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ABSTRACT:  It has been shown, that smoking results in a lower yield of surfac-
tant associated phospholipids in bronchoalveolar lavage (BAL).  Indirect evidence
suggests impaired secretion.  In the present study, we investigated the influence of
cigarette smoke on surfactant secretion in cultured rat alveolar type II cells.

Smoke exposure was achieved by bubbling the smoke of four cigarettes through
Dulbecco's modified Eagle's medium (DMEM) which was adjusted to a reference
absorption value of 1.36 at 320 nm.  Cells were preincubated with various dilutions
of cigarette smoke-treated medium for 30 min, and were then exposed to this medi-
um for 2 h.  After this time, secretion of 3H-choline-labelled phosphatidylcholine
(PC) was measured as a marker of surfactant secretion.

A 10 fold dilution of cigarette smoke-treated medium inhibited PC secretion stimu-
lated by a combination of terbutaline, adenosine triphosphate and 12-O-tetrade-
canoylphorbol-13-acetate by over 50%, but did not alter basal secretion.  Exposure
to less concentrated cigarette smoke-treated medium resulted in less inhibition.
Cellular injury was not observed with the concentrations of cigarette smoke-treat-
ed medium used in this study.  The gas phase of cigarette smoke was not inhibi-
tory at comparable concentrations. Longer exposure to cigarette smoke-treated
medium resulted in increased inhibition of PC secretion.  The cigarette smoke ingre-
dients, nicotine and benzo[a]pyrene, failed to inhibit PC secretion.  Secretion of type
II cells exposed to cigarette smoke-treated medium at lower temperatures was not
affected.  Addition of antioxidants to medium and cells during the preincubation
and secretion period did not alter cigarette smoke-treated medium-induced inhibi-
tion of stimulated PC secretion.

These results demonstrate a direct inhibitory effect of cigarette smoke constituents
on surfactant secretion in type II cells.  Inhibition is mediated by compounds con-
tained predominantly in the particulate phase of cigarette smoke.  Inactivation of
the inhibitory effect by lower temperatures suggests involvement of processes such
as enzymatic bioactivation or active transport mechanisms.
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Evidence that the yield of surfactant-associated phos-
pholipids in bronchoalveolar lavage fluid of young smok-
ers is reduced compared to healthy controls dates back
more than 20 yrs [1], and has recently been confirmed
[2, 3].  However, the influence of cigarette smoking on
the surfactant system has not been well established.
Cessation of smoking resulted in a return of the amount
of phospholipids to normal levels within 2 weeks [1].  It
has been suggested, that structural changes in the lungs
of smokers might be responsible for the observed reduc-
tion in phospholipid yield [4], but it seems unlikely that
these changes would reverse within a short period.  Animal
experiments resulted in similar findings.  Synthesis does
not appear to be affected, as the incorporation rate of
labelled palmitic acid into surfactant phospholipids in
dogs was not altered following exposure to cigarette
smoke [5].  In addition, the number of alveolar type II

cells tends to be larger in smokers than in nonsmokers
[6]. Finally, the amount of total surfactant-associated
phospholipids in the lungs of smokers is not diminished,
in contrast to the amount of extracellular surfactant, which
suggests a disturbance somewhere during the process of
secretion [4].

The aim of this study was to investigate the acute
effects of cigarette smoke on secretion of surfactant.  An
in vitro cell culture model was chosen, in order to elim-
inate the influence of known effects of cigarette smoke
on, for instance, inflammatory cells, and because it facil-
itated investigation of the mechanisms.  Cell culture medi-
um was treated with cigarette smoke and cells were
exposed to this medium before or during secretion stim-
ulated by means of agonists.  In this study, inhibition of
stimulated secretion of phosphatidylcholine, a marker
of pulmonary surfactant, was observed in cultured rat



alveolar type II cells.  The extent of inhibition depend-
ed on the dose of smoke constituents in the medium and
on the time that cells were exposed to it.  The role of
oxidants and the influence of a reduced metabolic rate
induced by low temperature were also investigated.

Materials and methods

Dulbecco's modified Eagle's medium (DMEM) was
purchased from Gibco (Eggenstein, Germany).  L-glut-
amine, penicillin, gentamicin, rat immunoglobulin G
(IgG), deoxyribonuclease (DNase) I, trypsin, ethylene
glycol tetra-acetic acid (EGTA), adenosine triphosphate
(ATP), terbutaline, 12-O-tetradecanoylphorbol-13-acetate
(TPA), (-)-nicotine (two forms: nicotine free base, FW
162.2; and (-)-nicotine hemisulphate salt, FW 211.3),
benzo[a]pyrene, glutathione, superoxide dismutase (SOD)
and catalase (CAT) were from Sigma (Deisenhofen,
Germany).  Deferoxamine mesylate was a gift from Ciba
Geigy (Wehr, Switzerland).  Porcine elastase was from
Elastin Products Co. (Owensville, USA).  1R1 reference
cigarettes and Cambridge Filters were purchased from
the Tobacco & Health Research Institute at the University
of Kentucky (Lexington, USA).  3H-labelled choline and
3H-labelled adenosine were from Amersham Buchler
(Braunschweig, Germany).

Preparation of cigarette smoke-treated medium

Smoke generated by the combustion of four 1R1 ciga-
rettes was bubbled through 100 mL of DMEM in a con-
ical 250 mL culture flask.  Suction was regulated, so that
sidestream smoke developed during the entire combus-
tion, lasting 3 min for each cigarette.  Absorbance of
cigarette smoke-treated medium (CSTM) was measured
at 320 nm (see below).  CSTM was then diluted 10, 25,
50, 75 or 100 fold with fresh DMEM.  A 10 fold dilu-
tion will be indicated in graphs as 1:10.  To standardize
the concentration of CSTM, dilution was adjusted as
described below.  Finally, CSTM was incubated for 90
min at 37˚C, in room air with 10% CO2. The pH of
CSTM was not different from that of untreated DMEM.

Standardization of CSTM

Preliminary experiments showed maximal absorption
of cigarette smoke treated DMEM (with phenol red) at
320 nm, when regular DMEM was used as a blank and
set to zero.  The smoke of four 1R1 cigarettes in these
experiments resulted in an absorbance of 1.36.  This
value was used as a reference for the preparation of
CSTM throughout this study.  When CSTM was diluted
with fresh DMEM, a linear relationship between the
extent of dilution and absorption was seen (y=0.0015+
1.38x; R=0.999).  Taking advantage of the linearity of
this relationship, subsequent CSTM preparations were
standardized by dividing actual extinction (mean for all
experiments: 1.41±0.34) by the reference value 1.36.  The

resulting standardization factor was then multiplied by
10, 25, 50, 75 or 100 to give the final factor of dilution.

Preparation of gas phase cigarette smoke-treated medi-
um

For experiments examining the influence of the parti-
cle-free phase of cigarette smoke on surfactant secretion,
a Cambridge Filter (Tobacco & Health Research Institute,
University of Kentucky, USA) was used to filter ciga-
rette smoke, which removes 99.9% of the particulate
phase [7].  For each cigarette, a new filter was used.  The
resulting medium was termed gas phase cigarette smoke-
treated medium (gpCSTM).  Because gpCSTM did not
show much absorption at 320 nm, standardization was
not performed in these experiments and gpCSTM was
directly diluted 10, 25, 50, 75 or 100 fold as indicated
in the experiment.

Isolation of alveolar type II cells

Alveolar type II cells were isolated from male, ado-
lescent Sprague Dawley rats by elastase digestion, and
differential adherence on IgG-coated Petri dishes as
described previously [8, 9].  Type II cells were 88+6.8%
pure at the time of plating, judged by modified Papanico-
laou staining [10].  Cells were plated at a density of 7.5×
105 cells·35 mm dish-1 and were cultured in DMEM with
10% foetal calf serum (FCS), penicillin (100 U·mL-1),
gentamicin (50 µg·mL-1) and L-glutamine (2 mM) at
37°C, in room air with 10% CO2.  Cells were labelled
with 3H-choline (1 µCi·mL-1 DMEM) for 22h.  After this
time, adherent cells were washed four times with DMEM.

Secretion assay

PC secretion was measured by labelling cells with 3H-
choline as indicated, removing excess label in the super-
natant by washing, stimulating secretion with agonists,
harvesting the supernatant including secreted material
and measuring radioactivity in the lipophilic phase by
scintillation counting (i.e. cell-synthesized 3H-phos-
phatidylcholine) following lipid extraction [11].  Cells
were harvested by scraping in ethanol and processed as
described for supernatant. Secretion (i.e. counts in the
supernatant) was then expressed in percentage of total
counts (cells and supernatant). A mixture of 10-4 M
terbutaline, 10-8 M TPA, and 10-4 M ATP was used in all
experiments to stimulate surfactant secretion, with the
exception of those experiments examining the influence
of CSTM on secretion stimulated by single agonists of
equal concentrations. The combination of terbutaline,
TPA and ATP in the concentrations indicated above
resulted in strong stimulation of surfactant secretion in
alveolar type II cells and will be referred to as T/T/A.
Agonists were added to increase the volume by 2.5%.
Control cells received equivalent volumes of normal
saline.  Secretion was allowed for 2 h in the incubator.
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Experimental design

The influence of CSTM or gpCSTM on stimulated
secretion of PC in type II cells was examined by expos-
ing cells to control medium or CSTM during a 2 h secre-
tion period, that was stimulated by adding T/T/A agonists
as described above. Because it has been shown that
agonist-induced secretion is strongest shortly after addi-
tion of the agonists [12, 13], cells were preincubated with
the experimental medium for another 30 min prior to the
secretion period, so that any effect on cells was influ-
ential at the time of stimulation.

An alternative experimental design was used to inves-
tigate the influence of CSTM exposure-time on stimu-
lated secretion (fig. 1): exposure to CSTM was performed
3 h prior to the secretion period for various exposure
times (ETs) as indicated in figure 1b.  Medium was then
exchanged for DMEM for the remainder of the 3 h peri-
od. After that time, fresh medium and agonists were
added, and the 2 h secretion period was started (pre-
exposure model).  This change in the experimental pro-
cedure was necessary to study various exposure time
intervals without changing the period of secretion, which
would also result in a change of the secretory response.
Inhibition of stimulated secretion turned out to be very
similar in experiments with CSTM exposure during secre-
tion and experiments with CSTM exposure up to 3 h
prior to secretion.

The pre-exposure model was also chosen to investi-
gate the effect of CSTM exposure at low temperature on
stimulated PC secretion, because low temperature dur-
ing the secretion period inhibits secretion [12].  In low
temperature experiments, cells on culture plates were
slowly cooled to 4°C whilst resting on a perfused plate,
which was hooked to a fluid thermostat.  The bottom of
the culture dish was immersed in 2 mm water to assure

transduction of the temperature to the cell culture dish.
CO2 was maintained at 10%. Cells were exposed to
CSTM at 4°C for 60 min.  The 60 min exposure time
was chosen because it resulted in a greater than 50%
reduction of stimulated secretion in exposure-time exper-
iments (see below and fig. 1).  Following CSTM expo-
sure to low temperature, the medium was exchanged for
untreated DMEM at 4°C and then warmed slowly to
37°C over 10 min followed by a 2 h secretion period
(37°C, 10% CO2 in room air, ±T/T/A agonists).  Control
cells were treated identically, but kept at 37°C, basal as
well as stimulated cells in DMEM at 4 and at 37°C.

Experiments with antioxidants were performed in a
similar manner to those in which cells were exposed to
CSTM during the secretion period.  However, to ensure
that sufficient antioxidants were present in the cellular
microenvironment at the time of contact with CSTM,
antioxidants were added 3h prior to exposure to CSTM.
In addition, CSTM in this series of experiments was
preincubated separately for 60 min with the chosen anti-
oxidant, before it was used in the secretion assay.  Thus,
cells were incubated with CSTM containing antioxidants
during the 30 min preincubation and during the secre-
tion period.

Control cells were treated identically omitting anti-
oxidants prior to secretion, during exposure to CSTM,
during preincubation and during secretion.  Basal and
stimulated secretion was determined in control cells in
DMEM with antioxidants present 3 h before the experi-
ment, during preincubation and during the secretion peri-
od to control for stimulation or inhibition of surfactant
secretion by these compounds.

Control for cellular injury by CSTM

Cellular integrity was investigated by several methods.
1) vital dye exclusion with erythrosin B 5% (w/v): pre-
liminary experiments showed that undiluted CSTM result-
ed in erythrosin B uptake after 2.5 h in most cells, whilst
viability in cells exposed to a five fold dilution was 94%
for unstimulated cells and 65% for agonist stimulated
cells.  Further dilutions of undiluted, standardized CSTM,
i.e. 10 through 100 fold diluted, did not result in increased
erythrosin B uptake compared to cells exposed to DMEM
and no difference existed between stimulated and unstim-
ulated cells.  2) Lactic acid dehydrogenase (LDH) activ-
ity was measured in the supernatant as well as in the
cellular fraction of all experimental culture dishes used
in surfactant secretion assays, and release of LDH was
expressed as percentage release of total LDH (i.e. super-
natant and cellular fraction) in the supernatant.  Release
of LDH exceeding 1% of total LDH led to exclusion of
the dish from evaluation.  LDH was measured by a flu-
orimetric assay [14].  Less than 1% of all wells exam-
ined were excluded for that reason and no preference
was observed for wells that had been exposed to CSTM.
3) In a separate series of experiments, 3H-adenine (spe-
cific activity 27 µCi·mmol-1) was used to label cells.
Spontaneous release of counts into the culture medium
and the maximal release of counts after cells were lysed
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Fig. 1.  –  a) PC secretion (mean±SD) in type II cells, exposed to 1:10
CSTM 3 h prior to the secretion period for exposure times (ETs)
between 0 and 60 min, as indicated on the X-axis.  ❍: basal secetion;
●: T/T/A stimulated secretion (n=3).  *:significant difference of stim-
ulated conditions vs stimulated control (i.e. 0 min exposure time).  PC:
phosphatidylcholine; CSTM: cigarette smoke-treated medium; T/T/A:
combination of terbutaline, 12-O-tetradecanoylphorbol-13-acetate(TPA)
and adenosine triphosphate (ATP).  b) indicates the experimental design.
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with concentrated NaOH was determined.  A cytotoxic-
ity index (CI) was calculated:

CI=(X - C)/(M - C)

where X = release on the plate evaluated; C = basal
release on control plates; and M = maximal release fol-
lowing addition of NaOH.  This model has been used to
evaluate toxicity of paraquat in alveolar type II cells in
culture [15].

Statistics

Statistical calculations were made using the InStatTM

software package (GraphPad software).  All conditions
were performed in duplicate or triplicate wells.  All stud-
ies were repeated at least three times (n = the number
of separate cell isolations).  Statistical analysis was per-
formed by one way analysis of variance (ANOVA) with
Student Newman Keuls post hoc analysis unless other-
wise stated.  Significance was assumed at the 5% level.
All numbers in the text and graphs show mean±SD.

Results

Exposure to medium treated with whole smoke (CSTM)

Basal secretion of phosphatidylcholine in alveolar type
II cells was 2.1±1.3% in the 2 h secretion period.  When

cells were stimulated with T/T/A secretagogues, a five
fold or more increase was observed (p<0.01) (fig. 2).
Basal secretion in cells exposed to 100, 75, 50, 25 and
10 fold dilutions of CSTM did not differ from basal
secretion in control cells, suggesting that CSTM did not
alter basal PC secretion.  However, PC secretion stimu-
lated by T/T/A was inhibited in a dose-dependent fash-
ion in all but the 100 fold dilution of CSTM compared
to stimulated control cells (fig. 2).

Because the three secretagogues used for stimulation
of secretion are known to be mediated by different path-
ways of transmembrane signalling, experiments were con-
ducted with each of the secretagogues separately and
stimulated secretion in 10 fold diluted  CSTM was comp-
ared to that in untreated DMEM.  Stimulated secretion
in CSTM was expressed as the percentage of the increase
in secretion in stimulated cells in DMEM.  No signifi-
cant difference existed in the extent of inhibition between
the three agonists (table 1).

Counts (counts per minute (cpm) after Folch extrac-
tion, i.e. incorporated into phospholipids) in the cellular
fraction (84,610±31,876) or in the cellular plus medium
fraction (89,502±33,826) of stimulated cells exposed to
10 fold diluted CSTM were not different from counts in
the cellular fraction (76,006±25,534) or the cellular plus
medium fraction (85,216±30,283) of stimulated control
cells (n=7; p>0.05).  The larger difference between total
counts and cellular fraction in control cells reflects in-
creased secretion.
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Fig. 2.  –  PC secretion (mean±SD) in type II cells exposed to dilu-
tions of CSTM and to regular DMEM (i.e. controls).       : basal secre-
tion;         : T/T/A/ stimulated secretion (n=7). *: significant difference
vs stimulated control (repeated ANOVA followed by Bonferroni post
hoc test).  DMEM: Dulbecco's modified Eagle's medium; ANOVA:
analysis of variance.  For further abbreviations see legend to figure 1.  

Table 1.  –  Secretory response of type II cells to secretagogues in DMEM and CSTM

Secretion Secretion in Increase Increase Increase in CSTM
Condition in DMEM CSTM in DMEM in CSTM % of increase n

% secreted % secreted % of basal % of basal in DMEM

Basal 1.2±0.5 1.3±0.3 - - - 6
T/T/A 7.5±1.4 4.1±1.1 630±401 229±76 36.3 6
ATP 5.1±1.3 2.6±0.7 398±270 115±59 29.0 6
Terbutaline 2.0±0.4 1.4±0.2 82±66 21±52 25.2 6
TPA 5.2±1.4 2.4±1.1 413±312 87±67 20.9 6

Values are presented as mean±SD.  DMEM: Dulbecco's modified Eagle's medium; CSTM cigarette smoke-
treated medium; T/T/A: combination of terbutaline, TPA and ATP; TPA: 12-O-tetradecanoylphorbol-13-
acetate; ATP: adenosine triphosphate.
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Fig. 3.  –  PC secretion (mean±SD) in type II cells exposed to var-
ious dilutions of gpCSTM and to regular DMEM (i.e controls).    

: basal secretion;  : T/T/A stimulated secretion (n=7).
gpCSTM: gas phase cigarette smoke-treated medium; DMEM: Dul-
becco's modified Eagle's medium.  For further abbreviations see
legend to figure 1.



Cytotoxicity index

There was no significant increase of CI when CSTM
was applied in a 10 fold or higher dilution (fig. 4).

Influence of exposure time on inhibition of secretion

Type II cells were exposed to 10 fold diluted CSTM
for exposure times (ETs) varying from 0 to 60 min.  As
described under experimental design, ET constituted the
first part of a 3 h preincubation, which was followed by
the 2 h secretion period.  Figure 1 shows that this type
of varied time exposure prior to secretion resulted in a
very similar maximal inhibition of stimulated secretion
when compared to experiments in which cells were
exposed to various CSTM concentrations during the sec-
retion period itself (fig. 2).  Longer ET led to greater
reduction of stimulated secretion.  An ET as low as 1
min decreased mean stimulated secretion by 11.3±9.8%,
although a significant inhibition was first observed after
20 min of exposure followed by 160 min in DMEM (3 h
total).  All ETs longer than that, resulted in increased
inhibition (fig. 1).

Exposure of cells to gas phase smoke (gpCSTM)

Gas phase CSTM diluted 10–100 fold did not result
in significant reduction of PC secretion stimulated by
T/T/A in type II cells.  Because no significant inhibition
of stimulated secretion was observed at these dilutions,
undiluted gpCSTM was also examined and resulted in a
significant and almost complete inhibition of stimulated
PC secretion (fig. 3).  Using undiluted gpCSTM was pos-
sible because the toxicity of gpCSTM was considerably
less compared to whole smoke.

Antioxidants

Antioxidants were used to examine the effects of reac-
tive oxygen species (ROS) contained in CSTM, or devel-
oped during the incubation period of CSTM.  Catalase

and superoxide dismutase (SOD) are known scavengers
of oxygen radicals. These compounds were added to
experimental wells prior to and during secretion, and
were also added to CSTM before it was used in the exper-
iment. Catalase and SOD were, therefore, able to react
with ROS present in the CSTM and ROS reaching the
surface of the cells, but were not taken up by type II
cells. Catalase and SOD were added in concentrations
that were equivalent to or higher than those that had been
used effectively in other cell culture models (see below).
Catalase and SOD of the highest applied concentration
were without effect on basal or stimulated secretion in
control cells.  Addition of these two antioxidants did not
result in a change in CSTM-induced inhibition of stimu-
lated surfactant secretion (fig. 5a).
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Fig. 4.  –  Cytotoxicity index (CI) (mean±SD) of type II cell cul-
tures exposed to DMEM (control) or dilutions of CSTM  (n=4).
Repeated ANOVA revealed no significant differences.  For abbre-
viations see legend to fig. 3.
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Fig. 5.  –  PC secretion (mean±SD) in type II cells exposed to control
medium and 1:10 CSTM. with or without different antioxidants.       :
basal secretion;        : T/T/A stimulated secretion. *: significant dif-
ference of stimulated conditions vs stimulated control.  a) catalase (Cat)
and superoxide dismutase (SOD); numbers are U·mL-1 (n=3 for the
two lower Cat/SOD concentrations and n=7 for all other columns).  b)
Glutathione (GSH); n=6. c) Deferoxamine (Def); n=4. For abbrevia-
tions see legend to figure 1
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Reduced glutathione (GSH) at concentrations of 50–1,000
µM (fig. 5b) as well as deferoxamine (Def) at a con-
centration of 0.5 mM (fig. 5c), added as described for
catalase and SOD, were also ineffective in restoring the
normal secretory response to stimulation in type II cells.
None of these antioxidants influenced basal or stimula-
ted secretion in control cells.  This was not true for α-
tocopherol, oxypurinol, mannitol and dimethylurea, which
resulted in highly variable alterations of basal and stim-
ulated secretion, so that interpretation of these results
was not possible.

Influence of nicotine and benzo[a]pyrene on PC secre-
tion

Cells were exposed to nicotine, to determine whether
nicotine was responsible for inhibiting stimulated secre-
tion of PC in type II cells. Increasing concentrations of
the alkaloid were added to culture medium.  Neither nico-
tine free base at a concentration of 10-7, 10-6 and 10-5 M
nor the hemisulphate salt of nicotine at a concentration of
4×10-8, 4×10-7 and 4×10-6 M were found to alter basal or
T/T/A-stimulated PC secretion from type II cells (fig. 6).

The carcinogen benzo[a]pyrene, one of many poly-
cyclic hydrocarbon ingredients in the "tar" fraction of
cigarette smoke, acts as a protoxin which requires acti-
vation by the cell.  It was dissolved in pure chloroform
and added to DMEM, so that the final chloroform con-
centration to which cells were exposed, was 2.6×10-5 M
for a benzo[a]pyrene concentration of 10-5 M and, less
for 10-6, 10-7 and 10-8 M, respectively.  Chloroform as a
vehicle had no effect on basal or stimulated PC secre-
tion in the highest concentration used (data not shown).
Benzo[a]pyrene in concentrations ranging 10-8–10-5 M
did not inhibit stimulated secretion (fig. 7) .

Exposure of type II cells to CSTM at low temperature

When cells were pre-exposed to 10 fold diluted CSTM
at 4°C instead of 37°C, and then warmed up to 37°C for

the secretion period, the secretory response to T/T/A ago-
nists was no different from stimulated control cells exposed
to DMEM at 37°C (fig. 8).  However, cells exposed to
10 fold diluted CSTM at 37°C following the same pro-
tocol demonstrated a 52% reduction of stimulated secre-
tion compared to control cells exposed to DMEM at
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Fig. 6.  –  Influence of nicotine on T/T/A stimulated PC secretion (mean±SD) in type II cells. Nicotine was added to DMEM 30 min prior to and
during the 2h secretion period.  1:10 CSTM exposed cells served as positive controls.  Concentrations of nicotine free base (fb) (from left to right):
10-7, 10-6 and 10-5 M (n=4).  Concentrations of nicotine hemisulphate salt (hs) (from left to right): 4×10-8, 4×10-7 and 4×10-6 M (n=4). *: significant
difference of stimulated conditions vs stimulated controls.  DMEM: Dulbecco's modified Eagle's medium.  For further abbreviations see legend to
figure 1. 
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Fig. 8.  –  Influence of temperature (37˚ vs 4˚C) during the exposure
of type II cells to CSTM on basal and stimulated PC secretion (mean±SD).   

: basal secretion;       : T/T/A stimulated secretion, n=5.  *: sig-
nificant difference of stimulated conditions vs stimulated control at
37˚C. For abbreviations see legend to figure 1.

Fig. 7.  –  Influence of benzo[a]pyrene (dissolved in chloroform) on
basal and stimulated PC secretion (mean±SD) in type II cells. Benzo[a]pyrene
was added 30 min prior to and during secretion in the concentrations
indicated. Open symbols: basal secretion; closed symbols: T/T/A stimu-
lated secretion, n=3. For abbreviations see legend to figure 1.   
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37°C, a 55% reduction compared to stimulated control
cells exposed to DMEM at 4°C and a 46% reduction
compared to cells exposed to 10 fold diluted CSTM at
4°C.  These findings demonstrate, that low temperature
almost completely inhibited the CSTM induced reduc-
tion of T/T/A-stimulated PC secretion in type II cells.
Both in control cells and 1:10 CSTM exposed cells at
4°C an increase of basal secretion was observed, which
may have been induced by cooling and subsequent rewarm-
ing. However, this increase was not significant compa-
red to basal secretion of either control or 1:10 CSTM
exposed cells at 37°C (fig. 8).

Discussion

In this study, we report acute inhibition of phos-
phatidylcholine secretion in rat alveolar type II cells after
exposure to medium treated with cigarette smoke.  Whilst
basal secretion remained unaffected, secretion stimulated
by a combination of type II cell secretagogues (T/T/A)
was inhibited by more than 50%.  Greater inhibition was
observed with less diluted CSTM, i.e. a higher dose of
cigarette smoke constituents retained in the medium.
Longer exposure to CSTM resulted in greater inhibition.
The reduced secretory response to agonists was not caused
by cellular injury.  Gas phase cigarette smoke was found
to be much less inhibitory in this model. Although cig-
arette smoke contains large amounts of ROS, antioxi-
dants in this study were not effective in abolishing the
observed inhibition of stimulated secretion.  Neither nico-
tine nor benzo[a]pyrene were able to mimic the described
effects of CSTM on stimulated secretion.  Exposure of
cells to CSTM at low temperature (4°C) resulted in a
reconstituted response to secretagogues.

In contrast to the stimulatory effects of cigarette smoke
on mucus secretion in whole animals [16] and in situ
models [17], or the inhibitory effect of cigarette smoke on
duodenal bicarbonate secretion [18], our model excludes
influences by cells other than those examined, or by hor-
monal or neural activity.

A similar in vitro model was used to study cell injury,
protein synthesis and cytokine production in alveolar
macrophages [19].  In this study, the 1:15 diluted gas
phase smoke of two cigarettes was blown over the cells
cultured on a porous support. No cytotoxicity was obser-
ved and, whilst protein synthesis in general was unaf-
fected, there was a reduced production of interleukin-6
(IL-6) and tumour necrosis factor-α (TNF-α) rather than
decreased secretion 18–20 h following smoke exposure.
Our results largely exclude decreased synthesis as a pos-
sible mechanism of decreased surfactant secretion by type
II cells, because secretion involves the release of pre-
formed lamellar bodies, the storage form of surfactant.
The time between exposure and secretion period was too
short to allow for a significant reduction of the preform-
ed surfactant pool due to impaired synthesis.  The lack
of a difference of total counts and counts in the cellul-
ar fraction between cells exposed to CSTM and control
cells also argues against impaired synthesis.  It cannot
be excluded, however, that incorporation of  3H-choline

is preferentially routed into nonsurfactant phospholipids
in CSTM exposed cells.

Although reduction of secretion stimulated by single
agonists in this series of experiments did not exhibit sig-
nificant differences, the possibility of impaired trans-
membrane signalling remains to be elucidated.  It may
involve common elements of different signalling path-
ways, such as G proteins, the cytoskeleton or membrane
fusion. Some insight into the mechanism of CSTM-
induced reduction of stimulated surfactant secretion is
gained by the fact, that low temperature (4°C) during
exposure restores stimulated secretion to a normal level.
Low temperature slows or abolishes metabolic process-
es and causes disruption of microtubules [20].  Active
transport of smoke constituents into type II cells as well
as their enzymatic metabolism would be impaired by low
temperature, whilst a direct interaction with molecules
of the cell membrane would not be inhibited.

Type II cells have been shown to express enzymes of
the cytochrome P-450 monoxygenase system, which are
involved in xenobiotic metabolism [21–24].  For exam-
ple, bioactivation of the cigarette smoke ingredient 3-
methylindole by rabbit type II cells in culture has been
demonstrated [25].  Benzo[a]pyrene, contained in the par-
ticulate phase of cigarette smoke is reported to be acti-
vated in Clara cells and type II cells.  The smoke of one
cigarette contains approximately 30 µg of benzo[a]pyrene
[26].  A maximum concentration of 2.5×10-7 M is calcula-
ted for the smoke of four cigarettes at a 50% absorption
rate in 100 mL DMEM, diluted 10 fold.  Benzo[a]pyrene
at this and higher concentrations failed to mimic the in-
fluence of CSTM on stimulated surfactant secretion in
this study.

Nicotine, another component of the particulate phase
of cigarette smoke, may reach type II cells from the air-
space as well as from the capillary side. 1R1 cigarettes
are reported to contain 2 mg of nicotine [27].  Assuming
that 50% of 8 mg (for four cigarettes) is absorbed by the
100 mL DMEM along the 5 cm distance between bub-
ble outlet and surface of the medium, which is followed
by a minimum 10 fold dilution, 4 mg·L-1 (approximately
2.5×10-5 M) is probably still an overestimation.  The
highest concentration of nicotine (free base) used in this
study was 1×10-5 M and, thus, equivalent to the concen-
tration in 1:25 diluted CSTM.  1:25 diluted CSTM in our
experiments resulted in a 45% reduction of stimulated
secretion (p<0.05; fig. 4), whilst no decrease in stimu-
lated secretion was seen with 1×10-5 M nicotine (fig. 6).

The inefficiency of antioxidants to restore the reduced
secretory response of stimulated type II cells exposed to
CSTM was unexpected.  Cigarette smoke contains a large
number of ROS [28], and part of the smoking-induced
lung injury can be attributed to this oxidizing capacity
[29].  The scavengers used in this study have been used
effectively in other models of oxidant injury.  Catalase
and superoxide dismutase, both cell impermeable, as well
as the iron chelator deferoxamine inhibited the cigarette
smoke-induced increase in asbestos fibre uptake in rat
tracheal explants when added to the incubation medium
in concentrations lower than the maximum concentra-
tions used in this study [30].  Deferoxamine was shown
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to prevent paraquat-induced injury to type II cells [15].
In an in vitro model using A549 cells exposed to hydro-
gen peroxide (15 µM), GSH greatly diminished detach-
ment and lysis in a dose dependent manner [31].  GSH
concentration in normal human epithelial lining fluid
(ELF) is 430 µM [32].  The highest GSH concentration
used here exceeded this concentration more than two-
fold.  The failure of antioxidants to show any effect on
the reduction of stimulated surfactant secretion may,
nevertheless, be due to their inability to neutralize a suf-
ficient amount of ROS.  Alternatively, the reduction of
stimulated surfactant secretion is not mediated by ROS.
The later hypothesis is supported by the reduced ability
of medium treated with gas phase cigarette smoke to in-
hibit stimulated surfactant secretion, since large amounts
of ROS have been described in both the particulate as
well as the gas phase of cigarette smoke [33].  In addi-
tion, mediation of reduced stimulated surfactant secre-
tion by ROS would also contradict results of experiments
at low temperature, where oxidant damage is still possi-
ble.

The smoke exposure model described here is easy to
use; however, it appears realistic.  Our photometric stan-
dardization to a reference value, which depends on a
summary signal, does not exclude variation of virtually
all cigarette smoke ingredients to some extent, but did
result in a highly reproducible biological response.  When
cigarette smoke, a complex mixture of hydrophilic and
hydrophobic components, is bubbled through cell culture
medium, it will not result in a homogenous solution with
all ingredients in proportions similar to cigarette smoke.
Hydrophilic compounds will undoubtedly be retained
preferentially.  This phenomenon, however, is not unlike
the environment in the alveolus, where a liquid lining
covers the epithelium.

The concentration of cigarette smoke ingredients used
for treating the medium should not exceed that estima-
ted to occur during smoking in lung ELF: the fraction
of cigarette smoke that is retained in the lung will be
distributed in an estimated volume of 10 mL of ELF.
The distribution volume for the retained fraction of the
smoke of four cigarettes here is 100 mL.  In addition,
medium is further diluted 10–100 fold, increasing the
distribution volume to 1–10 L.  Because of the large sur-
face area in the lung, a greater proportion of smoke will
be retained in the lung than can be achieved by bubbling
the smoke over a distance of 5 cm through medium.

Duration of the inhibition of stimulated surfactant sec-
retion, which may be important considering the patho-
genetic impact, appears to be at least 3 h, as is suggested
by experiments examining the influence of exposure time
on secretion.  Following stimuli, such as mechanical dis-
tension or humoral agonists 11–40% of the alveolar pool
of surfactant is secreted and cleared per hour [34, 35];
and impairment of surfactant secretion for several hours
will be significant and may represent an insufficiently
recognized part of the pathogenesis of smoke-related lung
disease.

Our findings, demonstrating inhibition of stimulated
secretion of surfactant following cigarette smoke expo-
sure, correlate with results of whole animal studies,

demonstrating unimpaired incorporation of surfactant pre-
cursors [5], as well as with clinical reports showing
decreased surfactant phospholipids in the lavage fluid of
smokers [1–3].  This is the first report, however, link-
ing cigarette smoke exposure directly to impaired sur-
factant secretion from type II cells.

In summary, we have shown a direct acute influence
of cigarette smoke on stimulated surfactant secretion with-
out alteration of basal secretion. The particulate fraction
of cigarette smoke was more effective than the gas phase.
The exact mechanism remains to be elucidated.  However,
our experiments suggest that oxidant injury is not promi-
nent and that a metabolic process, such as bioactivation
or active transport, which is inhibited by low tempera-
ture, is involved in the smoke-induced reduction of stim-
ulated surfactant secretion.
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