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Abstract

Background Inflammation is a critical component of

normal tissue repair, as well as being fundamental to the

body’s defense against infection. Environmental factors,

such as smoking, have been reported to modify the host

response and hence modify inflammation progression,

severity and outcome. Therefore, a comprehensive under-

standing of the molecular mechanisms by which smoking

affects inflammation is vital for preventive and therapeutic

strategies on a clinical level.

Aim The purpose of the present article is to review the

potential biological mechanisms by which smoking affects

inflammation, emphasizing recent developments.

Results Smoking is reported to effect a number of bio-

logical mediators of inflammation through its effect on

immune-inflammatory cells, leading to an immunosup-

pressant state. Recent evidence strongly suggests that the

molecular mechanisms behind the modulation of inflam-

mation by smoking mainly involve the nuclear factor-

kappa B (NF-kB) family, through the activation of both an

inhibitor of IkB kinase (IKK)-dependent and -independent

pathway. In addition to NF-kB activation, a number of

transcriptional factors including GATA, PAX5 and Smad

3/4, have also been implicated.

Conclusion Multiple mechanisms may be responsible for

the association of smoking and inflammation, and the

identification of potential therapeutic targets should guide

future research.

Keywords Cigarette smoking � Inflammation �
Immune system � Periodontal disease � Nicotine �
Cholinergic

Introduction

Tobacco use has been considered the single greatest con-

tributor to preventable illness and premature death

worldwide. In the United States, tobacco use accounts for

over 435,000 deaths each year, making it the leading cause

of death. Smoking affects multiple organs and significantly

increases the risk of heart diseases, cancers, chronic

obstructive pulmonary diseases, autoimmune diseases,

neurodegenerative diseases, and microbial infections,

including periodontitis [1]. The putative influence of

tobacco smoking in the immune and inflammatory pro-

cesses was identified in the 1960s. However, the

relationship between smoking and systemic diseases is

based mostly on epidemiological studies, and the mecha-

nisms behind these effects are still under investigation.
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Although increasing efforts have been made over the past

decades to understand the genetic, molecular, and cellular

basis of the consequences of smoking on the immune

system, knowledge has been impaired by conflicting

results, which are associated with differences in the

experimental models (human vs. animal, and in vivo vs. in

vitro), composition of tobacco-smoking (all vs. fraction-

ated smoking), and duration of smoking (acute vs. chronic

exposure), and variations may also be related to gender and

ethnicity of the subjects in the clinical studies. A direct

effect of carcinogens and cytotoxic substances circulating

systemically, resulting in DNA and tissue damage, can

explain many of the consequences of chronic smoking;

however, the indirect consequences of exposure should

also be considered. Several lines of evidence suggest that

many of the adverse systemic consequences of chronic

smoking might be due to its effects on oxidative stress and

the immune–inflammatory system. This review will focus

on the effects of smoking on the immune–inflammatory

system, discussing the biological mechanisms that have

recently been implicated in the smoking-induced suppres-

sion of the immune and inflammatory systems.

Effect of smoking on systemic and periodontal

inflammation

The concept that tobacco smoking may negatively affect

systemic and periodontal health is not recent. An over-

whelming body of evidence from cross-sectional and

longitudinal studies, which will not be the focus of this

review, has established tobacco smoking, mostly in the

form of cigarette smoking, as the most important envi-

ronmental risk factor in the development and progression

of various forms of periodontal disease. Over the last

15 years, there have been excellent reviews that have

addressed the biological basis and pathogenic mechanisms,

in addition to clinical and epidemiological aspects, by

which tobacco smoking impacts on periodontal homeo-

stasis [2–4]. This section of the present review will focus

on recent data that address specific mechanisms by which

tobacco smoking may primarily affect systemic and peri-

odontal inflammation. Before starting the discussion itself,

it seems important to briefly emphasize the different nature

of tobacco exposure in the periodontal tissues and oral

cavity. There are two types of tobacco exposure for indi-

viduals who use tobacco as a smoking product, which are

chronic and acute smoke exposure. While the low con-

centration of tobacco found in chronic exposure may have

one type of effect on the host response, the much higher

concentrations reported for acute exposure may impact

differently on the immune response. Similarly, the com-

plexity of the composition of tobacco smoke (2,000–3,000

toxic substances) represents a challenge for understanding

the wide spectrum of interactions between tobacco smok-

ing and the host immune response. For instance, a tobacco

component may have both destructive and protective

actions on the host response. The challenge of developing a

review describing the complex interactions between the

host and the smoking factors led us to organize this section

of the paper into a series of subjects that will help to guide

readers through the complexities of the host response to

tobacco smoking.

Effect of smoking on neutrophils

Neutrophils are the primary inflammatory cells and con-

tribute significantly to phagocytosis in clearing of

microbes. Exposure to cigarette smoke leads to increased

influx of macrophages and neutrophils in the airways;

however, it reduces the ability of those cells to respond to

stimuli, phagocytose, kill pathogens, and secrete cytokines

[5, 6]. This augmentation of neutrophils in smokers causes

increased levels of proteolytic enzymes (neutrophil elas-

tase, proteases-3). Cigarette smoke also inhibits cellular

adhesion, disturbs glycolysis and arachidonic metabolism,

and inhibits calcium and magnesium ATPase [7]. Tissue

damage and oxidative stress, associated with smoking, are

considered the main causes for increased numbers of

neutrophils. Oxidative stress causes elevated concentration

of cytokines which are capable of neutrophil polymor-

phonuclear activation, and which prolong the life of these

cells [8]. The main chemo-attractants for these cells are

interleukin (IL)-8 and leukotriene B4 and the adhesion

molecules MAC1/ICAM1 that seem crucial for neutrophil

migration [9]. However, a recent study demonstrated that

nicotine also stimulates neutrophil IL-8 production via

nicotinic acetylcholine receptors by generating peroxyni-

trite and subsequent nuclear factor-kappa B (NF-jB)

activation, contributing to leukocytosis in tobacco smokers

[10]. Neutrophil function, such as chemotaxis, glycolytic

activity and interaction with particles (zymosan), is sig-

nificantly affected by cigarette smoke. Exposure to smoke

makes neutrophils lose their ability to generate respiratory

burst in the phagosome, which makes these cells less

effective against bacteria and more noxious towards sur-

rounding tissues [11]. When neutrophils from healthy non-

smoking individuals are incubated with nicotine, the ability

of these cells to promote phagocytosis is compromised.

This is in part related to a decrease in the ability of the

neutrophils to form actin filaments due to interference in

calcium signaling [12]. Some studies indicated that neu-

trophils from smokers exhibited enhanced oxygen

metabolism and dysfunctional regulation of extracellular

proteases. Cigarette smoke and neutrophils are potential

sources of reactive oxygen intermediates. These molecules
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can oxidize and thereby inhibit the activities of the protease

inhibitors (a1-PI) that normally control tissue destruction

[13].

In terms of periodontal disease, tobacco smoke exposure

does not seem to affect the number of neutrophils in the

periodontium. In fact, the majority of studies have reported

either no major differences in neutrophil numbers in the

periodontal pocket [14] or a decreased number of neutro-

phils reaching the gingival sulcus [15]. While impaired

chemotaxis has been reported for neutrophils [16], Ryder

et al. [17] suggested that smoking may stimulate the

migration of neutrophils into the periodontal connective

tissue from blood vessels by up-regulating the expression

of adhesion integrins (CD11/18 integrin) and down-regu-

lating the surface expression of selectins (L-selectin). In a

recent study, Güntsch et al. [18] evaluated the influence of

smoking on the number and function of polymorphonuclear

neutrophils in periodontally healthy smokers and non-

smokers. Crevicular washings were obtained and data

analysis demonstrated that the number of neutrophils was

higher in light (\5 cigarettes/day) and moderate (5–15

cigarettes/day) smokers and was lower in heavy ([15

cigarettes/day) smokers. Furthermore, they found that

neutrophils’ viability and ability to phagocytose were

lower in smokers regardless of smoking status. It has fur-

ther been suggested that smoking may shift the net balance

of neutrophil activities in a more destructive direction in

the periodontium by increasing the proteolytic activity of

neutrophils [19]. While the tobacco-induced release of

proteolytic enzymes from neutrophils has not been dem-

onstrated definitively in the periodontal tissues themselves,

Söder et al. [20] and Persson et al. [21] observed that

smokers had higher functional elastase activity in the gin-

gival crevicular fluid than non-smokers with severe

periodontal diseases.

Effect of smoking on macrophages

Macrophages serve as the first line of cellular defense

against pollutants and elimination of microbial agents, due

to their antigen presentation function and phagocytic

properties. Cigarette smoking increases the number of

alveolar macrophages [1] and activates them to produce

pro-inflammatory mediators, reactive oxygen species and

proteolytic enzymes [22], thereby providing a cellular

mechanism that links smoking with inflammation and tissue

damage. The number of macrophages is increased (2–3-

fold) in bronchoalveolar lavage of smokers, and exposure to

cigarette smoke also changes macrophage phenotype. In

general, macrophages obtained from tobacco smokers are

less mature, have elevated expression of CD14, have a

condensed cytoplasm, and are hyperdense [23]. The phag-

ocytic function of macrophages is significantly reduced by

cigarette smoke [24]. Local levels of inflammatory media-

tors have also been reported to be significantly affected by

smoking. After acute smoke inhalation, the local levels of

tumor necrosis factor (TNF)-a, macrophage inflammatory

proteins (MIPs) and monocyte chemoattractant protein

(MCP)-1 released by macrophages are increased, while

leukotriene B4, another important chemoattractant,

decreases directly after acute exposition [25]; this may

explain a reduced immune response to infectious agents in

smokers. Cigarette smoke compromises the ability of

alveolar macrophages to phagocytose bacteria [26] and

apoptotic cells [24], and to sense pathogen-associated

molecular patterns (PAMPs) [27, 28]. It is conceivable that

decreased expression of pro-inflammatory mediators in

response to Toll-like receptor (TLR) stimulation is the

result of an altered activation threshold due to repeated

activation of the corresponding pathway by cigarette

smoke. Macrophages of smokers had a decreased surface

expression of TLR2 compared with non-smokers [29].

Karimi et al. [30] found that neutralization of TLR4 but not

TLR2 inhibits cigarette smoke medium-induced IL-8

secretion by human macrophages and concluded that the

mechanism underlying IL-8 production by human macro-

phages after cigarette smoke medium exposure involves

activation of TLR4-specific signaling pathways. Evidence

suggests that acute smoke-induced pulmonary inflammation

is mediated through TLR4 and myeloid differentiation

primary-response gene 88 (MyD88)-dependent pathways,

probably following the induction of the TLR4 agonist heat-

shock protein 70 [31]. In addition, Sarir et al. [32] showed

that cigarette smoke-induced oxidative stress was involved

in modulation of TLR4 mRNA and surface protein

expression as well as the cascade of TLR4 signaling path-

ways and cytokine production. Recently, the immune

response of cord blood monocytes obtained from neonates

of smoking and non-smoking mothers has been examined. It

was showed that infants of smoking mothers had a signifi-

cantly attenuated innate TLR-mediated response in

monocytes compared with infants of non-smokers [33].

Furthermore, smoking seems to cause regional immuno-

suppression of alveolar macrophages’ reactivity to TLR2

and TLR4 agonists, manifested by impaired gene expres-

sion and secretion of pro-inflammatory cytokines (TNF-a,

IL-1b, and IL-6) and chemokines (IL-8 and RANTES) [27].

The incidence of respiratory tract infections is increased in

cigarette smokers, indicating that the immune response to

microorganisms may be compromised. In a mouse model of

Pseudomonas aeruginosa lung infection, it was found that

cigarette smoke impaired bacterial clearance leading to

increased inflammation and morbidity related to epithelial

damage and inflammation [34]. Together, these studies

suggest that smoking may switch the alveolar macrophage

inflammatory response towards to a more harmful pattern.
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Effect of smoking on natural killer (NK) cells

NK cells, lymphoid cells that play essential roles in the

innate host defense against microbial infections and tumor

surveillance, are also modulated by smoking [1]. Several

studies have shown that NK cell numbers and activity are

decreased in smokers compared with non-smokers. Expo-

sure to cigarette smoke attenuates the cytotoxic activity and

cytokine production of NK cells in humans and mice [35].

It has been shown that NK cells isolated from smokers may

display a significant reduction in interferon (IFN)-c and

TNF-a synthesis compared with non-smokers, and that

cigarette smoke attenuated NK cell cytotoxic activity,

which was associated with decreased perforin expression.

These data were confirmed in animal models, where sup-

pression of NK activation and attenuation of NK activity

by cigarette smoke were associated with increased indices

of tumor development and high numbers of lung metasta-

ses, thereby linking NK cell defects to increased infection

risk and cancer. It has recently been suggested that this is,

at least in part, due to defective NK cell function in

smokers, increasing the re-emergence of cervical cancer

metastases [36].

Effect of smoking on dendritic cells

Dendritic cells (DC) are potent antigen-presenting cells and

indispensable for initiating the cell-mediated immune

response. The number of DC has been shown to be

decreased in smokers [37, 38]. Clinical studies suggest that

the number of mature DC is reduced in the large airways of

patients with chronic obstructive pulmonary disease

(COPD) who smoke [39]. Following smoking cessation,

the number of mature DC increases and is similar to non-

smoking healthy controls. In contrast, the number of

immature DC is increased in the small airways of patients

with COPD compared with individuals who have never

smoked and individuals who smoke but do not have COPD

[40]. DC differentiated in a nicotinic environment have

been shown to produce higher amounts of IL-10, to display

an altered ratio of co-stimulatory molecules, and to fail to

produce polarizing IL-12, reducing T-cell stimulation and

Th1 differentiation [37]. Similarly, Tsoumakidou and col-

laborators [38] demonstrated that both cigarette smoke

extract and nicotine have a dose-dependent effect on DC

maturation, suppressing their T-cell stimulatory capacity

and reducing their stimulatory Th1-cell polarization. In a

time-course study in mice, D’Hulst et al. [41] revealed that

DC of smoke-exposed mice showed up-regulation of major

histocompatibility complex (MHC) class II molecules and

co-stimulatory molecules CD40 and CD86, compared with

DC of air-exposed mice, supporting the predominant

increase of CD4? cells rather than CD8? cells. Together,

these studies indicate that the immunosuppressive effect of

smoking is, at least in part, due to its direct effect on the

number, maturity state and activity of DC, reducing the

activation of CD8? T cells.

Effect of smoking on eosinophils

Eosinophils are multifunctional leukocytes that play a key

role during allergic inflammation. Besides inflammatory

proteins, eosinophils secrete mediators like eotaxin and

leukotrienes that might enhance chemotaxis. Cigarette

smoke increases the percentage of eotaxin-positive cells in

smokers as compared with non-smokers [42]. Furthermore,

an elevated proportion of eosinophils has been found in

sputum of active smokers with COPD compared with

ex-smokers [43]. Recently, it was significantly elevated

proportions of cells positive to eosinophil peroxidase were

found in biopsies of healthy smokers compared with

non-smokers [44]. The influx of eosinophils into airways of

smokers seems to be a rapid reaction, and the number of

these cells normalizes after smoking cessation in asymp-

tomatic smokers and in patients with COPD [43]. Theses

findings suggest that eosinophils may play an important

role in the inflammatory pathway in smokers.

Effect of smoking on mast cells

Mast cells are implicated in a variety of inflammatory

responses due to their ability to degranulate upon activa-

tion, releasing cytoplasmic stores of cytokines, proteases,

histamine, and heparin. Cigarette smoke increases the

absolute number of mast cells in smokers [45]. Further-

more, smoking promotes expression of the chemokines

MIP-1a and MIP-2 by mast cells, suggesting that mast cells

can promote and prolong the local inflammatory process in

the lungs of smokers [46]. In contrast, several studies have

shown that cigarette smoke may reduce allergic activation

of mast cells, resulting in decreased degranulation and

cytokine production (TNF-a and IL-6). These effects seem

to be mediated by the NF-jB signal transduction pathway

and, possibly, through the ATF-1 transcription factor.

However, further studies should be considered in order to

determine to what extent the inhibitory effect of cigarette

smoke on the activation of mast cells contributes to a

decrease in allergic symptoms in smokers [47].

Effects of smoking on B lymphocytes

B lymphocytes are generated throughout life by differen-

tiation from hematopoietic stem progenitors. At the mature

stage, they possess a system that can sense the presence of

microorganisms and contribute to their destruction. In

addition to secreting immunoglobulins (Igs), B cells are
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able to present antigen (Ag), up-regulate co-stimulatory

molecules, express anti-microbial activity by producing

reactive oxygen intermediates and other inflammatory

cytokines, and secrete factors that can directly mediate

microbial destruction [48]. It has been hypothesized that

smoke may impair host defense by reducing the prolifer-

ation and activity of B cells [1]. It is well recognized that

one common feature of smokers is that they have decreased

serum levels of Is. Earlier studies and more recent ones,

such as Gonzalez-Quintela et al. [49], demonstrated that

serum IgG levels were significantly lower in smokers than

in non-smokers. Interestingly, the reduction in serum IgG

seems to be due to a reduction in IgG2, since neither IgG1

nor IgG3 concentrations appear to be affected by smoking.

Furthermore, multivariate analyses have demonstrated that

IgG levels, which can be modulated by aging, gender, and

systemic disorders, are independently associated with

smoking. On the other hand, serum levels of IgA and IgM

in smokers are not significantly different from those of

non-smokers [49].

In terms of the effect of smoking on humoral immunity

in periodontal patients, Quinn et al. [50] reported depressed

serum levels of IgG2 in white periodontally healthy and

generalized aggressive periodontitis subjects, whereas only

black subjects with generalized aggressive periodontitis

showed a significant reduction in IgG2 serum levels. IgG1

and IgG3 serum levels were not affected in either black or

white subjects. Tangada et al. [51] reported much lower

concentrations of IgG2 antibody in serum from smokers

than non-smokers presenting generalized aggressive peri-

odontitis. Later, Quinn et al. [50] found that white subjects,

including chronic periodontitis subjects, have substantially

less IgG2 in their serum than black subjects, whereas no

significant reduction in IgG2 was observed in black sub-

jects with chronic periodontitis. In addition, serum IgG1

and IgG4 levels suffered a reduction in black smokers with

chronic periodontitis. Graswinckel et al. [52] showed that

non-smoker periodontitis patients had higher plasma levels

of total IgG and IgG2 than smokers with periodontitis. In a

recent investigation, Al-Ghamdi and Anil [53] assessed the

alterations of serum immunoglobulin levels in smokers

with periodontitis. Data analysis demonstrated that IgG and

IgA serum levels were significantly lower in smokers

compared to non-smokers and healthy controls; and that

IgM serum levels tended to be lower in smokers. Further-

more, of the four subclasses of IgG investigated (IgG1,

IgG2, IgG3, IgG4), IgG2 was found to be significantly

lower among smokers diagnosed with periodontitis.

Recently, Zavitz and collaborators [54] demonstrated no

impairment on proliferation or calcium flux generation in

cultured B cells from stimulated lymph node and spleen

from smoke- and sham-exposed animals. In addition, the

authors demonstrated that cells from smoke- and sham-

exposed mice secreted equivalent amounts of IgG, sug-

gesting that B-cell responses may be impaired not by a

direct effect of smoke but rather by an effect on cells of the

innate immunity, which activated them. In support of this

evidence, alveolar macrophages from chronic smoke-

exposed mice significantly inhibited B-cell proliferation

stimulated with bacterial lipopolysaccharide (LPS) com-

pared with macrophages from non-chronic smoke-exposed

mice. Generation of superoxide and hydrogen peroxide was

significantly increased in chronic smoke-exposed macro-

phages compared with non-chronic smoke-exposed

macrophages, and inhibition of B-lymphocyte proliferation

stimulated with LPS by macrophages from chronic smoke-

exposed mice was clearly recovered by addition of super-

oxide dismutase and catalase, suggesting that the inhibition

by chronic smoke-exposed macrophages of LPS-induced

B-lymphocyte proliferation may be caused by the increased

superoxide and hydrogen peroxide generation of chronic

smoking [55]. Collectively, these observations suggest that

the immunosuppressive effects of smoking on B lympho-

cytes are indirect and related to smoke-induced altered

function of cells of the innate immune system.

Effect of smoking on T lymphocytes

T lymphocytes (T cells) are the main cell type involved in

cell-mediated immunity, and these cells display extensive

diversity in terms of phenotype, function, and anatomical

distribution. In general, activation through T-cell receptors

results in proliferation and the acquisition of a variety of

effector functions that ultimately produce an array of

effectors and memory cell types. These cells differ in their

capacity to proliferate in response to antigen, mediate

cytotoxic responses, and execute regulatory functions. T

cells differentiate into several different subsets, including

CD8? T cells (cytotoxic T cells), which act to kill cells

infected with intracellular microbes, and CD4? T cells

(helper T cells), which regulate cellular and humoral

immune responses. Inhibition of T-cell proliferation with

consequent reduction on cellular function is a mechanism

associated with smoke-induced immunosuppression and

impaired host defense [56]. Indeed, it is consistent in the

literature, in both human and animal models, that smoke

reduces proliferation of T cells and alters CD4? and CD8?

cells [57]. T-cell activation, proliferation, and expression of

the cytotoxic proteins granzyme-b and TIA-1 were signif-

icantly reduced in response to cigarette smoke extract [58].

In addition, the same effects observed on B cells by Zavitz

and collaborators [54] were found in T cells from lung,

lymph node, and spleen of smoke-exposed animals. More-

over, several studies have demonstrated that smokers have

an increased CD8? T cell count, altering the CD4?/CD8?

ratio compared with non-smokers [6]. In mixed-leukocyte
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reaction assay, cigarette smoke-primed dendritic cells

potentiate CD8? T-cell proliferation via CCL3, whereas

proliferation of CD4? T cells is suppressed via an unknown

mechanism [47]. The effect of smoke on T cells of children

exposed to passive smoke were examined by Avanzini et al.

[59], revealing that children who were exposed to passive

tobacco smoke had a significantly lower percentage of

IFN-c-producing CD4? and CD8? cells in the adenoids.

Moreover, there was a significant correlation between

the quantity of exposure and reduction in Th1 (CD4?IFNc?

and CD8?IFNc?) cells in adenoids, adding a possible

explanation for the increased susceptibility of children

exposed to passive smoking to develop respiratory tract

infections. Interesting, smoking affects several immune

parameters leading to immunosuppression in pregnant

women at 14–20 weeks gestation, including increase in the

frequency of CD3? lymphocytes and decrease in CD56?

cells [60].

Although there is a number of studies reporting different

findings regarding T lymphocytes in smokers, very limited

information is available regarding the effect of smoking on

T cells in the periodontal environment. Orback et al. [61]

evaluated changes in T lymphocytes in smokers and

non-smokers. They found that lymphocyte values observed

for smokers were lower than those in non-smokers and this

difference was statistically significant after periodontal

treatment. Loos et al. [62] examined 112 adults, 76 with

periodontitis and 36 control subjects. Subjects were clas-

sified into non-smokers, light smokers (those who smoked

\10 cigarettes/day) or heavy smokers (C10 cigarettes/

day). It was found that a more severe periodontal break-

down in smokers was associated with a higher number of

CD3? T cells, as well as CD4? and CD8? T-cell subsets,

and increased T-cell proliferation, whereas the number of B

cells was not affected by smoking. Taken together, the

current data suggest that the main effects of smoke on T

cells are reductions in their proliferation and alterations in

the specific subpopulations of CD4 ? and CD8? cells.

Effect of smoking on other cell types

Among several effects, cigarette smoking decreases

expression of several genes that regulate airway inflam-

mation in bronchial airway epithelial cells [63]. Indeed,

studies have revealed that smoke extracts or whole smoke

alter the production of inflammatory mediators, including

IL-1b, IL-6 and IL-8, by airway epithelial cells [64]. Flo-

reani and collaborators [65] showed that human bronchial

epithelial cells constitutively express C5a receptors and

that cell-surface C5a receptor expression is increased in the

cells upon exposure to cigarette smoke extract. In addition,

initial exposure of bronchial epithelial cells to cigarette

smoke extract followed by treatment of the cells with C5a

resulted in a significant increase in the release of IL-8

compared with cells exposed to cigarette smoke extract or

C5a alone. Later, this same group demonstrated that ciga-

rette smoke modulated the responsiveness of airway

epithelial cells to C5a by up-regulating C5a receptor

numbers on the cell surface, which is beneficial in the

recruitment of neutrophils and lymphocytes in response to

smoke [66]. Furthermore, exposure of primary human

epithelial cells to cigarette smoke extract significantly

reduced vascular endothelial growth factor production,

modulating the cellular enviroment and the inflammatory

response [67]. It has been suggested that cigarette smoke

may impair the innate antiviral defense in human fibro-

blasts and epithelial cells through decreased expression of

INF-stimulated gene, exposing smokers to an increased

burden of viral infection [68].

Smoking has also been described to alter endothelial cell

function, leading to an increased risk of cardiovascular

diseases, and endothelial dysfunction induced by smoke

may also modulate the responses of immune and inflam-

matory cells. Impairment of nitric oxide (NO) production

and increase in oxidative stress by a large number of free

radicals known to exist in smoke are two of the main

mechanisms responsible for acute endothelial dysfunction

observed in smokers. Since NO production from endothe-

lial cells is reduced, the burden of reactive oxygen species

is increased, which is able to induce cell damage and

infiltration of inflammatory cells. Evidence also suggests

that NO may directly affect immune and inflammatory

cells.

Gingival and periodontal ligament fibroblasts have been

used in in vitro studies to assess the effects of components

of tobacco smoke, such as acrolein, acetaldehyde, nicotine,

and cotinine. Overall, the data published to date have

shown a detrimental effect on these cell lines, including

disruption of cell orientation, inhibition of cell prolifera-

tion, cytoplasmic vacuolation and attachment, inhibition of

collagen production, and reduction in cell viability [69]. In

contrast to these findings, Peacock et al. [70] showed a

positive effect of nicotine on the proliferation and attach-

ment of gingival fibroblasts to culture dishes. Additionally,

treatment of human gingival fibroblasts with nicotine has

been shown to modulate cyclooxygenase (COX)-2 protein

expression (Ho and Chang [71]). Zhou et al. [72] assessed

the effects that nicotine in combination or not with P.

gingivalis supernatant had on human gingival fibroblast-

mediated collagen degradation. They found that nicotine

increased human gingival fibroblast-mediated collagen

cleavage. MMP-14 and MMP-2 produced by nicotine-

treated human gingival fibroblasts more readily underwent

zymogen activation, and, additionally, nicotine treatment

resulted in tissue inhibitor of metalloproteinase (TIMP)-2

redistribution to the cell surface. An additive collagen
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cleavage effect was observed when human gingival fibro-

blasts were treated with both nicotine and P. gingivalis.

More recently, cigarette smoke condensate has been shown

to stimulate urokinase production and plasmin activation in

human gingival fibroblasts [73]. Although most of these

studies used higher concentrations in vitro than those

expected in plasma of smokers, the evidence might lead

one to believe that tobacco smoking impacts on the

inflammatory process in the periodontium through its effect

on fibroblasts. Table 2 summarizes the main findings

regarding the effect of smoking on inflammatory cells in

periodontal sites.

Effect of smoking on immune–inflammatory mediators

Immune and inflammatory cells produce a great variety of

inflammatory mediators in response to smoking, which can

have both local and systemic effects, since some are

detected at high levels in the plasma of smokers. Wan-

namethee and colleagues [74], in a large-scale analysis

with more that 2,920 subjects, found that, compared with

never smokers, cigarette smokers have significantly higher

levels of C-reactive protein (2.53 vs. 1.35 mg/L), white cell

count (7.92 vs. 6.42 9 109/L), and fibrinogen (3.51 vs.

3.13 g/L). Other studies confirmed significant higher levels

of C-reactive protein in the plasma of smokers compared

with non-smokers, and also demonstrated elevated levels of

IL-6, a traditional marker of inflammation [75]. Helmers-

son et al. [76] did not find differences in the plasma levels

of C-reactive protein between smokers and non-smokers.

However, these authors demonstrated increased plasma

levels of IL-6 and prostaglandin F2a. Together, these data

from large-scale population-based studies show a strong

association between smoking and various markers of sys-

temic inflammation in men. Most important, these studies

point to a possible mechanism for several of the adverse

effects of smoking, such as elevated risk for infections and

cardiovascular diseases. Local levels of inflammatory

mediators are also modulated by smoking. As previously

mentioned in this review, local levels of TNF-a, MIPs and

MCP-1 released by macrophages are increased, while

leukotriene B4, another important chemoattractant,

decreases directly after acute exposure to cigarette smoke

[25]. Levels of mRNA for IL-6, IFN-c, TNF-b, IL-13, and

chemokines CCL5, CCL3, CCL4, and CCL20 were sig-

nificantly lowered in bronchoalveolar lavage cells of

smokers compared with never-smokers [77]. Another proof

that smoking affects cytokine content was demonstrated by

Mishra et al. [78], who showed that nicotine dramatically

suppresses mRNA and protein expression of the Th2

cytokines/chemokines IL-4, IL-5, IL-13, IL-25 and eotaxin,

leukotriene C4, and total as well as allergen-specific IgE

[78]. A recent study showed that cigarette smoke extract

induces the release of CCL3 and CXCL2 in a reactive

oxygen species-dependent manner in denditic cells but

does not alter the production of TNF-a, IL-2, IL-6, IL-10,

IL-12p70, MCP-1, and IFN-c, and even suppressed the

production of these cytokines induced by LPS [47].

In relation to the pathogenesis of periodontal disease,

there is a general concept that local levels of pro- and anti-

inflammatory cytokines will be modulated during peri-

odontal disease, and that cytokine production would

therefore play a pivotal role in directing the status of the

disease. Although of relevance to the field, the effect of

smoking on cytokine production in periodontal patients has

scarcely been investigated. Bostrom et al. [79] showed

higher levels of TNF-a in the gingival crevicular fluid in

smokers and former smokers compared with non-smokers

with comparable levels of moderate/severe periodontitis.

On the other hand, Erdemir et al. [80] found that smoking

did not influence IL-6 and TNF-a levels in gingival cre-

vicular fluid contents of patients with chronic periodontitis.

Others cytokines, such as IL-1b and IL-1ra (receptor

antagonist), were also evaluated by Bostrom et al. [81] in

non-smokers versus smokers with moderate to severe

periodontal disease. They reported no influence of smoking

on the levels of IL-1b and IL-1ra in gingival crevicular

fluid. In contrast, Rawlinson et al. [82] found levels of IL-

1b and IL-1ra to be lower in diseased sites in smokers

versus non-smokers. In an in vitro study, Almasri et al. [83]

investigated the influence of nicotine alone and a combi-

nation of nicotine with LPS on cytokine expression from

human gingival fibroblasts using protein arrays. They

found that nicotine significantly increased the expression of

growth-regulated oncogene-alpha, IL-7, IL-10, and IL-15

compared to the untreated control, and that when nicotine

was combined with LPS, an additional effect was seen on

the levels of RANTES and INF-c. In order to further

investigate the events involved in the modulation of cyto-

kine production by smoking, our group has simultaneously

assessed the profile of a number of pro- and anti-inflam-

matory cytokines plus pro- and anti-resorptive agents in the

gingival tissues of smokers versus non-smokers with

moderate to severe chronic periodontitis, including IL-1b,

IL-1ra, IL-6, IL-8, IL-10, INF-c, TNF-a, MMP-2 and -8,

receptor activator of NF-jB ligand (RANKL), and osteo-

protegerin (OPG) [84, 85]. In general, data analysis

demonstrated that mRNA levels of IL-1b, IL-8, IL-10,

TNF-a, MMP-8, and OPG were lower in the gingival tis-

sues of smokers than non-smokers with comparable types

of periodontitis, while IL-6, INF-c, and IL-1ra were higher.

Increased RANKL:OPG and IL-6:IL-10 ratios were found

in sites with periodontitis in smokers versus non-smokers.

In a recent study, Torres de Heens et al. [86] compared the

pro-inflammatory cytokine production in ex vivo whole

blood cell cultures of smoking and non-smoking chronic
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periodontitis patients. The results demonstrated that

smokers showed a lower IL-12 p40:IL-10 ratio than non-

smokers. IL-1b production was significantly lower in

smokers compared with non-smokers after stimulation, and

IL-6 and IL-8 production was similar in both smokers and

non-smokers. A list of the main findings on the effect of

smoking on inflammatory mediators in the pulmonary and

extra-pulmonary environments, and in periodontal patients,

is shown in Tables 1 and 2, respectively.

Effect of smoking on the molecular mechanisms

of cytokine production

The molecular mechanisms behind the smoking-induced

expression, production, and release of cytokines by

inflammatory cells are starting to be revealed. They involve

activation of IKK (inhibitor of IjB kinase), phosphoryla-

tion of IjB (inhibitor of NF-jB), NF-jB nuclear

translocation, and histone acetylation [87–89]. NF-jB is

found in the cytoplasm in an inactive state, associated with

its inhibitory protein IjB. Activation of IKK, which

induces proteasomal degradation of IJB, unmasks the

nuclear localization signal of NF-jB, permitting it to enter

the nucleus, bind DNA, and initiate gene transcription, is

considered to be the classic pathway of NF-jB activation

[90]. IKK is a kinase complex composed of three subunits,

IKK-a (IKK1) and IKK-b (IKK2) that are bona fide kina-

ses, and IKK-c (NEMO) that has no catalytic activity but

plays a critical regulatory role [91]. IKK can be activated

by several factors, but the most potent are the pro-inflam-

matory cytokines TNF-a and IL-1 [92]. However, gene

transcription is not only dependent on transcription factor

binding to DNA, but also on alterations in the structure of

chromatin. Histone modifications such as acetylation,

realized by histone acetylases (HAC), and deacetylation,

performed by histone deacetylases (HDAC), facilitate or

block the accessibility of DNA to transcription factors and

co-factors respectively, regulating gene expression. NF-jB,

like many other transcription factors, relies on the lysine

acetylation of histones by HACs, in particular CBP/p300,

to initiate DNA unwrapping and allow accessibility for

binding. Moreover, several reports demonstrated that

changes in HDAC activity might also enhance or repress

NF-jB-mediated gene transcription [93]. Numerous studies

have linked NF-jB activation to regulation of cytokine

expression in smokers. IJB-a levels were significantly

decreased in smokers and ex-smoking patients when

compared with non-smokers, with an associated increase in

NF-jB DNA binding in current smokers [88]. Di Stefano

and colleagues [94] demonstrated increased expression of

NF-jB in bronchial tissue from smokers and from patients

with COPD. Likewise, Yagi et al. [95] demonstrated by

immunohistochemistry that airway epithelial cells from

ex-smokers with or without COPD also have elevated

activation of NF-jB, since increased phosphorylated IjB-a
was found. Although most of the studies have demon-

strated that increased NF-jB activation is dependent on

IKK activation, Zhao et al. [96] showed a novel mechanism

of NF-jB activation modulated by tobacco smoke. These

authors revealed that in A549 cells, a human lung cancer

cell line, tobacco smoke exposure significantly induces the

microtubule-associated protein kinase (MAPK) signaling

pathway via activation of extracellular signal-regulated

kinases 1 and 2 (ERK1/ERK2), resulting in direct IjB

phosphorylation and NF-jB activation. Recently, some

studies have shown that NF-jB activation can be inde-

pendent of IKK, when induced by reactive oxygen and

nitrogen species produced by smoking-induced oxidative

stress [87, 89]. In addition, a recent study demonstrated that

IKKa activation trigged by cigarette smoke might directly

activate the RelA/p65 subunit of NF-jB and promote

acetylation of histones H3 and H4 [97]. These authors

demonstrated that, in response to cigarette smoke, IKKa is

phosphorylated at ser176/180 residue, leading to direct

activation of NF-jB by acetylation of RelA/p65 at lys310

and direct phosphorylation/acetylation of specific histones

H3 and H4 on promoters of pro-inflammatory cytokines,

including IL-6 and MIP-2. Expression and activity of

HDAC2 is decreased in smokers and in patients with

COPD, and there is a correlation between cytokine pro-

duction and HDAC activity in alveolar macrophages from

smokers and non-smokers [88]. Likewise, decreased

HDAC2 expression and activity was observed in rat lungs

exposed to cigarette smoke [98]. In addition, cigarette

smoke extract-mediated reduction in HDAC2 was associ-

ated with increased RelA/p65, indicating that RelA/p65

interacts with HDAC2 and RelA/p65 becomes available or

is retained in the nucleus for pro-inflammatory gene tran-

scription when HDAC2 is decreased [89]. Recently, in

another independent study, Yang et al. [97] demonstrated

that in MonoMac 6 cells cigarette smoke extract exposure

causes dose- and time-dependent decreases in the produc-

tion and activity of sirtuin 1, a member of the class III

histone/protein deacetylase family, which was concomitant

to increased NF-jB-dependent IL-8 and TNF-a secretion.

A model summarizing smoking effects on inflammatory

cytokine gene transcription is depicted in Fig. 1. Besides

NF-jB, Zhao et al. [96], using a protein/DNA array

approach, identified 19 other transcriptional factors regu-

lated by tobacco smoke. Among these are GATA, PAX5,

and Smad 3/4 that were significantly stimulated by tobacco

smoke, and ISRE and ICSBP that had their DNA-binding

activities significantly decreased after tobacco smoke

treatment. Smoke can also trigger inflammation via AP-1

activation, resulting in pro-inflammatory gene overex-

pression [99]. Smoking-induced cytokine expression is thus
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a complex and multi-step process with the participation and

cooperation of multiple signaling pathways.

Nicotine and anti-inflammatory effect

The cholinergic anti-inflammatory pathway has been

identified as a major modulator of immune cell function in

a wide variety of inflammatory disease states [100]. The

physiological activation of the cholinergic anti-inflamma-

tory pathway occurs through the parasympathetic nervous

system which induces the release of acetylcholine (ACh)

[100–102]. A recent study found that ACh reduced the

secretion of IL-6, IL-8, MCP-1, MIP-1, and CCL5

(RANTES) in rheumatoid arthritis [103]. Nicotine, like

ACh, is a nicotinic cholinergic agonist that binds to and

activates nicotinic acetylcholine receptors [104], and also

exerts anti-inflammatory activities in vitro and in vivo

[101, 105–107]. Wang et al. [105] were the first authors to

identify which nicotinic acetylcholine receptor (nAChR)

subunit responds to nicotine treatment by inhibiting cyto-

kine synthesis. They investigated whether the alpha7

subunit was essential for the cholinergic anti-inflammatory

pathway in vivo by measuring TNF-a production in alpha7

knockout mice. After administration of endotoxin, the

serum TNF-a level was significantly higher than in wild-

type mice (18.1 vs. 8.0 ng/mL). Next, Wang et al. [105]

observed that macrophages derived from alpha7 knockout

mice were refractory to cholinergic agonists, and produced

TNF-a normally in the presence of nicotine or acetylcho-

line. Mabley et al. [106] evaluated the effects of activating

the cholinergic anti-inflammatory pathway with exogenous

nicotine on acute lung inflammation induced in mice. The

results demonstrated that nicotine treatment reduced the

LPS-mediated infiltration of leukocyte in alveolar spaces,

and myeloperoxidase activity. Nicotine also down-regu-

lated lung production of pro-inflammatory chemokines

(MIP-1a, MIP-2, and eotaxin) and cytokines (IL-1, IL-6,

and TNF-a). Recently, Zhou et al. [107] investigated the

anti-inflammatory role of nicotine in rheumatoid arthritis

fibroblast-like synoviocytes cells (FLS). They found that

TNF-a-induced secretion of IL-6 and IL-8 in FLS cells was

significantly reduced by pre-incubation with low concen-

trations of nicotine (0.1–100 lM). Furthermore, Zhou et al.

[107] demonstrated that nicotine exerts an anti-inflamma-

tory in FLS cells by inhibiting TNF-a-induced nuclear

translocation of NF-jB. Although these studies have

addressed the potential immune-suppressant effect of

nicotine, Breivik et al. [108] demonstrated that chronic

treatment with nicotine enhanced the progression of

ligature-induced periodontitis, and LPS-provoked pre-

treatment with mecamylamine, an antagonist of alpha7

nicotinic acetylcholine receptor, significantly reducesT
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periodontal bone loss. Breivik et al. [108] further assessed

serum levels of pro-inflammatory (TNF-a) and anti-

inflammatory and T-regulatory cytokines (TGF-b1 and

IL-10) in rats exposed to LPS. The authors found lower

TNF-a, TGF-b1, and IL-10 serum levels in nicotine-treated

rats, indicating that nicotine enhances susceptibility to

periodontitis via nAChRs, which may act by suppressing

protective immune responses through the cholinergic anti-

inflammatory pathway. Thus, the mechanism through

which nicotine may activate the intracellular anti-inflam-

matory pathway as well as the pharmacological

concentrations of nicotine that inhibit pro-inflammatory

mediators need still to be clarified.

Overall conclusions

Cigarette smoke has a major impact on health issues

worldwide. The possible biological mechanisms responsi-

ble for the observed association of smoking with various

diseases and global mortality are numerous and, in spite of

many attempts to find causal relationships, are still unclear.

Due to space limitations and to the wide range of evidence

in this field, this review article focused on summarizing

well-known concepts and exploring recent developments

over the last 5 years. A number of laboratory models have

been designed to investigate the various aspects of smoking

behavior and nicotine-dependence phenomena. In vitro,

different cell types have been exposed to single or multiple

components of cigarette smoke, cigarette smoke extract and

cigarette smoke as a whole. In vivo, experimental models

usually included the administration of smoke components

(especially nicotine), using different systems (subcutaneous

injection, osmotic pumps, etc.), and nasal and/or oral cig-

arette smoke inhalation. Differences in effects between

animals and humans, and between different animal species,

may result from biological differences, for example in

absorption, distribution, metabolism, and elimination. In

addition, the limitations of assessing the biological effect of

isolated smoke components versus whole cigarette smoke,

and acute or limited exposure in contrast to the chronic

exposure that occurs in smokers, has to be taken into

account for most laboratory models. Therefore, the lack of

animal and human laboratory models with sufficient pre-

dictive clinical validity to support the translation of

knowledge from laboratory studies into clinical research is

an obstacle to the identification of major players regarding

the effect of smoking on the immune–inflammatory pro-

cess, and research to refine models is welcome (see Lerman

et al. [109] and Wright et al. [110] for review).

Fig. 1 A model for the pathological effects of smoking on transcrip-

tional control of inflammatory genes via NF-jB activation. In an

inactive state, NF-jB, the heterodimeric complex formed by p50 and

p65, is found in association with IjB in the cytoplasm. Proteasomal

degradation of IjB is the key event for NF-jB activation, translo-

cation into the nucleus, DNA binding, and recruitment of HACs,

leading to the expression of inflammatory cytokines. Smoking can

modulate activation of NF-jB in many ways: (1) activation of IKK by

IL-1 and TNF-a, resulting in IjB degradation, (2) NF-jB activation

via Toll-like receptors associated with smoking oxidative stress and

ERK1/ERK2 MAPK signaling pathway activation, (3) activation of

IKK by smoking, resulting in stimulation of p65 subunit acetylation,

and (4) smoking-induced reduction of HDAC expression and activity,

leading to prolonged NF-jB activation. IL interleukin, TNF-a tumor

necrosis factor-a, ERK extracellular signal-regulated kinase, NF-jB
nuclear factor-kappa B, HACs histone acetylases, IjB inhibitor of

NF-jB, IKK inhibitor of IjB kinase, HDACs histone deacetylases
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Many related adverse effects of exposure to cigarettes

may result from the ability of cigarette smoke to interfere

with the immune–inflammatory system towards smoke as

an immunosuppressant. Smoking also causes activation of

resident cells and the recruitment of inflammatory cells into

the lungs, which leads to release of pro-inflammatory

cytokines, chemotactic factors, oxygen radicals and prote-

ases, which alter the function of immune cells. The

qualitative and quantitative effects of cigarette smoke on

the immune system might depend on the duration of

smoking, as well as the sex and ethnicity of the subjects

who are studied, and therefore the extent of the reported

effects of smoking on the immune–inflammatory system

varies significantly between studies. Finally, although the

effects of smoking on inflammatory markers may persist

for many years, the majority of the adverse health effects of

smoking is reversible. Therefore, quitting smoking avoids

much of the excess health-care risk associated with

smoking and allows increasing life expectancy.
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