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Background and Objective: Tobacco use is associated with increased periodontal

destruction in both cigarette smokers and smokeless tobacco users. Gingival

keratinocytes are the first cells in contact with microbial and tobacco components

and play a key role in the innate immune response to these agents. The objective of

this study was to evaluate the effect of nicotine and bacterial lipopolysaccharide

(LPS) alone and in combination on gingival keratinocyte production of inter-

leukin-1a (IL-1a) and interleukin-8 (IL-8).

Material and Methods: Gingival keratinocyte cultures were established from 10

healthy, non-tobacco-using subjects. The cells were stimulated for 24 h with 1 lM

or 1 mM nicotine and/or 10 lg/mL Escherichia coli or Porphyromonas gingivalis

LPS. Interleukin-1a and IL-8 proteins were quantified using ELISAs.

Results: Compared with untreated cultures, 1 mM nicotine stimulated production

of IL-1a (p < 0.001); E. coli and P. gingivalis LPS increased IL-8 production

(p = 0.0014 and p = 0.0232, respectively). A combination of nicotine and LPS

produced the highest cytokine quantities. Amounts of IL-1a and IL-8 following

1 mM nicotine and LPS exposure were significantly greater than in untreated

cultures (p < 0.001). Interleukin-8 was also responsive to 0.1 lM nicotine

combined with E. coli or P. gingivalis LPS compared with control cultures

(p < 0.0001 and p = 0.0029, respectively). Both cytokines tended to be

elevated following the combined treatment relative to nicotine or LPS treatment

alone.

Conclusion: These results demonstrate that nicotine and LPS differentially regu-

late IL-1 and IL-8 production by gingival keratinocytes. Combined treatment

tended to elevate cytokine production further, which may have implications for

the progression of periodontitis in tobacco users.
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Tobacco use is associated with patho-

logical alterations in the periodontium.

Cigarette smoking is a major risk factor

in periodontitis and, based on the Third

National Health and Nutrition Exami-

nation Survey (NHANES), current

smokers are about four times as likely

as subjects who have never smoked to

have periodontitis (defined as ‡ 1 site

with clinical attachment level ‡ 4 mm

from the cemento-enamel junction and

‡ 4 mm probing depth) (1). The most

common findings in smokeless tobacco

users are localized gingival recession

and white mucosal lesions at placement

sites (2). In addition, findings from the

NHANES data set indicate that

smokeless tobacco users are twice as

likely as non-tobacco users to have

severe periodontal disease (defined as at

least 1 tooth with 6 mm attachment

loss at an interproximal surface; 3). The

mechanisms of smoking-related peri-

odontal destruction are twofold,

including: (a) alterations in the peri-

odontal microflora (4–8); and (b)

effects on the immune response which

influence vascular function, neutrophil/

monocyte activities, antibody produc-

tion and adhesion molecule expression,

as well as release of cytokines and

inflammatory mediators (9–12). Devel-

opment of recession and mucosal

lesions in smokeless tobacco users is

related to mechanical and chemical

effects and probably involves similar

alterations of the immune response to

those implicated in smoking-related

periodontal destruction.

Nicotine, one of the most studied

active ingredients in smoked and

smokeless tobacco, can directly modify

production of cytokines and inflam-

matory mediators by various cell types

found in periodontal tissues, including

fibroblasts, mononuclear cells, neutro-

phils, osteoblasts and keratinocytes

(9–14). Previously, we demonstrated

that nicotine, at concentrations in the

range of those found in saliva of tobacco

users (1 mM), increased interleukin-1a
(IL-1a) and interleukin-1b (IL-1b) pro-
duction by cultured gingival keratino-

cytes (15). Gingival keratinocytes are

the first cells in contact with the myriad

of chemicals found in tobacco products

and are early producers of cytokines

and chemokines, including IL-1 and

interleukin-8 (IL-8), in response to

bacterial plaque (16). As a proinflam-

matory cytokine, IL-1 activates macro-

phages and osteoclasts, increases release

of proteolytic enzymes and triggers

other aspects of the immune response

(17). This includes stimulation of IL-8

secretion, which in turn plays a role in

recruitment and activation of neu-

trophils (18). Cytokine production by

gingival keratinocytes contributes to the

development of the innate immune

response to bacterial plaque and noxi-

ous agents.

Interactions between nicotine and

bacteria, resulting in enhanced pro-

inflammatory cytokine production,

may contribute to increased periodon-

tal destruction in tobacco users with

poor oral hygiene (19,20). Hence, the

goal of the present studywas to evaluate

IL-1a and IL-8 production by gingival

keratinocytes in response to nicotine

and lipopolysaccharide (LPS) alone and

to nicotine in combination with LPS.

Material and methods

Gingival keratinocyte cultures

Gingival keratinocyte cultures were

established from healthy gingival tis-

sues discarded during clinical crown

elongation surgeries usingmethodology

previously described (15). Ten healthy,

non-tobacco-using subjects under the

age of 50 years contributed tissues for

this study. These individuals had no

history of systemic conditions requiring

regular use of antibiotics or non-ste-

roidal anti-inflammatory drugs within

the past 3 mo. The protocol for this

studywas approved by theUniversity of

Iowa�s Institutional Review Board for

theUse ofHuman Subjects inResearch.

Nicotine and bacterial LPS treatment

Keratinocytes (passage 2–3) were see-

ded (2.5 · 104 cells per well) into 48-

well plates (Costar, Cambridge, MA,

USA) for assessments of cytokine

protein. The cultures were maintained

in a serum-free keratinocyte growth

medium (Clonetics Corporation, San

Diego, CA, USA) containing 0.15 mM

calcium, 50 lg/mL gentamicin, 50 ng/

mL amphotericin B, 5 lg/mL insulin,

0.5 lg/mL hydrocortisone, 30 lg/mL

bovine pituitary extract and 0.1 ng/mL

epidermal growth factor.

When the cultures reached approxi-

mately 60% confluence, the wells were

divided into nine groups and exposed to

one of the following treatments: 0.1 lM

nicotine; 1 mM nicotine; 10 lg/mL

Escherichia coli LPS (Sigma Chemical,

St Louis, MO, USA); 10 lg/mL Por-

phyromonas gingivalis LPS (kindly

provided by Dr Jack Dyer, University

of NebraskaMedical Center, College of

Dentistry, Lincoln, NE, USA; 21);

nicotine (0.1 lM or 1 mM) combined

with LPS (E. coli or P. gingivalis)

treatment; or medium alone (control).

Nicotine dilutions were freshly pre-

pared using nicotine free base (98–

100% nicotine; Sigma Chemical, St

Louis, MO, USA) and medium. These

concentrations fall within the range of

nicotine concentrations present in

serum (0.1 lM; 22) and in saliva (1 mM)

of smokers and smokeless tobacco

users (23,24). The cells were exposed to

the treatments for 24 h based on

previous studies demonstrating that

24 h was the optimal time period for

protein response (15). The keratinocyte

nature of the cells was confirmed based

on histological and ultrastructural

features and immunostaining for high

molecular weight cytokeratins.

Supernatants were collected from the

cultures, and protease inhibitors (anti-

pain, 1 lg/mL; aprotinin, 1 lg/mL;

leupeptin, 1 lg/mL; and N-ethylmalei-

mide, 125 lg/mL; Sigma Chemical, St

Louis, MO,USA) were added. The cells

weredetached fromthewells by trypsin–

EDTA exposure for 10–14 min at 37�C,
and an aliquot of the cell suspensionwas

counted in a Coulter counter (Coulter

Electronics, Hialeah, FL, USA). The

remaining cells were sonicated in a buf-

fer containing 0.01% Triton� X-100

(Sigma Chemical, St Louis, MO, USA)

detergent and protease inhibitors. The

cell supernatants and lysateswere stored

at )80�C until the time of assay.

Interleukin-1a and IL-8 assays

In keratinocytes, the majority of IL-1a
is cell associated (25); therefore, IL-1a
was evaluated in the cell lysates

using commercially available ELISAs
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performed according to the manufac-

turer�s instructions (Cayman Chemical,

Ann Arbor, MI, USA). Interleukin-8

levels in the culture supernatants were

also assessed by ELISA (Endogen,

Woburn,MA,USA). These assays were

performed in duplicate (two separate

culture wells from each of the ten

subjects). For each treatment condition,

mean mediator levels were calculated

andexpressed aspicogramsper 104 cells.

Cell viability assay

For each subject, the effect of nicotine

and LPS on keratinocyte viability was

evaluated using a commercial assay for

mitochondrial dehydrogenase (MTS;

CellTiter Aqueous non-radioactive cell

proliferation assay, Madison, WI,

USA). This assay is based upon the

conversion of a tetrazolium compound

by mitochondrial dehydrogenase

enzymes present in viable cells to a

colored formazan product. Keratino-

cytes were seeded (7.5 · 103 cells per

well) into 96-well tissue culture plates

(Corning Life Sciences, Lowell, MA,

USA) and exposed to the experimental

treatments previously described, and

the assay was performed according to

the manufacturer�s instructions.

Statistical analysis

A linear mixed modeling approach

was employed to take account of the

repeated measures nature of the design,

specifying treatment as a fixed effect and

cell line as a random effect. Analyses

were carried out using the average value

of duplicate measurements of the 10

subjects. Linear contrasts were used to

testcomparisonsof interest.Adjustment

for multiple comparisons was made

using the Bonferroni method, based

upon an overall type I error level of 0.05

and28plannedcomparisons.Therefore,

a p-value < 0.0018 was accepted as

statistically significant. Standard model

assumptions were assessed for validity.

Results

Nicotine or LPS treatment

The high dose of nicotine (1 mM)

strongly upregulated the production of

IL-1a (p < 0.0001) compared with

medium alone (Fig. 1A). Interleukin-

1a concentrations in these nicotine-

exposed cultures were approximately

2.5 times greater than in control cul-

tures. Neither the low concentration of

nicotine (0.1 lM) nor LPS treatment

had a significant impact on IL-1a
protein amounts (Fig. 1A). Inter-

leukin-8 secretion following high- or

low-dose nicotine treatment was not

significantly different from that seen

with the control cells (medium alone).

In contrast, both E. coli and P. gingi-

valis LPS increased IL-8 production

relative to the control cultures (joint

p-value = 0.0017). Results were signif-

icant when the control was compared

with E. coli LPS (p = 0.0014) and

suggestive when P. gingivalis was

compared with the control cultures

(p = 0.0232), although not significant

after correction for multiple compari-

sons (Fig. 1B).

Nicotine and LPS combined
treatment

A combination of nicotine and LPS

treatment resulted in the greatest pro-

duction of both cytokines. When

E. coli LPS or P. gingivalis LPS and

the high nicotine dose (1 mM) were

combined, IL-1a and IL-8 production

were significantly increased compared

with control conditions (p < 0.0001,

*†
*†800 

A

B

600 

400 

200 

In
te

rle
uk

in
-1

α 
(p

g/
10

,0
00

 c
el

ls
 )

0 

E.c
. L

PS/ 

   
  N

i 1
 m

M
 

E.c
. L

PS/ 

   
Ni 0

.1
 μ

M

P.
g.

 L
PS/ 

   
   

Ni 1
 m

M
P.

g.
 L

PS/ 

   
 N

i 0
.1

 μ
M

E.
c. 

LP
S 

P.
g.

 L
PS

 

Ni 1
 m

M

Ni 0
.1

 μ
M

M
ed

iu
m

 

E.c
. L

PS/ 

   
  N

i 1
 m

M
 

E.c
. L

PS/ 

   
Ni 0

.1
 μ

M

P.
g.

 L
PS/ 

   
   

Ni 1
 m

M
P.

g.
 L

PS/ 

   
 N

i 0
.1

 μ
M

E.
c. 

LP
S 

P.
g.

 L
PS

 

Ni 1
 m

M

Ni 0
.1

 μ
M

M
ed

iu
m

 

* 

*†

*†

*†

In
te

rle
uk

in
-8

 (
pg

/1
0,

00
0 

ce
lls

)

0 

20 

40 

60 

80 
* 

Fig. 1. Box plot diagrams showing the differences in IL-1a (A) and IL-8 (B) protein pro-

duction by gingival keratinocytes exposed to nicotine (Ni) at 1 mM or 0.1 lM, E. coli (E.c.) or

P. gingivalis (P.g.) LPS (10 lg/mL), alone or in combination. Vertical boxes represent 25th–

75th percentiles; error bars represent 10th and 90th percentiles; the line within the box plot

represents the median value; and + represents the mean value. Values represent the mean of

duplicates of 10 subjects. Outliers are represented by black dots. For IL-1a, in each case the

associated standard error is 45.36 because the design is balanced and the variance is a pooled

estimate. For IL-8, the associated standard error is 7.67. *Significantly different from med-

ium alone (p < 0.0018). �Significantly different from respective LPS only (p < 0.0018; A).

� Significantly different from dose-matched nicotine only (p < 0.0018; B).
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in all instances; Fig. 1A and B). Inter-

leukin-8 was also responsive to the

low-dose nicotine combined with

E. coli or P. gingivalis LPS when

compared with medium alone

(p < 0.0001 and p = 0.0029, respec-

tively), although the latter was not

significant after correction for multiple

comparisons (Fig. 1B).

Comparisons were made between

nicotine treatment alone and the com-

bined nicotine and LPS treatments.

For IL-1a, the comparison of high-

dose nicotine alone vs. high-dose nic-

otine plus E. coli LPS was suggestive

(p = 0.0363) of an enhanced effect.

Findings for IL-8 were consistent with

the strong effect of LPS treatment and

the lack of effect of nicotine on this

chemokine. Both LPS treatments

combined with high-dose nicotine re-

sulted in significantly higher IL-8

amounts compared with high-dose

nicotine alone (p < 0.0001 for E. coli

and p = 0.0006 for P. gingivalis. The

combination low-dose nicotine and

P. gingivalis LPS was elevated, albeit

not significantly after adjustment

(p = 0.0043), compared with low-dose

nicotine alone.

The final comparison was made

between LPS alone and LPS plus

nicotine treatment. Given the highly

significant effect of the high-dose

nicotine treatment alone on IL-1a, it

was not surprising that high-dose

nicotine combined with either LPS

treatment resulted in a higher mean

IL-1a response than treatment with

the respective LPS alone (p < 0.0001)

in both instances (Fig. 1A). When the

combination treatment was compared

with the LPS alone treatment, there

was a trend for higher IL-8 amounts

for the high-dose nicotine plus LPS

combination treatment compared with

LPS alone; this was more pronounced

for E. coli LPS (p = 0.0026) than for

P. gingivalis LPS (p = 0.0187) and not

significant after multiple comparisons

adjustment (Fig. 1B).

Cell viability

Cell counts, as determined by a Coulter

counter, were not significantly different

among treatments at 24 h, nor was cell

viability altered, as assessed by mito-

chondrial dehydrogenase assays (data

not shown).

Discussion

Altered cytokine production is one of

the proposed mechanisms to explain

the increased periodontal destruction

observed in tobacco users (11). In

previous studies, nicotine (1 and

100 lM) increased IL-1a, IL-1b (26)

and IL-8 secretion in cultured human

oral epidermoid carcinoma cell lines

(27). Mahanonda et al. (14) recently

reported that high nicotine doses (0.3

and 1 mM) significantly enhanced hu-

man gingival epithelial cell production

of IL-8 (pg/mL) by 13% compared

with control cultures. Although IL-8

production in response to 1 mM nico-

tine was increased by 19% in the

present study, this increase of 3.74 pg

per 10,000 cells was not statistically

significant (p = 0.47). A lack of

impact of nicotine on IL-8 production

was also reported in neonatal fore-

skin epidermal keratinocyte cultures

exposed to relatively lower levels of

nicotine (6 lM; 28). Differences among

the studies may be related to varied

nicotine doses as well as subject and

cell variability.

Increased IL-8 production following

gingival keratinocyte treatment with

LPS has been previously reported (29).

Like our study, Mahanonda et al. (14)

reported relatively low baseline levels

of IL-8 in unstimulated cultures and

that LPS was a stronger stimulant of

IL-8 than nicotine. Interestingly, the

cytokine responses to P. gingivalis, a

major periodontal pathogen, were not

as robust as to the E. coli LPS, which is

the converse of that observed by Ma-

hanonda et al. (14). These investigators

reported a lack of effect of E. coli LPS

on IL-8 production. Other investiga-

tors have shown that gingival epithelial

cells infected with E. coli or P. gingi-

valis produce IL-8 and that different

strains of P. gingivalis have differential

effects (30). Therefore, differences in

the bacterial strains as well as the

method of LPS preparation could

explain discrepancies among studies.

The intriguing observation that the

combination of nicotine and LPS pro-

duced the highest amounts of IL-1a

and IL-8 supports clinical evidence

that tobacco users with poor oral hy-

giene have more severe periodontal

destruction than tobacco users with

good oral hygiene (19,20). Both IL-1

and IL-8 are important in controlling

infections; however, excessive produc-

tion may favor tissue destruction.

Although not significant after correc-

tion for multiple comparisons, it is

interesting that IL-1a was higher in the

high-dose combination treatment than

with nicotine alone and that IL-8 was

higher in the high-dose combination

treatment than LPS alone. Collec-

tively, these findings support an inter-

active effect of smoking and bacterial

factors on the host response in perio-

dontal disease. It is not clear whether

this is an additive or synergistic phe-

nomenon; the fact that we identified

these trends despite the high variability

in expression of mediators warrants

further investigation.

In this study, nicotine was the main

stimulant of IL-1a, and LPS was the

primary stimulant for IL-8. In addition

to the differential impact of nicotine

and LPS on IL-1 and IL-8, cellular

responses to nicotine and LPS treat-

ments vary according to cell type. This

contributes to the contradictory find-

ings concerning the impact of nicotine

on cytokines; some studies report that

nicotine either suppresses or has no

effect on proinflammatory cytokines.

For example, nicotine (3 lM to

0.617 mM) had no effect on IL-1b
secretion by peripheral blood mono-

nuclear cells (31,32), and nicotine

(0.617–6.17 mM) treatment of LPS-

primed monocyte and gingival mono-

nuclear cells inhibited IL-1 secretion

(31–34). In human neutrophils, nico-

tine at concentrations comparable to

those used in the present study did not

affect IL-1b secretion, but IL-8 was

strongly induced in a dose- and time-

dependent manner (35). In contrast to

this study, where nicotine did not sig-

nificantly alter IL-8 production from

keratinocytes, gingival fibroblast cul-

tures treated with low nicotine con-

centrations (1 nM) released elevated

amounts of both IL-6 and IL-8 pro-

teins; the combination of high-dose

nicotine (1 mM) and LPS synergisti-

cally upregulated IL-6 and IL-8

586 Johnson et al.



production (36). These diverse effects

of nicotine and LPS on various cell

types may reflect differences in recep-

tors and regulatory pathways inherent

to the cell type.

The presence of the LPS receptors,

including Toll-like receptors 2 and 4,

has been identified on gingival kerati-

nocytes (14,37). These surface recep-

tors regulate pathogen recognition,

activate various transcriptional

responses and regulate inflammatory

responses (38). Arredondo et al. (39)

have shown that nicotine binds to

nicotinic acetylcholine receptors on

human gingival keratinocytes, includ-

ing nicotinic receptor a7 (nAChRa7),
and that activation of these receptors

upregulates gene expression of nuclear

factor jB (NF-jB), which stimulates a

proinflammatory response. In contrast,

Osborne-Hereford et al. (40) did not

identify any evidence of NFjB
pathway activation in skin following

nicotine exposure. In fact, these inves-

tigators demonstrated that nAChRa7
activation by nicotine led to downre-

gulation of proinflammatory cytokine

production in skin and proposed that

alternative signaling mechanisms were

affected. The dichotomous effects of

nicotine on the immune system reflect,

in part, differences between in vitro and

in vivo models.

In contrast to this study showing

increased IL-1a secretion and a lack of

IL-8 production following nicotine

exposure in vitro, studies using gingival

crevicular fluid have shown similar or

decreased amounts of IL-1a (41,42)

and IL-1b in smokers (43–45). In an

experimental gingivitis model, quanti-

ties of IL-8 in gingival crevicular fluid

were elevated in smokers compared

with non-smokers (46). Differences

between cell culture and gingival cre-

vicular fluid studies may be attributed

to the fact that the keratinocyte rep-

resents only one of the cell types pro-

ducing cytokines. In addition, nicotine

is among the 2000–3000 noxious

chemicals in tobacco products, which

also include benzenes, nitrosamines,

carbon dioxide and many others (11).

In the context of virulence factors,

bacterial components in addition to

LPS interact with host cells and trigger

cytokine expression and secretion.

Finally, it is important to consider the

responses of other cytokines, because

ultimately it is the balance between

proinflammatory and other regulatory

cytokines that characterizes the host

response.

In summary, we observed a signifi-

cant stimulatory effect of nicotine on

IL-1a production and of LPS on IL-8

secretion by human gingival keratino-

cytes. The trend of enhanced mediator

secretion in response to the combina-

tion of LPS and nicotine exposure calls

for future studies specifically designed

to examine potential synergism and

the underlying signaling mechanisms

involved. Furthermore, additional

in vivo studies to examine gingival

crevicular fluid profiles of proinflam-

matory, T- and B-cell regulatory cyto-

kines in smokers and non-smokers

would provide insight into the impact

of tobacco use on the host response to

bacterial plaque.
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