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Cigarette smokers have an increased

risk of developing periodontitis (1–3).

The risk seems to be dose dependent

and correlates with the duration of

tobacco use (4,5). Augmented coloni-

zation of subgingival pathogenic bac-

teria (periodontopathogens), which

include some gram-negative bacterial

species, is currently regarded as an
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Background and Objective: Smokers have an increased risk of developing perio-

dontitis as well as showing more rapid progression and resistance to treatment of

the disease, but the biological mechanisms are poorly understood. This study was

designed to investigate putative biological mechanisms by which nicotine may

enhance the susceptibility and thus the course of periodontitis in an animal model.

Material and Methods: Ligature-induced periodontitis was applied in perio-

dontitis-susceptible Fischer 344 rats. The animals were either given daily

intraperitoneal injections of the nicotinic acetylcholine receptor antagonist mec-

amylamine (1 mg/kg) 45 min before subcutaneous injections in the neck skin of

nicotine (0.8 mg/kg), or treated with the same amount of saline intraperitoneally

and nicotine subcutaneously, or treated with mecamylamine and saline. Control

animals received intraperitoneal and subcutaneous injections of saline only.

Periodontal bone loss was assessed when the ligatures had been in place for 3 wk.

Two hours before decapitation, all rats received lipopolysaccharide (LPS; 100 lg/
kg, intraperitoneally) to induce a robust immune and stress response.

Results: Compared with saline/saline-treated control animals, saline/nicotine-

treated rats developed significantly more periodontal bone loss, and LPS provoked

a significantly smaller increase in circulating levels of the cytokines tumour

necrosis factor-a, transforming growth factor-1b and interleukin-10. Mecamyl-

amine pretreatment of nicotine-treated rats abrogated the increased periodontal

bone loss and the LPS-induced decrease in tumour necrosis factor-a, but had no

significant effects on the levels of transforming growth factor-1b and interleukin-

10, or the stress hormone corticosterone.

Conclusion: The results indicate that nicotine enhances the susceptibility to

periodontitis via nicotinic acetylcholine receptors, which may act by suppressing

protective immune responses through the cholinergic anti-inflammatory pathway.
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initiating factor for periodontitis (6),

and there is evidence of an increased

colonization of subgingival periodon-

topathogens in smokers (7). The

periodontal tissue destruction seems

mainly to be mediated by substances

such as matrix metalloproteinases and

reactive oxygen species (8,9). These

tissue-destructive components are most

probably released from activated in-

nate immune cells fighting and

destroying the periodontopathogens

that are infecting the gingival connec-

tive tissues (10). The pathophysio-

logical mechanisms leading to this

cascade of events are, however, poorly

understood.

Recently, is has become clear that

the brain is an important regulator of

peripheral immune system responses

via the autonomic nervous system and

the neuro-endocrine (hormonal) sys-

tems, including the peptinergic/sensory

system, the sympathetic nervous sys-

tem and the hypothalamic–pituitary–

adrenal axis (11–13). Our previous

experiments in rats have revealed that

the responsiveness of the sympathetic

nervous system and hypothalamic–

pituitary–adrenal axis, which together

comprise the stress response system,

play a significant role in susceptibil-

ity and progression of periodontitis

(14–17), and that the increase in

susceptibility to periodontitis, as found

in patients with severe anxiety and

major depression, may result from an

over-reacting stress response system

(18,19).

Every inflammatory response,

including but not limited to perio-

dontitis, is associated with local and

systemic cytokine responses, many of

which are induced by lipopolysaccha-

rides (LPS). Cytokines are proteins

released from activated immune and

tissue cells, which are key regulators of

inflammatory and immune responses.

Lipopolysaccharides are biologically

active structural components of the

outer cell membrane of all gram-nega-

tive bacteria and are potent pathogen-

associated molecular pattern as well as

cytokine inducers (20). Moreover, LPS

is used experimentally to study how

gram-negative bacterial infections and

immune signals from the periphery

activate the immunoregulatory systems

within the brain (21). There is now

accumulating evidence that the brain

regulates immune system responses,

including cytokine responses, not only

via the peptinergic/sensory system and

the stress response system, but also via

the parasympathetic nervous system.

Cytokines released from activated im-

mune cells may signal the brain

through sensory afferent nerves of the

parasympathetic nervous system. The

brain network activates efferent para-

sympathetic (cholinergic) nerves, lead-

ing to release of the neurotransmitter

acetylcholine (ACh). Acetylcholine

binds to ACh receptors (AChRs) on

immune and tissue cells involved in

immune and inflammatory processes

(22,23). By its binding to AChRs, ACh

can inhibit the activation of nuclear

factor-jB (NF-jB) in pathogen- and

LPS-activated immune cells (24,25).

Nuclear factor-jB is a transcription

factor with a central role in the syn-

thesis of pro-inflammatory cytokines,

including tumour necrosis factor

(TNF-a). Thus, there exists an immu-

noregulatory system controlled by the

brain, today called the �the inflamma-

tory reflex�, and the efferent neural

regulatory pathway of this bi-direc-

tional communication system is termed

the �cholinergic anti-inflammatory

pathway� (22,23).
There are two types of AChRs,

namely the muscarinic AChRs

(mAChRs) and the nicotinic AChRs

(nAChRs), which include several sub-

types. In particular, alpha-7 nAChRs

(a7 nAChRs) have been found to be

involved in the regulation of immune

and inflammatory cells (26,27). More-

over, nicotine is a potent a7 nAChR

agonist that activates the cholinergic

anti-inflammatory pathway, leading to

increased release of ACh, and nicotine

alters immune system responses via

this pathway (23,28). In addition, nic-

otine may bind directly to nAChRs on

immune cells (27). Activation of a7
nAChRs on immune cells by ACh and/

or nicotine inhibits the release of pro-

inflammatory cytokines, including

TNF-a, by transducing a cellular signal
that inhibits the nuclear activity of NF-

jB (23–25). Thus, nicotine can influ-

ence immune system responses,

including cytokine responses, indirectly

by binding to cells within the central

nervous system involved in peripheral

immune system regulation, and by its

direct effect on immune cells. To date,

however, it has not been demonstrated

in an animal model of periodontitis

whether nicotine mediates the aggra-

vation of the disease via activation of

nAChRs.

Therefore, the present study was

designed to determine whether pre-

treatment with mecamylamine, which

is a centrally acting nAChR antagonist

that blocks all subtypes of nAChRs

(29), would influence the severity of

periodontitis induced by chronic nico-

tine treatment, as well as associated

changes of pre- and anti-inflammatory

cytokines induced by gram-negative

bacterial LPS. In addition, the role of

nicotine in the responsiveness of the

hypothalamic–pituitary–adrenal axis

to LPS stimulation, cytokine responses

and susceptibility to periodontitis was

explored.

Material and methods

Animals

Male Fischer 344 rats, weighing 270–

280 g, were obtained from Charles

River Laboratories (Sulzfeld, Ger-

many) and used after 1 wk of accli-

matization. Standard rat chow pellets

and tap water were available ad libi-

tum. The animals were housed in

groups of four under a 12 h–12 h

light–dark cycle (light on from 07.00

to 19.00 h), with temperature and

humidity at 22�C and 40–60%,

respectively. The experiments were

registered and approved by the Nor-

wegian Experimental Animal Board

(NEAB).

Drugs

S())Nicotine di-D-tartrate and (±)-

mecamylamine hydrochloride were

purchased from Sigma-Aldrich (St

Louis, MO, USA), and were dissolved

in physiological saline (0.9% sodium

chloride) and adjusted to pH 7.4 with

sodium hydroxide. Mecamylamine is a

non-selective nAChR antagonist, i.e. it

blocks the ability of nicotine to bind to

all subclasses of nAChRs (30). The

298 Breivik et al.



dosage was selected on the basis of

available literature.

Experimental design

Experiment 1 — This experiment was

designed to test whether administra-

tion of nicotine and pretreatment with

mecamylamine would affect ligature-

induced periodontal breakdown, as

well as the immune and stress

responses to the predominantly gram-

negative bacterial cell wall constituent

LPS. The rats were randomly assigned

to three groups, each consisting of

10 rats. Periodontitis was induced in

all rats. Two days thereafter, group 1

(the mecamylamine/nicotine group)

was injected intraperiotonally (I.P.)

with mecamylamine (1 mg/kg) and

45 min thereafter subcutaneously (S.C.)

in the neck with nicotine (0.8 mg/kg)

for five consecutive days over a period

of 3 wk. Group 2 (the saline/nicotine

group) received saline I.P. and 45 min

thereafter nicotine S.C., while group 3

(the saline/saline group) received saline

I.P. and 45 min thereafter saline S.C.

Two hours before ending the experi-

ment, all animals were injected I.P. with

LPS to assess whether the treatment

modified the cytokine and corticoste-

rone responses to LPS.

Experiment 2 — This was a follow-up

study to investigate whether mecamyl-

amine by itself had any effect on the

development of periodontitis, cytokine

and stress responses. Twenty

Fischer 344 rats were used. The rats

were divided into two groups, with

10 rats in each group. They were of the

same age and weight as in experi-

ment 1 and were treated in the same

manner over the same time period.

Group 1 (the mecamylamine/saline

group) was injected I.P. with mecamyl-

amine (1 mg/kg) and 45 min thereafter

S.C. with the same volume of saline as

the nicotine in experiment 1. The con-

trol group (the saline/saline group) was

treated the same way as the control

group in experiment 1.

Experimental periodontitis

All animals were anaesthetized with a

subcutaneous injection in the neck with

Hypnorm and Dormicum (fentanyl/

fluanizone andmidazolam; Janssen and

Cilag, Saunderton, UK), 0.2 mL/100 g

body weight. A sterile silk ligature (3–0

Ethicon Perma-hand� Seide, Norder-

stedt, Germany) was tied around the

neck of themaxillary right secondmolar

tooth. The ligature was left in the same

position throughout the experiment and

served as a retention device for oral

micro-organisms. At the end of the

experiment, the maxillae were excised

and fixed in 4% formaldehyde.

Lipopolysaccharide challenge

The animals were injected with LPS

(Escherichia coli serotype 0111:B4;

Sigma (St Louis, MO, USA); 100 lg/kg
I.P.; 100 lg/mL) 2 h before the end of

the experiments to assess whether the

treatment regimen influenced the cyto-

kine or corticosterone responses to this

inflammatory agent. After decapitation

of the rats, blood samples were collected

(6–10 mL from each animal) in vacu-

tainer tubes (10 mL without additives)

and allowed to coagulate on ice for 1 h.

Thereafter, the samples were centri-

fuged for 20 min at 2000g, and the

serum samples were removed, aliquoted

and stored at )20�C prior to analysis of

corticosterone and cytokines.

Assay of serum TNF-a, TGF-1b and
interleukin-10.

Serum TNF-a, transforming growth

factor (TGF)-1b, and interleukin-10

were measured by means of enzyme-

linked immunosorbant assay (ELISA)

kits from R&D Systems, Inc. (Minnea-

polis, MN, USA), with catalogue num-

bers RAT00 for TNF-a, MB100 for

TGF-1b and R1000 for interleukin-10.

The minimal detectable concentration

was < 12.5 pg/mL for TNF-a and

< 31.2 pg/mL for interleukin-10 and

TGF-1b.

Assay of corticosterone

Corticosterone was measured with 125I

radioimmunoassay (RIA) coat-A-

count kit from Diagnostic Products

Corporation (Los Angeles, CA, USA),

catalogue number TKRC1. The

detection limit was 5.7 ng/mL.

Radiographic examination

The specimens were stabilized with

dental wax on a Sidexis digital X-ray

sensor, orientated with the axis of the

teeth parallel to the sensor surface by

using ·4 magnification loupe glasses

(Zeiss, Germany). The distance

between the cemento-enamel junction

and bone on the mesial surface of the

second molar was displayed digitally in

the computer program and recorded as

bone loss. The examiner was unaware

whether the specimens came from

experimental or control animals. Each

X-ray was read three times, and the

mean of the three readings calculated.

Statistical methods

Data are presented as means ± SD.

The data were tested for normal distri-

bution. Thereafter, differences between

values were estimated with one-way

repeated measurements ANOVA or

one-way repeated measurements

ANOVA on ranks, as appropriate, fol-

lowed by Student–Newman–Keul�s post
hoc test, with P-values < 0.05 being

considered statistically significant.

Results

Effect of nicotine and mecamylamine
pretreatment on the weight of the
animals

There was no significant weight differ-

ence between the groups, neither at

the start of the experiments nor at the

time of decapitation 21 d after ligature

placement. Nicotine-treated rats, nico-

tine-treated rats pretreated with meca-

mylamine, and saline-treated animals

weighed 306.2 ± 11.2, 302.1 ± 10.8 and

302.5 ± 9.3 g, respectively, at the induc-

tion of the disease and 328.5 ± 11.1,

326.2 ± 12.1 and 327.7 ± 11.2 g, res-

pectively, at the end of the experiments.

Effect of nicotine and mecamylamine
pretreatment on periodontal tissue
destruction

The saline/nicotine-treated animals

had significantly more alveolar bone

loss than the saline/saline-treated
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control rats (0.87 ± 0.05 vs.

0.81 ± 0.03 mm; Fig. 1). Mecamyl-

amine pretreatment abolished the en-

hanced periodontal breakdown

induced by nicotine (0.76 ± 0.04 mm).

Since the bone loss in the nicotine-

treated rats pretreated with mecamyl-

amine rats tended to be even lower

than in the saline/saline-treated control

rats, we conducted a follow-up experi-

ment (experiment 2) to test whether

mecamylamine treatment by itself

had any effect on alveolar bone

loss. There was no significant differ-

ence between the two groups in

experiment 2 (0.82 ± 0.03 mm in the

saline/saline-treated control animals

vs. 0.81 ± 0.03 mm in the mecamyl-

amine/saline-treated rats).

Effects of nicotine and
mecamylamine pretreatment on
selected serum cytokines after LPS
challenge

After LPS challenge, the saline/nico-

tine-treated rats reacted with signifi-

cantly lower TNF-a serum levels than

saline/saline-treated control rats

(364 ± 251 vs. 1015 ± 338 pg/mL;

Fig. 2A). Mecamylamine pretreatment

abolished this reduction (1088 ±

598 pg/mL). In the follow-up experi-

ment (experiment 2), treatment with

mecamylamine alone did not signifi-

cantly influence serum TNF-a levels

after LPS challenge (1392 ± 227 vs.

1104.1 ± 605.9 pg/mL in the control

animals).

The serum levels of TGF-1b were

significantly lower in the saline/nico-

tine-treated rats compared with saline/

saline-treated control animals

(44.3 ± 3.8 vs. 50.0 ± 3.4 ng/mL).

Mecamylamine pretreatment had no

significant effect (44.7 ± 2.2 ng/mL;

Fig. 2B). The corresponding values for

interleukin-10were 54.4 ± 19.4 pg/mL

and 70.2 ± 14.5 pg/mL (Fig. 2C). In

nicotine-treated rats pretreated

with mecamylamine, the interleukin-10

levels tended to be even lower

(44.5 ± 11.9 pg/mL; not significant vs.

saline/nicotine). The follow-up experi-

ment (experiment 2) showed that

the serum levels of TGF-1b were sig-

nificantly higher in the mecamylamine/

saline-treated rats compared with

saline/saline-treated control animals

(47.7 ± 6.2 vs. 53.2 ± 4.6 ng/mL),

and the samewas true for interleukin-10

(48.2 ± 13.8 vs. 34.06 ± 5.7 pg/mL).

Effects of nicotine and
mecamylamine pretreatment on
corticosterone plasma levels after
LPS challenge

The mean serum corticosterone levels

following LPS challenge did not differ

significantly between the groups. The

values for saline/saline-treated con-

trol animals were 1447 ± 32 nmol/L,

for saline/nicotine-treated animals

1457 ± 54 nmol/L and for nicotine/

mecamylamine-treated animals 1424 ±

45 nmol/L. In experiment 2, the cor-

responding concentrations were 1612 ±

48 nmol/L in mecamylamine/saline-

treated rats and 1595 ± 86 nmol/L in

saline/saline-treated control animals

(not significantly different between

groups).

Discussion

The scientific rationale for this study

was based on clinical observations and

epidemiological studies showing that

smokers have a high incidence and

more rapid development of periodon-

titis. The study demonstrates that

chronic treatment with nicotine

enhances the progression of ligature-

induced periodontitis and that pre-

treatment with the nAChR antagonist

mecamylamine abolished this effect

in periodontal disease-susceptible

Fischer 344 rats. The nicotine-treated

animals also had significantly lower

serum levels of the pro-inflammatory

cytokine TNF-a and the anti-inflam-

matory cytokines TGF-1b and inter-

leukin-10 subsequent to a LPS

challenge. The reduction in TNF-a
levels was reversed by pretreatment

with mecamylamine, while no signifi-

cant effect was observed on TGF-1b
and interleukin-10 levels. Thus, the

principal finding was that the nicotine-

induced worsening of experimental

periodontitis can be blocked by pre-

treatment with the nAChR antagonist

mecamylamine. Furthermore, nicotine

alters TNF-a cytokine responses to a

gram-negative bacterial LPS challenge

via the same mechanisms. This sug-

gests that nicotine-induced enhance-

ment of periodontitis may be mediated

via its effect on the immune system

responses controlling pathogenic

dental plaque micro-organisms.

The results are in line with recent

investigations documenting that

nicotine aggravates ligature-induced

periodontitis (31) and inhibits TNF-a
responses to LPS (32,33). The data also

support our previous studies showing
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Fig. 1. The mean distance from the cemento-enamel junction to the alveolar bone crest in

saline/saline-treated control rats, saline/nicotine-treated rats and mecamylamine/nicotine-

treated rats as measured on digital radiographs. *p < 0.05 vs. control animals.

Nicotine-treated rats showed significantly more periodontal bone loss, and mecamylamine

pretreatment abolished this effect (p < 0.001).
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that animals with strong TNF-a
responses to a LPS challenge are more

resistant to experimental periodontitis

than those responding with weaker

TNF-a responses (34–36).

When LPS is recognized by specific

recognition receptors (e.g. the Toll-like

receptor 4; TLR4/CD14 complex) on

macrophages and dendritic cells, the

NF-jB pathway is activated (23). This

leads to the release of a large number

of immunoregulatory substances,

including the pro-inflammatory cyto-

kine TNF-a and the anti-inflammatory

cytokines interleukin-10 and TGF-b.
The anti-inflammatory cytokines

counteract further release of pro-

inflammatory cytokines (37,38). In

addition, LPS-induced pro-inflamma-

tory cytokines such as TNF-a activate

the hypothalamic–pituitary–adrenal

axis and the sympathetic nervous

system, leading to the release of

glucocorticoid hormones and cathe-

cholamines (adrenaline and noradren-

aline), respectively. The release of these

�stress hormones� counter-regulate a

number of immune mediators, includ-

ing the production and release of TNF-

a, by altering the activation of NF-jB
as well as other intracellular pathways

(39). There is now evidence that the

way in which the stress response system

responds to LPS or other danger sig-

nals (whether they are of immunologi-

cal, chemical, physical or psychological

origin) plays a significant role in the

final clinical outcome, i.e. the suscep-

tibility/resistance to infectious and

inflammatory diseases (40–42). Our

studies have shown that this

includes ligature-induced periodontitis

(18,34–36).

The attenuated increase of TNF-a
levels following LPS challenge in the

chronically nicotine-treated animals,

and the reversion after pretreatment

with mecamylamine, is in accordance

with recent studies (24,32). Tumour

necrosis factor-a is an important

mediator of local and systemic im-

muno-inflammatory responses, being

primarily produced and released from

activated tissue macrophages and den-

dritic cells in response to pathogens

and other injurious stimuli, and it plays

a significant role in the eradication of

pathogens (43).
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Fig. 2. Analysis of serum levels of the pro-inflammatory cytokine tumour necrosis factor-a
(TNF-a; A) and the anti-inflammatory cytokines transforming growth factor-1b (TGF-1b;
B) and interleukin-10 (C) 2 h after intraperitoneal injection of LPS (100 lg/kg) in saline/

saline-treated control rats, saline/nicotine-treated rats and mecamylamine/nicotine-treated

rats. Nicotine-treated rats demonstrated significantly lower serum levels of TNF-a
(p < 0.001), TGF-1b (p < 0.01) and interleukin-10 (p = 0.05). Mecamylamine pretreat-

ment abolished the nicotine-induced TNF-a reduction (p < 0.01), but had no significant

effect on the serum levels of TGF-1b and interleukin-10.
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The results from the present study,

showing that pretreatment with the

nAChR antagonist mecamylamine of

nicotine-treated rats altered systemic

cytokine responses to an in vivo

challenge with LPS and the suscepti-

bility to ligature-induced periodonti-

tis, suggest that nAChRs, and

consequently the parasympathetic

nervous system and the cholinergic

anti-inflammatory pathway, are

involved in the pathogenesis of liga-

ture-induced periodontitis, as well as

nicotine-induced worsening of experi-

mental periodontitis. Nicotine binds

to nAChRs within the central nervous

system and activates the parasympa-

thetic nervous system, including the

cholinergic anti-inflammatory path-

way. This pathway regulates immune

system responses, including cytokine

responses, by releasing ACh in the

periphery (22–24,39,43). In addition,

nicotine can bind to nAChRs in the

periphery, including nAChRs on

immune cells, such as macrophages

and dendritic cells, which are

expressing high levels of a7 nAChRs

(24,39). In this way, nicotine may

indirectly reduce TNF-a production

subsequent to LPS stimulation by

binding to nAChRs on brain and

nerve cells, leading to increased re-

lease of ACh in the periphery, as well

as directly by activating nAChRs on

immune cells (24–27).

The present experiments also show

that nicotine-treated rats responded to

LPS with significantly lower circulating

levels of the anti-inflammatory and T-

regulatory cytokines TGF-1b and

interleukin-10. Since nicotine treat-

ment, and subsequent activation of

nAChRs, represents an anti-inflam-

matory mechanism (23), this finding

was unexpected. Furthermore, meca-

mylamine pretreatment failed to re-

verse this effect. This indicates that the

reduction in TGF-1b and interleukin-

10 is not mediated via the cholinergic

anti-inflammatory pathway. Activa-

tion of a self-controlling immune reg-

ulating system offers an alternative

explanation. When pathogenic com-

ponents such as LPS are recognized by

identification receptors on macro-

phages or dendritic cells, these immune

cells are activated to release pro-

inflammatory cytokines such as

TNF-a, as well as anti-inflammatory

cytokines such as TGF-1b and inter-

leukin-10. These anti-inflammatory

cytokines counteract further release of

pro-inflammatory cytokines (38), and

this they most probably do to prevent

damage of the surrounding tissues

induced by pro-inflammatory cyto-

kines and the development of

pro-inflammatory diseases (23). The

reduced TGF-1b and interleukin-10

responses to LPS, as found in the

nicotine-treated rats, may thus be a

result of the lower pro-inflammatory

TNF-a response of this self-controlling

(autocrine) system, and not a brain-

derived (endocrine) immunoregulatory

output induced by nicotine.

Since nicotine administration or

introduction of smoking to inexperi-

enced individuals activates the hypo-

thalamic–pituitary–adrenal axis

(44,45), we have earlier hypothesized

that smoking may alter immune system

responses and the susceptibility to

periodontitis through activation of this

non-specific regulatory system in the

same way as emotional stressors may

do (18). However, research has shown

that chronic nicotine administration

induces tolerance to the hypothalamic–

pituitary–adrenal axis, expressed as

normal glucocorticoid concentrations

(45). In addition, it has been shown

that the weakened pro-inflammatory

immune responses also persist after

removal of the adrenal glands (46).

This property of nicotine and hypo-

thalamic–pituitary–adrenal axis acti-

vation is supported by the present

study. We did not find any statistically

significant difference between cortico-

sterone responses to LPS in nicotine-

treated animals and saline-treated

control rats, in spite of a reduced TNF-

a response. Since the nicotine-induced

drop in TNF-a levels and the aug-

mented periodontal breakdown were

reversed by mecamylamine pretreat-

ment, the results indicate that nicotine

mediates most of its effect on TNF-a
responses and periodontal breakdown

via nAChRs and the subsequent acti-

vation of the cholinergic anti-inflam-

matory pathway.

In conclusion, we have described a

potent inhibitory effect of the nAChR

antagonist mecamylamine on nicotine-

induced enhancement of experimental

periodontal breakdown when given

prior to chronic nicotine administra-

tion. Furthermore, mecamylamine

pretreatment alters cytokine responses

to a LPS challenge. These data, sug-

gesting that a centrally acting nAChR

antagonist, which blocks all subtypes

of nAChRs (29), prevents nicotine-in-

duced worsening of experimental

periodontitis, are, to our knowledge,

the first report demonstrating that

cholinergic pathways are involved in

the pathogenesis of periodontitis. This

may constitute a novel pathway by

which nicotine and other environmen-

tal factors activating the central ner-

vous system may affect the growth of

gram-negative bacteria and other

pathogens in subgingival plaque. Nic-

otine may turn down the production of

TNF-a and other pro-inflammatory

cytokines through its binding to nAC-

hRs on cells belonging to the central

nervous system and/or the immune

system. The reduced ability of the im-

mune system to respond with an opti-

mal immune response to gram-negative

bacteria and/or other pathogenic mi-

cro-organisms may render the patient

more susceptible to the development of

periodontitis. Thus, an inadequate

cytokine response may, in part, repre-

sent an underlying mechanism to ex-

plain the increased colonization of

periodontopathogens, and conse-

quently one reason for smokers to be

more prone to develop periodontitis.

The practical implication is to motivate

patients to quit smoking and other

nicotine abuse. Furthermore, it can be

explained to patients that smoking

may dysregulate/misguide brain–neu-

ro-endocrine regulatory mechanisms

involved in peripheral and systemic

immune regulation, and that that in

turn may worsen periodontitis.

Acknowledgements

We are grateful to the Norwegian

Defence Research Establishment,

Division of Protection, Kjeller,

Norway for supporting this work. The

authors thank Laila Drogseth and

Ingjerd Thrane at the same institute for

their skilful technical assistance and

302 Breivik et al.



help with cytokine and corticosterone

analyses.

References

1. Bergstrom J, Preber H. Tobacco use as a

risk factor. J Periodontol 1994;5:545–550.

2. Martinez-Canut P, Lorca A, Magan R.

Smoking and periodontal disease severity.

J Clin Periodontol 1996;22:743–749.

3. Johnson K, Hill M. Cigarette smoking

and the periodontal patient. J Periodontol

2004;75:196–209.

4. Scott DA, Palmer RM, Stapleton JA.

Validation of smoking status in clinical

research into inflammatory periodontal

disease. J Clin Periodontol 2001;28:715–

722.

5. Meisel P, Schwahn JD, Gesch D, Bern-

hardt O, John U, Kocher T. Dose-effect

relation of smoking and the interleukin-1

gene polymorphism in periodontal dis-

ease. J Periodontol 2004;2:236–242.

6. Socransky SS, Haffajee AD. Dental bio-

films: difficult therapeutic targets. Perio-

dontol 2000 2002;28:12–55.

7. Haffajee AD, Socransky SS. Relationship

of cigarette smoking to the subgingival

microbiota. J Clin Periodontol 2001;

28:377–388.

8. Ding Y, Haapasalo M, Kerosuo E, Lou-

natmaa K, Kotiranta A, Sorsa T. Release

and activation of human neutrophil ma-

trix metallo- and serine proteinases during

phagocytosis of Fusobacterium nucleatum,

Porphyromonas gingivalis and Treponema

denticola. J Clin Periodontol 1997;24:237–

248.

9. Lohinai Z, Benedek P, Fehér E et al.

Protective effects of mercaptoethylguani-

dine, a selective inhibitor of inducible

nitric oxide synthase, in ligature-induced

periodontitis in the rat. Br J Pharmacol

1998;123:353–360.

10. Breivik T, Rook GA. Oral treatment with

SR299 (killed Mycobacterium vaccae)

inhibits experimental periodontal disease

in Wistar rats. J Clin Periodontol 2003;

30:931–936.

11. Ader R, Cohen N, Felten D. Psychoneu-

roimmunology: interactions between the

nervous system and the immune system.

Lancet 1995;345:99–103.

12. Breivik T, Thrane PS, Murison R, Gjermo

P. Emotional stress effects on immunity,

gingivitis and periodontitis. Eur J Oral Sci

1996;104:327–334.

13. Eskandari F, Sternberg EM. Neural im-

mune interaction in health and disease.

Ann N Y Acad Sci 2002;966:20–27.

14. Breivik T, Opstad PK, Gjermo P, Thrane

PS. Effects of hypothalamic-pituitary-

adrenal axis reactivity on periodontal tis-

sue destruction in rats. Eur J Oral Sci

2000;108:115–122.

15. Breivik T, Thrane PS, Gjermo P, Opstad

PK. Glucocorticoid receptor antagonist

RU-486 treatment reduces periodontitis in

Fischer 344 rats. J Periodont Res 2000;

35:285–290.

16. Breivik T, Thrane PS, Gjermo P, Opstad

PK, Pabst R, von Horsten S. Hypotha-

lamic-pituitary-adrenal axis activation by

experimental periodontal disease in rats.

J Periodont Res 2001a;36:295–300.

17. Breivik T, Gundersen Y, Opstad PK,

Fonnum F. Chemical sympathectomy

inhibits periodontal disease in Fischer 344

rats. J Periodont Res 2005;40:325–330.

18. Breivik T, Thrane PS. Psychoneuroim-

mune interactions in periodontal disease.

In: Ader R, Felten DL, Cohen N, eds.

Psychoneuroimmunlogy, 3rd edition. San

Diego, CA: Academic Press, 2001: Chap-

ter 63, 627–644.

19. Breivik T, Gundersen Y, Myhrer T et al.

Enhanced susceptibility to periodontitis in

an animal model of depression: reversed

by chronic treatment with the antidepres-

sant tianeptine. J Clin Periodontol 2006;

33:469–477.

20. Trent MS, Stead CM, Tran AX, Hankins

JV. Diversity of endotoxin and its impact

on pathogenesis. J Endotoxin Res 2006;

12:205–223.

21. Hollis JH, Evans AK, Bruce KPE, Light-

man SL, Lowry CH. Lipopolysaccharide

has indomethacin-sensitive actions on

Fos expression in topographically

organized subpopulations of serotonergic

neurons. Brain Behav Immun 2006;20:

569–577.

22. Pavlov VA, Tracey KJ. The cholinergic

anti-inflammatory pathway. Brain Behav

Immun 2005;19:493–499.

23. Tracey KJ. Physiology and immunology

of the cholinergic anti-inflammatory

pathway. J Clin Invest 2007;117:289–296.

24. Wang H, Liao H, Ochani M et al. Cho-

linergic agonists inhibit HMGB1 release

and improve survival in experimental

sepsis. Nat Med 2004;10:1216–1221.

25. Saeed RW, Varm S, Peng-Nemeroff T

et al. Cholinergic stimulation blocks

endothelial cell activation and leukocyte

recruitment during inflammation. J Exp

Med 2005;201:1113–1123.

26. Hamano R, Takahashi HK, Iwagaki H,

Yoshino T, Nishibori M, Tanaka N.

Stimulation of alpha7 nicotinic acetyl-

choline receptor inhibits CD14 and the

toll-like receptor 4 expression in human

monocytes. Shock 2006;26:358–364.

27. Yoshikawa H, Kurokawa M, Ozaki N

et al. Nicotine inhibits the production of

proinflammatory mediators in human

monocytes by suppression of I-kappaB

phosphorylation and nuclear factor-kap-

paB transcriptional activity through nico-

tinic acetylcholine receptor alfa7. Clin Exp

Immunol 2006;146:116–123.

28. Chi Z-L, Hayasaka S, Zhang X-Y, Cui H-

S, Hayasaka Y. Acholinergic agonist

attenuates endotoxin-induced uveitis in

rats. Invest Ophthalmol Vis Sci 2007;

48:2719–2725.

29. Suemaru K, Yasuda K, Umeda K et al.

Nicotine blocks apomorphine-induced

disruption of prepulse inhabitation of the

acoustic startle in rats: possible involve-

ment of central nicotinic a7 receptors. Brit

J Pharmacol 2004;142:843–850.

30. Shytle RD, Paenny E, Silver AA, Gold-

man J, Sanberg PR. Mecamylamine (In-

versine�): an old antihypertentensive with

new research directions. J Hum Hypertens

2002;16:453–457.

31. Nociti FH Jr, Nogueira-Filho GR,

Tramontina VA et al. Histometric evalu-

ation of the effect of nicotine administra-

tion on periodontal breakdown: an in vivo

study. J Periodont Res 2001;36:361–366.

32. Borovikova LJ, Ivanova S, Zhang M et al.

Vagus nerve stimulation attenuates the

systemic inflammatory response to endo-

toxin. Nature 2000;405:458–462.

33. Yoshikawa H, Kurokawa M, Ozaki N

et al. Nicotine inhibits the production of

proinflammatory mediators in human

monocytes by suppression of I-kappaB

phosphorylation and nuclear factor-kap-

paB transcriptional activity through nico-

tinic acetylcholine receptor alpha7. Clin

Exp Immunol 2006;146:116–123.

34. Breivik T, Gundersen Y, Osmundsen H,

Opstad PK, Fonnum F. Chronic treat-

ment with the glutamate receptor antago-

nist MK-801 alters periodontal disease

susceptibility. J Periodont Res 2005;40:28–

35.

35. Breivik T, Gundersen Y, Osmundsen H,

Fonnum F, Opstad PK. Neonatal dex-

amathasone and chronic tianeptine treat-

ment inhibit ligature-induced periodontitis

in adult rats. J Periodont Res 2006;41:23–

32.

36. Breivik T, Gundersen Y, Myhrer T et al.

Enhanced susceptibility to periodontitis in

an animal model of depression: reversed

by chronic treatment with the anti-

depressant tianeptine. J Clin Periodontol

2006;33:469–477.

37. Bowie A, O‘Neill LA. The interleukin-1

receptor/toll-lie receptor family: signal

generators for pro-inflammatory interleu-

kins and microbial products. J Leukoc

Biol 2000;4:508–514.

38. Rook AW, Brunet LR. Microbes, immu-

noregulation and the gut. Gut 2006;

54:317–320.

39. Pavlov VA, Tracey KJ. Neural regulators

of innate immune responses and inflam-

mation. Cell Mol Life Sci 2004;61:2322–

2331.

40. Elenkov IJ, Chrousos GP. Stress hor-

mones, Th1/Th2 patterns, pro/anti-

inflammatory cytokines and susceptibility

Cigarette smoking, nicotine and periodontitis 303



to disease. Trends Endocrinol Metab

1999;10:359–368.

41. Eskandari F, Sternberg EM. Neural

immune interaction in health and

disease. Ann N Y Acad Sci 2002;966:

20–27.

42. Korrow NA. Activation of the hypotha-

lamic-pituitary-adrenal axis and the auto-

nomic nervous system during

inflammation and altered programming of

the neuroendocrine-immune axis during

fetal and neonatal development: Lessons

learned from the model inflammagen,

lipopolysaccharide. Brain Behav Immun

2006;20:144–158.

43. Czura CJ, Tracey KJ. Autonomic neural

regulation of immunity. J Intern Med

2005;247:156–166.

44. Cam GR, Basset JR, Cairncross JR. The

action of nicotine on the pituitary-adre-

nal-cortical axis. Arch Int Pharmacodyn

Ther 1979;237:49–66.

45. Cam GR, Basset JR. Effects of prolonged

exposure to nicotine and stress on the

pituitary-adrenocortical response: the

possibility of cross-adaptation. Pharmacol

Biochem Behav 1984;20:221–226.

46. Singh SP, Kalra R, Puttfarcken P, Kozak

A, Tesfaigzi J, Sopori ML. Acute and

chronic nicotine exposures modulate the

immune system through different path-

ways. Toxicol Appl Pharmacol 2000;

164:65–72.

304 Breivik et al.




