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ABSTRACT: Noninvasive biomarkers can be used to evaluate airways damage caused by tobacco

smoke, but studies so far have only involved adult smokers. In this study, we evaluated whether

such biomarkers can detect early respiratory effects in adolescents passively or actively exposed

to tobacco smoke.

In a cross-sectional study of 845 adolescents (mean age 16 yrs), we measured exhaled nitric

oxide (NO) and various epithelial markers in nasal lavage fluid (NALF) and serum, including Clara

cell protein (CC16) and surfactant protein (SP)-D. Information about smoking habits and potential

confounders was collected by questionnaire. Four groups of equal size (n536), of nonsmokers,

passive smokers, light smokers (,5 cigarettes?day-1, median 0.08 pack-yrs) and heavy smokers

(o5 cigarettes?day-1, median 0.35 pack-yrs), were matched using an automated procedure.

The levels of exhaled NO and of CC16 in NALF were significantly decreased in the group of

heavy smokers. A trend towards lower levels of CC16 in NALF was observed in passive smokers.

There were no significant changes in serum CC16 and SP-D, which suggests that the deep lung

epithelium had not yet been affected by smoking.

In conclusion, tobacco smoke can cause early changes in the airways of adolescents with a

cumulative smoking history of ,1 pack-yr.

KEYWORDS: Adolescents, biomarkers, cigarette smoke, Clara cell protein 16, nasal lavage fluid,

nitric oxide

O
ver recent years, several approaches have
become available to assess the response of
the respiratory system to inhaled agents.

Bio-imaging techniques and functional assays
have undergone significant improvements, but pro-
gress has also been achieved using noninvasive
biomarker methods, e.g. the analysis of exhaled
breath, the detection of inflammatory cells and
mediators in induced sputum, and the analysis of
lung-specific proteins in serum [1–4]. Recently,
analysis of biomarkers collected after nasal lavage
has also received increased attention [5]. Multiple
studies have been published showing changes in
biomarker levels in diseased individuals, e.g. in-
creased exhaled nitric oxide (NO) during asthma
exacerbations, increased levels of surfactant protein
(SP)-D in serum of chronic obstructive pulmonary
disease (COPD) patients or decreased levels of
Clara cell protein (CC16) in serum or induced
sputum of COPD patients [6–8].

One of the most valuable applications of biomar-
kers is the detection of preclinical phases of disease
development. In this respect, asymptomatic smo-
kers are particularly interesting, as they represent
a large group of subjects chronically exposed to
agents having clear detrimental effects on human

health [9, 10]. Structural and functional changes in
the nose have been described in smokers, starting
from 10 pack-yrs [11]. Smokers show decreased
levels of serum CC16 [12], which can already be
detected in young adults with a median of only
3.8 pack-yrs [13]. The reduced levels of serum
CC16 in smokers most probably reflect a decrease
of CC16 in bronchoalveolar lavage fluid parallel-
ing the progressive loss of CC16-positive cells in
terminal airways [14]. The concentrations of SP-A
and -B, conversely, rise in the serum of smokers
[12] as a consequence of the disruption of epithelial
barriers by tobacco smoke. Smokers also have a
decreased concentration of NO in the exhaled
breath (mean -52%, average 10.2 pack-yrs), which
correlates with their daily cigarette consumption
(r50.77, p,0.001) [15]. Decreased levels of exhaled
NO fraction were also observed in infants exposed
pre- and post-natally to cigarette smoke compared
with never-exposed infants or infants exposed to
tobacco smoke only after birth [16]. In agreement
with these biomarker studies, LEDERER et al. [17]
recently reported subclinical parenchymal lung
disease using computed tomography and spiro-
metric measurements in a generally healthy cohort
of older adult smokers.
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Until now, biomarker studies among smokers have been
conducted on adult subjects with a smoking history of at least
several pack-years. Here, we investigated whether noninvasive
biomarkers of the upper and lower respiratory tract can detect
subclinical changes in the airways of adolescents with an active
or passive exposure to cigarette smoke.

MATERIAL AND METHODS

Study population
The study protocol was approved by the Ethics Committee of
the Faculty of Medicine of the Catholic University of Louvain
(Brussels, Belgium) and complied with all applicable require-
ments of international regulations. Details about the cross-
sectional study on adolescents in Belgium have been described
elsewhere [18]. Briefly, the study was conducted among ado-
lescents in the third and fourth grades of secondary school. A
questionnaire and a written agreement to participate in the
study were obtained from the adolescents’ parents. The ques-
tionnaire addressed aspects related to social and medical
characteristics of the adolescent and their family, and to the
in-house and out-of-house environment.

Examination of study participants
The adolescents participating in the study were examined in
their school. Examination took place between ,09:00 and 15:00 h.
For each test or sample collection, the time was recorded to adjust
for possible diurnal variations in the biomarker levels. The exami-
nation consisted of an interview enquiring about the smoking
status and recent (,12 months’) respiratory symptoms, followed
by the measurement of height and weight, exhaled NO levels and
lung function parameters, and the collection of a blood and of two
nasal lavage fluid (NALF) samples. The smoking status used for
grouping the study participants was based on the information
provided by the adolescents themselves. The active smokers were
divided into ‘‘light smokers’’ and ‘‘heavy smokers’’ depending
on the daily cigarette consumption (,5 or o5 cigarettes, respec-
tively). The allocation criterion of 5 cigarettes?day-1 was selected
for pragmatic reasons, i.e. it allowed definition of a group of
heavy smokers of sufficient size and a slightly larger group of
light smokers, better enabling the matching procedure (see
statistical analyses section). A sample of venous blood was
collected in a dry tube, allowed to clot overnight at 4uC and then
centrifuged at 2,0006g for 10 min. Serum was decanted and
stored at -18uC until biomarker analysis. NALF samples were
collected from both nostrils. Participants were asked to sit down,
bend forward and put their heads down. 2.5 mL of sterile
physiological saline at 37uC were instilled into each nostril by
a disposable tip connected to a peristaltic pump. After 10 s,
students were asked to lift their head and the lavage fluid was
collected using a small funnel. The NALF samples were stored at
-20uC until evaluation. The concentration of NO in exhaled air
was determined with the NIOXTM analyser (Aerocrine AB, Solna,
Sweden) according to the guidelines of the American Thoracic
Society [19]. Total and aeroallergen-specific immunoglobulin
(Ig)E (house-dust mite, cat epithelium, dog dander, moulds, tree
pollen, grass pollen and herbaceous pollen mixture) concen-
trations in serum were determined using the Immulite1 IgE
kit (Diagnostic Products Company, Los Angeles, CA, USA).
Sensitisation against specific aeroallergens was defined as a
serum concentration of specific IgE .0.35 kIU?L-1. CC16 in serum
and NALF was measured by latex immunoassay using a rabbit

anti-CC16 antibody (Dakopatts, Glostrup, Denmark) and stan-
dard CC16 purified in our laboratory at the Louvain Centre for
Toxicology and Applied Pharmacology, Faculty of Medicine,
Catholic University of Louvain [20]. The serum concentration
of SP-D was determined using a commercially available ELISA
kit (code no. YSE-7744; Yamasa Corporation, Choshi, Japan).
Albumin, creatinine and urea were quantified by the Beckman
Synchron CX5 Delta Clinical System (Beckman Coulter Inc.,
Fullerton, CA, USA). Concentrations of biomarkers in NALF
were adjusted for the variable dilution of the recovered epithe-
lial lining fluid, either by calculating the absolute amount of
recovered protein or by adjusting the concentration in NALF with
the plasma/NALF concentration ratio of urea [21, 22]. These
adjustments were made for each nostril separately and then the
mean value was calculated and used for the statistical analyses.

Statistical analyses
Matching procedures and statistical analyses were performed
using the R statistical package (The R Project, Institute for
Statistics and Mathematics, Vienna University of Economics
and Business, Vienna, Austria) [23–26]. The matching was per-
formed relative to the group of heavy smokers, which included
36 subjects, except for biomarkers in NALF for which we
excluded the adolescents who had a cold (n59) during the
previous 2 weeks. Groups equivalent to the heavy smokers
group were generated from the total groups of nonsmokers
(n5507), passive smokers (n5254) and light smokers (n548)
using an automated matching procedure (‘‘optmatch pack-
age’’) based on the following characteristics: ‘‘sex’’, ‘‘age’’,
‘‘parental allergy or asthma’’ and ‘‘parent with higher educa-
tion’’. Associations of the smoking status with the personal and
familial characteristics, medical characteristics or antecedents,
the self-reported respiratory symptoms, sensitisation and
characteristics of the in-house and out-of-house environment
were analysed by pair-wise comparison with the nonsmokers
group using the Chi-squared test. Comparisons of the con-
tinuous variables with the nonsmokers group were performed
using one-way ANOVA followed by Dunnett’s post hoc test.
Models for biomarkers in NALF, blood and exhaled air were
built by means of generalised linear modelling using the
Gaussian distribution. The initial models were built assessing
the association of each biomarker with being a light smoker, a
heavy smoker or a passive smoker, with age, sex, body mass
index (BMI), birth weight, total serum IgE concentration, time
of sample collection, the social and medical characteristics and
variables reflecting the in-house and out-of-house environment
quality (e.g. siblings, mould on bedroom wall, wood smoke, air
fresheners, cleaning with bleach). These models were run by
also testing the interactions between sex and the different
smoking statuses (passive smoker 6 sex, light smoker 6 sex,
and heavy smoker 6 sex). For serum markers, we included in
the models the serum creatinine concentration to account for
the influence of renal function. The obtained models were
optimised using a backward stepwise algorithm using the
Akaike Information Criterion (AIC; R-function: ‘‘step’’). For
each of the investigated outcomes, the model with the lowest
AIC score was retained. Statistical procedures on continuous
variables were performed after log-transformation. Graphs
and statistics on adjusted concentrations were generated using
GraphPad Prism version 5.00 for Windows (GraphPad Software,
San Diego, CA, USA). Relationships between biomarkers and
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cigarette consumption were assessed using the Spearman non-
parametric correlation test. The threshold for statistical signifi-
cance was set at p,0.05.

RESULTS

Characterisation of subpopulations
An overview of the characteristics of the different subpopula-
tions is given in table 1. There were no or very few differences
between the groups regarding sex, age, BMI and birth weight.
As expected from adolescents who started smoking recently, the
cumulative cigarette consumption was very low, with a median
of 0.08 and 0.35 pack-yrs for the light and heavy smokers,
respectively. Despite the matching procedure, a few differences
persisted between the groups, in particular concerning the place
of residence and the exposure to older siblings. The different
groups had similar prevalences of allergic sensitisation or of

ever-diagnosed asthma, hay fever and lower respiratory tract
infections. The prevalence of allergic rhinitis and frequent cold
tended to be higher among heavy smokers. Compared with the
nonsmokers, all smoker groups showed a trend towards higher
prevalences of upper respiratory symptoms such as cough
crisis, nasal problems and wheezing.

Epithelial biomarkers
Table 2 shows the results of the univariate analyses of biomar-
kers. The NALF volumes as well as the urea concentrations were
not significantly different between the nonsmokers and the other
groups. The median CC16 concentration in NALF was decreased
in all smoker groups, reaching statistical significance for the
heavy smokers group (median 61% lower than nonsmokers). A
similar pattern of significant decreases was found after adjust-
ment for the variable dilution of NALF sample by calculating the

TABLE 1 Overview characteristics of subpopulations

Nonsmokers Passive smokers Light smokers# Heavy smokers" p-value

Female 23 (64) 29 (81) 22 (61) 23 (64) 0.58

Age yrs 16.1 (15.9–16.7) 16.2 (15.8–16.8) 16.0 (15.7–16.6) 16.0 (15.8–17) 0.83

Birth weight kg 3.50 (3.28–3.65) 3.32 (3.04–3.63) 3.30 (3.09–3.46) 3.25 (2.96–3.60) 0.87

BMI kg?m-2 20.9 (19.3–23.2) 20.5 (19.1–23.3) 20.6 (19.4–22.3) 20.3 (19.4–22) 0.84

Cigarette consumption

Cigarettes?day-1 0 0 1.8 (0.3–3.5) 7.3 (5.5–10.0) ND

Pack-yrs 0 0 0.08 (0.01–0.18) 0.35 (0.28–0.50) ND

Parent with higher education 13 (36) 12 (33) 19 (53) 17 (47) 0.15

Parent with allergy or asthma 19 (53) 17 (47) 19 (53) 18 (50) 0.94

Having older siblings 17 (47) 21 (58) 27 (75)* 25 (69) 0.02

Day care attendance 12 (33) 11 (31) 11 (31) 13 (36) 0.81

Living in rural area 27 (75) 23 (64) 28 (78) 18 (50)* 0.08

Having a furred pet 27 (75) 30 (83) 31 (86) 33 (92) 0.053

Use of air fresheners at home 10 (28) 16 (44) 10 (28) 15 (42) 0.48

Bleach as cleaning agent 11 (31) 11 (31) 11 (31) 18 (50) 0.10

Heating system with wood 11 (31) 11 (31) 10 (28) 13 (36) 0.71

Pool attendance .500 h 15 (42) 16 (44) 17 (47) 16 (44) 0.76

Serum IgE

Total kIU?L-1 39.7 (14–192) 30.3 (8.4–72.9) 40.2 (18.3–155.5) 57.3 (21.2–154) 0.59

Aeroallergen-specific IgE 15 (43) 9 (25) 14 (39) 13 (36) 0.87

Respiratory function and diseases

FEV1 % pred 100 (92–108) 103 (94–113) 102 (91–112) 102 (94–111) 0.93

Allergic rhinitis 4 (11) 5 (14) 5 (14) 10 (28) 0.07

Asthma 3 (8) 4 (11) 6 (17) 5 (14) 0.37

Bronchitis 19 (53) 14 (39) 20 (56) 15 (42) 0.65

Bronchiolitis 4 (11) 4 (11) 5 (14) 3 (8) 0.81

Colds .4?yr-1 14 (39) 15 (42) 15 (42) 18 (50) 0.34

Hay fever 8 (22) 5 (14) 6 (17) 5 (14) 0.42

Respiratory symptoms

Chest tightness 3 (8) 1 (3) 6 (17) 3 (8) 0.52

Cough crisis 5 (14) 7 (19) 15 (42)* 14 (39)* 0.004

Nasal problems 11 (31) 20 (56)* 14 (39) 21 (58)* 0.07

Wheezing 3 (8) 1 (3) 6 (17) 10 (28)* 0.005

Data are presented as n (%) or median (interquartile range), unless otherwise stated. BMI: body mass index; Ig: immunoglobulin; FEV1: forced expiratory volume in 1 s; %

pred: % predicted; ND: not determined. #: ,5 cigarettes?day-1; ": o5 cigarettes?day-1. Statistical analysis: Chi-squared test for frequencies, Dunnett’s post hoc test for

continuous variables; p-values obtained using Chi-squared test for trend for proportions or from one-way ANOVA for continuous variables. *: p,0.05 pair-wise

comparison with nonsmokers.
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absolute amount of recovered CC16 or by adjusting the CC16
concentration for the plasma/NALF urea concentration ratio.
Notably, passive smokers showed a systemic tendency to lower
CC16 levels in NALF compared with nonsmokers, especially
after adjustment for the plasma/NALF urea concentration ratio
(Dunnett’s post hoc test p50.08). The most statistically significant
difference, however, concerned the concentration of exhaled NO,
which was noticeably reduced in the group of heavy smokers
(median 42% lower than in nonsmokers). Concentrations of

albumin in NALF and of CC16 and SP-D in serum, in contrast,
did not vary between the different groups.

Multivariate analyses confirmed the decrease of NALF CC16
(normalised to urea ratio; slope -0.76, p50.02) and of exhaled
NO (slope -0.38, p50.04) in the group of heavy smokers and
the lack of change in the other markers measured in NALF or
serum. Figures 1 and 2 illustrate the changes in the covariate-
adjusted concentrations of CC16 in NALF, of exhaled NO, and

TABLE 2 Biomarkers in nasal lavage fluid (NALF), serum and exhaled breath

Nonsmokers Passive smokers Light smokers# Heavy smokers" p-value

Markers in NALF

Volume mL 3.65 (2.96–4.3) 3.8 (3.19–4.31) 3.53 (3.08–4.01) 3.91 (3.25–4.25) 0.71

Urea

Concentration mg?L-1 38.8 (32–57.7) 41.2 (29.3–50.4) 46.8 (30.6–62.6) 36.5 (28.4–42.6) 0.18

Recovered mg 0.15 (0.11–0.19) 0.15 (0.12–0.18) 0.15 (0.13–0.21) 0.13 (0.11–0.18) 0.33

Serum urea mg?mg-1 0.17 (0.13–0.19) 0.17 (0.13–0.23) 0.19 (0.12–0.23) 0.17 (0.12–0.20) 0.94

CC16

Concentration mg?L-1 28.7 (11.5–85.4) 9.5 (2.8–50.8) 19.1 (9.5–54.2) 11.2 (3.6–26.3)* 0.050

Recovered ng 94 (45–313) 41 (11–174) 71 (37–172) 45 (15–100)* 0.04

Adjusted for urea ratio mg?L-1 174 (101–533) 100 (24–307) 135 (58–243) 61 (24–155)* 0.02

Albumin

Concentration mg?L-1 8.8 (4.1–16.5) 6.3 (3.4–22.7) 9.7 (6.1–15.5) 5.8 (2.6–13.5) 0.62

Recovered mg 27.4 (16.6–45) 28.9 (12.3–71.7) 34.4 (18.8–55.2) 22.9 (9.9–53.2) 0.70

Adjusted for urea ratio mg?L-1 46.2 (30.2–79.1) 39.9 (22.5–118.0) 48.28 (29.4–104.2) 32.73 (17.3–50.1) 0.55

Markers in exhaled breath

NO in oral exhalate ppb 15.2 (11.3–24.6) 11.4 (7.4–20.1) 17.8 (11–28.8) 8.9 (6.7–11.9)* ,0.001

Markers in serum

CC16

Concentration mg?L-1 8.6 (7.1–13.1) 9.7 (7.1–12) 9.7 (6.9–13.3) 8.6 (7–10.5) 0.90

Ratio CC16 to SP-D 0.12 (0.06–0.18) 0.12 (0.09–0.21) 0.12 (0.08–0.19) 0.11 (0.08–0.17) 0.21

SP-D concentration mg?L-1 87 (55–112) 63 (50–96) 80 (53–110) 75 (59–111) 0.13

Creatinine mg?L-1 0.91 (0.81–0.99) 0.84 (0.8–0.94) 0.96 (0.82–1.05) 0.89 (0.81–0.97) 0.62

Urea mg?L-1 243 (204–301) 262 (212–288) 271 (244–295) 242 (186–257) 0.11

Data are presented as median (interquartile range), unless otherwise stated. CC16: Clara cell protein; NO: nitric oxide; SP: surfactant protein. #: ,5 cigarettes?day-1;
": o5 cigarettes?day-1. Statistical analysis: one-way ANOVA followed by Dunnett’s post hoc test. *: p,0.05 compared with nonsmokers.
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FIGURE 1. a) Adjusted Clara cell protein (CC16) level, b) CC16 amount recovered and c) CC16 adjusted for urea ratio in nasal lavage fluid. Data are presented as

mean¡SEM. Light smokers: ,5 cigarettes?day-1; heavy smokers: o5 cigarettes?day-1. a and b) CC16 adjusted for room ventilation, having a heating system with wood at home,

having older siblings, asthma, bronchiolitis episode and frequent colds. c) CC16 adjusted for room ventilation, having a heating system with wood at home, having older siblings,

asthma and frequent colds. Statistical analysis: one-way ANOVA followed by Dunnett’s post hoc test. NS: nonsignificant; *: p,0.05 compared with nonsmokers.
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of CC16 and SP-D in serum. We also examined whether the
decreased levels of exhaled NO and of CC16 in NALF in
smokers correlated with the smoking history. There was a
highly significant negative association between exhaled NO and
the number of cigarettes smoked per day (fig. 3a). A negative
association also emerged between CC16 in NALF and cigarette
consumption but without reaching the level of statistical
significance (fig. 3b). Similar associations were observed with
the number of pack-years (results not shown). There was no
apparent relationship between CC16 in NALF and exhaled NO,
as evidenced by a Spearman correlation value of 0.16 and a
p-value of 0.28. There were also no differences in the covariate-
adjusted levels of CC16 and of exhaled NO between adolescents
with or without respiratory symptoms (results not shown). No
statistically significant interaction between smoking status and
sex was detected in the tested models. As illustrated in figure 3,
exhaled NO and CC16 in NALF decreased rather similarly in
males and females (exhaled NO: females r5 -0.54, p50.0001,
males r5 -0.50, p50.008; CC16 in NALF: females r5 -0.26,
p50.16, males r5 -0.16, p50.43).

DISCUSSION
The concentrations of CC16 in NALF and of NO in exhaled air
were decreased in adolescents smoking o5 cigarettes?day-1.
The low levels of these biomarkers persisted after adjustment
for potential confounders and were correlated with the cigar-
ette consumption. Quite remarkably, these biomarker changes
occurred at a level of cumulative smoking that was about one
order of magnitude lower than reported so far in adult smokers
[15]. We found no change in the serum levels of CC16 and SP-D,
which suggests that the deep lung epithelium had not yet been
affected at this stage of smoking. This is really no surprise given
the very low cumulative smoking of our adolescent study parti-
cipants in comparison with previous studies reporting altered
serum levels of these lung biomarkers [12, 13, 27, 28].

None of the studied biomarkers showed significant changes
among adolescents who were light smokers or passive smokers,
although there was a tendency of CC16 in NALF to decrease
with passive smoking. This lack of biomarker response to
passive smoking might appear inconsistent with the wealth of
data, including those in the present study, showing that
environmental tobacco smoke increases the risks of respiratory
symptoms and other ailments [29]. The explanation for this
discrepancy probably lies in the fact that studied biomarkers
reflect chronic damage to the airways, which might require
much higher cumulative doses of smoking than do respiratory
symptoms. This is probably the reason why we could not detect
any association between biomarker levels and respiratory
symptoms in any of the groups exposed to cigarette smoke.

Our findings necessarily raise the question of the pathologi-
cal significance of these early decreases of exhaled NO and of
CC16 in NALF of smoking adolescents. Regarding exhaled NO,
KHARITONOV et al. [15] have suggested that the reduced levels
of this biomarker in smokers probably result from changes
occurring in the upper respiratory tract. The authors proposed
several mechanisms by which cigarette smoke might lower NO
concentrations in exhaled breath: a downregulation of the NO
synthase due to the NO present in the cigarette smoke itself, an
inhibitory effect of CO which is also present in cigarette smoke,
or else an inhibition of bacterial growth [15]. Whatever the
exact mechanism, it is important to consider that NO plays
an important role in the respiratory tract, in particular in the
regulation of pulmonary and airway blood flow and the non-
specific defence mechanisms [30]. This suggests that a chronic
reduction of such a mediator is likely to have detrimental effects.
The cigarette smoke-induced changes in exhaled NO were only
observed in the group of heavy smokers and not in the groups of
light smokers or passive smokers, meaning that these effects
require a certain smoke dose to be elicited. A similar conclusion
was drawn by GABRIELE et al. [16] when they found decreased
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FIGURE 2. a) Adjusted nitric oxide (NO) levels in oral exhalate, b) adjusted Clara cell protein (CC16) levels in serum and c) adjusted surfactant protein (SP)-D levels in

serum. Data are presented as mean¡SEM. Light smokers: ,5 cigarettes?day-1; heavy smokers: o5 cigarettes?day-1. a) NO adjusted for use of air fresheners, having a

heating system with wood at home, allergic rhinitis, bronchitis episode, frequent colds, immunoglobulin (Ig)E against aeroallergens and total IgE in serum. b) CC16 adjusted

for age, body mass index, living in a rural area, use of bleach as a cleaning agent at home, having a heating system with wood, having older siblings, cumulated chlorinated

pool attendance, asthma, bronchiolitis episode, time of sample collection and serum creatinine. c) SP-D adjusted for sex, day care attendance, parent with higher education,

maternal smoking during pregnancy, room ventilation, use of bleach as a cleaning agent at home, having a heating system with wood, having a furred pet, asthma, frequent

colds, hay fever, IgE against aeroallergens and total IgE in serum. Statistical analysis: one-way ANOVA followed by Dunnett’s post hoc test. NS: nonsignificant; ***: p,0.001

compared with nonsmokers.
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exhaled NO levels in infants exposed pre- and post-natally to
tobacco smoke but not in never-exposed infants or in infants
exposed to tobacco smoke only after birth.

It has been known a long time that the Clara cell is a sensitive
target of cigarette smoke. Several studies have shown that
cigarette smoking reduces the number of Clara cells and thereby
the concentrations of CC16 in bronchoalveolar lavage, induced
sputum and serum. CC16 is also a mediator that appears to have
important regulatory and anti-inflammatory functions in the
respiratory tract [4]. Moreover, Clara cells have the capability to
differentiate into mucus-secreting cells [31], thus contributing
to the evolution towards COPD stage 0, i.e. ‘‘at risk’’ according
to the Global Initiative for Chronic Obstructive Lung Disease

(GOLD) [32]. Even if the exact role of CC16 at the level of the
nasal cavity has not been elucidated, it appears reasonable to
assume that cigarette smoke can cause similar epithelial damage
in the upper airways to that in the lower airways. This
possibility is supported, for instance, by the study of HADAR

et al. [33], which describes goblet cell hyperplasia and thicker
epithelium in the nasal mucosa of smokers.

A possible limitation of our study concerns the assessment of
cigarette smoke exposure. Findings reported here were made in
an add-on to a study initially designed to assess the impact of the
environment on the health of adolescents. Although exposure to
tobacco smoke was an important risk factor considered in our
study, we did not measure exposure biomarkers such as serum or
urinary cotinine, which anyway reflect only the recent exposure
to tobacco smoke. However, to achieve the most objective
assessment possible, we used the smoking habits reported by
the adolescents themselves during a personal interview rather
than those provided in the questionnaire filled by the parents.
The fact that the main study was not focused on the effect of
smoking might be more an advantage than an inconvenience.
Our participants were blinded to the tested hypothesis, which
allowed us to minimise the participation and response biases,
which are important in this type of investigation. The reliability
of our data about smoking habits is supported by the very
significant dose–response relationships that emerged between
exhaled NO and the daily or cumulative cigarette consumption.

In conclusion, the current biomarker study on adolescents
shows that tobacco smoke can cause early changes in the
airways as evidenced by decreased levels of CC16 in NALF
and of NO in exhaled air. Quite remarkably, these effects are
already apparent at cumulative cigarette consumption levels
well below 1 pack-yr. These airway alterations in adolescents
starting to smoke refute the common belief that tobacco smoke
causes adverse effects occurring only later during adult life.
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