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Abstract

Inflammation induces premature maturation of the fetal lung but the signals causing this effect remain unclear. We determined if nitric
oxide (NO) synthesis, evoked by Escherichia coli lipopolysaccharide (LPS, 2 lg ml�1), participated in this process. Fetal rat lung airway
surface complexity rose 2.5-fold over 96 h in response to LPS and was associated with increased iNOS protein expression and activity.
iNOS inhibition by N6-(1-iminoethyl)-L-lysine-2HCl (L-NIL) abolished this and induced airway atrophy similar to untreated explants.
Surfactant protein-C (SP-C) expression was also induced by LPS and abolished by L-NIL. As TGFb suppresses iNOS activity, we deter-
mined if feedback regulation modulated NO-dependent maturation. LPS induced TGFb1 release and SMAD4 nuclear translocation 96 h
after treatment. Treatment of explants with a blocking antibody against TGFb1 sustained NO production and airway morphogenesis
whereas recombinant TGFb1 antagonized these effects. Feedback regulation of NO synthesis by TGFb may, thus, modulate airway
branching and maturation of the fetal lung.
� 2006 Elsevier Inc. All rights reserved.
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Inflammation is known to improve lung maturation and
function in premature newborns despite an attendant risk
of premature delivery and postnatal respiratory disease
[1,2]. Several studies have shown that inflammatory stimuli
in utero increase alveolar type II (ATII) cell number, sur-
factant production and improve pulmonary function in
premature neonates [3–7]. Dissection of these effects has
revealed particular roles for interleukin (IL)1 and toll-like
receptor 4 (TLR4) activation in stimulating alveologenesis
[4,8,9]. In addition, manipulation of the cytokine expres-
sion pattern induced by LPS redirects airway growth by
modulating meso-epithelial morphogenic signalling [10].
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These findings suggest that pro-inflammatory signals can
influence the process of fetal lung development, however,
the identity of the factors responsible for this effect remains
unclear.

Nitric oxide (NO) is an important mediator of inflam-
mation which participates in lung development and mor-
phogenesis. All three nitric oxide synthase isoforms
(inducible (i), endothelial (e), and neuronal (n)) are ontoge-
nically expressed in lung tissues [11] and prominently regu-
late several aspects of postnatal lung function including
bronchomotor tone, regulation of ciliary beat frequency,
bacteriostasis, and fluid homeostasis [12–15]. In the fetal
lung, however, the functional significance of NO synthesis
remains unknown. Correlative studies suggest that NO
could participate in lung fluid clearance and airway expan-
sion by, respectively, suppressing Cl� transport and reduc-
ing peripheral resistance in the newborn [16]. Other studies
demonstrate that exposure of fetal lung explants to exoge-
nous NO derived from NO donor adducts (e,g., DETA-
NO) can augment airway branching morphogenesis, possi-
bly by modulating the expression of some meso-epithelial
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growth factors (e,g., BMP4) [17,18]. This morphogenic
effect is also evident in the process of alveologenesis which
is promoted by inhalation of NO in neonatal models of
chronic lung disease [19,20]. As a whole, these studies sup-
port the hypothesis that NO can modulate the lung devel-
opmental/morphogenic process.

Here, we sought to determine if endogenous production
of NO in the fetal lung could promote airway growth and
maturation in fetal rat lung explants cultured under condi-
tions which promote airway atrophy. We found that LPS
halted the decline in airway growth and that this effect
required endogenous NO synthesis by iNOS. We also
showed that this signalling pathway was repressed by
transforming growth factor b (TGFb) expressed as a
chronic effect of LPS. We conclude that the extent of air-
way maturation and growth that may be induced by LPS
depends on a time- and concentration-dependent feedback
inhibition of NO synthesis by TGFb1.

Material and methods

Reagents. Antibodies raised against iNOS (M-19), TGFbRI (H-100),
and TGFbRII (H-567), TGFbRIII (C-20), TGFb1 (V), SMAD4 IgG (B-
8), and SP-C (M20) were from Santa Cruz Biotechnology Inc (Santa Cruz,
CA). Anti-rabbit b-actin was from Sigma–Aldrich (Gillingham, Dorset,
UK). Horseradish peroxidase (HRP)- and fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies were from Diagnostics Scotland
(Carluke, Lanarkshire, UK). Oligonucleosome detection ELISA was from
Roche Diagnostics (East Sussex, UK) and TGFb1 ELISA was from R&D
Systems (Abingdon, UK). 4-Amino-5-methylamino-2 0,7 0-difluorofluores-
cein (DAF-FM) was from Molecular Probes (Cambridge, UK). L-
[14C(U)]Arginine (specific activity 313 mCi mmol�1) was from Perkin-El-
mer Life Sciences (Boston, MA). Phosphothioated iNOS and random
sequence control antisense oligodeoxynucleotides were from Biognostik
(Göttingen, Germany). Culture solutions and antibiotics were from Gib-
coBRL Life Technologies Inc (Paisley, UK). All other bench chemicals
were purchased from Sigma–Aldrich (Dorset, UK).

Culture of lung explants and A549 cells. Lung explants from gestation
(G) day 13 or 14 Sprague–Dawley rat fetuses were cultured as previously
described [10] in a humidified atmosphere containing 5% CO2 and 21% O2.
Digital images were captured at the start and end of each experiment using
a Leica DC 300F digital camera mounted on a MZ FLIII binocular
microscope under identical magnification settings (Leica Camera Ltd,
Milton Keynes, UK). Human lung ATII-like adenocarcinoma A549 cells
and human embryonic lung fibroblast HEL12469 cells were maintained in
filter-capped Cellstar 75 cm2 flasks (Greiner Bio-one, Frickhausen, Ger-
many) in DMEM supplemented with 10% fetal calf serum and 100 U ml�1

penicillin/streptomycin. Cultures were routinely passaged within 90%
confluence.

Reporter genes. A surfactant protein-C promoter-driven reporter gene
was constructed by cloning a HindIII fragment containing 3.7 kb of the
human surfactant protein-C promoter from pUC3.7hSP-C (kindly pro-
vided by J. Whitsett, Children’s Hospital, Cincinatti) into the corre-
sponding restriction site upstream of pd2EGFP (Clontech). The resulting
vector (p3.7SP-C-d2EGFP) contained the SP-C promoter upstream of a
gene encoding a destabilized variant of green fluorescent protein
(d2EGFP, t1/2 = 2 h). Transfection of A549 cells and explants was per-
formed using Lipofectamine 2000 (Invitrogen, Paisley, UK). The devel-
opment of fluorescence over time was determined in A549 cells by direct
measurement using a Fluostar Optima fluorescent plate reader (BMG
Labtek, Aylesbury, UK). In transfected explants, the distribution and
intensity of fluorescence in explants was determined using a Leica MZ
FLIII fluorescent binocular microscope equipped with GFP resolving fil-
ters. Identical magnification, contrast, and gain settings were maintained
throughout. The procedure for iNOS knockdown using phosphorothio-
ated antisense oligodeoxynucleotides (ODN) was as previously described
[21]

TGFb bioactivity was determined using the 3TP-Lux luciferase vector
(kindly provided by J. Massague, Howard Hughes Medical Institute,
Memorial Sloan-Kettering Cancer Center, New York) transfected into
HEL12469 cells. Results were referenced against the Renilla luciferase
vector (pRL, Promega).

Morphometry and immunohistochemistry. Airway surface complexity
[ASC; perimeter (mm)/

p
area (mm2)] was determined from digital

images using Scion Image 4.0.2 software (Scion Corporation, Frederick,
MD) [10]. Change in the surface area fraction of the major structural
features of the lungs (epithelium, mesenchyme, and airway space) was
determined from haematoxylin and eosin, stained histochemical sections
as before [10]. Immunohistochemistry was performed on filter-attached
explants fixed for 30 min in a solution of PBS containing 10% formalin
(pH 7.2). After sectioning, antigen retrieval, and blocking, sections were
probed overnight with the appropriate primary antibody at 1:50
dilution. Negative controls were conducted using BSA alone. Immu-
nodetection was performed on TBS-washed immuno-reacted sections
using either anti-IgG-FITC or anti-IgG-DAB-conjugated secondary
antibodies at 1:200 dilution. Images were obtained using a Zeiss Axi-
oscope confocal microscope (Zeiss, Herts, UK). The contrast properties
were optimized for each section and then referenced against the retro-
spective negative control image using identical camera and microscope
settings.

Bromodeoxyuridine (BrdU) labelling. The distribution of mitotic cell
activity was determined by following the incorporation of BrdU using a
fluorescent In Situ Cell Proliferation Kit (Roche Diagnostics GmbH,
Mannheim, Germany). Briefly, 10 lM BrdU was added to the medium in
contact with explants and was incorporated for 24 h under various
treatment regimen. At the end of this period, explants were processed as
described for Immunohistochemistry and BrdU incorporation into nuclei
was resolved using an anti-BrdU-FLUOS monoclonal antibody. Fluo-
rescent and bright field images from each section were obtained using a
Zeiss LSM-510 confocal microscope.

Determination of apoptosis. Apoptosis was determined in lysed
explants using an oligonucleosome detection ELISA as before [10].

Nitrite production, iNOS activity, and DAF-FM fluorescence. Nitrite
accumulation and iNOS activity assays were determined using the Griess
assay and by following the rate of [14C]arginine conversion to citrulline
were as described before [21]. NO production in intact explants was
examined using the NO-sensitive fluorescent dye, DAF-FM. 10 lM DAF-
FM was added to the medium beneath the explant and the culture dish
was returned to the darkened culture chamber for 1 h. Explants were then
washed free of unincorporated dye and then treated as indicated. Images
were obtained using the Leica MZ FLIII fluorescent binocular microscope
with dye excitation at 488 nm and emitted light detected at 535 nm. The
use of this dye to detect NO production in living tissue has been validated
by us previously [21].

Western blotting. Cytoplasmic and nuclear fractions were extracted
from explants using a Nuclear Extract Kit (Active Motif, Rixensart,
Belgium) according to the manufacturer’s instructions. Total protein
content of these fractions was determined using the Bio-Rad protein assay
(Bio-Rad) and equal quantities of protein were loaded in each lane. Even
transfer of proteins onto nitrocellulose was confirmed by staining with
Ponceau S. Immunodetection of blotted proteins was as described by us
previously [10,21].

TGFb1 ELISA. Release of TGFb1 from lysed explant samples was
determined using an R&D Systems (Abingdon, UK) ELISA for mouse/
rat/porcine TGFb1. Briefly, explants were lysed by sonicating in lysis
buffer containing protease inhibitor cocktail (Roche Diagnostics, East
Sussex, UK) and, after activation, duplicate samples were added to a
microplate pre-coated with TGFb1 monoclonal antibody. The optical
density was determined at 450 nm, with wavelength correction at 550 nm
using a Dynatech Laboratories (Guernsey, UK) MRX microplate reader.
TGFb1 concentrations were calculated from a standard curve and
equalized for protein content.
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Data handling and statistics. Data are presented as means ± standard
error (SEM) with the number of independent repetitions provided in the
legend to each figure. Statistical analysis was assessed relative to control
groups using one-way analysis of variance with the level of significance
determined using the post hoc Tukey’s honestly significant difference.

Results

Effect of LPS upon airway branching

G14 Fetal rat lung explants were exposed to a range of
LPS concentrations (0.5–50 lg ml�1) for 96 h. Untreated
explants atrophied severely over this time and developed
large peripheral epithelium-lined fluid-filled structures
A

C

Fig. 1. Effect of LPS on fetal rat lung explant morphology. (A) Representativ
cultured for 96 h at the indicated LPS concentrations. Images are space-filled t
explant mass where no airway structures were evident. H&E-stained sections re
in explants exposed to each treatment. Bar = 100 lm (section at 100· magnifi
50 lg ml�1) on airway surface complexity (ASC 0–96 h). ASC was calculated as
and ***p < 0.001 vs control, +++p < 0.001 vs 2 lg ml�1 LPS). (C) Effect of
mesenchyme, epithelium or airway space. The same surface area proportions fr
values only are shown for clarity (N = 9. *P < 0.05, **P < 0.01, and ***P < 0.00
Histogram shows oligonucleosome release after 96 h exposure of explants t
controls).
(Fig. 1A). ASC rose by �1.5-fold over the 96 h period
reflecting an overall increase in the gross mass of the
explant but there was no observable increase in airway
branching (Fig. 1B). By comparison, low concentrations
of LPS (0.5 and 2 lg ml�1) evoked a �2-fold change in
ASC with dichotomous airway branching penetrating to
the explant periphery (Figs. 1A and B). Higher concentra-
tions of LPS (10 and 50 lg ml�1) abolished airway branch-
ing and resulted in an amorphous, solid tissue mass (Figs.
1A and B).

The proportion of surface area occupied by airway
space, epithelium, and mesenchyme was determined from
fixed sections of the same experimental set of explants.
D

B

e images showing the extent of airway bifurcation in intact G14 explants
racings of the airway perimeter; grey silhouettes represent outline of solid
veal the distribution of airway epithelium, mesenchyme, and airway space

cation) and 25 lm (section at 400· magnification). (B) Effect of LPS (0.5–
airway perimeter (mm)/

p
airway area (mm2) (N = 9, *p < 0.05, **p < 0.01,

LPS upon the percentage of explant section surface area occupied by
om sections of native G14 and G18 lungs are shown for comparison. Mean
1 vs respective untreated group). (D) Effect of LPS upon explant apoptosis.
o LPS at the concentrations indicated (N = 7. ***p < 0.001 vs untreated



C. Rae et al. / Biochemical and Biophysical Research Communications 349 (2006) 416–425 419
For comparison, these data are shown with the same sur-
face area proportions calculated from sections of native
lung tissue from G14 and G18 fetuses (Fig. 1C). Epithelial
surface area fraction increased significantly (P < 0.01) fol-
lowing exposure to 2 lg ml�1 LPS relative to untreated
explants, whereas 10 lg ml�1 LPS evoked significant mes-
enchyme thickening and epithelial atrophy. LPS
(50 lg ml�1) abolished all recognizable airway structures
and induced mesenchyme proliferation coupled with wide-
spread apoptosis (Fig. 1D).
LPS induction of NO synthesis

LPS (2 lg ml�1) (optimal concentration for airway
growth, Fig. 1A) induced iNOS protein expression, activi-
ty, and NO release within 24 h (Figs. 2A and B). NO pro-
duction in intact explants was visualized using the NO
fluorescent dye, DAF-FM (Fig. 2C). Fluorescence was
present only in the proximal airway region in control
explants, however, LPS raised the level of fluorescence in
the distal airways and around the growth region of the ter-
A

C

B

Fig. 2. Effect of LPS on iNOS activity and NO production release from fetal ra
(n = 4, ***P < 0.001 vs 0LPS)]. (B) Timecourse of LPS (2 lg ml�1) induced iN
nitrite release (lower histogram) (N = 4, *p < 0.05, **p < 0.01, ***p < 0.001 vs

DAF-FM fluorescence) in living explants exposed to LPS (2 lg ml�1) and
independent experiments. White arrow indicates proximal and distal region
production by L-NIL (N = 8. ***p < 0.001 vs untreated control, +++p < 0.001
minal airway bud (arrows). The iNOS specific inhibitor, L-
NIL, abolished both DAF-FM fluorescence and nitrite
production induced by LPS.
LPS-evoked NO production induces airway branching and

epithelial cell maturation

To determine if NO synthesis was necessary for the rise
in ASC induced by endotoxin-induced inflammation, the
effect of L-NIL was examined on LPS-induced morpholog-
ical events. L-NIL abolished airway branching induced by
2 lg ml�1 LPS and lowered both ASC and the epithelial
surface area fraction (Fig. 3A). Proliferation of epithelial
and mesenchyme tissue, measured by BrdU uptake, was
widespread in LPS-treated explants, but abolished by
L-NIL (Fig. 3B).

The effect of these treatments on epithelial function was
determined by following the expression and distribution of
surfactant protein C (SP-C). In ATII-like A549 cells,
0.5 lg ml�1 LPS was sufficient to evoke a maximal rate
of pSP-C3.7d2EGFP reporter gene expression which was
t lung explants. (A) Effect of LPS upon nitrite production [by Greiss assay
OS protein expression (upper blot), iNOS activity (upper histogram), and
untreated controls). (C) Visualization of NO production (as spontaneous

the iNOS inhibitor, L-NIL (100 lM). Images representative of three
s of fluorescence. Bar = 250lm. Histogram shows the inhibition of NO
vs 2 lg ml�1 LPS, and +p < 0.05 vs 10 lg ml�1 LPS).
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Fig. 3. Effect of L-NIL on LPS-induced explant morphology. (A) Representative images showing the extent of airway branching over time on exposure to
0 or 2 lg ml�1 LPS ± 100 lM L-NIL of G13 explants. Images are space-filled tracings of the airway perimeter. Histograms show the quantitated effects of
this treatment upon ASC (0–96 h) and epithelial surface area fraction at 96 h (N = 6, *p < 0.05 and ***p < 0.001 vs untreated control, +p < 0.05 and
+++<0.001 vs 2 lg ml�1 LPS). (B) Representative images (N = 4) showing the distribution of mitotic cell division in LPS and L-NIL treated explants.
Explants were labelled with FITC-conjugated bromodeoxyuridine (BrdU) and then sectioned for microscopy. Upper panels, FITC fluorescence; lower
panels, merged bright field image. BrdU incorporation in these images appears as black staining.
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sustained at higher LPS concentrations (Fig. 4A). iNOS
was the chief source of NO production as antisense knock-
down of iNOS or L-NIL treatment abolished reporter gene
expression (Fig. 4B). In fetal rat lung explants, 2 lg ml�1

LPS significantly raised SPC-promoted GFP expression
within 24 h of treatment; this effect was abolished by
L-NIL. Epithelial SP-C protein expression in explants
was similarly induced by LPS and inhibited by L-NIL
(Figs. 4C–E).

LPS-evoked TGFb pathway activation and repression of NO

production

TGFb suppresses iNOS function and is crucial for nor-
mal lung morphogenesis. The expression and distribution
of TGFb receptors (TbR) I-III in explants was not altered
by LPS treatment (data not shown). However, 2 lg ml�1

LPS induced a time-dependent increase in SMAD4 nuclear
abundance and TGFb1 expression (Fig. 5A) which reached
statistical significance at 96h (P < 0.05, n = 4). Note that
2 lg ml�1 LPS was sufficient to induce SMAD4 nuclear
translocation to its maximal extent (c.f. 100 ng ml�1 recom-
binant TGFb1 (Fig. 5B)).

LPS-dependent TGFb1 signalling was assessed using the
p3TP-Lux reporter gene transfected into human embryonic
lung fibroblasts and compared to SMAD4 nuclear translo-
cation in fetal rat lung explants treated in parallel
(Fig. 5C). LPS induced a 2-fold increase in 3TP-Lux
reporter gene activity which was unaffected by L-NIL or
the NO-donor adduct, DETA-NO. LPS induced SMAD4
nuclear translocation in explants was similarly insensitive
to iNOS inhibition and exogenous NO.

TGFb1 antagonizes NO-mediated morphogenesis in explants

To determine if the morphogenic effect of endogenous
NO was altered by TGFb1, we used an antibody derived
against this growth factor to block its receptor interaction.
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Fig. 4. Effect of LPS and L-NIL upon epithelial surfactant protein-C promoter activity and protein expression. (A) pSP-C3.7d2EGFP reporter gene
activity in A549 cells treated with LPS (0.5–50 lg ml�1) for 24 h in the absence or presence of L-NIL (100 lM), (N = 6). (B) pSP-C3.7d2EGFP reporter
gene activity in A549 cells treated as for (A) with either random sequence control oligodeoxynucleotides (ODN) or iNOS antisense ODN (1 lM) 2 lg ml�1

LPS ± antisense oligonucleotides (control or iNOS) or L-NIL (100 lM), (N = 6, *P < 0.05 vs control). (C) pSP-C3.7d2EGFP reporter gene in living
explants treated as in (A). Each representative image (N = 4) shows the same explant photographed at 24 and 48 h of culture. (D) SP-C protein expression
(black arrow) in explant airway epithelium. Explants were treated as in (A) for 48 h then processed for immunohistochemistry (N = 3). (E) Pro-SP-C
protein expression in protein lysates from fetal rat lung explants treated as in (A). A549 protein lysate was used as a positive control (N = 3).
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Fig. 6A shows anti-IgG TGFb1 abolished the LPS-induced
rise in SMAD4 nuclear translocation in explants (blot
above histogram) and also 3TP-lux activity in human lung
fibroblasts; non-immune IgG had no effect. Treatment of
LPS-exposed explants with recombinant TGFb1 protein
abolished iNOS protein expression, activity, and nitrite
release, and inhibited the LPS-induced rise in airway sur-
face complexity (Fig. 6B). Blockade of TGFb1 signalling
using anti-TGFb1 IgG, however, did not augment the
intensity of airway branching beyond the level observed
with non-immune IgG.

Discussion

We have demonstrated that LPS sustains airway mor-
phogenesis and epithelial determination (inferred from
the expression of SPC) in fetal rat lung explants cultured
under conditions which cause near total atrophy of lung
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Fig. 5. Effect of LPS upon TGFb receptor signalling in fetal rat lung explants. (A) Nuclear SMAD4 (nSMAD4) increases from 24 to 96 h following
addition of 2 lg ml�1 LPS (N = 3). Graph on the right of the panel shows the parallel change in TGFb1 release into the culture media over 96 h in
response to 0 (filled circles), 2 (grey circles), and 10 (open circles) lg ml�1 LPS (N = 5, *P < 0.05 vs 24 h point). (B) LPS (2 lg ml�1) maximally induces
nSMAD4 (representative of N = 3 independent experiments). (C) Effect of LPS, L-NIL, and the NO donor adduct, DETA-NO, upon fetal rat lung
explant nSMAD4 abundance (upper blot) and human embryonic lung fibroblast 3TP-Lux reporter gene expression (histogram) (N = 4, *P < 0.05 vs

control). Inset, titration of reporter gene activity in fibroblasts exposed for 6 h to 0.01 fi 100 ng ml�1 recombinant TGFb1 (N = 4).
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structure. This effect involved iNOS-dependent NO pro-
duction from non-immune cells of the lung and was
antagonized by the later expression of TGFb1. Although
the explant culture model is inevitably removed from the
lung in vivo, these data demonstrate that an inflammato-
ry stimulus directed at the epithelial and mesenchymal
tissues of the lung potently modulates the growth process
of the lung to favour airway elongation and division.
Previous studies have demonstrated a similar effect using
long half-life NO donor compounds (e,g., DETA-NO:
(Z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]-dia-
zen-1-ium-1,2-diolate NO) and broad-spectrum NOS
inhibitors have been shown to inhibit spontaneous air-
way growth in explants [17,18]. Here, we demonstrate
that endogenous sources of NO synthesis are sufficient
to promote airway branching and epithelial cell function-
al determination. Both of these effects were blocked by
the specific iNOS inhibitor, L-NIL, and in the case of
SP-C, were further specified to iNOS using antisense oli-
gonucleotides. INOS is present in the proximal lung epi-
thelium throughout gestation but only accounts for a
significant proportion of the total NOS activity during
the near-to-term canalicular and saccular stages of lung
development [11]. This does not exclude the possibility
that iNOS-generated NO may participate in localized
trophic developmental signalling. Moreover, our results
illustrate the potential for iNOS activation from the early
pseudoglandular stage of lung development.
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Fig. 6. TGFb1 antagonizes LPS-induced NO synthesis and airway morphogenesis. (A) Anti-IgG TGFb1 inhibits LPS-induced SMAD4 nuclear
translocation in explants (upper blot) and 3TP lux reporter gene activity in human embryonic lung fibroblasts (N = 4, *P < 0.05 relative to control). (B)
LPS-induced iNOS protein expression, activity, nitrite release, and airway branching morphogenesis are inhibited by recombinant TGFb1 (100 ng ml�1).
However, blockade of SMAD4 nuclear translocation using Anti-TGFb1 IgG (1 lg ml�1) does not augment LPS-induced airway branching beyond the
level observed with non-immune IgG (1 lg ml�1). Space-filled images show airway dimensions for each treatment with the corresponding change in airway
surface complexity (ASC) for each of the treatments given in the histogram below, for iNOS activity and nitrite release histograms (N = 11; **P < 0.01
relative to control, +P < 0.05 relative to LPS treatment, ***P < 0.001 relative to LPS treatment, and +++P < 0.01 relative to LPS treatment. ND, not
detected) and n = 3 for ASC measurements (*P < 0.05 relative to explants treated with non-immune IgG).
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As well as conserving branching morphogenesis, our
results show that the surface area fraction of differentiated
epithelium was elevated by low concentrations of LPS and,
after 96 h of culture, approximated the value observed at
day 18 of gestation in native lung tissue; this is, again,
indicative of a maturational effect. The production of pul-
monary surfactant by alveolar epithelial cells is essential to
maintain alveolar stability and normal lung function and
its deficiency as a result of premature birth is directly linked
to the development of neonatal respiratory distress syn-
drome [22]. Surfactant-associated proteins (SP-A, SP-B,
SP-C, and SP-D) play a role in host defence and inflamma-
tion as well as influencing the surface tension-reducing
properties [23]. SP-C is a commonly used marker of type
II alveolar epithelial differentiation [24], and we demon-
strated that both SP-C promoter activity and protein
expression were induced by endotoxin. Endotoxin-induced
increases in epithelial surface area, SP-C promoter activity,
and SP-C protein expression were all abrogated by iNOS
inhibition.

How NO might promote coordinated lung morphogen-
esis is unknown but likely targets include regulators of cell
growth, apoptosis, trophic signals, and other inflammatory
cytokines [25]. Lung morphogenesis requires reciprocal sig-
nalling interactions between the epithelium and the
surrounding mesenchyme. These mesenchymal–epithelial
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interactions are associated with changes in mesenchymal
and epithelial cell proliferation and lung growth as well
as associated regional changes in apoptosis. Recent studies
have identified bone morphogenetic protein-4 (BMP-4) as
one important morphogenic gene whose expression is
induced by exogenous NO [17]. BMP-4 plays a critical role
in proximal-distal cell differentiation and regulates epitheli-
al cell proliferation along the axis of airway growth. Nota-
bly, its expression is confined to the distal growing regions
of the airway, areas we have found which abundantly
express iNOS protein, and is dynamically regulated with
several other morphogenic genes (fibroblast growth factors
9 and 10, noggin, and sonic hedgehog) as a key element of
the stereotypical airway branching process [26–29].

LPS concentrations greater than 10 lg ml�1 abolished
the NO-dependent morphogenic effect. Under oxidizing
conditions, NO reacts with the superoxide radical to form
peroxynitrite (�OONO) which can activate a variety of
pro-inflammatory signalling pathways [30], inhibit the lung
development process [18], and cause acute lung injury
[31,32]. However, we found that iNOS activity was sup-
pressed after 96 h of exposure to 2 lg ml�1 LPS and that
nitrite production at 10 lg ml�1 was approximately half
of that produced at 2 lg ml�1 LPS. We, therefore, hypoth-
esized that a negative feedback mechanism was in place
which functioned to protect against the detrimental effects
of �OONO in the developing lung.

TGFb1 has been shown to act as a potent suppressor of
endotoxin-induced NO production [33,34] through a mech-
anism which involves Elk-3 repression of iNOS mRNA
synthesis [35]. The signal transduction pathway activated
by TGFb can involve several SMAD proteins whose inter-
action with the common effector, SMAD4, results in nucle-
ar translocation and the modulation of target gene
expression [36]. Fine tuning of this signal transduction
pathway can occur by interaction with inhibitory SMAD6
or other growth factor pathways such as IGF2 and FGF8
[37]. We, therefore, examined SMAD4 nuclear transloca-
tion in explants as an indicator of TGFb1 signalling and
compared this effect with 3TP-Lux reporter gene expres-
sion in cultured fibroblasts. We found that TGFb1 protein
expression, nSMAD4 abundance, and reporter gene
expression were induced by 2 lg ml�1 LPS but that, in
explants, this was temporally separated from NO induc-
tion. Thus, nitrite production and iNOS expression/activity
were significantly elevated within 6 h of LPS treatment
whereas TGFb1 expression and nSMAD4 abundance were
not induced until 96 h.

TGFb regulates many processes including cellular pro-
liferation and differentiation, inflammation, and wound
repair [38]. In the fetal lung, TGFb overexpression inhibits
vascular development, arrests surfactant protein expres-
sion, and induces epithelial–mesenchymal transition [39–
42]. In our experiments, recombinant TGFb1 abolished
the branching effect induced by low concentrations of
LPS and also inhibited iNOS expression, activity, and
nitrite release at the 96h time point. Inhibition of endoge-
nous TGFb1 production and signalling to SMAD4 using
anti-IgG TGFb1 antibody did not further augment the
LPS-induced airway bifurcation, suggesting that the mor-
phogenic effect was maximal under these conditions.
Although it has been suggested that NO production may
augment TGFb activity [43], we found that endotoxin-in-
duced SMAD4 nuclear translocation was unaffected by
iNOS inhibition and DETA-NO, suggesting that an alter-
native acute inflammatory response phase signal is opera-
tive in the regulation of TGFb expression (TNFa, for
example [44]).

In conclusion, we have shown that endotoxin-evoked
release of nitric oxide is involved in branching morphogen-
esis and lung maturation ex vivo. Activation of the TGFb
pathway by endotoxin, on the other hand, occurs indepen-
dently of nitric oxide release and serves to maintain NO
within a permissive range for fetal lung development.
Although it is apparent that a number of growth factors
are involved in fetal lung development, our data suggest
that feedback regulation between NO- and TGFb path-
ways plays a role in mesenchymal–epithelial interactions
in the developing lung.
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