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It is well recognized that cigarette

smoke can alter cell function and pro-

mote disease development and severity

(1–5). Epidemiological investigations

indicate that cigarette smoking is a

leading risk factor for periodontitis.

Smokers exhibit a greater number of

diseased sites than non-smokers, as

well as greater loss of alveolar bone

and increased tooth loss (6,7). Disease

severity increases with the intensity and

duration of smoking exposure (8–10).
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Background and Objective: Human gingival epithelial cells (HGECs) are contin-

ually exposed to oral bacteria and to other harmful agents. Their responses to

stimuli are critical in maintaining periodontal homeostasis. The aim of this study

was to investigate the modulating effect of cigarette smoke extract (CSE) on the

innate immune responses of HGECs.

Material and Methods: Toll-like receptor (TLR) expression of HGECs was

determined by reverse transcriptase-polymerase chain reaction (RT-PCR). The

effect of CSE or nicotine on the expression of the antimicrobial peptide human

b-defensin-2 (hBD-2) and the pro-inflammatory cytokine interleukin (IL)-8 in

stimulated HGEC cultures was evaluated by RT-PCR and enzyme-linked

immunosorbent assay.

Results: The HGECs expressed mRNA of TLRs 1, 2, 3, 5, 6, 9, 10, and minimally

of TLR4, but not of TLRs 7 or 8. Stimulation of HGECs with highly purified

TLR2, 3 or 5 ligands led to expression of hBD-2 and of IL-8. Enhancement of

hBD-2 and IL-8 was observed in HGECs after combined stimulation with Por-

phyromonas gingivalis lipopolysaccharide (TLR2 ligand) and tumour necrosis

factor-a, compared with stimulation using either agent alone. After CSE exposure,

hBD-2 expression was markedly reduced in stimulated HGEC cultures, whereas

IL-8 expression was markedly increased. These effects were also observed, but

were markedly attenuated, upon nicotine treatment.

Conclusion: Human gingival epithelial cells play a critical role in orchestrating the

innate immune responses of periodontal tissue via TLR signalling. Our results

represent the first demonstration that CSE can modulate HGEC function by

suppressing hBD-2 and enhancing IL-8 production, and this may be, in part,

a possible mechanism which promotes periodontal disease.
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It is thought that the immune-modu-

lating effect of smoking on host

response to bacterial plaque is associ-

ated with a more aggressive periodontal

breakdown (11). Early studies demon-

strated impaired phagocytosis by in situ

smoke-exposed oral polymorpho-

nuclear neutrophils (12). In a recent

study of human experimental gingivitis,

a significantly higher amount of inter-

leukin (IL)-8 at baseline in smokers than

in non-smokers was observed, while the

anti-inflammatory cytokine IL-4 was

depressed in smokers (13). On balance,

smoking appears to inhibit host defense

against microbial infection while pro-

moting or amplifying inflammatory

reactions. However, the specific mech-

anisms by which smoking promotes

disease occurrence and severity are not

yet well understood.

In the oral cavity, the epithelium is

the first tissue that encounters ciga-

rette smoke. Very little is known

about the effect of smoking on gingi-

val epithelial cells, although it is well

recognized that these cells play an

integral role in innate immune

defense. They are strategically located

between bacterial plaque biofilms and

the underlying periodontal connective

tissues and bone. To recognize invad-

ing pathogens, gingival epithelial cells

express pattern recognition receptors,

such as Toll-like receptors (TLRs) and

nucleotide-binding oligomerization

domains (NODs; 14,15). These cells

not only serve as a physical barrier,

but also actively respond to microbes

by synthesizing pro-inflammatory

cytokines, such as IL-1, IL-8 and

tumour necrosis factor-a (TNF-a), as
well as important antimicrobial pep-

tides. Human b–defensin-2 (hBD-2) is

one such peptide. It is under intensive

study because it is inducible when

epithelial cells are exposed to bacteria

and pro-inflammatory cytokines, thus

suggesting that it has a specialized

role in the innate epithelial defense

mechanisms (16,17). It causes micro-

bial death through disruption of bac-

terial membrane integrity. It is

detectable in gingival crevicular fluid

(18) and is significantly more abun-

dant in the epithelial layer of perio-

dontitis lesions than in healthy

periodontal tissue (19).

In the present study, we aimed to

investigate the immune-modulating

effect of cigarette smoke extract (CSE)

on primary human gingival epithelial

cell (HGEC) responses, specifically

IL-8 and hBD-2 expression.

Material and methods

Reagents

Medium for HGEC cultures was ser-

um-free keratinocyte growth medium,

which was purchased from Clonetics

(Walkersville, MD, USA). Dispase was

purchased from B-M Biochemicals

(Indianapolis, IN, USA). Highly puri-

fied TLR ligands, including lipopoly-

saccharide (LPS) from Porphyromonas

gingivalis (TLR2 ligand), poly(I:C)

(TLR3 ligand), LPS from Escherichia

coli K12 strain (TLR4 ligand), flagellin

from Salmonella typhimurium (TLR5

ligand), loxoribine (guanosine ana-

logue, TLR7 ligand) and single-stran-

ded poly(U) oligonucleotide

complexed with LyoVec (TLR8

ligand), were obtained from InvivoGen

(San Diego, CA, USA). Cytosine-

phosphate-guanosine oligodeox-

ynucleotide (CpGODN) (TLR9 ligand)

was obtained from Coley Pharmaceuti-

cal Group (Wellesley, MA, USA). Tu-

mour necrosis factor-a was purchased

fromR&DSystems (Minneapolis,MN,

USA). (–)-Nicotine hydrogen tartrate

salt was purchased form Sigma (St

Louis, MO, USA).

Human gingival epithelial cells

Gingival tissue samples were collected

from subjects who had clinically heal-

thy periodontium and no history of

periodontitis. All subjects were lifetime

non-smokers. The gingival biopsies

were obtained at the time of crown-

lengthening procedure for prostho-

dontic reasons at the Periodontal

Clinic, Faculty of Dentistry, Chul-

alongkorn University. Before opera-

tion, ethical approval was obtained

from the ethics committee of the Fac-

ulty of Dentistry, and written informed

consent was obtained from each sub-

ject. The HGECs from gingival tissues

were obtained following an established

procedure (20). In brief, the excised

tissues were immediately washed with

Dulbecco’s phosphate buffered saline

in 35 mm tissue culture dishes, and

digested in 0.2% dispase for 24 h at

4�C. The separated epithelial layer was

then washed, minced with scissors into

fragments (1–3 mm2) and cultured in

growth medium. After a confluent

monolayer of cells was reached,

HGECs were trypsinized, washed twice

and then transferred to new tissue

culture flasks. The HGEC cultures at

passage two to four were used

throughout the study.

Messenger RNA expression of TLRs
in HGECs

Total RNA from HGECs was isolated

by using a RNeasy Mini kit (Qiagen,

Hilden, Germany). One microgram of

Dnase I-treated total RNA was reverse

transcribed using ImProm-II Reverse

Transcription System for reverse trans-

criptase-polymerase chain reaction

(RT-PCR; Promega, Madison, WI,

USA). Toll-like receptors 1–10 and

glyceraldehyde-3-phosphate-dehydro-

genase (GAPDH) were amplified using

specific primers purchased from Proligo

(Singapore). The PCR conditions have

been described previously (21,22), and

the primer sequences were as follows:

TLR1, forward 5¢-CGTAAAACTGG

AAGCTTTGCAAGA-3¢, reverse 5¢-
CCTTGGGCCATTCCAAATAAGT

CC-3¢; TLR2, forward 5¢-GGCCAGC

AAATTACCTGTGTG-3¢, reverse 5¢-
CCAGGTAGGTCTTGGTGTTCA-

3¢; TLR3, forward 5¢-ATTGGGTC-

TGGGAACATTTCTCTTC-3¢, reve-

rse 5¢-GTGAGATTTAAACATTCCT

CTTCGC-3¢; TLR4, forward 5¢-C-
TGCAATGGATCAAGGACCA-3¢, re-
verse 5¢-TCCCACTCCAGGTAAGT

GTT-3¢; TLR5, forward 5¢-CCTCATG

ACCATCCTCACAGTCAC-3¢, re-

verse 5¢-GGCTTCAAGGCACCAG-

CCATCTC-3¢; TLR6, forward

5¢-ACTGACCTTCCTGGATGTGG-

3¢, reverse 5¢-TGGCACACCATCCT

GAGATA-3¢; TLR7, forward 5¢-ACA

AGATGCCTTCCAGTTGC-3¢, rev-

erse 5¢-ACATCTGTGGCCAGGTA

AGG-3¢; TLR8, forward 5¢-CAGA

ATAGCAGGCGTAACACATCA-3¢,
reverse 5¢-AATGTCACAGGTG

CATTCAAAGGG-3¢; TLR9, forward
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5¢-GCGAGATGAGGATGCCCTGCC

CTACG-3¢, reverse 5¢-TTCGGCCGT-

GGGTCCCTGGCAGAAG-3¢; TLR10,

forward 5¢-GGCCAGAAACTGTGG

TCAAT-3¢, reverse 5¢-AACTTCCTGG

CAGCTCTGAA-3¢; and GAPDH,

forward 5¢-TCATCTCTGCCCCCTCT

GCTG-3¢, reverse 5¢-GCCTGCTCAC

CACCTTCTTG-3¢).

Toll-like receptor ligation on HGECs
after treatment with different TLR
ligands and/or TNF-a

Human gingival epithelial cells

(1.2 · 105 cells/mL) in 48-well plates

(Corning Inc., Corning, NY, USA)

were treated with the following alter-

natives: (1) various single TLR ligands:

P. gingivalis LPS (50 lg/mL), poly

(I:C) (100 lg/mL), E. coli LPS (10 lg/
mL), S. typhimurium flagellin (5 lg/
mL), loxoribine (100 lM), ssPolyU

(5 lg/mL) and CpG ODN 2006

(10 lg/mL); (2) TNF-a (30 ng/mL); or

(3) TLR ligand and cytokine combi-

nation: P. gingivalis LPS (50 lg/mL)

plus TNF-a (30 ng/mL). After treat-

ment with individual TLR ligand and/

or TNF-a for 24 h, the cells and cul-

ture supernatants were collected for

measurement of hBD-2 and IL-8.

Detection of hBD-2 expression by
RT-PCR and real-time PCR

Total RNA of treated HGECs was

isolated and reverse transcribed as

described above. The hBD-2 was

amplified using specific primer pair

(forward 5¢-CCAGCCATCAGCCAT-

GAGGGT-3¢, reverse 5¢-GGAGCCCT-

TTCTGAATCCGCA-3¢) for RT-PCR,

and the PCR conditions were as de-

scribed previously (23). The specific

hBD-2 primer pair for real-time PCR

is (5¢-TGATGCCTCTTCCAGGTG-

TTT-3¢ and 5¢-GGATGACATA-

TGGCTCCACTCTT-3¢); the hBD-2

probe is (5¢-6FAM-TGGTGGTATA-

GGCGATCCTGTTACCTGC-TAM-

RA-3¢; 24). These were purchased from

Operon (Cologne, Germany). Quanti-

tative real-time PCR was performed in

a SmartCycler II (Cepheid, Sunnyvale,

CA, USA) by using QuantiTect Probe

PCR Kit (Qiagen). The 25 lL reaction

mixture contained 1 lL (50 ng total

RNA) of cDNA template, 2· Quanti-

Tect Probe PCR Master Mix, 0.4 lM

(final concentration) primer pairs and

0.1 lM TaqMan Probe. In all reac-

tions, HotStarTaq DNA polymerase

was activated by an initial denatur-

ation at 95�C for 15 min, followed by

45 cycles of two-step amplification

procedure composed of annealing/

extension at 60�C for 1 min and

denaturation for 15 s at 95�C. For real-
time PCR, hBD-2 mRNA expression

was quantified using the comparative

cycle-threshold (Ct) method. The Ct of

the housekeeping gene GAPDH was

subtracted from the Ct of hBD-2 to

obtain DCt. The normalized fold

changes of the hBD-2 mRNA expres-

sion were expressed as 2)DDCt, where

DDCt equals (DCt sample – DCt con-

trol).

Preparation of CSE

Cigarette smoke extract was prepared

as previously described (25), with

modification. Briefly, the mainstream

smoke from five cigarettes (�Krong-

tip 90,� Thailand Tobacco Monopoly,

filtered type, Bangkok, Thailand) was

bubbled through 30 mL of prewarmed

(37�C) keratinocyte growth medium at

a constant negative pressure of

290 mmHg. Medium containing CSE

was filtered through 0.2 lm filters.

Several aliquots were prepared and

stored at )70�C until use. Each aliquot

was used once.

Cigarette smoke extract/nicotine
treatment of stimulated HGECs

Preliminary experiments were con-

ducted to determine non-toxic con-

centrations of CSE and nicotine, in

order to ensure that any of their

observed effects on HGEC function

did not result from cellular toxicity or

cell death. Viability and appearance of

treated and untreated cells were

assessed after 24 h exposure to CSE or

nicotine and compared by 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyltetra-

zolium bromide (MTT) assay and

Trypan blue exclusion. The cells

showed 100% viability with CSE at

1:8, 1:4 and 1:2 dilution and nicotine at

0.1, 0.3 and 1 mM compared with

control cells. These concentrations of

CSE and nicotine were used through-

out the study.

A non-toxic concentration of CSE

or nicotine was added to HGEC

cultures (1.2 · 105 cells/mL) in the

presence of P. gingivalis LPS and

TNF-a. After 24 h, the cells and cul-

ture supernatants were collected for

measurement of hBD-2 and IL-8.

Determination of IL-8 and hBD-2 by
enzyme-linked immunosorbent
assay (ELISA)

The supernatants of stimulated

HGECs were harvested and assessed

for IL-8 and hBD-2 production by

ELISA (R&D Systems, Minneapolis,

MN, USA and Phoenix Pharmaceuti-

cals Inc., Belmont, CA, USA, respec-

tively).

Statistical analysis

Statistical comparisons among treat-

ment conditions, with respect to

production of hBD-2 and IL-8, were

conducted using SPSS version 11.5

software (SPSS, Chicago, IL,

USA). Student�s paired t-test was used

for normally distributed data,

and the non-parametric Wilcoxson

signed rank test was used for non-

normally distributed data. A value of

p < 0.05 was considered statistically

significant.

Results

Toll-like receptor activation of
HGECs

Previous studies showed conflicting

data of TLR expression in

HGECs(14,15,26). We therefore sys-

tematically investigated TLR expres-

sion and their responses to specific

ligands. In HGECs derived from heal-

thy periodontal tissues, we observed

mRNA expression of TLRs 1, 2, 3, 4,

5, 6, 9 and 10, but not of TLRs 7 and 8

(Fig. 1A). However, TLR4 mRNA

was minimally expressed. The results

were reproducible in all four HGEC

lines (four donors). In order to char-

acterize the functional relevance of

TLRs in HGECs, expression of the
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antimicrobial peptides hBD-2 and IL-8

was determined after stimulation with

a variety of highly purified TLR

ligands. Tumour necrosis factor-a-
treated HGECs were used as a positive

control. In line with the observed

expression of their respective TLRs 2,

3, and 5, P. gingivalis LPS, poly(I:C)

and S. typhimurium flagellin induced

hBD-2 and IL-8 in the epithelial cells

(Fig. 1B,C). Escherichia coli LPS,

a TLR4 ligand, did not induce either

hBD-2 or IL-8, consistent with our

observation of only minimal expres-

sion of TLR4. On the contrary,

CpG ODN 2006, a potent TLR9 acti-

vator, had no effect, even though

HGECs clearly expressed TLR9

mRNA (Fig. 1B,C).

Cigarette smoke extract suppresses
epithelial hBD-2 but stimulates IL-8
expression

The immune-modulating effect of CSE

was evaluated in HGECs that had

been stimulated with the combination

of P. gingivalis LPS and TNF-a. As

depicted in Fig. 2A,B, the combina-

tion of the TLR2 ligand P. gingivalis

LPS and TNF-a exerted an enhancing

effect on both hBD-2 and IL-8

expression compared with those of

the substances applied individually

(p < 0.05). Figure 2C shows that

treatment of stimulated HGECs with

a non-toxic concentration of CSE (1:2

dilution) led to a large (approximately

80%) and statistically significant

reduction in hBD-2 mRNA expres-

sion, compared with the response in

stimulated cells with no CSE treat-

ment (p < 0.05). The suppressed

hBD-2 production was also confirmed

at protein level (Fig. 2D). In contrast,

CSE at the same concentration sig-

nificantly enhanced IL-8 production

(approximately 53% enhancement;

p < 0.05; Fig. 2E). Cigarette smoke

extract alone had no effect on either

hBD-2 or IL-8 expression in unstim-

ulated HGEC culture. Other concen-

trations of CSE (1:4 and 1:8 dilution)

were also tested on HGEC production

of hBD-2 and IL-8 (data not shown)

but the optimal effect was found at

the 1:2 dilution.

Nicotine suppresses epithelial hBD-2
but stimulates IL-8 expression

We next investigated whether the effect

of CSE could be due to nicotine, the

major component of CSE. Similar to

the CSE results, treatment of stimu-

lated HGECs with nicotine at non-

toxic concentrations (0.1, 0.3 and

1 mM) led to a decrease in hBD-2

expression (Fig. 3A). Nicotine at

higher concentrations (0.3 and 1 mM)

significantly reduced hBD-2 mRNA

expression (approximately 31% reduc-

A

B

C

Fig. 1. Toll-like receptor expression and activation in HGECs. (A) Expression of mRNA for

TLRs 1–10 was measured in cultured HGECs by RT-PCR. As an internal control, GAPDH

mRNA was used. (B) Human gingival epithelial cells were stimulated with the following

ligands: P. gingivalis LPS (TLR2 ligand), poly(I:C) (TLR3 ligand); E. coli LPS (TLR4

ligand); S. typhimurium flagellin (TLR5 ligand); loxoribine (TLR7 ligand); poly(U) (TLR8

ligand); and CpG ODN 2006 (TLR9 ligand). Control and stimulated HGECs were harvested

after 24 h, and mRNA expression of hBD-2 was analysed by RT-PCR. Tumour necrosis

factor-a-stimulated HGECs were used as a positive control. As an internal control, GAPDH

mRNA was used. Data represent the mean ratios of hBD-2:GAPDH ± SEM (n = 4,

*p < 0.05, compared with unstimulated control). (C) For assessment of IL-8 production,

culture supernatants of control and stimulated HGECs were harvested after 24 h and then

assayed by ELISA. Data shown are means ± SEM of four separate experiments (*p < 0.05,

compared with unstimulated control).
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tion) compared with cultures with

no nicotine treatment (p < 0.05;

Fig. 3A). The suppressed hBD-2

production was also confirmed at

protein level (Fig. 3B). In contrast,

nicotine at 0.3 and 1 mM induced a

slightly but statistically significant

increase in IL-8 production (approxi-

mately 13% enhancement) compared

with cultures with no nicotine treat-

ment (p < 0.05; Fig. 3C). Thus, the

directions of effect after nicotine

treatment were the same as those after

CSE treatment. However, the magni-

tudes of the nicotine effects were con-

siderably smaller than those of the

CSE effects.

Discussion

It is known that host immune

responses employ pattern recognition

receptors to recognize invasive micro-

bial organisms. This recognition leads

to release of mediators which limit and

contain microbial invasion. Recent

evidence suggests an emerging role of

TLRs in peridontitis (27). In this study,

HGECs from healthy gingival tissue

clearly expressed mRNA of TLRs 1, 2,

3, 5, 6, 9 and 10, and minimally

expressed TLR4, but did not express

TLRs 7 and 8. This result was repro-

ducible in all samples examined

(n = 4). These findings agree with

previous observations of Kusumoto

et al.(14). In contrast, some investiga-

tors have reported clear expression of

TLR4 and TLR7 in primary HGECs

(15,28). This discrepancy requires fur-

ther investigation.

In line with TLR mRNA expression,

HGECs expressed hBD-2 and IL-8 in

response toP. gingivalisLPS, poly(I:C),

S. typhymurium flagellin, which are

respective ligands for TLRs 2, 3 and 5.

The pro-inflammatory cytokine TNF-a
significantly enhanced P. gingivalis

LPS-induced hBD-2 and IL-8 expres-

sion. These enhanced responses were

consistent with the observed TNF-a-
induced upregulation of TLR2

expression (data not shown). Other

investigators have reported upregula-

tion of hBD-2, but no effect on IL-8, in

oral epithelial cell lines (HSC-2 and

HO-1-u-1) treated with a variety of

specific TLR ligands (TLRs 2, 3 and 4;

15,26). This difference in findings may

be due to use of different cell types. We

used primary epithelial cells derived

from healthy gingival tissue, whereas

the other research groups used oral

cancer cells.

In the present study, treatment with

CpG ODN 2006, a potent ligand for

TLR9, did not induce hBD-2 or IL-8

despite detectable TLR9 expression in

HGECs. This is consistent with previ-

ous observations (14). We recently

reported that human gingival fibro-

blasts expressed TLR9, but showed no

response to CpGODN (29). The reason

for this remains unclear and requires

further investigation. The observed

inability of the TLR4 ligandE. coliLPS

to induce hBD-2 and IL-8 expression in

HGECs could be attributable to the

minimal expression of TLR4, the cul-

ture conditions, or both. In the HGEC

medium, there was no added fetal

bovine serum, a source of soluble cluster

A C

B D

E

Fig. 2. The effect of CSE on expression of hBD-2 and IL-8 in HGECs upon stimulation with

P. gingivalis LPS plus TNF-a. The combination of TLR2 ligand P. gingivalis LPS and

TNF-a enhanced hBD-2 (A) and IL-8 expression (B). Data shown are means ± SEM of

four separate experiments (*p < 0.05, compared with single stimulator). (C) Human gingi-

val epithelial cells were stimulated with P. gingivalis LPS plus TNF-a in the presence or

absence of a non-toxic concentration of CSE (1:2 dilution). For quantitative analysis of

hBD-2 expression, stimulated HGECs with or without CSE treatment were harvested after

24 h and mRNA expression of hBD-2 was analysed by real-time PCR. As an internal con-

trol, GAPDH mRNA was used. Data are the mean ratios of hBD-2:GAPDH ± SEM from

five separate experiments (*p < 0.05, compared with HGECs stimulated with the combi-

nation of P. gingivalis LPS plus TNF-a in the absence of CSE). For assessment of hBD-2 (D)

and IL-8 production at a protein level (E), culture supernatants were harvested after 24 h and

then assayed by ELISA. Data shown are means ± SEM of five separate experiments

(*p < 0.05, compared with HGECs stimulated with the combination of P. gingivalis LPS

plus TNF-a in the absence of CSE).
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of differentiation 14 and LPS-binding

protein, which is required for TLR4

signalling (30). Our findings agree with

previous studies showing that human

intestinal epithelial cells express only

low levels of TLR4 and respond only

weakly to bacterial LPS (31,32).

Cigarette smoking is strongly associ-

ated with multiple diseases, including

lung cancer, chronic obstructive pul-

monary disease, heart disease, respira-

tory infection and periodontitis (6,7,33–

35). Smoking induces and aggravates at

least some of these diseases by initiating

and promoting inflammatory host re-

sponses (35). To the best of our know-

ledge, no previous studies have assessed

the immune-modulating effect of CSE

on HGEC response. In the present

study, we demonstrated that CSE

inhibited antimicrobial hBD-2 expres-

sion but enhanced IL-8 expression in

stimulated HGECs. The data suggest

that the expression of these two media-

tors may be controlled by different

pathways. A simultaneous enhancing

and suppressing effect of CSE on medi-

ator production has also be observed in

another cell type. Treatment of human

dendritic cells with CSE inhibited IL-12

but enhanced IL-10 production, thus

promoting T-helper 2-mediated

immunity (4).

Nicotine showed similar effects but to

a much lesser extent, implying that non-

nicotine components in CSE are

primarily responsible for these immune-

modulating effects. The observed effects

of CSE and nicotine in this study were

not due to cellular toxicity, since the

concentrations used were in the non-

toxic range. In addition, nicotine levels

were similar to those in the saliva of

smokers (36). Our results strongly sug-

gest that smoking reduces the ability to

kill bacteria, and may thereby allow

overgrowth and invasion of periodontal

pathogens. Porphyromonas gingivalis

and Tannerella forsythia have been

shown to colonize a larger proportion of

tooth sites in smokers than in non-

smokers (37). Also, our results suggest

that smoking enhances the IL-8

response, supporting the in vivo obser-

vation of elevated IL-8 in the gingival

crevicular fluid of smokers (13). Our

findings are also consistent with previ-

ous observations of heavier cellular

infiltration in the epithelial cell layer in

the periodontitis lesions of smokers

compared with non-smokers (38).

In conclusion, our study demon-

strates the dynamic role of HGECs in

the innate immune response of perio-

dontal tissue. Human gingival epithe-

lial cells express an array of TLRs

which can respond to specific microbial

components, leading to the production

A

B

C

Fig. 3. The effect of nicotine on expression of hBD-2 and IL-8 in stimulated HGECs.

Human gingival epithelial cells were stimulated with P. gingivalis LPS plus TNF-a in the

presence or absence of nicotine (0.1, 0.3 and 1 mM). (A) For quantitative analysis of hBD-2

expression, stimulated HGECs with or without nicotine treatment were harvested after 24 h

and mRNA expression of hBD-2 was analysed by real-time PCR. As an internal control,

GAPDH mRNA was used. Data are means ± SEM of five separate experiments

(*p < 0.05, compared with HGECs stimulated with the combination of P. gingivalis LPS

plus TNF-a in the absence of nicotine). For assessment of hBD-2 (B) and IL-8 production at

a protein level (C), culture supernatants of HGECs were harvested after 24 h and then

assayed by ELISA. Data shown are means ± SEM of five separate experiments (*p < 0.05,

compared with HGECs stimulated with the combination of P. gingivalis LPS plus TNF-a in

the absence of nicotine).

562 Mahanonda et al.



of antimicrobial hBD-2 and recruit-

ment of inflammatory cells via the

production of IL-8. Continuous TLR

triggering in HGECs by commensal

organisms of dental plaque is likely to

occur in clinically healthy periodontal

tissue in order to protect against

infection with periodontopathic bacte-

ria. Disruption of oral homeostasis by

cigarette smoke, via suppressing the

hBD-2 and promoting the IL-8

response, is likely to promote the

invasion of pathogenic bacteria and

enhance chronic inflammation, the

hallmark of periodontitis. Therefore,

the present study provides mechanistic

support for the previous observation

that cigarette smoking is an important

risk factor in periodontitis. However,

much remains to be explored regarding

the mechanisms of cigarette smoking

and further research is required.

Acknowledgements

This work was supported by Thai

Health Grant, the 90th Anniversary of

Chulalongkorn University Fund

(Ratchadaphiseksomphot Endowment

Fund) and the Government Research

Budget (GRB_02_50_32_02). We

thank Dr Kitti Torrungruang and

Dr Kanokwan Nisapakultorn for their

technical assistance.

References

1. Oltmanns U, Chung KF, Walters M, John

M, Mitchell JA. Cigarette smoke induces

IL-8, but inhibits eotaxin and RANTES

release from airway smooth muscle. Respir

Res 2005;6:1–10.

2. Masubuchi T, Koyama S, Sato E et al.

Smoke extract stimulates lung epithelial

cells to release neutrophil and monocyte

chemotactic activity. Am J Pathol 1998;

153:1903–1912.

3. Laan M, Bozinovski S, Anderson GP.

Cigarette smoke inhibits lipopolysaccha-

ride-induced production of inflammatory

cytokines by suppressing the activation of

activator protein-1 in bronchial epithelial

cells. J Immunol 2004;173:4164–4170.

4. Vassallo R, Tamada K, Lau JS, Kroening

PR, Chen L. Cigarette smoke extract

suppresses human dendritic cell function

leading to preferential induction of Th-2

priming. J Immunol 2005;175:2684–2691.

5. Su Y, Han W, Giraldo C, De Li Y, Block

ER. Effect of cigarette smoke extract on

nitric oxide synthase in pulmonary artery

endothelial cells. Am J Respir Cell Mol

Biol 1998;19:819–825.

6. Grossi SG, Zambon JJ, Ho AW et al.

Assessment of risk for periodontal disease.

I. Risk indicators for attachment loss.

J Periodontol 1994;65:260–267.

7. Grossi SG, Genco RJ, Machtei EE et al.

Assessment of risk for periodontal disease.

II. Risk indicators for alveolar bone loss.

J Periodontol 1995;66:23–29.

8. Papapanou PN. Periodontal diseases: epi-

demiology. Ann Periodontol 1996;1:1–36.

9. Bergstrom J, Eliasson S, Dock J. Expo-

sure to tobacco smoking and periodontal

health. J Clin Periodontol 2000;27:61–68.

10. Haber J, Wattles J, Crowley M, Mandell

R, Joshipura K, Kent RL. Evidence for

cigarette smoking as a major risk factor

for periodontitis. J Periodontol 1993;64:

16–23.

11. Ryder MI. The influence of smoking on

host responses in periodontal infections.

Periodontol 2000 2007;43:267–277.

12. Eichel B, Shahrik HA. Tobacco smoke

toxicity: loss of human oral leukocyte

function and fluid-cell metabolism. Sci-

ence 1969;166:1424–1428.

13. Giannopoulou C, Cappuyns I, Mombelli

A. Effect of smoking on gingival crevicu-

lar fluid cytokine profile during experi-

mental gingivitis. J Clin Periodontol

2003;30:996–1002.

14. Kusumoto Y, Hirano H, Saitoh K et al.

Human gingival epithelial cells produce

chemotactic factors interleukin-8 and

monocyte chemoattractant protein-1 after

stimulation with Porphyromonas gingivalis

via toll-like receptor 2. J Periodontol

2004;75:370–379.

15. Uehara A, Fujimoto Y, Fukase K,

Takada H. Various human epithelial cells

express functional toll-like receptors,

NOD1 and NOD2 to produce anti-

microbial peptides, but not proinflamma-

tory cytokines. Mol Immunol 2007;44:

3100–3111.

16. Dale BA, Krisanaprakornkit S. Defensin

antimicrobial peptides in the oral cavity.

J Oral Pathol Med 2001;30:321–327.

17. Dale BA. Periodontal epithelium: a newly

recognized role in health and disease.

Periodontol 2000 2002;30:70–78.

18. Diamond DL, Kimball JR, Krisanapra-

kornkit S, Ganz T, Dale BA. Detection of

b-defensins secreted by human oral epi-

thelial cells. J Immunol Methods 2001;256:

65–76.

19. Lu Q, Jin L, Darveau RP, Samaranayake

LP. Expression of human b-defensins-1
and -2 peptides in unresolved chronic

periodontitis. J Periodont Res 2004;39:

221–227.

20. Oda D, Watson E. Human oral epithelial

cell culture I. Improved conditions for

reproducible culture in serum-freemedium.

In Vitro Cell Dev Biol 1990;26:589–595.

21. Saikh KU, Lee JS, Kissner TL, Dyas B,

Ulrich RG. Toll-like receptor and cyto-

kine expression patterns of CD56+ T cells

are similar to natural killer cells in

response to infection with Venezuelan

equine encephalitis virus replicons.

J Infect Dis 2003;188:1562–1570.

22. Schaefer TM, Desouza K, Fahey JV,

Beagley KW, Wira CR. Toll-like receptor

(TLR) expression and TLR-mediated

cytokine/chemokine production by human

uterine epithelial cells. Immunology

2004;112:428–436.

23. Krisanaprakornkit S, Kimball JR, Wein-

berg A, Darveau RP, Bainbridge BW,

Dale BA. Inducible expression of human

b—defensin 2 by Fusobacterium nucleatum

in oral epithelial cells: multiple signaling

pathways and role of commensal bacteria

in innate immunity and the epithelial

barrier. Infect Immun 2000;68:2907–

2915.

24. Claeys S, de Belder T, Holtappels G et al.

Human b-defensins and toll-like receptors

in the upper airway. Allergy 2003;58:748–

753.

25. Hoshino S, Yoshida M, Inoue K et al.

Cigarette smoke extract induces endothe-

lial cell injury via JNK pathway. Biochem

Biophys Res Commun 2005;329:58–63.

26. Sugawara Y, Uehara A, Fujimoto Y et al.

Toll-like receptors, NOD1, and NOD2 in

oral epithelial cells. J Dent Res 2006;85:

524–529.

27. Mahanonda R, Pichyangkul S. Toll-like

receptors and their role in periodontal

health and disease. Periodontol 2000

2007;43:41–55.

28. Kinane DF, Shiba H, Stathopoulou PG

et al. Gingival epithelial cells hetero-

zygous for toll-like receptor 4 polymor-

phisms Asp299Gly and Thr399Ile are

hypo-responsive to Porphyromonas gingi-

valis. Genes Immun 2006;7:190–200.

29. Mahanonda R, Sa-Ard-Iam N, Mont-

reekachon P et al. IL-8 and IDO

expression by human gingival fibroblasts

via TLRs. J Immunol 2007;178:1151–

1157.

30. Yang Z, Breider MA, Carroll RC, Miller

MS, Bochsler PN. Soluble CD14 and

lipopolysaccharide-binding protein from

bovine serum enable bacterial lipopoly-

saccharide-mediated cytotoxicity and

activation of bovine vascular endothelial

cells in vitro. J Leukoc Biol 1996;59:241–

247.

31. Cario E, Podolsky DK. Differential

alteration in intestinal epithelial cell

expression of toll-like receptor 3 (TLR3)

and TLR4 in inflammatory bowel disease.

Infect Immun 2000;68:7010–7017.

32. Abreu MT, Vora P, Faure E, Thomas LS,

Arnold ET, Arditi M. Decreased expres-

sion of toll-like receptor-4 and MD-2

correlates with intestinal epithelial cell

Smoking modulates human gingival epithelial cell responses 563



protection against dysregulated proin-

flammatory gene expression in response to

bacterial lipopolysaccharide. J Immunol

2001;167:1609–1616.

33. Sopori M. Effects of cigarette smoke on

the immune system. Nat Rev Immunol

2002;2:372–377.

34. Schlesselman JJ. The emerging case-

control study: lung cancer in relation to

tobacco smoking. Prev Med 2006;43:251–

255.

35. Barnes PJ. Chronic obstructive pulmonary

disease. N Engl J Med 2000;343:269–280.

36. Wendell KJ, Stein SH. Regulation of

cytokine production in human gingival

fibroblasts following treatment with nico-

tine and lipopolysaccharide. J Periodontol

2001;72:1038–1044.

37. Haffajee AD, Socransky SS. Relationship

of cigarette smoking to the subgingival

microbiota. J Clin Periodontol 2001;28:

377–388.

38. Katsuragi H, Hasegawa A, Saito K. Dis-

tribution of metallothionein in cigarette

smokers and non-smokers in advanced

periodontitis patients. J Periodontol

1997;68:1005–1009.

564 Mahanonda et al.




