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ABSTRACT: The aim of this study was to determine the dose-response relation-
ship between cigarette smoke exposure and pulmonary cell and cytokine concen-
trations in bronchoalveolar lavage (BAL).

BAL cells and BAL supernatant concentrations of tumour necrosis factor-α (TNF-
α), interleukin (IL)-1β, IL-6, IL-8, and monocyte chemoattractant protein (MCP)-1
from 14 healthy smokers and 16 healthy nonsmokers were quantified. 

Statistically greater concentrations of neutrophils, macrophages, IL-1β, IL-6, IL-
8 and MCP-1 were observed among smokers compared with nonsmokers (p≤0.0007
in all cases). Cigarette smoking, categorized ordinally as: less than one pack, one
pack, or greater than one pack per day, was predictive of BAL macrophages
(p<0.0001), neutrophils (p=0.015), IL-1β (p<0.001) and IL-8 (p=0.02).

We conclude that concentrations of macrophages, neutrophils, IL-1β and IL-8
are elevated in the pulmonary microenvironment of smokers in a cigarette dose-
dependent manner. Based on the present findings, we would caution against sim-
ple analyses that treat current smokers as a homogeneous group and which do not
account for smoking intensity.
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Increased concentrations of neutrophils and macropha-
ges are recovered in the bronchoalveolar lavage (BAL)
of smokers compared with nonsmokers [1–6]. However,
we are not aware of any published reports delineating
the dose-response relationship for cigarette smoking in
packs·day-1 as opposed to simple comparisons between
smokers and nonsmokers defined dichotomously. Recent
ex-vivo studies (BAL macrophages from smokers stud-
ied in vitro) indicate that cytokine regulation in the lung
may be altered by cigarette smoke exposure [7–12]. As
with BAL total cell concentrations, packs·day-1 dose-
response relationships for cigarette-induced changes in
pulmonary cytokine production have not been reported.

Delineating cell and cytokine dose-response relation-
ships is important, not only because it is fundamental to
testing causal relationships, but also because it may pro-
vide significant mechanistic insights into the proinflam-
matory effects of smoking. We wished to study the
relationship between cigarette smoking intensity, quan-
tified as volunteer-reported packs·day-1, and BAL cell
and cytokine concentrations. Analysis was focused on
five cytokines, chosen a priori as pertinent to macrophage
or neutrophil function: three proinflammatory mediators
(tumour necrosis factor-α (TNF-α), interleukin (IL)-1β
and IL-6); and two chemoattractants (monocyte chemo-
attractant protein (MCP)-1 and the neutrophil chemo-
attractant, IL-8). 

Methods

Subjects

The subjects studied were recruited through public
advertisement. Smoking history and demographic infor-
mation were obtained through an interviewer-adminis-
tered structured questionnaire prior to study. Current
smokers were asked to estimate the average number of
cigarettes they smoked per day, and the number of years
that they had smoked cigarettes. No information was
obtained on patterns of inhalation, average butt length to
which cigarettes were smoked, or brand of cigarette.
Environmental tobacco smoke exposure was not assessed
either for smokers or nonsmokers, and no attempt was
made to account for exposure to other environmental pol-
lutants. Selection age criteria was 18–45 yrs. Exclusion
criteria were: chronic lung or heart disease with ongo-
ing medical treatment; history of hepatitis; bleeding dis-
orders; allergy to lidocaine; history of upper or lower
respiratory tract infection within the preceding 4 weeks.
Subjects were specifically asked whether they had ever
been diagnosed with emphysema, any lung disease other
than asthma, or heart disease. History of chronic cough
or sputum production was not assessed.

Fourteen current smokers (8 males and 6 females) and
16 nonsmokers (8 males and 8 females) were studied.



Demographic and smoking data for the subjects are sum-
marized in table 1. There was a wide range of cigarette
smoking exposure among the subjects, in terms both of
intensity and duration. Smoking intensity ranged from 2
cigarettes·day-1 to 2 packs of cigarettes·day-1, and smok-
ing duration ranged 10–27 yrs. The nonsmoking group
included five individuals with prior smoking histories
which were, in all but two cases, low level (<5 pack-
yrs). All of the former smokers had ceased smoking cig-
arettes 3 yrs or more prior to study. All of the remaining
11 nonsmokers were lifetime nonsmokers.

The smokers (mean age 37±8 yrs) were significantly
older than the nonsmokers (mean age 30±7 yrs) (p<0.05).
The gender distribution, as noted, was similar. Of note,
among adults, age up to 72 yrs and gender have been
shown to have no association with BAL findings [1].
Smokers were requested to refrain from smoking for at
least 8 h prior to spirometry and BAL. 

Spirometry

Spirometry was carried out on all subjects prior to
bronchoscopy. As shown in table 1, there were no clini-
cally relevant differences in pulmonary function between
the smoking and nonsmoking groups. 

Bronchoscopy and BAL

BAL was performed using a standardized technique.
Bronchoscopy included routine atropine premedication

and topical anaesthesia. A flexible fibreoptic broncho-
scope (Pentax FB-19D; Pentax Precision Instrument
Corporation, Orangeburg, NY, USA) was wedged in a
segmental airway in the right middle lobe, and BAL was
performed by instilling four 50 mL boluses of 37°C iso-
tonic saline and applying gentle suction until no further
collection was noted. The BAL was collected on ice.

The BAL was pooled. No gauze filtration was used.
The percentage recovery of instilled lavage fluid was
quantified. Differential cell counts were carried out by
two or three readers, who were blinded to smoking inten-
sity. A minimum of 300 cells in total was counted for
each differential cell count. There were no complications
resulting from bronchosccpy. 

Cytokine and protein determinations

The remaining BAL fluid supernatant, after centrifu-
gation, was stored at -70°C for subsequent cytokine
analysis. Concentrations of TNF-α, MCP-1, IL-1β, IL-
6, and IL-8 in BAL supernatant were quantified by im-
munodetection with enzyme-linked immunosorbent assay
(ELISA) (R&D Systems, Minneapolis, MN, USA). The
lower limits of detection of the kits (supplier's data) were
as follows: TNF-α, 0.085 pg·mL-1; MCP-1 5.0 pg·mL-1;
IL-1β, 0.083 pg·mL-1; IL-6 0.080 pg·mL-1; and IL-8 3.0
pg·mL-1. All samples were run in duplicate. Samples
with cytokine concentrations below the limit of detec-
tion were assigned a cytokine concentration value that
was one half of the lower limit of detection rather than
a zero value. TNF-α was not detectable in BAL sam-
ples from seven nonsmokers and two smokers; MCP-1
in three smokers and one nonsmoker; and IL-1 in one
nonsmoker. IL-8 and IL-6 concentrations were above
the lower limit of detection in all samples. BAL super-
natant total protein concentrations were determined using
a commercially available colorimetric assay (Bio-Rad
Laboratories, Hercules, CA, USA).

Statistical analysis

A standard statistical package was used for data analy-
sis (Statistical Analysis System (SAS); SAS Institute Inc.,
Cary, NC, USA). Differences in demographic and lung
function variables between smokers and nonsmokers were
tested using the Student's t-test. In order to take into
account the potential statistical impact of multiple com-
parisons in the analysis of BAL constituents, a hierar-
chical approach was adopted, as outlined by CUPPLES et
al. [13]. For the BAL cell constituents and separately for
BAL supernatant constituents of a priori study interest,
an overall Hotelling's statistic was first calculated, test-
ing whether the variables as a group differed between
smokers and nonsmokers. Since in both cases the over-
all differences were significant at the alpha 0.05 level,
the individual parameters were then tested in a discrim-
inant analysis. This takes into account the potential inter-
correlations of the variables. Multiple comparisons were
further accounted for by modifying the level of signifi-
cance (alpha) to reject the null hypothesis based on the
Bonferoni adjustment.
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Table 1.  –  Demographic and smoking data for the sub-
jects studied (n=30)

Current smokers 

Subjects  n (%) 14 (47)
Age  yrs# 37±8*
Current smoking packs·day-1 n‡ 1.1±0.6

1.0 (0.1–2)
Duration of smoking  yrs‡ 18.0±5.9

19 (10–27)
Consumption  pack-yrs‡ 22.0±14.9

22 (1.8–54)
FEV1 L# 3.7±0.7

% pred# 110±18
FVC L# 4.8±0.9

% pred# 114±15
FEV1/FVC  %# 78±8

% pred# 97±10

Nonsmokers
Subjects  n (%) 16 (53)
Age yrs+ 30±7*
Lifetime nonsmokers  n (%) 11 (37)
Ex-smokers  n (%) 5 (17)
Time since quitting for each subject  yrs 3, 3, 7, 12, 20
Consumption  pack-yrs+ 4.5 (3–18)

FEV1 L# 3.8±0.8
% pred# 108±14

FVC  L# 4.8±0.9
% pred# 112±16

FEV1/FVC  %# 83±8
% pred# 101±10

#: mean±SD;  ‡: mean±SD, median, and range in parenthesis.
FEV1: forced expiratory volume in second; % pred: percent-
age of predicted value; FEV: forced vital capacity. *:  p=0.02,
difference in age, smokers vs nonsmokers.+: median and range
in parenthesis



In the next hierarchy of analysis, only those BAL cell
or cytokine constituents that did indeed statistically dif-
fer between smokers and nonsmokers in the two previ-
ous independent analyses were examined seperately.
Among the smoking stratum only (n=14), least squares
linear regression was used to estimate the effect of smok-
ing exposure in packs·day-1 either on BAL macrophages
or neutrophils, or one of four cytokines: IL-1, IL-6, IL-
8 or MCP-1. In each case, a Bonferoni adjusted alpha,
was used to assess the statistical significance of the es-
timated regression coefficients. In the final hierarchical
level of analysis, BAL macrophage, neutrophil, IL-1, and
IL-8 concentrations were further studied as dependent
smoking-related variables using the entire study group
(n=30). For this analysis, smoking was defined ordinally.
Three "dummy variables" were created, defining smoking
status as low intensity (currently smoking <1 pack·day-1;
n=4); moderate (1 pack·day-1; n=5); or high intensity (>1
pack·day-1; n=5). The referent group comprised 16 non-
smokers. Multiple regression analysis was used, requir-
ing in each case an overall model F statistic p<0.05 to
reject the null hypothesis before proceding to examine
the individual regression coefficients. Because both BAL
IL-8 and neutrophils were related to smoking intensity
and were anticipated a priori to be related to each other,
their correlation was also tested through least squares
regression, treating neutrophil concentration as the depen-
dent variable. 

Results

BAL cellularity

There was no meaningful difference in mean per-
centage recovery of instilled lavage between smokers
(66±8%) and nonsmokers (67±12%), (p=0.74). As shown
in table 2, smokers as compared to nonsmokers demons-
trated significantly increased concentrations of BAL mac-
rophages and neutrophils, but not other cell types. The
overall proportion of neutrophils was 2.5±2.4% among
smokers compared with 0.9±0.5% among nonsmokers
(p=0.02).

Consistent with an exposure-response relationship,
smoking intensity in packs·day-1 among current smokers
only (n=14) was related to BAL macrophage concentra-
tion, although this association did not meet the Bonferoni
adjusted alpha of 0.025 (fig. 1). Also as shown, smok-
ing intensity analysed among smokers alone was not a
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Table 2.  –  Mean bronchoalveolar lavage (BAL) cell con-
centrations in smokers and nonsmokers

Cell type BAL concentration F statistic p-value
×103 cells·mL-1

Smokers Nonsmokers
(n=14) (n=16)

Macrophage 524±219 220±98 25.1 0.0001
Neutrophil 12.9±13.3 2.1±1.6 10.6 0.003
Lymphocyte 7.3±7.5 14.8±17.7 2.2 1.15
Eosinophil 0.9±1.7 1.1±1.3 0.1 0.75
Epithelial 1.5±1.4 2.1±2.1 1.0 0.33

Values are presented as mean±SD. Statistics quoted are by dis-
criminant analysis. Overall model Hotelling's statistic = 1.7;
p=0.0001. Critical Bonferoni alpha (n tests=5) = 0.01.

Fig. 1.  –  Dose-response relationships for cigarette smoking inten-
sity (pack·day-1) and a) bronchoalveolar lavage (BAL) macrophages
and b) BAL neutrophils among cigarette smokers only (n=14). The
critical Bonferoni adjusted alpha, two-tailed, is 0.025 (n tests = 2).

statistically significant predictor of neutrophil concen-
tration. In order to further delineate the potential dose-
response relationships, macrophage and neutrophil res-
ponses were also studied by multivariate modelling (n=30),
which stratified subjects as either nonsmokers or low,
moderate, or high intensity smokers. For macrophages,
the overall smoking model effect was significant (F=
13.5; p<0.0001). Within the model, the estimated impact
of low intensity smoking was an increase of 153×103

macrophages·mL-1 BAL above baseline (p=0.08); an
increase of 281×103 macrophages·mL-1 for moderate
smoking (p=0.001); and an increase of 447×103 macro-
phages·mL-1 for high intensity smoking (p=0.0001). For
neutrophils, the overall smoking model effect was also
significant (p=0.015). Within the model, the impact of
low intensity smoking on neutrophils was not statisti-
cally significant (increase of 5×103 neutrophils·mL-1 BAL,
p=0.30), whilst moderate smoking (increase of 12.9×103

neutrophils·mL-1, p=0.01) and high intensity smoking
(increase of 13.1×103 neutrophils·mL-1, p=0.009) were
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both statistically significant but quite similar to each other
(i.e. no step-up in dose effect). 

BAL supernatant cytokines and protein

Among smokers, there were statistically greater con-
centrations of the BAL supernatant constituents tested
(Hotelling's statistic p<0.002) (table 3). However, tested
individually and taking into account a Bonferoni alpha
of 0.008, there were statistically significant differen-
ces only for IL-1β, IL-6, IL-8 and MCP-1. The poten-
tial smoking effect was further studied by limiting the
analysis to the 14 current smokers and to only those
four cytokines elevated in the smoking group. The dose-
response relationships are illustrated in figure 2. There
was a positive correlation between smoking intensity,
expressed in packs·day-1, and the concentration of IL-1β
which did not achieve statistical significance given the
four models and a Bonferoni adjustment (r2=0.41; p=
0.013). Similarly, there was also a positive association
with IL-8 (r2=0.31; p=0.04) that did not meet the Bonferoni
cut-off (alpha = 0.0125). There was no correlation between
smoking intensity and either IL-6 or MCP-1. The dose
response for IL-1β and IL-8 was further delineated by
multivariate modelling, which included smokers and non-
smokers (n=30) and which stratified smokers as either
low, moderate, or high intensity smokers, as  for macro-
phages and neutrophils. For IL-1β, the overall smoking
effect model was significant (F=-8.5; p=0.0004). Low
intensity smoking did not have a statistically signifi-
cant impact on IL-1β concentration in BAL fluid (0.4
pg·mL-1; p=0.16) in this model. Moderate smoking in-
tensity had an estimated impact of an additional 0.6
pg·mL-1 IL-1β above baseline nonsmoking values for
BAL fluid (p=0.04). High intensity exposure yielded an
estimated impact of an additional 1.3 pg·mL-1 IL-1 (p=
0.0001). For IL-8, the smoking effect model was also
significant (F=4.1; p=0.02). The estimated impact on IL-
8 BAL fluid concentrations of low intensity (9 pg·mL-1;
p=0.2) and moderate intensity (10 pg·mL-1; p=0.2) smo-
king were not significant. In contrast, high intensity
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Table 3.  – Bronchoalveolar lavage (BAL) supernatant
cytokine and total protein (TP) concentration differences
between smokers and nonsmokers

BAL constituent Smokers Nonsmokers F
(n=14) (n=16) statistic p-value

IL-1β pg·mL-1 1.2±0.7 0.5±0.4 14.3 0.0007
IL-6 pg·mL-1 5.3±3.2 1.9±1.0 17.3 0.0003
IL-8 pg·mL-1 32.8±15.9 18.2±11.5 8.4 0.007
TNF-α pg·mL-1 2.5±7.9 0.2±0.2 1.4 0.25
MCP-1 pg·mL-1 36.7±28.3 13.0±7.7 10.4 0.003
TP µg·mL-1 75.8±27.7 87.2±56.5 0.4 0.50

Values are presented as mean±SD. IL-1β: Interleukin-1β (non-
detectable in one nonsmoker); IL-6: interleukin-6 (detected in
all subjects); IL-8: interleukin-8 (detected in all subjects); TNF-
α: tumour necrosis factor-α (detectable in seven nonsmokers
and two smokers); MCP-1: macrophage chemoattractant pro-
tein-1 (nondetectable in one nonsmoker and three smokers).
Statistics quoted are by discriminant analysis. Overall model
Hotelling's statistic=1.34; p<0.002. Critical Bonferoni alpha
value (n tests=6) = 0.008.
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Fig. 2.  –  Dose-response relationships for cigarette smoking inten-
sity (packs·day-1) and bronchoalveolar (BAL) supernatant cytokines
among smokers only (n=14). IL: interleukin; MCP-1: monocyte chemoat-
tractant protein-1. The critical Bonferoni adjusted alpha, two-tailed, is
0.125 (n tests = 4).
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smoking yielded an estimated increase in IL-8 of 23
pg·mL-1 above nonsmokers (p=0.002). When analysed
as a group (n=30), the overall correlation between neu-
trophils and IL-8 was significant (r=0.59; p=0.0005), con-
sistent with the established neutrophil chemoattractant
effects of IL-8. 

Discussion

The result of the present study suggest that increased
cigarette smoking intensity is associated with dose-depen-
dent increases in the concentrations of BAL macropha-
ges and neutrophils. The findings are entirely consistent
with published data on smoking defined dichotomously
[1–6]. Furthermore, they suggest that increased smoking
manifests an exposure dose-response for BAL superna-
tant concentrations of two proinflammatory cytokines,
IL-1 and IL-8. These data suggest that, in studying infla-
mmatory responses and mechanisms in individuals expo-
sed to cigarette smoke, exposure intensity is an important
variable. It may be inappropriate to make simple "dichoto-
mous" divisions between smokers and nonsmokers. The
significance of the correlations reported here should not,
however, be overstated; correlation does not equate with
causality.

A limitation of the present study is that the smoking
dose determinations may be imprecise. Specifically, other
relevant factors of smoking exposure were not consi-
sered, including smoking technique, cigarette brand, tar
content, or urine cotinine. However, decreased precision
of data on smoking dose would probably reduce study
power to detect significant associations between smok-
ing dose and BAL cell and cytokine responses. Decreased
precision in cytokine determination in dilute BAL super-
natant would affect the study power in a similar man-
ner. Another study limitation is our inability to comment
on regional differences in inflammation (e.g. airways as
opposed to alveoli). Finally, the small study size and the
extremely conservative alpha criteria provide power to
detect only relatively potent exposure effects. There may
be more subtle smoking effects, therefore, which did not
achieve statistical significance in this analysis.

The findings of increased concentrations of proinflam-
matory cytokines in the pulmonary microenvironment of
smokers are in contrast with observations from some in
vitro studies that indicate that cigarette smoke exposure
may lead to decreased release of IL-6 [7, 10–12], and
decreased production and release of IL-1 [8, 9, 11] from
the macrophages of smokers compared with nonsmokers
studied ex-vivo. A number of factors may account for
the differences between the present observations and these
findings. Cells other than alveolar macrophages, includ-
ing airway epithelial cells, probably play important roles
in the regulation of cigarette smoking-induced pulmonary
inflammatory responses. Airway epithelial cells have been
shown to synthesize a number of important multifunc-
tional cytokines, including each of those studied: IL-1β
[14], IL-6 [15, 16], TNF-α [14], IL-8 [17], and MCP-1
[18]. Furthermore, cell-to-cell communication between
alveolar macrophages and pulmonary epithelial cells has
been shown to be important in epithelial cell gene expres-
sion for proinflammatory cytokines, underscoring the
importance of interaction among different inflammatory
cell types in pulmonary inflammatory responses [19, 20].

As a consequence, in vitro studies on isolated alveolar
macrophages are limited, in that they cannot easily char-
acterize cell-to-cell interactions and cytokine networking
in inflammatory responses.

We view our findings as both hypothesis testing and
hypothesis generating. Further studies to explore the rela-
tionship between cigarette smoking dose and inflamma-
tory responses should include additional measurements
to quantify smoking exposure dose with greater preci-
sion. Other important responses to consider, in addition
to bronchoalveolar lavage cell and cytokine concentra-
tions, could include measurements of inflammatory cell
activation and evidence of clinically relevant smoking-
associated physiological or structural effects.

Acknowledgement: The authors thank H. Boushey for his assis-
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