
ORIGINAL PAPER

Heterogeneous response of nasal and lung fibroblasts to transforming
growth factor-b1

M. Nonaka, R. Pawankar, A. Fukumoto and T. Yagi
Department of Otorhinolaryngology, Nippon Medical School, Tokyo, Japan

Clinical and
Experimental

Allergy

Correspondence:
Manabu Nonaka, Department of
Otorhinolaryngology, Nippon Medical
School, 1-1-5 Sendagi, Bunkyo-ku,
Tokyo 113-8603, Japan.
E-mail: nonaka@nms.ac.jp

Summary

Background Nasal polyposis is characterized by marked oedema, sparse extracellular matrix
(ECM) and proliferating blood vessels. Pulmonary fibrosis is characterized by inflammatory
cells accumulation, considerable ECM deposition and vascular abnormalities. Although lung
fibrosis is not only and necessarily an inflammatory disorder, we hypothesized that the
difference between nasal polyposis and pulmonary fibrosis may, in part, be due to the
heterogeneity between nasal and lung fibroblasts. Fibroblasts participate in the inflammatory
response by releasing ECM proteins and cytokines. TGF-b is thought to participate in chronic
inflammation and fibrosis. Myofibroblasts are the activated form of fibroblasts. A phenotypic
hallmark of myofibroblasts is the expression of smooth muscle a-actin (SMA).
Objective We examined whether there is any heterogeneity between nasal and lung fibroblasts
upon stimulation with TGF-b1 with regard to the synthesis of SMA, pro-collagen type I and
vascular endothelial growth factor (VEGF) as well as translocation of Smad proteins.
Methods Fibroblasts lines were established from human biopsy tissue. The expression of SMA,
pro-collagen type I, VEGF mRNA was evaluated by reverse transciptase RT-PCR. The amount
of pro-collagen type I and VEGF was measured by ELISA. By immunocytochemistry, we
analysed the expression of SMA and Smad2, 3, 4 in cultured fibroblasts.
Results TGF-b1 induced SMA and pro-collagen type I synthesis in lung, but not in nasal
fibroblasts. By contrast, TGF-b1 induced VEGF synthesis in both lung and nasal fibroblasts.
After stimulation with TGF-b1, Smad2, 3, 4 were translocated from the cytoplasm to the
nucleus in lung fibroblasts, whereas only Smad3 was translocated in nasal fibroblasts.
Conclusion These results establish the heterogeneous responsiveness of fibroblast populations
in the airways to TGF-b1 and that such a heterogeneity may contribute, at least in part, to the
different pathological outcomes of inflammation in the upper and lower airways.
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Introduction

Nasal polyposis is characterized by marked oedema,
sparse extracellular matrix (ECM) and proliferating blood
vessels [1]. Pulmonary fibrosis is characterized by inflam-
matory cell accumulation, considerable ECM deposition
and vascular abnormalities [2]. Although lung fibrosis is
not only and necessarily an inflammatory disorder, it is
well known that fibroblasts are the main source of ECM
proteins such as collagens, thus contributing to the
fibrotic process. Tissue-specific heterogeneity in fibro-
blasts function or disease-specific heterogeneity with
respect to proliferative features and cytokines expression

has already been described [3–5]. However, the differences
within the same tissue appear to be less dramatic than
those between tissues [3–5]. TGF-b is a 25 kDa homodi-
meric or heterodimeric protein that can mediate a broad
spectrum of biological activities [6]. TGF-b was initially
recognized by its ability to transform normal rat fibro-
blasts into myofibroblasts in vitro [7]. It has been subse-
quently shown that this factor induces fibroblast smooth
muscle a-actin (SMA) expression, and enhances fibroblast
pro-collagen type I production [8, 9]. The study on the
intracellular signal transduction system of TGF-b has
progressed and an important role of the Smad family was
revealed [10]. Recently, the importance of Smad proteins
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in SMA expression in fibroblasts has been clarified [11].
There is no doubt that TGF-b has an important role in the
development of chronic inflammation and fibrosis. In
addition, it has recently been shown that fibroblasts and
other tissue structural cells can also produce a variety of
cytokines such as vascular endothelial growth factor
(VEGF), suggesting a role for these cells as a secondary
source of mediators in the amplification of the inflamma-
tory response. VEGF is a new family of secreted growth
factors capable of directly stimulating endothelial cells
proliferation [12]. Members of this family have been
referred to as angiogenic factor, VEGF, and vascular
permeability factor [13], but molecular cloning has shown
that all derive from the same gene [12, 13]. It was recently
reported that VEGF is expressed in inflamed tissue in the
airways, where it is thought to be produced by structural
cells such as fibroblasts and epithelial cells, and activated
macrophages upon stimulation by TGF-b [14–17]. VEGF
production by fibroblasts may play an important role in
the vascular changes, one of the features of airway
remodelling. Therefore, the present study was designed to
compare the effects of TGF-b on primary fibroblast lines
derived from nasal tissue (upper airway) and lung tissue
(lower airway).

Materials and methods

Cells sources and culture

Primary fibroblasts lines were established from human
biopsied tissue and characterized as previously described
[4, 18]. Nasal polyp fibroblasts lines were derived from
seven patients with chronic rhinosinusitis with nasal
polyps (four males and three females aged 59.4� 11.9
years (mean� SEM)) who underwent polypectomy. Nor-
mal nasal fibroblasts lines were established from the
uncinate process of six patients (three males and three
females aged 50.2� 18.3 years (mean� SEM)) who
underwent surgery for a blowout fracture. Nasal fibroblast
lines were used between the fourth and ninth passages.
Normal lung fibroblasts lines were derived from normal
areas of surgically excised lung specimens from six
patients (two males and four females aged 60.3� 12.3
years (mean� SEM)) undergoing resective surgery for
lung cancer. Fibrotic lung fibroblasts lines were estab-
lished from histologically proven fibrotic lung tissue of
six patients (four males and two females aged 62.3� 10.8
years (mean� SEM)) with active interstitial lung disease
and lung cancer. Lung fibroblast lines were used between
the fourth and 10th passages. All specimens were taken
from patients who had not received any inhaled or
systemic steroids, chemotherapy or irradiation. All sub-
jects had given written informed consent, and the study
protocol was approved by the Ethical Committee of
Nippon Medical School Hospital.

Before reverse transciptase RT-PCR, fibroblasts
(2�106 cells) were plated in 100 mm culture dishes (Corn-
ing, NY, USA). Before pro-collagen type I and VEGF
assays, fibroblasts (1�105 cells) were plated in 24-well
tissue culture plates (Becton Dickinson, Franklin Lakes,
NJ, USA). Plated fibroblasts were allowed to grow to sub-
confluence in regular growth medium (RGM; Dulbecco’s
modified Eagle medium containing L-glutamine, 100 U/
mL penicillin, 100 mg/mL streptomycin, 2.5 mg/mL am-
photericin B) containing 10% foetal bovine serum (FBS).
Twenty-four hours before the experiments, the FBS con-
centration was reduced to 0.4%. This concentration of FBS
was used for the rest of the experiments. At specified time
points, cells were harvested to extract RNA, and the
supernatant was collected and centrifuged for the pro-
collagen type I and VEGF protein assays.

Analysis of vascular endothelial growth factor, smooth
muscle a-actin and pro-collagen type I messenger
ribonucleic acid expression by reverse transcription
polymerase chain reaction

Specific sense (forward) and antisense (reverse) primers
for SMA, pro-collagen type I and VEGF were constructed
according to the published sequences. Sequence of the
PCR primers for SMA were sense 50 CCACCCTGCTCACG
GAGGCAC 30 and antisense 50 CATAGTGGTGCCCCCTGA
TAG 30 (product size 611 bp) (NM001613); for pro-collagen
were sense 50 GTCTTCCTGGCCCCTCTGGTG 30 and anti-
sense 50 GCGGGACCAGCAGGACCAGTC 30 (product size
303 bp) (NM_000088); for VEGF were sense 50 CACATAG
GAGAGATGAGCTTC 30 and antisense 50 CCGCCTCGGCTT
GTCACAT 30 (product size 228 bp) (m32977). At specified
time points, cells were collected to extract RNA. Total RNA
was extracted from fibroblasts cultured with or without
TGF-b1 at various doses, and reverse transcribed as pre-
viously described [19]. SMA, pro-collagen type I and
VEGF gene segments from the resultant cDNA samples
were PCR amplified in the presence of specific sense and
antisense primers (1 mM each), 200 mM dNTP, 0.5 U/mL
Ampi Taq (Cetus Corp., Emeryville, CA, USA), 1 U Perfect
Match (Stratagene, La Jolla, CA, USA) and PCR buffer (2.5
mM MgCl2, 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 0.001%
gelatin) in a final reaction volume of 20 mL. PCR was
performed for 30 cycles, each cycle including denatura-
tion (94 1C, 1 min), annealing (60 1C, 2 min) and extension
(72 1C, 3 min) and a final incubation (72 1C, 10 min) after
the last cycle [20]. b-Actin cDNA was amplified as the
internal control [20] and cDNA was substituted with
distilled water (DW) as the negative control. PCR products
were electrophoresed onto 2% agarose gels containing
ethidium bromide, and blotted onto nylon membranes;
the DNA fragments were detected using an alkaline
phosphatase-labelled anti-digoxigenin antibody and
visualized using the chemiluminiscent substrate AMPPD,
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as previously described [20]. PCR products were semi-
quantified relative to b-actin, the housekeeping gene, by
densitometry using the Masterscan, Scanalytics (Fairfax,
VA, USA).

Pro-collagen type I and vascular endothelial growth factor
assay

The levels of pro-collagen type I and VEGF in the cultured
supernatants were measured by enzyme immuno assay
(EIA) (Takara Biomedicals, Tokyo, Japan) and ELISA (R&D
Systems, Minneapolis, MN, USA), respectively. The sensi-
tivity of these commercially available kits for pro-col-
lagen type I and VEGF was 10 ng/mL and 5.0 pg/mL,
respectively. The amounts of pro-collagen type I and
VEGF are expressed in nanograms per 1�106 cells recov-
ered at the end of the culture period.

Effect of transforming growth factor b1 on smooth muscle
a-actin expression in cultured airway fibroblasts

We designed the following experiment to look at the long-
term effect of TGF-b1 on the phenotypic change of
fibroblasts. Fibroblasts were plated in four-well Lab-Tek
chamber slides (Nunc Inc., IL, USA) in RGM containing
10% FBS, at a density of 4500 cells/cm2. This was referred
to as day 2. Twenty-four hours later (day 1), the FBS
concentration was reduced to 0.4% in order to decrease
the proliferating rate of fibroblasts, this concentration of
FBS was used for the rest of the experiments. Twenty-four
hours later (day 0), the medium was replaced by medium
containing TGF-b1 (Genzyme Co., Cambridge, MA, USA)
at 8, 40, 200, 1000 pg/mL or diluent only (0 pg/mL TGF-
b1). At the end of day 6, the medium was discarded, cells
were rinsed with PBS and the slides were fixed in PLP for
10 min and then washed in a solution of 15% sucrose in
phosphate buffer (0.1 M, pH 7.4) for 10 min. After air-
drying, the slides were stored at � 70 1C until immunocy-
tochemistry was carried out.

Immunocytochemistry for smooth muscle a-actin

Immunocytochemistry for SMA was performed as follows.
To enhance permeability and block non-specific reactions,
the slides were rinsed in Dulbecco’s phosphate-buffered
saline (DPBS) (Invitrogen Corp., Carlsbad, CA, USA) sup-
plemented with 0.01 M HEPES buffer and 0.01% saponin
(Sigma-Aldrich Co., St Louis, MO, USA) (DPBS [H1S]) for
10 min at room temperature (RT). To block non-specific
binding, slides were pre-incubated in DPBS (H1S) con-
taining 75% heat-inactivated human AB sera for 1 h and
then in the same buffer with 25% heat-inactivated normal
rabbit serum (Sigma) for 30 min at RT. Mouse monoclonal
anti-human SMA (Sigma) was diluted in DPBS (H1S),
containing 1% BSA at a concentration of 2 mg/mL. Briefly,

after rinsing with DPBS (H1S), the slides were incubated
overnight at 4 1C with the monoclonal antibody and
washed in the same buffer. Labelling of the mono-
clonal antibody was detected by the alkaline phosphate
anti-alkaline phosphatase method (APAAP Kit, Dako,
Carpinteria, CA, USA) following the manufacturer’s in-
structions. For counterstaining, Mayer’s haematoxylin
solution (Sigma) was used, and specific controls were
included in each staining run. Mouse Ig G2a (Zymed
Laboratories Inc., San Francisco, CA, USA) was used as
the negative control.

Morphometric assessment of smooth muscle a-actin
immunoreactivity

The specimens were counted blindly by one person
who was familiar with immunocytochemistry. Those cells
that did not show any staining at all were considered
negative, whereas those that showed even a minimal
positive immunoreactivity were considered positive. Ten
randomly selected fields on each slide were examined
under a light microscope with an eyepiece graticule
(0.25 mm2) and the number of positive cells in each area
as well as the total number of cells in the same area
was counted at � 200 magnification. The percentage of
positive cells was calculated out of the total number
of cells in each area and the average of 10 such areas was
expressed as the percentage positive SMA cells (results are
shown in Fig. 2). The within-observer coefficient for
repeated counts was o5%.

Smad translocation in response to transforming growth
factor b1

Fibroblasts were plated in four-well Lab-Tek chamber
slides in RGM containing 10% FBS at a density of
9000 cells/cm2. Twenty-four hours later, the FBS concen-
tration was reduced to 0.4%. Twenty-four hours later, the
medium was replaced by medium containing 1 ng/mL
TGF-b1 or diluent only (0 pg/mL TGF-b1). After incuba-
tion for 1 h, the slides were fixed in PLP for 10 min and
then washed in a solution of 15% sucrose in phosphate
buffer (0.1 M, pH 7.4) for 10 min. After air-drying, the
slides were stored at � 70 1C until the immunocytochem-
istry was carried out. Immunolocalization experiments
were repeated three times.

Immunocytochemistry for Smads

Immunocytochemistry for Smads was performed as fol-
lows. The streptavidin–biotin system (Nichirei Inc., Tokyo,
Japan) was used. Slides were rinsed twice in 0.1% TRIS
buffer solution supplemented with 0.01% saponin
(TRIS1) for 5 min at RT. To block endogeneous peroxi-
dase, slides were pre-incubated for 15 min in 3% H2O2.
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Subsequently, they were incubated with goat polyclonal
anti-human Smad2 (sc-6200) at a 1 : 100 dilution, Smad3
(sc-6202) at a 1 : 100 dilution or Smad4 (sc-1909) (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) at a 1 : 100
dilution for 4 h. The slides were then washed in TRIS1 and
incubated with biotinylated rabbit anti-goat antibody for
10 min at RT. After each incubation period, the slides were
washed twice of 5 in TRIS1, for 5 min each time. Then, the
slides were incubated with peroxidase-conjugated strep-
tavidin for 5 min at RT followed by incubation in the
chromogen solution 3-amino-9-ethyl-carbazide (DAKO).
Specific controls were included in each run. Goat Ig G
(Vector Laboratories Inc., Burlingame, CA, USA) was used
as the negative control.

To verify the specificity of immunocytochemistry for
Smads, absorption test was also performed as follows.
Before immunocytochemistry for Smads, goat polyclonal
anti-human Smad2 (sc-6200) at a 1 : 100 dilution, goat
polyclonal anti-human Smad3 (sc-6202) at a 1 : 100 dilu-
tion and goat polyclonal anti-human Smad4 (sc-1909)
at a 1 : 100 dilution were incubated with the blocking pep-
tide (sc-6200P, 1 mg/mL) for sc-6200, the blocking peptide
(sc-6202P, 1 mg/mL) for sc-6202 and the blocking pep-
tide (sc-1909P, 1 mg/mL) for sc-1909, respectively, for 1 h.
Then, immunocytochemistry for Smads was carried out to
investigate whether the immunoreactivity of goat poly-
clonal anti-human Smad2 (sc-6200), goat polyclonal
anti-human Smad3 (sc-6202) and goat polyclonal anti-
human Smad4 (sc-1909) was abolished.

Statistical analysis

For statistical analysis, the Mann–Whitney U-test was
used for intergroup comparisons, and Wilcoxon’s signed
rank test was used for paired data. A P-value of o0.05
was considered as statistically significant.

Results

Effect of transforming growth factor b1 on smooth muscle
a-actin expression in fibroblasts

Reverse transcription polymerase chain reaction. Unsti-
mulated nasal and lung fibroblasts expressed a weak but
specific message for SMA. Expression of SMA mRNA was
enhanced in lung fibroblasts upon incubation with TGF-
b1 in a dose-dependant manner, but not in nasal fibro-
blasts (Fig. 1).

Immunocytochemistry. The morphology of cultured lung
fibroblasts was more spindle shaped as compared to that
of nasal fibroblasts in the absence of TGF-b1 stimulation
(Fig. 2A (e, j)). The percentage positive cells for SMA in the
absence of TGF-b1 tended to be higher in fibroblasts
derived from inflamed tissues (nasal polyp and fibrotic
lung) as compared with those from normal tissues (normal
nasal mucosa and normal lung), but did not reach
statistical significance (Fig. 2B). In lung fibroblasts, but
not in nasal fibroblasts, TGF-b1 increased the number of
myofibroblasts (SMA-positive fibroblasts) in a dose-de-
pendant manner (Fig. 2). The up-regulation of SMA in
lung fibroblasts was similar whether they were inflamed
or not (Fig. 2B).

Effect of transforming growth factor b1 on pro-collagen
type 1 synthesis by fibroblasts

Reverse transcription polymerase chain reaction. Unsti-
mulated nasal and lung fibroblasts expressed a weak
message for pro-collagen type I. TGF-b1 induced pro-
collagen type I mRNA in lung fibroblasts, but not in nasal
fibroblasts, in a dose-dependant manner (Fig. 3).

Fig. 1. (a) The representative results of SMA mRNA expression in normal nasal fibroblasts (NN), nasal polyp fibroblasts (NP), normal lung fibroblasts
(NL) and fibrotic lung fibroblasts (FL), stimulated with different doses of TGF-b1 for 24 h. (b) Densitometric analysis of SMA mRNA. The vertical bar
represents percentage expression of SMA mRNA vs. b-actin mRNA. All values are mean�SEM of three experiments. SMA, smooth muscle a-actin.
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Enzyme-linked immunosorbent assay. To determine
whether airway fibroblasts can synthesize and release
pro-collagen type I upon stimulation with TGF-b1, super-
natants from cultured nasal and lung fibroblasts were
assayed for pro-collagen type I content. In agreement with

the enhanced mRNA expression, TGF-b1-stimulated
lung fibroblasts produced significantly greater amounts
of pro-collagen type I as compared to the control. This
production of pro-collagen type I upon stimulation
with TGF-b1 occurred in a dose- and time-dependant

Fig. 2. (A) Representative immunocytochemical staining of SMA in normal nasal fibroblasts (a–e) and in normal lung fibroblasts (f–j) stimulated with (a,
f) 0, (b, g) 40, (c, h) 1000 pg/mL TGF-b1 for 6 days. (d, e, i, j) Non-immune mouse IgG1 revealed no specific staining [(d, i) � 400, (e, j) � 1000]. (B)
Induction of SMA in (a) nasal fibroblasts [NN, normal nasal fibroblasts (n = 6); NP, nasal polyp fibroblasts (n = 7)] and in (b) lung fibroblasts [NL, normal
lung fibroblasts (n = 6); FL, fibrotic lung fibroblasts (n = 6)] stimulated with different doses of TGF-b1 for 6 days. Box plots represent the median values
with 25% and 75% interquartiles; the error bars represent the 10th and 90th percentiles. �Po 0.05, and ��Po 0.01, vs. 0 pg/mL TGF-b1. SMA, smooth
muscle a-actin.

Fig. 3. (a) The representative results of procollagen type I mRNA expression in nasal fibroblasts (NN), nasal polyp fibroblasts (NP), normal lung fibroblasts
(NL) and fibrotic lung fibroblasts (FL), stimulated with different doses of TGF-b1 for 24h. (b) Densitometric analysis of procollagen type I mRNA. The
vertical bar represents percentage expression of procollagen type I mRNA vs. b-actin mRNA. All values are mean�SEM of three experiments.
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manner (Fig. 4). In contrast, TGF-b1 failed to significantly
increase pro-collagen type I production in nasal fibro-
blasts (Fig. 4).

Effect of transforming growth factor b1 on vascular
endothelial growth factor synthesis by fibroblasts

Reverse transcription polymerase chain reaction. Unsti-
mulated nasal and lung fibroblasts expressed a weak but
specific message for VEGF. All the nasal and lung fibro-
blasts used here responded to TGF-b1 stimulation result-
ing in the expression of VEGF mRNA. This induction of
VEGF mRNA was enhanced in all fibroblasts in a dose-
dependant manner regardless of the site of origin (Fig. 5).

Enzyme-linked immunosorbent assay. To determine
whether airway fibroblasts can synthesize and release
VEGF upon stimulation with TGF-b1, supernatants from
the same airway fibroblasts lines used for pro-collagen
type I experiments were assayed for VEGF content. In

agreement with the enhanced mRNA expression, TGF-b1

stimulated not only lung fibroblasts but also nasal fibro-
blasts to produce significantly greater amounts of VEGF
as compared to control (Fig. 6). The TGF-b1-induced
production of VEGF occurred in a dose-dependant
manner (Fig. 6).

Effect of transforming growth factor b1 on Smad
translocation to the nucleus in cultured airway fibroblasts

Under unstimulated conditions, Smad2, 3, 4 in both nasal
fibroblasts and lung fibroblasts were localized in the
cytoplasm (Figs 7a, c, e, g, i and k). After 1 h of stimulation
with 1 ng/mL TGF-b1, Smad2, 3, 4 translocated to the
nucleus in lung fibroblasts (h, j, l) (Fig. 7B), whereas only
Smad3, but not Smad2 and Smad4, translocated to the
nucleus in nasal fibroblasts (b, d, f) (Fig. 7A). Non-immune
goat IgG revealed no specific staining (data not shown).
Immunoreactivity for Smad2, 3, 4 was completely abol-
ished in the absorption test (data not shown).

Fig. 4. Induction of procollagen type I release by (a) nasal fibroblasts [NN, normal nasal fibroblasts (n = 6); NP, nasal polyp fibroblasts (n = 7)] and by (b)
lung fibroblasts [(NL, normal lung fibroblasts (n = 6); FL, fibrotic lung fibroblasts (n = 6)] stimulated with different doses of TGF-b1 for 24 h. (c) Kinetics
of procollagen type I release by NN (n = 6) and NL (n = 6) stimulated with 1000 pg/mL TGF-b1 for 0, 12, 24, 36 h. The amount of procollagen type I was
expressed in nanograms per 1�106 cells recovered at the end of the culture period. Box plots represent the median values with 25% and 75%
interquartiles; the error bars represent the 10th and 90th percentiles. �Po0.05 and ��Po0.01, vs. 0 pg/mL TGF-b1.

‰‰Po 0.01 compared with normal
nasal fibroblasts stimulated with TGF-b1 under the same conditions.
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Discussion

The differences in responsiveness of nasal and lung
fibroblasts to TGF-b may lead to different patterns of
inflammation between upper and lower airways. TGF-b is
a family of multi-functional cytokines which includes at
least five known isoforms, three of which are expressed by
mammalian cells (TGF-b1-3) [21, 22]. These isoforms arise
from different genes, and their promoter structures and
regulatory elements are different [23]. TGF-b1 seems to be
the main isoform involved in fibrosis [24, 25]. The present
study was therefore designed to investigate the role of
TGF-b in inflammation of the upper and lower airways by
analysing the responsiveness of nasal and lung fibroblasts
with TGF-b1. TGF-b1 enhanced both SMA expression and
pro-collagen type I synthesis in lung fibroblasts, but not
in nasal fibroblasts. This is the first report on the differ-
ential response of airway fibroblasts to TGF-b1 with
respect to SMA. Recently, it was clarified that Smad
proteins play an important role in intracellular transduc-
tion of TGF-b [10]. Rachel et al. examined the role of

Smad proteins by transfection of human lung fibroblasts
with expression vectors for Smads, and found that trans-
fection with Smad 2 resulted in TGF-b1-independent
up-regulation of SMA, and transfection with Smad 4 was
also involved in it [11]. In addition, Petridou et al. reported
evidence of the translocation of Smad 2 from the cyto-
plasm to the nucleus in TGF-b-induced myofibroblast
differentiation [26]. Interestingly, Smad 4 (Dpc 4) knock-
out mice developed inflammatory polyps in the glandular
stomach and duodenum [27]. Thus, the formation of nasal
polyps may, at least in part, be related to the character-
istics of nasal fibroblasts, and reflect the inability of Smad
4 to translocate from the cytoplasm to the nucleus in nasal
fibroblasts. In the present experiment, stimulation by
TGF-b1 led to the translocation of both Smad2 and 4 from
the cytoplasm to the nucleus, in lung but not in nasal
fibroblasts. This may explain in part why TGF-b1 did not
induce SMA expression in nasal fibroblasts, unlike that in
lung fibroblasts.

However, nasal polyposis is characterized by marked
oedema, coarse ECM and proliferating blood vessels [1].

Fig. 6. Induction of VEGF release by (a) nasal fibroblasts (NN, normal nasal fibroblasts (n = 6); NP, nasal polyp fibroblasts (n = 7)) and by (b) lung fibroblasts
[(NL, normal lung fibroblasts (n = 6); FL, fibrotic lung fibroblasts (n = 6)] stimulated with different doses of TGF-b1 for 24 h. The amount of VEGF was
expressed in nanograms per 1�106 cells recovered at the end of the culture period. Box plots represent the median values with 25% and 75% interquartiles;
the error bars represent the 10th and 90th percentiles. �Po0.05 and ��Po0.01, vs. 0 pg/mL TGF-b1. VEGF, vascular endothelial growth factor.

Fig. 5. (a) The representative results of VEGF mRNA expression in normal nasal fibroblasts (NN), nasal polyp fibroblasts (NP), normal lung fibroblasts
(NL) and fibrotic lung fibroblasts (FL), stimulated with different doses of TGF-b1 for 24 h. (b) Densitometric analysis of VEGF mRNA. The vertical bar
represents percentage expression of procollagen type I mRNA vs. b-actin mRNA. All values are mean�SEM of three experiments. VEGF, vascular
endothelial growth factor.
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On the other hand, pulmonary fibrosis, which is not only
and necessarily an inflammatory disorder, is characterized
by inflammatory cell accumulation, excessive ECM
deposition such as collagens and vascular abnormalities
[2]. The ECM takes up to more than one-third of the dry
mass of the lung and the most dominant components are
members of the collagen family. The major portion is
constituted by interstitial collagens, consisting mainly of
types I and III, but also types V and VI collagens. The ratio
of abundance between collagen types I and III in the
normal lung is around 3–6 : 1 and the ratio is even higher
in fibrotic lungs [28]. This difference in the histopathology
between upper and lower airway inflammation is unclear.
We thought that it may, in part, be due to the hetero-
geneity between nasal and lung fibroblasts. To clarify the
heterogeneous responsiveness of these fibroblasts to TGF-
b, we established primary fibroblasts lines from nasal and
lung tissues for our experiments. We report here that TGF-b1

enhanced the expression of SMA and the production of
pro-collagen type I only in lung fibroblasts but not in
nasal fibroblasts. These differences were clearly seen
whether nasal and lung fibroblasts were inflamed or not.
Thus, these results indicate that responsiveness to TGF-b
was site but not disease specific.

Because myofibroblasts were first described in con-
tracting experimental granulation tissue, they have been
found in different tissues including the lungs of normal
subjects and of those with pathological conditions [29]. It
is now believed that these cells play a crucial role in
wound healing as well as in human and rat lung fibrosis.
Zhang et al. [30] suggested that myofibroblasts may be
responsible for most, if not all, of the increased lung
collagen gene expression in pulmonary fibrosis in rats.
Our present in vitro data, showing that SMA-positive lung
fibroblasts induced by TGF-b1 produce pro-collagen type
I were in agreement with their in vivo data of bleomycin-

Fig. 7. Smad2, 3, 4 translocation to the nucleus in airway fibroblasts Smad2 (a, b), Smad3 (c, d) and Smad4 (e, f) immunolocalization in normal nasal
fibroblasts (A) stimulated with (b, d, f) or without (a, c, e) 1 ng/mL TGF-b1 for 1 h. Smad2 (g, h), Smad3 (i, j) and Smad4 (k, l) immunolocalization in
normal lung fibroblasts (B) stimulated with (h, j, l) or without (g, i, k) 1 ng/mL TGF-b1 for 1 h.
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induced lung fibrosis in rats. On the other hand, nasal
fibroblasts, which failed to induce SMA and to produce
pro-collagen type I by TGF-b1, may be less fibrogenic in
nature, at least when stimulated with TGF-b1, as compared
with lung fibroblasts. These results may reflect that nasal
polyps consist of much less ECM, like collagen type I, than
pulmonary fibrosis. Myofibroblasts have been reported to
be present in chronic inflammatory processes including
pulmonary fibrosis and asthma [30, 31]. Recently, their
presence has been highlighted in nasal polyps [32, 33].
Further studies are needed to elucidate the factors impor-
tant for the induction of myofibroblasts in nasal polyps.

VEGF is a new family of secreted growth factors capable
of promoting angiogenesis and vascular permeability [13].
It was recently reported that VEGF is expressed in inflamed
tissue in the airways, where it is thought to be produced by
structural cells such as fibroblasts and epithelial cells, and
by activated macrophages upon stimulation with TGF-b
[14–17]. The possible role for VEGF in the development of
vascular abnormalities in both nasal polyps and pulmonary
fibrosis has been evaluated [34, 35]. Thus, we compared
synthesis of VEGF from nasal and lung fibroblasts upon
stimulation with TGF-b1. TGF-b1 induced VEGF in both
nasal and lung fibroblasts. This is in contrast to the
up-regulation of SMA and synthesis of pro-collagen type I
in only lung but not nasal fibroblasts by TGF-b1. Recently,
Kobayashi et al. [36] used human lung fibroblasts treated
with Smad3 small interfering RNA and suggested that
VEGF production induced by TGF-b1 depends on Smad3
signalling. Our present data, demonstrating that Smad3 but
not Smad2 and Smad4 translocated from the cytoplasm to
the nucleus in nasal fibroblasts upon TGF-b1 stimulation,
whereas all three were translocated in case of lung fibro-
blasts may explain why TGF-b1 only up-regulated VEGF
production but not SMA expression and pro-collagen type I
production (unlike in lung where all three were up-regu-
lated) in a dose-dependent manner in nasal fibroblasts.

The observation that nasal fibroblasts failed to respond
to TGF-b1 with respect to SMA expression and pro-
collagen type I synthesis suggests a distinct role for these
cells in the modulation of the inflammatory response in
the upper airway. The nasal mucosa is the first point in the
whole respiratory tract that gets in contact with environ-
mental agents and, thus, it is exposed to many potentially
injurious agents, including microorganisms. Fibrogenic
changes in the nasal mucosa are rather rare, although
nasal inflammatory conditions such as sinusitis with nasal
polyps and rhinitis are quite prevalent, and the nasal
mucosa is often subject to subclinical inflammation with-
out profound symptoms [37]. Interestingly, we also found
that nasal fibroblasts responded to TGF-b1 with respect to
VEGF synthesis. We suggest that nasal fibroblasts may be
less susceptible to fibrogenic growth factors in nature as
compared with lung fibroblasts, and that these typical
characteristics of nasal fibroblasts may at least in part be

responsible for the sparse ECM and vascular changes
rather than fibrosis seen in nasal polyps.
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