007;148(2):307-324.

Grant MM, Kolamunne RT, Lock FE, Matthews JB, Chapple IL, Griffiths HR. Oxygen tension
modulates the cytokine response of oral epithelium to periodontal bacteria. Journal of clinical
periodontology. 2010;37(12):1039-1048.

Morishita H, Saito F, Kayama H, et al. Fra-1 negatively regulates lipopolysaccharide-mediated
inflammatory responses. International immunology. 2009;21(4):457-465.

Chapple IL, Matthews JB. The role of reactive oxygen and antioxidant species in periodontal
tissue destruction. Periodontology 2000. 2007;43:160-232.

Chapple IL, Brock G, Eftimiadi C, Matthews JB. Glutathione in gingival crevicular fluid and its
relation to local antioxidant capacity in periodontal health and disease. Molecular pathology
: MP. 2002;55(6):367-373.

Grant MM, Brock GR, Matthews JB, Chapple IL. Crevicular fluid glutathione levels in
periodontitis and the effect of non-surgical therapy. Journal of clinical periodontology.
2010;37(1):17-23.

Dias IHK, Chapple ILC, Milward M, Grant MM, Hill E, Brown J, Griffiths HR. Sulforaphane
Restores Cellular Glutathione Levels and Reduces Chronic Periodontitis Neutrophil
Hyperactivity In Vitro. PLoS ONE 2013. 8(6): e66407.

Roussel L, Martel G, Berube J, Rousseau S. P. aeruginosa drives CXCL8 synthesis via redundant
toll-like receptors and NADPH oxidase in CFTRF508 airway epithelial cells. Journal of cystic
fibrosis : official journal of the European Cystic Fibrosis Society. 2011;10(2):107-113.

Takaya K, Suzuki T, Motohashi H, et al. Validation of the multiple sensor mechanism of the
Keap1-Nrf2 system. Free radical biology & medicine. 2012;53(4):817-827.

Abraham NG, Kappas A. Pharmacological and clinical aspects of heme oxygenase.
Pharmacological reviews. 2008;60(1):79-127.

Stefan RW, Alam J, Choi AMK. Heme Oxygenase-1/Carbon Monoxide: From Basic Science to
Therapeutic Applications. Physiological Reviews. 2006; 86 (2): 583 -65016

Saha S, Buttari B, Panieri E, Profumo E, Saso L. An Overview of Nrf2 Signaling Pathway and Its
Role in Inflammation. Molecules. 2020; 25(22): 5474.

Nath KA, Balla G, Vercellotti GM, et al. Induction of heme oxygenase is a rapid, protective
response in rhabdomyolysis in the rat. The Journal of clinical investigation. 1992;90(1):267-
270.

Otterbein LE, Bach FH, Alam J, et al. Carbon monoxide has anti-inflammatory effects involving
the mitogen-activated protein kinase pathway. Nature medicine. 2000;6(4):422-428.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Morse D, Pischke SE, Zhou Z, et al. Suppression of inflammatory cytokine production by carbon
monoxide involves the INK pathway and AP-1. The Journal of biological chemistry.
2003;278(39):36993-36998.

Sarady JK, Otterbein SL, Liu F, Otterbein LE, Choi AM. Carbon monoxide modulates endotoxin-
induced production of granulocyte macrophage colony-stimulating factor in macrophages.
American journal of respiratory cell and molecular biology. 2002;27(6):739-745.

Mokashi A, Roy A, Rozanov C, Osanai S, Storey BT, Lahiri S. High PCO does not alter pHi, but
raises [Ca2+]i in cultured rat carotid body glomus cells in the absence and presence of CdC12.
Brain research. 1998;803(1-2):194-197.

Backs J, Song K, Bezprozvannaya S, Chang S, Olson EN. CaM kinase |l selectively signals to
histone deacetylase 4 during cardiomyocyte hypertrophy. The Journal of clinical investigation.
2006;116(7):1853-1864.

Little GH, Bai Y, Williams T, Poizat C. Nuclear calcium/calmodulin-dependent protein kinase
Ildelta preferentially transmits signals to histone deacetylase 4 in cardiac cells. The Journal of
biological chemistry. 2007;282(10):7219-7231.

Gibbs PE, Miralem T, Maines MD. Characterization of the human biliverdin reductase gene
structure and regulatory elements: promoter activity is enhanced by hypoxia and suppressed
by TNF-alpha-activated NF-kappaB. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology. 2010;24(9):3239-3254.

Shehzad A, Khan S, Sup Lee Y. Curcumin molecular targets in obesity and obesity-related
cancers. Future oncology. 2012;8(2):179-190.

Mythri RB, Bharath MM. Curcumin: a potential neuroprotective agent in Parkinson's disease.
Current pharmaceutical design. 2012;18(1):91-99.

Srivastava RM, Singh S, Dubey SK, Misra K, Khar A. Immunomodulatory and therapeutic
activity of curcumin. International immunopharmacology. 2011;11(3):331-341.

Balogun E, Hoque M, Gong P, et al. Curcumin activates the haem oxygenase-1 gene via
regulation of Nrf2 and the antioxidant-responsive element. The Biochemical journal.
2003;371(Pt 3):887-895.

Prime SS, Nixon SV, Crane lJ, et al. The behaviour of human oral squamous cell carcinoma in
cell culture. The Journal of pathology. 1990;160(3):259-269.

Roberts A, Matthews JB, Socransky SS, Freestone PP, Williams PH, Chapple IL. Stress and the
periodontal diseases: growth responses of periodontal bacteria to Escherichia coli stress-
associated autoinducer and exogenous Fe. Oral microbiology and immunology.
2005;20(3):147-153.

Lock FE, Underhill-Day N, Dunwell T, et al. The RASSF8 candidate tumor suppressor inhibits
cell growth and regulates the Wnt and NF-kappaB signaling pathways. Oncogene.
2010;29(30):4307-4316.

Vina J, Estrela JM, Guerri C, Romero FJ. Effect of ethanol on glutathione concentration in
isolated hepatocytes. The Biochemical journal. 1980;188(2):549-552.

Shin JW, Chun KS, Kim DH et al. Curcumin induces stabilization of Nrf2 protein through Keap1
cysteine modification. Biochem Pharmacol. 2020; 173:113820.34.

Remy S, Blancou P, Tesson L, et al. Carbon monoxide inhibits TLR-induced dendritic cell
immunogenicity. Journal of immunology. 2009;182(4):1877-1884.

Matthews JB, Wright HJ, Roberts A, Cooper PR, Chapple IL. Hyperactivity and reactivity of
peripheral blood neutrophils in chronic periodontitis. Clinical and experimental immunology.
2007;147(2):255-264.

Matthews JB, Wright HJ, Roberts A, Ling-Mountford N, Cooper PR, Chapple IL. Neutrophil
hyper-responsiveness in periodontitis. Journal of dental research. 2007;86(8):718-722.

Dias ICIl, Milward M, Grant MM, Hill E, Brown, J, Griffiths, HR. Sulforaphane Restores Cellular
Glutathione Levels and Reduces Chronic Periodontitis Neutrophil Hyperactivity In Vitro. PloS
one. 2013;8(6):e66407.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mhillaj E, Tarozzi A, Pruccoli L, Cuomo V, Trabace L, Mancuso C. Curcumin and
hemeoxygenase: neuropotection and beyond. International Journal of Molecular Sciences.
2019, 20, 2419.

Kobayashi T, Hashimoto S, Horie T. Curcumin inhibition of Dermatophagoides farinea-induced
interleukin 5 (IL5) and granuloctye macrophage-colony stimulating factor (GM-CSF)
prodcution by lymphocytes from bronchial asthamtics. Biochemical Pharmacology. 1997, 54,
819-24.

Thomas RS, Tymms MJ, McKinlay LH, Shannon MF, Seth A, Kola I. ETS1, NFkappaB and AP1
synergistically transactivate the human GM-CSF promoter. Oncogene. 1997;14(23):2845-
2855.

Pickering AM, Linder RA, Zhang H, Forman HJ, Davies KJ. Nrf2-dependent induction of
proteasome and Pa28alphabeta regulator are required for adaptation to oxidative stress. The
Journal of biological chemistry. 2012;287(13):10021-10031.

Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-kappaB action regulated by
reversible acetylation. Science. 2001;293(5535):1653-1657.

Kim T, Yoon J, Cho H, et al. Downregulation of lipopolysaccharide response in Drosophila by
negative crosstalk between the AP1 and NF-kappaB signaling modules. Nature immunology.
2005;6(2):211-218.

Pae HO, Jeong GS, Jeong SO, et al. Roles of heme oxygenase-1 in curcumin-induced growth
inhibition in rat smooth muscle cells. Experimental & molecular medicine. 2007;39(3):267-277.
Sandur SK, Pandey MK, Sung B, et al. Curcumin, demethoxycurcumin, bisdemethoxycurcumin,
tetrahydrocurcumin and turmerones differentially regulate anti-inflammatory and anti-
proliferative responses through a ROS-independent mechanism. Carcinogenesis.
2007;28(8):1765-1773.

Jeong GS, Oh GS, Pae HO, et al. Comparative effects of curcuminoids on endothelial heme
oxygenase-1 expression: ortho-methoxy groups are essential to enhance heme oxygenase
activity and protection. Experimental & molecular medicine. 2006;38(4):393-400.

Wang R. Resurgence of carbon monoxide: an endogenous gaseous vasorelaxing factor.
Canadian journal of physiology and pharmacology. 1998;76(1):1-15.

Freitas A, Alves-Filho JC, Secco DD, et al. Heme oxygenase/carbon monoxide-biliverdin
pathway down regulates neutrophil rolling, adhesion and migration in acute inflammation.
British journal of pharmacology. 2006;149(4):345-354.,

Kapitulnik J, Maines MD. Pleiotropic functions of biliverdin reductase: cellular signaling and
generation of cytoprotective and cytotoxic bilirubin. Trends in pharmacological sciences.
2009;30(3):129-137.

Wegiel B, Baty CJ, Gallo D, et al. Cell surface biliverdin reductase mediates biliverdin-induced
anti-inflammatory effects via phosphatidylinositol 3-kinase and Akt. The Journal of biological
chemistry. 2009;284(32):21369-21378.

Miralem T, Hu Z, Torno MD, Lelli KM, Maines MD. Small interference RNA-mediated gene
silencing of human biliverdin reductase, but not that of heme oxygenase-1, attenuates
arsenite-mediated induction of the oxygenase and increases apoptosis in 293A kidney cells.
The Journal of biological chemistry. 2005;280(17):17084-17092.

Wang XM, Kim HP, Nakahira K, Ryter SW, Choi AM. The heme oxygenase-1/carbon monoxide
pathway suppresses TLR4 signaling by regulating the interaction of TLR4 with caveolin-1.
Journal of immunology. 2009;182(6):3809-3818.

Kim HP, Wang X, Galbiati F, Ryter SW, Choi AM. Caveolae compartmentalization of heme
oxygenase-1 in endothelial cells. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology. 2004;18(10):1080-1089.

Baranano DE, Rao M, Ferris CD, Snyder SH. Biliverdin reductase: a major physiologic
cytoprotectant. Proceedings of the National Academy of Sciences of the United States of
America. 2002;99(25):16093-16098.



56.

57.

58.

59.

60.

Chapple IL, Milward MR, Dietrich T. The prevalence of inflammatory periodontitis is negatively
associated with serum antioxidant concentrations. The Journal of nutrition. 2007;137(3):657-
664.

Hewitt B, Batt J, Shelton RM, Cooper PR, Landini G, Lucas RA, Wiench M, Milward MR. A 3D
Printed Device for In Vitro Generation of Stratified Epithelia at the Air-Liquid Interface. Tissue
Eng Part C Methods. 2022;28(11):599-609.

Bierbaumer L, Schwarze UY, Gruber R, Neuhaus W. Cell culture models of oral mucosal
barriers: A review with a focus on applications, culture conditions and barrier

properties. Tissue Barriers. 2018;6(3):1479568.

Golub LM, Lee HM. Periodontal therapeutics: Current host-modulation agents and future
directions. Periodontology 2000. 2020;82(1):186-204.

Zhang Y, Huang L, Zhang J, De Souza Rastelli AN, Yang J, Deng D. Anti-inflammatory efficacy of
curcumin as an adjunct to non-surgical periodontal treatments: a systematic review and meta-
analysis. Frontiers in Pharmacology. 2022, 13, 808460.



Figure legends

Figure 1 A. Cell viability: H400 cells were incubated for 8h with curcumin at the concentrations shown
and the ATP content measured using Cell Titre Glo. B. Caspase activity: H400 cells were incubated for
8h with curcumin at the concentrations shown and the caspase3/7 activity measured using Caspase
Glo. C. GM-CSF production: H400 cells were incubated for 8h with curcumin (20uM) and then
immediately challenged, with heat-killed F. nucleatum at the MOls indicated. Media was recovered
and cytokine and chemokine concentration measured by ELISA. For all experiments n=3, mean +/-

SEM shown. *p<0.05 **p<0.01

Figure 2 A. NFkB reporter assay: pGL4.22 3enh stably transfected H400 cells were incubated with and
without curcumin (20uM) for 8h and then challenged, with heat-killed F. nucleatum at the MOI
indicated for 3h. Luminescence from generated luciferase was measured using One Glo B. Nuclear
NFkB location: H400 cells were incubated for 8h with curcumin (20uM) and then challenged, with
heat-killed F. nucleatum for 1h MOI 100:1, nuclear extracts were made and NFkB family members
were quantified using Trans AM TF ELISA. C. Nuclear AP-1 location: H400 cells were incubated for 8h
with curcumin (20uM) and then challenged, with heat-killed F. nucleatum for 1h, MOI 100:1, nuclear
extracts were made and AP-1 family members were quantified using Trans AM TF ELISA. For all

experiments n=3, mean +/- SEM shown. **p<0.01, *p<0.05

Figure 3 A. Proteasome activity: H400 cells were incubated for 8h with curcumin at the concentrations
shown and the proteasome activity measured using Proteasome-Glo-3 substrate system. B (time
course) & C (maximum at 1 min post heat-killed F. nucleatum stimulation). Calcium flux: H400 cells
were incubated for 8h with curcumin (20uM) and then challenged, with heat-killed F. nucleatum, MOI
100:1, calcium ion flux was measured immediately using Fluoforte. D. HDAC activity: H400 cells were
incubated for 8h with curcumin (20uM) and HDAC activity measured using HDAC-Glo. For all

experiments n=3, mean +/- SEM shown. ****p<0.0001

Figure 4 A. NrF2 location: H400 cells were incubated for 2h with curcumin (20uM) nuclear extracts
were made and Nrf2 was quantified using Trans AM TF ELISA. B H400 cells were incubated for 2h with
curcumin (20uM) and then fixed, permeabilised and stained for Nrf2 (red) and the nucleus (Hoescht,
blue), see methods for details. Representative images are shown. C GSH content: H400 cells were
incubated for 8h or 24h with curcumin at the concentrations shown; GSH was measured using GSH-
Glo. D. HO-1 content: H400 cells were incubated for 8h with curcumin, tetrahydrocurcumin 3 (THC3)

and ferulic acid, at the concentrations shown, cells were harvested and the protein content and HO-1



content were determined by BCA assay and HO-1 ELISA respectively. E. Structure of curcumin,
tetrahydrocurcumin and ferulic acid. For all experiments n=3, mean +/- SEM shown. *p<0.01,

**p<0.05

Figure 5 A. GM-CSF production: H400 cells were incubated for 8h with curcumin (20uM) in the
presence or absence of SnPPIX (20uM, HO-1 inhibitor) and then challenged, with heat-killed F.
nucleatum for 16h MOI 100:1. Media was recovered and GM-CSF concentration measured by ELISA.
B. GM-CSF production: H400 cells were incubated for 8h with CORM2 (CO releasing molecule 100uM)
and then challenged, with heat-killed F. nucleatum for 16h MOI 100:1. Media was recovered and GM-
CSF concentration measured by ELISA. For all experiments n=3, mean +/- SEM shown. *p<0.01,

*#%p<0.001

Figure 6 A. H400 cells were incubated for 8h with curcumin (20uM) and then challenged, with heat-
killed F. nucleatum for 16h MOI 100:1. Cells were fixed, permeabilised and stained for BVR.
Representative images are shown. B. H400 cells were incubated for 8h with curcumin (20uM) and then
cellular compartments were prepared. Proteins were separated by SDS-PAGE and electroblotted. E-
cadherin and BVR were visualised using Licor Odyssey reader. Representative blot (B) shown alongside
guantification of the membrane (C) associated BVR band in the two conditions for 3 experiments.

WCL: whole cell lysate. For all experiments n=3, mean +/- SEM shown.

Figure 7. Summary of curcumin preconditioning on H400 cells stimulated with Fusobacterium
nucleatum (heat killed). (1) Under curcumin pre-conditioning Nrf2 is released from Keap1 and
translocates to the nucleus nucleus; (2) Nrf2 initiates transcription of genes in the Antioxidant
Response Element (ARE), e.g. HO-1 and gamma-glutamyl synthetase preceding GSH production; (3)
Production of HO-1; which (4) catalyses haem into biliverdin, iron (Fe?*) and carbon monoxide (CO);
(5) CO inhibits the NF-kB pathway, leading to decreased production of inflammatory cytokines; (6)
Fusobacterium nucleatum (heat killed in these experiments) stimulates NFkB translocation; and (7)

production of inflammatory cytokines and chemokines; (8) curcumin induces translocation of some



BVR from the cytosol to the membrane with potential to increase extracellular antioxidant power

through release of bilirubin.
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Figure 3
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Supplemental information

Figure 1 F.nucleatum stimulated cytokine production by H400 cells. H400 epithelial cells were
stimulated with F. nucleatum (MOI 300:1) for a range of times. Cytokines were detected by ELISA
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Figure 2 Proteasome activity as inhibited by proteasome inhibitor MG132: H400 cells were incubated
with MG132 (200nM) and the proteasome activity measured using Proteasome-Glo-3 substrate
system as described in the main methods section.
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