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A B S T R A C T

Tea, an aromatic beverage prepared with the leaves of the Camellia sinensis plant, is well known to contain
bioactive polyphenols. Green tea contains mainly catechins such as epigallocatechin-3-gallate (EGCG), while
black tea is characterized by the presence of theaflavins. TNF-α, which is a pro-inflammatory cytokine that
activates the endogenous inflammatory cascade, plays a key role in periodontitis. In the present study, we
investigated the ability of tea compounds to attenuate TNF-α-mediated activation of the host inflammatory
response in monocytes/macrophages as well as the protective effect of green and black tea polyphenols on
gingival keratinocyte barrier dysfunction induced by TNF-α. Tea compounds inhibited both the activation of NF-
κB and caspase-1 as well as IL-1β secretion by monocytes/macrophages. TNF-α time-dependently damaged
keratinocyte tight junction barrier integrity, as determined by changes in transepithelial electrical resistance and
FITC-dextran transport. Green tea extract, EGCG, theaflavins, and to a lesser extent, black tea extract protected
keratinocytes against the TNF-α-mediated breakdown of barrier integrity. The treatment of keratinocytes with
tea polyphenols markedly mitigated the morphological changes of tight junction proteins such as zonula oc-
cludens-1 and occludin compared to cells exposed only to TNF-α, as determined by immunofluorescence. Tea
polyphenols also time-dependently decreased the paracellular flux of TNF-α-treated keratinocytes. In conclusion,
the ability of tea polyphenols to exert an anti-inflammatory effect and to attenuate the gingival epithelial barrier
dysfunction induced by TNF-α supports their potential for the prevention and treatment of periodontal disease.

1. Introduction

Periodontitis is a chronic and degenerative inflammatory disease
involving the overproduction of cytokines and matrix metalloprotei-
nases, which modulates periodontal tissue destruction. It is initiated by
the dysbiosis of the commensal oral microbiota, which results in the
overgrowth of a specific and limited group of Gram-negative bacteria.
These bacteria interact with mucosal and immune cells, leading to the
production of inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-α) and interleukin-1 beta (IL-1β) [1]. The chronic in-
flammation induces osteoclast differentiation and activation, leading to
the progressive destruction of alveolar bone. TNF-α is a multi-function
cytokine and is believed to play a pivotal role in periodontitis pro-
gression and severity [2,3]. The level of this cytokine is significantly
higher in gingival crevicular fluid from patients with chronic period-
ontitis than in healthy individuals, and decreases following periodontal
treatments [4,5].

TNF-α up-regulates the production of other key pro-inflammatory
cytokines such as IL-1β [6]. IL-1β is the signature innate cytokine and
has been associated with inflammatory cell migration and osteoclasto-
genesis [7,8]. Macrophages, which secrete large amounts of IL-1β, are
found in high numbers in diseased periodontal sites [9]. These cells
detect and respond to bacterial pathogens, and mediate both in-
flammation and its resolution [10]. Cytokines from the innate response,
including TNF-α and IL-1β, are the first to initiate cell communication
in disease pathogenesis [11]. These mediators interact with each other,
amplify signals, modulate cell surface receptor expression, and have
synergistic or antagonistic interactions with host cell functions [12].

The gingival epithelium protects the underlying connective tissue
from the external environment and thus plays an active role in main-
taining periodontal health [13]. More specifically, the epithelial barrier
is made of closely opposed cells attached to each other by intercellular
tight junctions (TJ) [14]. Previous studies have shown that TNF-α can
induce disruption of TJ in intestinal epithelial cells and cause the
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breakdown of the epithelial barrier [15,16]. To the best of our knowl-
edge, such effect on oral epithelial cells has not been reported.

Conventional periodontal treatments include mechanical scaling
and root planing as well as the debridement of infected and inflamed
tissues. Finding molecules that can module the host response is con-
sidered a valid adjunctive therapy in the treatment of periodontitis
[17,18]. In this regard, plant polyphenols are promising bioactive
molecules given their ability to attenuate the host inflammatory re-
sponse [19]. Tea, an aromatic beverage prepared with the leaves of the
Camellia sinensis plant, has a high polyphenol content [20]. Green tea
(non-fermented) is particularly rich in catechins and their derivatives,
the most important being epigallocatechin-3-gallate (EGCG), while
black tea (fermented) contains mainly theaflavins and their derivatives
[21,22]. A number of studies have shown that tea polyphenols exert
beneficial impacts against several diseases, including cardiovascular
disease, cancers, and inflammatory bowel disease [21]. In the present
study, we investigated (i) the ability of tea polyphenols to reduce the
TNF-α-mediated activation of the NF-κB and caspase-1 signaling path-
ways and the secretion of the pro-inflammatory cytokine IL-1β by
monocytes/macrophages and (ii) the protective effect of green and
black tea polyphenols on gingival epithelial barrier dysfunction induced
by TNF-α.

2. Material and methods

2.1. Tea compounds

The commercial green and black tea extracts were purchased from
Hangszhou Gosun Biotechnologies Co. (Hangzhou, China). These ex-
tracts contain 98.4% and 92% of polyphenols, respectively. Stock so-
lutions were prepared in distilled water by dissolving green tea extract
and black tea extract at final concentrations of 20mgmL−1 and
10mgmL−1, respectively. Tea extract solutions were sterilized by fil-
tration (0.22-µm-pore-size membrane filter). EGCG (Sigma-Aldrich
Canada Ltd., Oakville, ON, Canada), that represents the main catechin
in the green tea extract (47.9%), was prepared similarly at a con-
centration of 10mgmL−1. The theaflavin fraction, obtained from BeHe
Biotechnology (Jiangsu, China) is a mixture of theaflavin, theaflavin-3-
gallate, theaflavin-3′-gallate, and theaflavin-3,3′-digallate (80% purity).
A stock solution (20mgmL−1) was prepared in 95% ethanol.

2.2. IL-1β secretion by macrophages

U937 human monocytes (CRL-1593.2; American Type Culture
Collection, Manassas, VA, USA) were cultivated in RPMI-1640 supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) and
100 µgmL−1 of penicillin G/streptomycin at 37 °C in a 5% CO2 atmo-
sphere. The monocytes (2.5× 105 cells mL−1) were incubated in RPMI-
10% FBS containing 100 ngmL−1 of phorbol myristic acid (PMA;
Sigma-Aldrich Canada Ltd.) for 48-h to induce differentiation into ad-
herent macrophage-like cells [23]. Adherent macrophage-like cells
were detached by scraping and were harvested by centrifugation at
1200g for 5min. The cells were washed, suspended in RPMI-1% FBS at
a concentration of 1×106 cells mL−1, seeded into the wells of a 12-
well microplate (1×106 cells/well), and incubated overnight at 37 °C
in a 5% CO2 atmosphere. The macrophage-like cells were then pre-
treated for 2 h with either non-cytotoxic concentrations of green tea
extract, black tea extract, EGCG, or theaflavins in RPMI-1% FBS prior to
being stimulated with 10 or 100 ngmL−1 of recombinant human TNF-α
(AnaSpec, Fremont, USA). An assay using a commercial inhibitor (BAY-
11-7082; 5 µgmL−1; EMD Millipore, Mississauga, ON, Canada) was
used as a positive control for the inhibition of IL-1β secretion. Cells
incubated in culture medium with or without tea polyphenols and sti-
mulated or not with TNF-α were used as controls. After a 24-h in-
cubation at 37 °C in a 5% CO2 atmosphere, the culture supernatants
were collected and stored at −20 °C until used. The cells were lysed

with 0.1% Triton X-100 (60-min incubation) to ensure the maximum
release of intracellular cytokines. An enzyme-linked immunosorbent
assay (ELISA) kit (R&D Systems Inc., Minneapolis, MN, USA) was used
to quantify the levels of intracellular and released IL-1β.

2.3. Caspase-1 activation and quantification

Adherent macrophage-like cells (2× 106) were seeded in the wells
of a 6-well microplate and were treated with TNF-α (100 ngmL−1) in
the presence or absence of tea polyphenols at different concentrations
at 37 °C in a 5% CO2 atmosphere. After 24-h, the macrophage-like cells
were washed twice with ice-cold phosphate-buffered saline (PBS; pH
7.2) and were detached by adding Accutase® (1 mL; Sigma-Aldrich
Canada Ltd.) at 37 °C in a 5% CO2 atmosphere for 7min. To assess
caspase activation, the macrophage-like cells were stained with FAM-
VAD-FMK reagent (Thermo Fisher Scientific, Waltham, MA, USA), a
fluorochrome inhibitor of caspases (FLICA), for 1 h according to the
manufacturer’s protocol. FAM-VAD-FMK is a cell-permeable carboxy-
fluorescein-labeled fluoromethyl ketone peptide inhibitor of caspase-1
that binds covalently to the reactive cysteine residue in the active
center of the enzyme. Unbound reagent was removed by washing the
cells. A total of 20,000 cells were analyzed using a Cytomics FC 500
flow cytometer (Beckman Coulter Canada, Mississauga, ON, Canada).
Data were analyzed using CXP software. To confirm caspase-1 activa-
tion, the Caspase-Glo® 1 inflammasome assay (Promega Corporation,
Madison, WI, USA) was used in accordance with the manufacturer’s
protocol; this bioluminescent assay directly measures inflammasome
activity. Luminescence was monitored with a Synergy 2 microplate
reader (BioTek Instruments, Winooski, VT, USA). The amounts of cas-
pase-1 secreted into the culture medium or retained in the macrophages
were determined by ELISA (R&D Systems Inc.).

2.4. Activation of the NF-κB signaling pathway

The human monoblastic leukemia cell line U937-3xκ B-LUC, a
subclone of the U937 cell line stably transfected with a luciferase gene
coupled to a promoter with three NF-κB binding sites, was kindly
provided by R. Blomhoff (University of Oslo, Norway) [24]. The cells
were cultivated in Roswell Park Memorial Institute 1640 medium
(RPMI-1640; Life Technologies Inc., Burlington, ON, Canada) supple-
mented with 10% heat-inactivated FBS, 100 μgmL−1 of penicillin G/
streptomycin, and 75 μgmL−1 of hygromycin B at 37 °C in a 5% CO2

atmosphere. To investigate the effect of tea polyphenols on TNF-α-in-
duced NF-κB activation, U937-3xκ B-LUC cells (106 cells mL−1) were
pre-incubated with the compounds (non-cytotoxic concentrations; in
RPMI-1% FBS) for 30min in the wells of a black wall, black bottom 96-
well microplate (Greiner Bio-One North America Inc., Monroe, NC,
USA). The cells were then stimulated for 6-h with recombinant TNF-α
at a concentration of 10 ngmL−1. Wells with no TNF-α or no com-
pounds were used as controls. An assay using the commercial inhibitor
BAY-11–7082 (5 μgmL−1) was used as a positive control for the in-
hibition of the NF-κB signaling pathway. NF-κB activation was de-
termined by measuring luciferase activity following the addition of
Bright-Glo reagent (Promega Corporation) in accordance with the
manufacturer’s protocol. Luminescence was monitored using a Synergy
2 microplate reader (BioTek Instruments).

2.5. Gingival keratinocyte tight junction integrity

The previously characterized gingival keratinocyte cell line B11
[25], which was kindly provided by S. Groeger (Justus-Liebig-Uni-
versity Giessen, Germany), was used to evaluate the effect of tea
polyphenols on the TNF-α-induced disruption of tight junction in-
tegrity. Keratinocyte barrier integrity was determined by measuring
transepithelial electrical resistance (TER) [26]. Keratinocytes were
cultured in keratinocyte serum-free medium (K-SFM; Life Technologies
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Inc.) supplemented with growth factors (50 µgmL−1 of bovine pituitary
extract and 5 ngmL−1 of human epidermal growth factor) and
100 µgmL−1 of penicillin G-streptomycin at 37 °C in a 5% CO2 atmo-
sphere. Keratinocytes (3×105 cells per insert) were seeded in Costar™
Transwell™ clear polyester membrane inserts (6.5 mm in diameter,
0.4 µm pore size; Corning Co., Cambridge, MA, USA). The basolateral
and apical compartments were filled with 0.6mL and 0.1mL of culture
medium, respectively. Following a 72-h incubation, the conditioned
medium was replaced with antibiotic-free K-SFM, and the keratinocytes
were incubated for a further 16-h prior treating the cells. TNF-α
(100 ngmL−1) and tea compounds were added to the apical compart-
ment. The concentrations of tea compounds used were based on pre-
liminary assays showing that green tea extract, EGCG, and theaflavins
at ≤62.5 µgmL−1 and black tea extract at ≤125 µgmL−1 had no effect
on keratinocyte viability as determined using an MTT (3-[4,5-diethyl-
thiazol-2-yl]-2,5diphenyltetrazolium bromide) colorimetric assay
(Roche Diagnostics, Laval, QC,Canada). The TER values were de-
termined using an ohm/voltmeter (EVOM2; World Precision Instru-
ments, Sarasota, FL, USA) after 0, 6, 12, 24, and 48 h of incubation.
Resistance values were calculated in Ohms (Ω)/cm2 by multiplying the
resistance values by the surface area of the membrane filter. Results are
expressed as the percentage of the basal control value measured at time
0-h (100% value).

2.6. Immunofluorescence microscopy

For the immunofluorescence analysis, keratinocytes were grown on
a poly-D-lysine-coated glass multiwell culture slide (8-wells) (Thermo
Fisher Scientific) for 3 days. The cells were then treated for 12-h with
100 ngmL−1 of TNF-α with or without tea polyphenols at concentra-
tions ranging from 125 to 31.25 µgmL−1. Thereafter, the keratinocytes
were washed with PBS, fixed for 20min with 4% paraformaldhehyde,

permeabilized for 10min with 0.1% Triton X-100, and blocked for
40min in 3% nonfat milk in 20mM Tris hydrochloride (pH 8) con-
taining 150mM NaCl and 0.5% Tween 20. The cells were labeled with
2.5 µgmL−1 of anti-occludin antibody Alexa Fluor® 488 conjugate or
anti-ZO-1 antibody Alexa Fluor® 594 conjugate (Thermo Fisher
Scientific) in blocking buffer overnight at 4 °C. The slides were prepared
with the ProLong® Diamond Antifade Mountant (Life Technologies
Inc.), sealed using nail polish, and kept in the dark at 4 °C. The dis-
tribution of tight junction proteins in the keratinocytes was visualized
using an inverted Olympus FSX100 fluorescent microscope (Olympus,
Tokyo, Japan).

2.7. Fluorescein isothiocyanate-conjugated dextran (FD-4) transport

Gingival keratinocytes were cultured on Transwell™ filters as de-
scribed above. Immediately after adding FD-4 (MW 4.4 kDa, 1mgmL−1

in culture medium) to the apical compartment, tea compounds (125 to
15.625 µgmL−1) were added in presence of TNF-α (100 ngmL−1).
Fluorescence in the basolateral compartment was recorded after 0, 6,
12, 24, and 48 h of incubation using a Synergy 2 microplate reader
(BioTek Instruments).

2.8. IL-8 secretion by oral epithelial cells

The human oral epithelial cell line GMSM-K [27], kindly provided
by V. Murrah (University of North Carolina, Chapel Hill, NC, USA), was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated FBS and 100 μgmL−1 of penicillin G-strep-
tomycin in a 5% CO2 atmosphere at 37 °C. Oral epithelial cells were
seeded in a 12-well plate (4×105 cells/well) and were cultured
overnight to allow cell adhesion. The epithelial cells were pre-treated
with increasing concentrations of tea polyphenols (0–125 μgmL−1)

Fig. 1. Effects of tea polyphenols on the TNF-α-induced secretion of IL-1β by macrophages. Stimulation in the presence of the green tea extract (Panel A), EGCG
(Panel B), black tea extract (Panel C), and theaflavins (Panel D). Results are expressed as the means ± SD of triplicate assays from three independent experiments.
(φ) Significant decrease (p < 0.001) of intracellular IL-1β compared to TNF-α-stimulated cells not treated with tea compounds. (*) Significant decrease (p < 0.001)
of released IL-1β compared to TNF-α-stimulated cells.
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prior to being stimulated with recombinant TNF-α (100 ngmL−1). After
a 24-h incubation, cell-free supernatants were collected and stored at
–20 °C until used. A commercial enzyme-linked immunosorbent assay
(ELISA) kit (eBioscience Inc.) was used to quantify interleukin-8 (IL-8)
according to the manufacturer’s protocol.

2.9. Statistical analysis

Unless indicated otherwise, all experiments were performed in tri-
plicate in three independent experiments. The data are expressed as
means ± standard deviations (SD). Statistical analyses were performed
using a one-way analysis of variance with a post hoc Bonferroni mul-
tiple comparison test (GraphPad Software Inc.; La Jolla, CA, USA). All
results were considered statistically significant at p < 0.01 or
p < 0.001.

3. Results

The stimulation of macrophage-like cells with recombinant TNF-α
increased IL-1β secretion in a dose-dependent manner (Supplementary
Fig. 1). When used at 100 ngmL−1, TNF-α increased IL-1β secretion
7.1-fold compared to the control macrophage-like cells. All the tea
compounds tested caused a significant inhibition of IL-1β secretion.
More specifically, at 62.5 μgmL−1, the green tea extract, EGCG, black
tea extract, and theaflavins inhibited the secretion of IL-1β by 94.1%,
95.6%, 64.5%, and 94.8%, respectively (Fig. 1A-D). The reduced se-
cretion of IL-1β was not related to a cytotoxic effect of the tea com-
pounds on the macrophage-like cells, as indicated by the results of an
MTT assay (data not shown). Moreover, in the presence of TNF-α at
100 ngmL−1, the intracellular level of IL-1β increased by 1.26-fold
compared to the control macrophage-like cells. Only the green tea
polyphenols reduced the levels of intracellular IL-1β; a reduction of

Fig. 2. Effects of TNF-α on the activation of caspase-1 in macrophages using the caspase-1 inhibitor probe FAM-VAD-FMK to detect caspase activation. Stimulation in
the presence of the green tea extract (Panel A), EGCG (Panel B), black tea extract (Panel C), and theaflavins (Panel D).
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52.61% and 30.35% was observed in the presence of green tea extract
and EGCG, respectively (Fig. 1A-D).

We hypothesized that the increase in the secretion of IL-1β induced
by TNF-α may be related to the ability of TNF-α to modulate the acti-
vation of caspase-1 in macrophage-like cells. We assessed the activation
of caspase-1 by flow cytometry using the fluorescent reagent FAM-VAD-
FMK FLICA and found that there is a significant shift in the population
of caspase-1-positive cells following a treatment with 100 ngmL−1 of
TNF-α (Fig. 2). Further analyses were performed to link the inhibitory
effects of tea compounds on IL-1β secretion with their ability to prevent
caspase-1 activation in macrophage-like cells. The dose-dependent de-
crease in fluorescence following the treatment of the macrophage-like
cells with the tea compounds indicated that caspase-1 activation was
attenuated by the compounds (Fig. 2). More specifically, following a
24-h stimulation with 100 ngmL−1 of TNF-α, caspase activity increased
by 48.8%, while in the presence of 31.25 μgmL−1 of the green tea
extract, EGCG, black tea extract, or theaflavins, caspase activity was
reduced by 43.2%, 24.5%, 23.7%, and 21.3%, respectively (Fig. 2). To
confirm caspase-1 activation, we used the Caspase-Glo® 1 inflamma-
some assay that directly measures inflammasome activity. We showed
that TNF-α increases inflammasome activation by 36.33% (Fig. 3),
while in the presence of 62.5 μgmL−1 of the green tea extract, EGCG or
theaflavins, caspase activation was reduced by 35.95%, 44.3% and
51.58%, respectively (Fig. 3). A higher concentration of the black tea
extract was required to reduce inflammasome activation; a reduction of
65.19% was obtained at 500 μgmL−1. The stimulation of macrophage-
like cells with recombinant TNF-α increased caspase-1 secretion in a
dose-dependent manner (Fig. 3). When used at 100 ngmL−1, TNF-α

increased caspase-1 secretion by 7.1-fold compared to the control
macrophage-like cells. EGCG and theaflavins caused a significant in-
hibition of caspase-1 secretion. More specifically, at 62.5 μgmL−1,
EGCG and theaflavins completely inhibited caspase-1 secretion (Fig. 3).
In the presence of TNF-α at 100 ngmL−1, the intracellular level of
caspase-1 was not modified compared to non-stimulated macrophage-
like cells. At 62.5 μgmL−1, EGCG and theaflavins reduced the in-
tracellular caspase-1 levels by 28.4% and 30.8%, respectively.

Considering that NF-κB signaling pathway plays a major role in
second inflammatory processes by orchestrating the secretion of pro-
inflammatory cytokines, we assessed the ability of the tea compounds
to prevent TNF-α-induced NF-κB activation using the U937-3xκB-LUC
cell line. In general, all the tea compounds tested exhibited a compar-
able dose-dependent inhibitory effect on TNF-α-induced NF-κB activa-
tion (Fig. 4). More particularly, 62.5 µgmL−1 of the green tea extract,
EGCG, black tea extract, or theaflavins inhibited NF-κB activation in-
duced by 10 ngmL−1 of TNF-α by 70.7%, (Fig. 4B), 71.9% (Fig. 4C),
30.6% (Fig. 4D), and 46.7% (Fig. 4E), respectively.

In the second part of the study, we investigated whether TNF-α may
alter the keratinocyte barrier integrity as determined by monitoring
TER. A treatment of the gingival keratinocytes with 100 ngmL−1 of
TNF-α decreased the TER values 1.4-fold, 1.3-fold, and 1.9-fold at 12 h,
24 h, and 48 h of incubation, respectively (Fig. 5). A 24-h treatment of
the keratinocytes with 62.5 µgmL−1 of green tea extract, EGCG, or
theaflavins significantly attenuated the ability of TNF-α to decrease the
TER by 2.2-fold (Fig. 5A), 2.1-fold (Fig. 5B) and 2.6-fold (Fig. 5D),
respectively. At this concentration and for a 24-h treatment, the black
tea extract did not prevent the decrease in TER induced by TNF-α,

Fig. 3. Effects of TNF-α on the activation of inflammasome in macrophages using caspase-Glo 1 inflammasome assay to detect intracellular and released caspase-1
activation. Stimulation in the presence of the green tea extract, EGCG, black tea extract, and theaflavins (Panel A). Effect of the green tea extract (Panel A), EGCG
(Panel B), black tea extract (Panel C), and theaflavins (Panel D) on intracellular and released caspase-1 from TNF-α-treated macrophages. Φ: significant increase in
intracellular caspase-1 (p < 0.001) relative to control macrophages treated with TNF-α alone. *: significant decrease in released caspase-1 (p < 0.001) relative to
control macrophages treated with TNF-α alone.
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while a 12-h treatment with 62.5 µgmL−1 of the black tea extract
prevented TNF-α-induced damage 1.4-fold (Fig. 5C).

Immunofluorescence staining showed that the TNF-α treatment in-
duced discontinuities in the distribution of occludin and ZO-1 in kera-
tinocytes. A treatment with the green tea extract, EGCG, black tea ex-
tract, or theaflavins prevented these morphological changes to occludin
and ZO-1 compared to control cells treated only with TNF-α (Fig. 6).

Thereafter, we showed that the tea compounds decreased the TNF-
α-induced paracellular flux of FD-4 through the keratinocyte mono-
layer. A 48-h treatment with 62.5 µgmL−1 of green tea extract, EGCG,
black tea extract, or theaflavins, decreased TNF-α-induced permeability
by 1.2-fold, 1.9-fold, 1.8-fold, and 2.1-fold, respectively (Fig. 7D).

Given that the chemokine IL-8 is involved in the migration of im-
mune cells such as macrophages in the epithelial tissue, we investigated
the effect of TNF-α on the secretion of IL-8 by oral epithelial cells. The
stimulation of epithelial cells with TNF-α significantly increased the
secretion of IL-8 by 38.3-fold (10 ngmL−1 of TNF-α) and 125.6-fold
(100 ngmL−1 of TNF-α) (Fig. 8A). At a concentration of 62.5 μgmL−1,
the green tea extract, EGCG, and theaflavins reduced the secretion of IL-
8 by 93.1% (Fig. 8B), 98.8% (Fig. 8C), and 70.8% (Fig. 8E), respec-
tively. A much higher concentration of black tea extract (250 µgmL−1)
was required to reduce the secretion of IL-8 (78%) (Fig. 8D).

4. Discussion

The initiation, progression and severity of periodontal disease is
associated with complex interactions between periodontopathogenic
bacteria and mucosal and immune host cells. The pro-inflammatory
cytokine TNF-α is a critical component involved in the pathogenesis of
periodontal disease [2,28], and plays a key role in orchestrating the
cytokine cascade in a number of inflammatory diseases [29]. TNF-α is a
master regulator and has been proposed as a therapeutic target for a
number of inflammatory diseases [30]. In this regard, several studies
have shown that TNF-α antagonists may potentially reduce tissue de-
struction associated with periodontal disease [31–34]. Given their anti-
inflammatory properties, tea polyphenols may be of interest as immune
regulatory molecules for controlling periodontal disease. In this study,
we investigated the effect of green and black tea polyphenols on the
secretion of pro-inflammatory mediators by monocytes/macrophages
induced by TNF-α via the caspase-1 and NF-κB signaling pathways. We
also determined the impact of tea polyphenols on the disruption of
gingival keratinocyte permeability and tight junction integrity by TNF-
α.

Macrophages are the main source of IL-1β in inflamed periodontal
tissue [8]. We showed that the green and black tea extracts, EGCG and
theaflavins significantly and dose-dependently reduce IL-1β secretion
by TNF-α-treated macrophages. Given that the pro-inflammatory cy-
tokine IL-1β is involved in bone resorption, tea polyphenols, through

Fig. 4. Effects of TNF-α on the activation of the NF-κB pathway using the U937-3xκB cell model. Stimulation in the absence of tea polyphenols (Panel A). Stimulation
in the presence of the green tea extract (Panel B), EGCG (Panel C), black tea extract (Panel D), and theaflavins (Panel E). A value of 100% was assigned to the
activation obtained with TNF-α (10 ngmL−1) in the absence of tea polyphenols (Panel B-E). The commercial inhibitor BAY-11-7082 (5 µgmL−1) was used as a
positive control. Results are expressed as the means ± SD of triplicate assays from three independent experiments. (φ) Significant increase (p < 0.001) compared to
cells not stimulated with TNF-α. (*) Significant decrease (p < 0.001) compared to TNF-α-stimulated cells.
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their ability to attenuate IL-1β secretion, show great potential as agents
for preventing and treating periodontal disease. More specifically, IL-1β
may be a promising therapeutic target because it plays a critical role in
the initiation of inflammatory immune reactions and is produced for
extended periods during inflammatory processes [35].

IL-1β is a major pro-inflammatory cytokine whose local and circu-
lating levels are strictly regulated to avoid uncontrolled activation of
pathways that can lead to chronic inflammatory disease [36]. IL-1β
accumulates as a biologically inactive 33-kDa precursor (pro-IL-1β) in
the cytoplasm of monocytes and macrophages. The biologically active
17-kDa form is produced following a proteolytic maturation by caspase-
1 [37,38], which itself is regulated by an assembly of multiprotein
complexes called inflammasomes [39,40]. We thus evaluated the effect
of tea polyphenols on caspase-1 activation in macrophages. We used
flow cytometry to show that the green and black tea extracts as well as
their major polyphenols (EGCG and theaflavins) significantly and dose-
dependently reduce the activation of caspase-1. Caspase-1 activation
induces inflammation through pro-inflammatory cytokine production
and recruitment of neutrophils [41]. In addition to its well-known role
in the maturation of IL-1β and IL-18, caspase-1 is also capable of acti-
vating NF-κB [42].

TNF-α regulates a number of inflammatory signaling pathways in
macrophages, including the NF-κB pathway. We used the U937-3xκ B-
LUC cell line to show that TNF-α activates the NF-κB signaling pathway,
which is a key driver of the pro-inflammatory response. The green and
black tea extracts as well as EGCG and theaflavins almost completely
prevented TNF-α-induced NF-κB activation. NF-κB is one of the main
pathways by which host cells respond to stress and microbial challenges
[43]. NF-κB is considered as the central mediator of the immune re-
sponse and plays an essential role in numerous aspects of human health
[44]. In a previous study, we reported that tea polyphenols prevent the

activation of NF-κB induced by the periodontopathogen Fusobacterium
nucleatum [45]. Although there are drawbacks to using an anti-cytokine
therapy to reduce inflammation especially an anti-TNF-α therapy
[33,46], attenuating the host response may down-regulate chronic in-
flammation and facilitate the restoration of periodontal health [46].
Such a strategy has been proposed for the treatment of tissue destruc-
tive inflammatory diseases such as rheumatoid arthritis [31].

Host-pathogen interactions in the gingival sulcus and periodontal
pocket are characterized by an infiltration of immune cells. This creates
a pro-inflammatory environment in which cytokines such as TNF-α
contribute to the installation of chronic inflammation and tissue de-
struction. The overproduction of TNF-α may cause damages to the in-
tegrity of the epithelial TJ and promote invasion by period-
ontopathogens. Previous studies have showed that TNF-α plays a key
role in the morphological disruption and delocalization of tight junction
proteins in intestinal epithelial cells [15,16,47,48]. The TJ barrier in-
cludes two functionally pathways: a high-capacity, charge-selective
pore pathway that permits the passage of small ions and uncharged
molecules, and a low-capacity leak pathway that allows flux of larger
molecules, regardless of their charge [49]. In this regard, it was of in-
terest to examine the effect of TNF-α on gingival epithelial TJ integrity
by measuring TER, which determines the flux of ions across the epi-
thelium. This is typically done by applying a transepithelial current,
measuring the potential generated, and using Ohm’s law to calculate
the resistance to current flux. These ions do not discriminate between
pore and leak pathways and, as such, TER values cannot be used to
determine tight junction size or charge selectively. An increase in the
permeability of either pathway reduces TER. Using gingival keratino-
cytes, TNF-α decreased TER while the green tea extract, EGCG, black
tea extract, and theaflavins protected the epithelial barrier against this
TNF-α-mediated disruption. In intestinal epithelial cells, TNF-α-

Fig. 5. Effects of TNF-α in the absence and presence of the green tea extract (Panel A), EGCG (Panel B), black tea extract (Panel C), and theaflavins (Panel D) on
gingival keratinocyte tight junction integrity determined by monitoring TER. A 100% value was assigned to the TER value at time 0. Results are expressed as the
means ± SD of triplicate assays from three independent experiments. (φ) Significant increase (p < 0.001) compared to TNF-α-stimulated cells not treated with tea
compounds. (*) Significant decrease (p < 0.001) compared to TNF-α-stimulated cells.
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induced barrier dysfunction can be attributed to a variety of factors,
including changes in expression and localization of TJ components such
as occludin and ZO-1 [15,50,51]. We thus examined the organization of
TJ proteins in gingival keratinocytes stimulated with TNF-α in the

presence and absence of tea polyphenols. An immunofluorescence
analysis of TJ proteins showed that TNF-α alters the localization of
occludin and ZO-1 in gingival keratinocytes. In contrast, the treatment
with tea polyphenols largely prevented this TNF-α induced change in

Fig. 6. Immunofluorescence staining of the tight junction proteins occludin and zonula occludens-1 (ZO-1) of gingival keratinocytes treated for 12 h with
100 ngmL−1 of TNF-α in the absence and presence of the green tea extract (Panel A), EGCG (Panel B), black tea extract (Panel C), and theaflavins (Panel D).
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Fig. 7. Effects of the green tea extract (Panel A), EGCG (Panel B), black tea extract (Panel C), and theaflavins (Panel D) on the paracellular permeability of gingival
keratinocytes treated with 100 ngmL−1 of TNF-α determined by measuring the transport of FITC-dextran 4 (FD-4). Results are expressed as the means ± SD of
triplicate assays from three independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. Effects of TNF-α on the secretion of IL-8 by oral epithelial cells. Stimulation in the absence of tea polyphenols (Panel A). Stimulation in the presence of the
green tea extract (Panel B), EGCG (Panel C), black tea extract (Panel D), and theaflavins (Panel E). Results are expressed as the means ± SD of triplicate assays from
three independent experiments. (φ) Significant increase (p < 0.001) compared to cells not stimulated with TNF-α. (*) Significant decrease (p < 0.001) compared to
TNF-α-stimulated cells.
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the morphological distribution of these TJ proteins. On the one hand,
ZO-1 is responsible for the link between transmembrane proteins and
the cytoskeleton. On the other hand, occludin is a membrane protein
with two extracellular loops that interact with ZO-1. These proteins
play a key role in the maintenance of the epithelial barrier. Moreover,
occludin internalization has been reported to be the main alteration
observed following TNF-induced barrier loss in intestinal epithelial cells
[52,53]. These two proteins are essential for creating cell-to-cell con-
tacts and in maintaining the epithelial barrier function and the per-
meability of the paracellular pathway.

We also showed that TNF-α increases the transport of FITC-con-
jugated 4-kDa dextran in a double-chamber system that mimics para-
cellular flux. The transport of macromolecular tracers such as dextran
across the epithelium can be assessed by measuring the leak pathway.
Because of its size, the migration of dextran reflects the leak pathway
but not the pore pathway. It has been suggested that ZO-1 and occludin
are involved in the maintenance and regulation of the barrier to leak
pathway flux [54–56].

In gingival tissue from patients with aggressive periodontitis, high
levels of IL-8 expression have been detected in sites with high numbers
of PMN cells [57]. The fact that tea polyphenols inhibit IL-8 secretion
by epithelial cells suggests that they have the potential to reduce both
the accumulation of inflammatory cells in diseased sites and the se-
verity of TNF-α-induced inflammatory processes. Chemokines play a

key role in the recruitment of phagocytic cells to sites of infection
[58,59]. It has been proposed that IL-8-mediated chemotactic and ac-
tivation effects on neutrophils largely modulate periodontal tissue de-
struction [60]. In the case of periodontal disease, attenuation of cyto-
kine secretion may have a major indirect impact given that anti-
inflammatory modalities can indirectly exert antimicrobial effects. In-
deed, periodontal dysbiosis may be associated with an inflammatory
environment since inflammatory tissue breakdown products may serve
as nutrients for periodontopathogens [61].

5. Conclusion

Periodontal disease is a current public health problem that com-
promises a patient’s quality of life. According to the World Health
Organization, periodontitis affects 10–15% of adult populations
worldwide [62]. We provide evidence that TNF-αmay exert deleterious
effects through the amplification of the inflammatory process and the
disruption of the keratinocyte barrier (Fig. 8). We also show that tea
polyphenols attenuate the gingival epithelial barrier dysfunction caused
by TNF-α and modulate the inflammatory host response (Fig. 9). Given
that pathological inflammation, such as that associated with period-
ontitis, involves a loss of tolerance and/or of regulatory processes, the
ability of tea polyphenols to attenuate inflammatory processes suggests
that they may be promising preventive or therapeutic agents for use in

Fig. 9. Proposed protective roles of tea polyphenols in the pathogenesis of periodontal disease associated with an uncontrolled secretion of TNF-α. Tea polyphenols
protect against the disruption of epithelial cell barrier induced by TNF-α. This physical protection prevents invasion by periodontopathogens such as P. gingivalis, a
keystone bacterium largely involved in dysbiosis of the commensal oral microbiota. Moreover, in the presence of TNF-α, tea polyphenols reduce the activation of two
major pro-inflammatory signaling pathway NF-κB and caspase-1. This anti-inflammatory effect leads an attenuation of the pro-inflammatory microenvironment and
may promote periodontal health.
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anti-cytokine therapies.
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