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Aerosolized surfactant inhibits acetylcholine-induced

airway obstruction in rats
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ABSTRACT: Exogenous surfactant treatment inhibits antigen-induced airway
obstruction in sensitized guinea-pigs. Aerosolized surfactant also improves respi-
ratory function in asthmatic patients. The aim of the present study was to deter-
mine whether aerosolized surfactant inhibits nonallergic airway obstruction induced
by acetylcholine.

Anaesthetized Wistar rats were treated by aerosol with the [3,-adrenoceptor ago-
nist terbutaline, surfactant (Alveofact®), a surfactant-terbutaline combination, or
vehicle (control). Animals were then challenged by aerosolized acetylcholine to elic-
it receptor-mediated airway obstruction. A second group of animals was challenged
with intravenous acetylcholine. Respiratory function variables were measured by
body plethysmography before and after treatment, and after the acetylcholine chal-
lenge.

Baseline lung function values before and after treatment were similar in all
groups. Acetylcholine challenge by aerosol increased lung resistance by 64% in
control animals. Pretreatment with terbutaline and surfactant significantly limit-
ed the increase of lung resistance to +36 and +34%, respectively. Simultaneous
aerosolization of surfactant and terbutaline also inhibited airway obstruction but
their effects were not additive. By contrast, terbutaline treatment inhibited the
effects of intravenous acetylcholine, but surfactant did not.

In conclusion, we suggest that surfactant aerosol may prevent acetylcholine and
other pharmacological agents from reaching the airway smooth muscle from the
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airway lumen but not via the bloodstream.
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There is increasing evidence that pulmonary surfac-
tant plays an important role in maintaining the patency
and stability of small airways [1-4]. Furthermore, sur-
factant improves bronchial clearance [5], and modulates
the function of respiratory inflammatory cells [6]. Dis-
turbed surfactant function might, thus, have an impact
on obstructive lung diseases.

Pathophysiologically, obstructive lung diseases are cha-
racterized by smooth muscle contraction, enhanced secre-
tion of mucus, mucous plugging, oedema of the airway
walls, exudation of a proteinaceous fluid, and impaired
mucociliary clearance [7]. Some of these processes may
inhibit surfactant functions, e.g. exuded protein may
inhibit the surface activity [8], and accumulated fluid
and mucus may dilute and alter the normal surfactant
layer. Thus, exogenous surfactant therapy might be help-
ful in obstructive pulmonary disorders. In recent stud-
ies, intrabronchial surfactant instillation inhibited allergic
bronchoconstriction in guinea-pigs [9, 10]. Furthermore,
inhaled surfactant improved lung function in patients
suffering from acute asthma attacks [11].

However, the exact mechanisms by which surfactant
relieves airway obstruction are unclear. To further eval-
uate this question, we studied the effects of aerosolized
surfactant on nonallergic acetylcholine (ACh)-induced
airflow obstruction.

Materials and methods

Animals

Female Wistar rats (Charles River Wiga GmbH, Sulz-
feld, Germany), 26-31 weeks old and weighing 350—
450 g, were used in these experiments. Animals were

housed, watered and fed as described previously [12,
13].

Study design

Respiratory function variables, including forced expira-
tory functions, were measured in anaesthetized, intubated,
spontaneously breathing rats by body plethysmography.
Therefore, animals were anaesthetized with halothane/
30% oxygen and intubated orally with a tracheal can-
nula (Cathlon; Jelco Raritan, NJ, USA: 52 mm, 1.78 mm
inner diameter). Rats were then placed in a body plethys-
mograph in supine position. They were allowed to sta-
bilize for 5 min, before baseline lung function variables
were measured. Animals were then treated for 15 min
with either aerosolized Ringer's solution ("control", n=9),
surfactant ("surfactant", 20 uM, n==8), terbutaline ("low
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terbutaline”, 1.2 mM, n=8; and "high terbutaline", 2.4
mM, n=5), or a surfactant-terbutaline combination ("com-
bination", 20 uM surfactant + 1.2 mM terbutaline, n=8),
followed by a second measurement of pulmonary func-
tion. Directly thereafter, airway obstruction was induced
by inhalation of aerosolized ACh (278 mM) for 4 min,
followed by a third measurement of lung function. Pre-
ceding dose-response experiments were performed to
find terbutaline-concentrations with moderate inhibitory
effects on the ACh-induced airway obstruction, to ascer-
tain possible additive effects in the surfactant-terbutaline
group.

In a second series of experiments, airway obstruction
was elicited by intravenous infusion of 0.33 mL-kg-!
ACh at a constant rate for 10 s, via a tail vein catheter.
Increasing concentrations of ACh (3.6, 4.9 and 7.2 mM)
were given until airway resistance had increased by at
least 50%. Treatment with aerosolized surfactant, terbu-
taline, or vehicle control (n=4 each) was performed as
described above. Thereafter, a second intravenous ACh
challenge was performed.

Cardiac frequency was measured by electrocardiogra-
phy throughout the study. Animals in all treatment groups
were studied on each study day in randomized order.

Pulmonary function measurements

Spontaneous pulmonary function variables were det-
ermined as described recently [12, 13]. They were re-
corded continuously and evaluated at baseline, pre- and
post-treatment and pre- and post-ACh challenge. The
variables measured included tidal volume (VT), dynamic
lung compliance (Cdyn) and lung resistance (RL). Forced
lung function variables (forced vital capacity (FVC),
forced expiratory volume in one hundred milliseconds
(FEVo.1), peak expiratory flow (PEF), maximum mid-
expiratory flow (MMEF), and flow at 75, 50 and 25%
of FVC (FEF75, FEF50 and FEF25, respectively)) were
measured during hyperventilation-induced temporary
apnoea, before and after treatment, and after ACh chal-
lenge [12, 13]. In addition, pressure-volume curves and
functional residual capacity (FRC) were derived as des-
cribed previously [12], and allowed calculation of qua-
sistatic compliance (Cgs), total lung capacity (TLC), and
residual volume (RV).

Aerosol generation and monitoring

Aerosols were generated by jet nebulizer (Bronchy-
H; Fraunhofer Institute of Toxicology and Aerosol
Research, Hannover, Germany), which included systems
for monitoring mass concentration (light-scattering pho-
tometer; Fraunhofer Institute of Toxicology and Aerosol
Research, Hannover, Germany) and the dose delivered.
The nebulizer was driven by an airflow of 3 L-min-!,
and solutions were pumped through the jet at 2.4 mL-h-1.
These limits gave efficient aerosol generation, mini-
mized loss of test compounds and indirectly allowed
adjustment of particle size.

ACh was aerosolized with a common jet (Pari-Boy®;
Pari, Starnberg, Germany) driven by the Bronchy-H. All
animals inhaled a total volume (particles plus carrier
gas) of 600 mL aerosol, corresponding to 100 nmol

inhaled ACh. The treatment compounds were aerosol-
ized with a similar generation device (Bronchy-II; Fraun-
hofer Institute of Toxicology and Aerosol Research),
but a specially constructed jet was used to aerosolize
surfactant efficiently (jet-No. 18; Fraunhofer Institute of
Toxicology and Aerosol Research). Treatment com-
pounds were inhaled for about 15 min, until the chosen
dose had been delivered. The amount of inhaled surfac-
tant was 57.3 nmol phospholipids (43.5 ng), "low terbu-
taline" 4.4 nmol and "high terbutaline" 8.8 nmol per
animal. Aerosol characteristics are presented in table 1.

Measurement of surface activity

Surface activity of surfactant material was measured
with a pulsating bubble surfactometer (PBS) [14]. Brief-
ly, PBS experiments were performed at a hypophase
concentration of 4 mg phospholipids-mL-!. Therefore,
aerosolized surfactant was led into Ringer's solution
("aerosolized"). The same amount of surfactant was
directly diluted into Ringer's solution ("diluted"). Surfac-
tant was then obtained for oscillating bubble measure-
ments by high speed centrifugation (20,000 xg for 60
min) to pellet the surfactant material and was resus-
pended at 4 mg-mL-L.

Drugs and solutions

Compounds were freshly prepared daily. Surfactant
(Alveofact®; K. Thomae GmbH, Biberach an der Riss,
Germany) was suspended and diluted in Ringer's solu-
tion at a final concentration of 15 mg phospholipids-mL-!
(20 uM). Terbutaline (Sigma, Munich, Germany) was
diluted in Ringer's solution at concentrations of 1.2 mM
("low terbutaline") and 2.4 mM ("high terbutaline").
Acetylcholine (Sigma, Munich, Germany) was dissolved
in distilled water (278 mM). Ringer's solution (Ringer-
Losung DAB7 Braun; Braun Melsungen, Melsungen,
Germany) contained Nat+ 147 mM, K+ 4 mM, Ca2+ 2.3
mM and CI- 155.5 mM.

Statistical analysis

Results are expressed as mean+sem. Statistical dif-
ferences between mean values of treatment groups were
determined by analysis of variance (ANOVA) followed
by the Fisher protected least significant difference test

Table 1. — Aerosol characteristics of the test com-
pounds

MMAD# Concentration

um mg-m-3

Ringer's solution 1.21 (1.71) 29.4
Low terbutaline 1.17 (1.90) 30.8
High terbutaline 1.25 (2.61) 33.0
Surfactant 1.33 (1.85) 68.3
Combination 1.19 (1.72) 69.3
Acetylcholine 1.36 (1.80) 32.7

# mass median aerodynamic diameter (MMAD), with geo-
metric standard deviation in parenthesis, was determined by
cascade impactor. Aerosol concentration (total solids, salts
plus drugs) was calculated by filter sampling.
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for comparison of different means [15]. Differences of
changes after treatment and challenge in comparison to
baseline within a certain group were tested for their sta-
tistical significance by paired t-test. A p-value of less
than 0.05 was considered significant.

Results

Baseline data

Baseline values of spontaneous pulmonary function
variables (VT, Cdyn, RL) were not significantly differ-
ent between the treatment groups (table 2). Of the forced
lung function variables, only FEF75 and FEF25 were
significantly different in "high terbutaline" rats and con-
trols (p<0.05) (table 2), which was probably due to
chance. FRC was significantly higher in "high terbu-
taline" animals (p<0.05) (data not shown). Lung func-
tion variables were in the normal range for this laboratory.

Effect of treatment on unchallenged pulmonary function

The various treatment regimens did not change spont-
aneous respiratory function variables and forced expirat-
ory manoeuvres (table 2), except that dynamic compliance

(delta value) decreased less in the high terbutaline-treat-
ed group compared to the control group (p<0.05). Of
the lung volumes, only RV appeared to decrease in the
surfactant-treated animals (p<0.05) (data not shown).

Effect of treatment on acetylcholine challenge

ACh aerosol increased RL and decreased Cdyn and VT
in all groups (p<0.01) (for absolute values see table 2).
In vehicle-treated animals, ACh challenge increased RL
by 64+8%. In "high terbutaline”" and surfactant-treated
animals, the increases in RL were 36+7% (p<0.05) and
34+5% (p<0.01), respectively, significantly less than in
the controls (fig. 1). Combined terbutaline and surfactant
also inhibited the increase of RL (40+7%; p<0.05), but
there was no evidence of an additive effect. Of the forced
expiratory variables, only FVC and forced expiratory
volume in four hundred milliseconds (FEV0.4) (delta %
of prechallenge values) decreased significantly less in
surfactant-treated animals compared to controls (p<0.05)
(table 3).

Intravenous acetylcholine challenge

Intravenous ACh raised RL by 166£26, 160+6, and
131£13% in the animals which subsequently received

Table 2. — Spontaneous respiratory function variables and forced expiratory flow-volume data in baseline condi-
tions, after treatment with the test compounds, and after acetylcholine challenge

Control Low terbutaline  High terbutaline Surfactant Combination
Baseline
VT mL 1.51+0.05 1.47+0.05 1.50+0.09 1.45+0.05 1.58+0.05
Cdyn mL-cmH,0O-! 0.24+0.02 0.26+0.02 0.20+0.02 0.22+0.01 0.24+0.02
RL c¢cmH,O-mL-1-s’! 0.22+0.01 0.20+0.02 0.2320.01 0.23+0.01 0.22+0.02
FVC mL 14.0+0.53 13.8+0.68 12.8+0.53 12.7+0.64 14.4+0.87
PEF mL-s-! 109.0£2.3 107.5+£3.1 115.7+2.8 105.4x1.6 111.4+2.5
MMEF mL-s-! 94.5+£2.6 95.6+2.8 87.5+1.67 89.6+1.7 92.0+£2.7
FEF75 mL-s! 105.0£2.4 102.1+3.6 113.7+£2.4%* 99.9+2.2 108.0+2.5
FEFs50 mL-s-! 105.8+2.4 105.8+3.2 99.5+£3.8 100.9+1.7 104.4+3.1
FEF25 mL-s! 61.2+2.7 63.0£2.5 51.1+2.0% 57.5+3.1 55.4+2.4
FEVo.1 mL 8.8+0.22 8.6+0.34 8.7+0.16 8.2+0.21 8.8+0.24
After treatment
VT mL 1.43+0.04 1.42+0.06 1.41+0.06 1.39+0.04 1.52+0.05
Cdyn mL-cmH,0O"! 0.20+0.01 0.21x0.01 0.18+0.02 0.18+0.01 0.22+0.02
RL c¢cmH,0-mL-!.s! 0.23+0.01 0.22+0.01 0.23+0.01 0.230.01 0.22+0.02
FVC mL 13.5+£0.65 13.6+0.74 12.7+0.55 11.8+0.63 14.4+0.89
PEF mL-s! 116.3+2.1 117.7+3.3 116.3+3.2 11.0+2.5 116.7+1.6
MMEF mlL-s-! 88.8+2.4 94.3+3.8 81.3+7.6 82.2+5.2 86.6+3.3
FEF75 mL-s! 113.7+2.1 114.3+£3.3 115.2+3.0 109.0+2.4 114.3+x1.4
FEF50 mL-s! 100.6+4.1 106.8+4.8 92.8+7.4 90.6+6.2 98.2+4.4
FEF25 mL-s! 51.6x£2.7 57.7£3.5 44.6x6.1 48.7+4.2 48.442.9
FEVo0.1 mL 8.7+0.27 9.1+0.38 8.3+0.47 7.9+0.24 9.0+0.31
After challenge
VT mL 1.20+0.05 1.21+0.06 0.23+0.05 1.24+0.05 1.30+0.05
Cdyn mL-cmH,0O! 0.12+0.01 0.13+0.01 0.13+0.01 0.15+0.01 0.13+0.02
RL cmH,0-mL-1-s"! 0.33+0.02 0.30+0.02 0.3120.02 0.29+0.02 0.30+0.03
FVC mL 10.8+0.92 12.0+1.00 11.6+0.61 11.0+0.43 12.8+0.88
PEF mL-s! 110.0+£2.5 115.3£3.2 114.2+4.2 106.8+2.9 111.4+3.1
MMEF mL-s-! 77.8+4.3 83.5+4.4 72.3+7.1 75.8+4.4 76.4+4.6
FEF75 mL-s! 108.2+2.4 113.4+2.8 112.5+4.2 104.6x3.0 109.8+3.1
FEFs50 mL-s! 87.4+5.6 92.9+5.5 81.1+6.0 85.3+4.8 85.7+5.6
FEF25 mL-s! 42.6£3.1 45.6x3.4 37.2+5.7 44.1+3.8 42.0+3.9
FEVo.1 mL 7.5+0.45 8.2+0.44 7.4+0.50 7.7+0.23 8.2+0.36

Absolute values are presented as mean+sem. VT: tidal volume; Cdyn: dynamic compliance; RL: lung resistance; FVC: forced vital
capacity; PEF: peak expiratory flow; MMEF: mean midexpiratory flow; FEF75, FEFs50 and FEF2s: forced expiratory flow at 75,
50 and 25% FVC, respectively; FEVo.1: forced expiratory volume in one hundred milliseconds. *: p<0.05, compared to control

group.
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Fig. 1. — Increase of lung resistance (ARL % of prechallenge) after

inhalative acetylcholine challenge in rats treated with aerosolized vehi-
cle (control), a low concentration of terbutaline (low terbutaline), a
high concentration of terbutaline (high terbutaline), surfactant (sur-
factant), and combined low terbutaline with surfactant (combination).
Values are presented as mean+sem (n=5-9). *: p<0.05; **: p<0.01,
compared to control group.

terbutaline, surfactant and control aerosols, respectively
(n=4 each). These changes were not significantly dif-
ferent from one another. After treatment, a second intra-
venous ACh challenge increased RL significantly less
in terbutaline-treated rats (ARL 123+17%; p<0.05), but
the responses were essentially unchanged in surfactant-
treated animals (ARL 153+3%) and in the control group
(ARL 132+7%). Thus, terbutaline treatment significant-
ly reduced the increase in RL resulting from i.v. ACh
challenge to 75+2% of the baseline ACh re-sponse. The
equivalent figures after surfactant and control aerosols
were 97+6 and 102+6% of the baseline response, respec-
tively (fig. 2).

Surface activity

There was no significant difference in surface activ-
ity between "aerosolized" and "diluted" surfactant. Mini-
mum surface tensions were 4.2+5.5 and 2.8+2.9 mN-m-!,
respectively (n= 6-8).
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Fig. 2. — Lung resistance (RL) induced by intravenous acetylcholine

(ACh) after treatment with aerosolized vehicle (control), a high con-
centration of terbutaline (terbutaline), and surfactant (surfactant),
expressed as % of baseline increase of RL after ACh challenge. Values
are presented as meantseM (n=4). *: p<0.05, compared to control

group.

Discussion

The present data confirm previous findings in ani-
mals and humans that exogenous surfactant treatment
inhibits airway obstruction [9-11]. In detail, these results
show that treatment with an aerosol of surfactant lessens
the increase in airway resistance in response to subse-
quent ACh challenge when this was by aerosol. Treatment
with terbutaline aerosol was similarly effective against
ACh challenge. Simultaneous terbutaline and surfactant
treatments were no more effective against challenge by
ACh aerosol than surfactant treatment alone. When sub-
sequent ACh challenge was by the intravenous route,
however, terbutaline treatment still lessened the rise in
airway resistance, but surfactant aerosol did not.

Several mechanisms could account for the difference
in effectiveness of airway surfactant against ACh chal-
lenge by the two routes. One likely mechanism is that
surfactant may line the airways with a lipophilic layer,
which would act as a diffusion barrier to the absorption
of hydrophilic molecules, such as ACh. Intravenous
ACh, on the other hand, would reach the airway smooth
muscle directly, without crossing the lipo-

would, in addition, account for the failure

Control Low High Surfactant ~ Combination  of simultaneous treatment with terbutaline,

terbutaline _terbutaline which is hydrophilic, to increase surfact-

%) -15.0£2.3  -12.1+2.8 -9.2+3.7 -7.4+2.4 -10.8+1.8 ant's protection against aerosol challenge
Cdyn -47.5+2.9 -39.8+4.4 -30.9+8.9 -36.5+3.7 -40.6£5.1 with ACh; surfactant would also impose a
RL $645475  +452+89  +36.0+6.8% +343+4.9%% 4397471%  parier (o terbutaline absorption. This hypo-
I;}\z/]g 225‘:% l%gfgg '?gfgi ggﬁg* 42%%2 thesis is supported by experiments show-
MMEF  -127+34 -112838 -112¢3.0  -7.1#3.1  -12.1z29  ing thatexogenous surfactant components
FEF7s 47421 05%2.5 2422 -4.0+1.7 39429  seem to adhere to epithelial surfaces. Fol-
FEFs0  -134£3.0 -12.8+3.8 -12.2¢37  -48#34  -12.9s34  lowing intratracheal administration of rad-
FEF25 2172450  -20.5#4.9  -17.4#35  -9.1x22  -13.7#50  liolabelled surfactant in vivo, only 50-70%
FEVo.  -142+4.0  -83+42 -10.4234 -1.7£2.0 9.121.9  of the labelled phospholipids (PLs) were
FEVo.4 -20.7+4.1  -13.0+4.5 -9.0£2.5 -5.4£3.1%  -11.6x2.2 recovered by bronchoalveolar lavage [16,

Values are presented as change in % of predicted values and are expressed as
mean+seM. FEVo0.4: forced expiratory volume in four hundred milliseconds. For
further abbreviations see legend to table 2. *: p<0.05; **: p<0.01, compared to
control.

17]. The labelled lipids were not detectable
in lamellar bodies but seemed to be asso-
ciated with lung tissue [18], thus suggest-
ing adherence to the airway epithelium.



2202 J. HOHLFELD ET AL.

The view of a "surfactant barrier" in the airways is
further supported by the observation that in surfactant-
depleted rats, subsequent intratracheal administration of
adrenaline induced augmented haemodynamic effects
when compared to nondepleted animals [19]. Moreover,
in a preliminary in vitro study, we have shown that sur-
factant has a protective effect on ozone-induced oxidative
damage in type II pneumocytes and alveolar macropha-
ges [20]. Furthermore, there is growing evidence that the
gastro-intestinal mucosa is protected against diffusion of
hydrophilic molecules (luminal acid) by a physical bar-
rier comprising surface-active PLs [21-23]. These sur-
face-active PLs cause surface hydrophobicity and lie on
top of the mucous gel that covers the epithelium [24]. In
the airways, an additional luminal surfactant layer on top
of the mucous layer has been proposed by GERDE et al.
[25]. The possible role of surfactant as an airway recep-
tor barrier has recently been highlighted by HiLLs [26].

Surfactant may also inhibit the action of ACh by
catalysing its hydrolysis within the airway lumen before
it can reach airway smooth muscle. This explanation
would account for surfactant's ability to protect against
the rise in RL in response to ACh challenge by aerosol
but not by the intravenous route; however, it would not
explain the lack of an additive protective effect of com-
bined terbutaline and surfactant. Such interactions of
surfactant with pharmacological agents have been shown
in vitro as a modulation of bactericidal activity of anti-
biotic drugs [27].

Another possible explanation is that surfactant has a
direct effect on ACh-induced mucosal oedema because
surfactant is important for alveolar and airway fluid bal-
ance [28, 29]. Thus, exogenous surfactant could, in part,
reverse fluid imbalance, thereby lessening airway wall
thickness. This could account for reduced lung resis-
tance in response to ACh after surfactant treatment in
the present study. Furthermore, ACh challenge could
have led to secretion of mucus and influx of protein-
aceous fluid into the airways with inhibition of proper
surfactant function. Impairment of airway surfactant
function might have been reversed by exogenous sur-
factant treatment, preventing airway narrowing and col-
lapse. Neither explanation, however, would explain the
failure of surfactant to prevent airway obstruction to
subsequent ACh challenge by the intravenous route.

Surfactant inhalation improved respiratory function in
asthmatic humans at doses as low as 10 mg [11]. De-
position studies with inhaled surfactant in adults revealed
an endobronchial deposition rate of only 2% [30]. How-
ever, higher doses were required when surfactant was
administered by the intratracheal route [9, 10]. The ani-
mals in the present study inhaled about 100 pg-kg-! sur-
factant. Experiments by RAABE ef al. [31] have shown
that bronchial and alveolar deposition of aerosols with
particles of 1.3 um is about 30% in rats. Thus, the effec-
tive surfactant dose in the present experiments might
have been as low as 30 pg-kg!. Assuming an alveolar
surfactant pool of 10-15 mg phospholipids-kg-! body
weight [32], or a surfactant concentration of the epithe-
lial lining fluid of about 24 mg phospholipids-mL-! [33],
and estimating the total volume of subphase fluid in
which surfactant is suspended with 6-12 mL-L-! of TLC
volume according to EFFros et al. [34], the increase of
surfactant concentration in the lining layer due to treat-

ment would have been as low as 0.4% in the present
study. This implies that small increases of airway surfac-
tant might induce large protective effects against exoge-
nous bronchoconstrictor stimuli.

In summary, we suggest that surfactant may act as a
diffusion barrier to the absorption of exogenous hydro-
philic molecules, and that its inhibitory effect possibly
includes an interaction of surfactant with pharmacolog-
ical agents in the airway lumen. The amount of exogen-
ous surfactant required to influence airway calibre seems
to be far less compared to that used for established sur-
factant therapies, such as in respiratory distress syn-
drome. Further investigations are needed to elucidate
the underlying mechanisms of the surfactant effect ob-
served. In particular, the effect of surfactant on drug
absorption across the airway epithelium should be mea-
sured. Additionally, further studies have to be conduct-
ed to establish whether inhaled surfactant has clinical
benefits in obstructive lung disorders.
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