
Introduction
TGF-β plays an important role in the pathogenesis of
lung fibrosis, which is a major cause of suffering and
death seen in pulmonary medicine, based upon its
strong extracellular matrix–inducing effect (1). It is
thought that prolonged overproduction of TGF-β
induced by repeated chemical or biological injury leads
to the accumulation of pathological amounts of extra-
cellular matrix in the lung tissue, which is followed by
functional deterioration (1). Association of TGF-β with
human lung fibrotic disorders has been demonstrated
in idiopathic pulmonary fibrosis (2), autoimmune lung
diseases (3), and bleomycin-induced lung fibrosis,
which is also a frequently used model of lung fibrosis
in animal experiments (4–7). In bleomycin-induced
lung fibrosis in rodents, TGF-β was shown to be
required for the pathogenesis of the tissue fibrosis (8).

Recent studies have advanced our understanding of
how TGF-β mediates its biological effects. TGF-β signals
from membrane to nucleus using Smad proteins (9, 10).
The activated TGF-β receptors induce phosphorylation
of Smad2 and Smad3, which form hetero-oligomeric
complexes with Smad4. The complexes then translocate
to the nucleus and regulate transcriptional responses
(9–12). Most recently, Smad7 has been identified as an
intracellular antagonist of TGF-β signaling; it inhibits
TGF-β–induced transcriptional responses (13–15).
Smad7 associates with the activated TGF-β receptors and

interferes with the activation of Smad2 and Smad3 by pre-
venting their receptor interaction and phosphorylation.
These basic findings suggest the therapeutic potential of
the inhibitory Smad7 to prevent TGF-β–mediated lung
fibrosis by the blockade of TGF-β signaling.

To test the hypothesis, we determined the effect of
exogenous Smad7 introduced by a recombinant
human type 5 adenovirus vector (16) into the lungs on
bleomycin-induced pulmonary fibrosis in mice in
which TGF-β was required for development of the tis-
sue fibrosis (8). Our findings indicated that gene
transfer of Smad7 prevented bleomycin-induced lung
fibrosis in mice, suggesting that modulation of expres-
sion of Smad7 could be a novel approach to preventing
lung fibrosis.

Methods
Adenovirus vector construction and virus purification. The
recombinant E1-deleted adenoviral vectors carrying
mouse Smad6 and Smad7 cDNA under cytomegalovirus
promoters AdCMV-Smad6 and AdCMV-Smad7, respec-
tively, were generated and purified as described previ-
ously (16–18). The Smad6/Smad7 cDNA was fused to
the FLAG-epitope sequence, so that we were able to
detect Smad6/Smad7 protein derived from AdCMV-
Smad6/AdCMV-Smad7 by Western blotting with an anti-
FLAG antibody (Eastman Kodak Co. Scientific Imag-
ing Systems, Rochester, New York, USA) (13).
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Experimental protocol. Bleomycin (100 mg/kg for 7 days;
Sigma Chemical Co., St. Louis, Missouri, USA) was
administered to female 8 to 10-week-old C57BL/6 mice
(Japan Charles River Inc., Yokohama, Japan) from days
0–7 by a constant subcutaneous infusion by an osmotic
minipump (Model 2001; Alza Corp., Palo Alto, Califor-
nia, USA) to induce lung fibrosis, as reported previously
(19). To examine and compare the effect of exogenous
Smad7 on lung fibrosis induced by bleomycin, mice were
infected with the recombinant adenoviruses AdCMV-
Smad7 or AdCMV-Smad6, using an intratracheal injection
with 109 pfu/mouse, 8–12 hours after initiation of
bleomycin infusion at day 0. Mice were sacrificed after 4
weeks (at day 28), and the lungs were fixed in 10% for-
malin for histological examination or were frozen

immediately in liquid nitrogen and stored at –80°C for
Northern blot analysis. Measurements of hydroxypro-
line content in the mouse lungs were performed as
described below. Animal experiments were approved by
the Institutional Review Board of Chiba University. 

Histological scoring of lung fibrosis in mice. Morphologi-
cal evaluation of bleomycin-induced lung fibrotic
responses in mice was performed using a semiquanti-
tative fibrotic focus scoring method as reported previ-
ously by Lan Tran et al. (20). Briefly, the left lung of
each mouse was fixed in 10% formalin and stained with
hematoxylin/eosin/safran for identification of lesions.
In the hematoxylin-eosin–stained sections, viewed at
×400, the lesions were defined as follows: absence of
lesion = 0; occasional small localized subpleural foci =
1; thickening of interalveolar septa and subpleural foci
= 2; and thickened continuous subpleural fibrous foci
and interalveolar septa = 3. The sections were coded
and examined in a blinded manner.

Northern blotting and Western blotting. Total RNA was
extracted from the lungs, and Northern blotting for
the detection of type I procollagen and TGF-β1 mRNA
was performed as described previously (21). The 32P
radioactivity associated with type I procollagen mRNA
was quantitated by using a FujiX Bio-Imager (Fuji
Photo Film Co., Tokyo, Japan) and was normalized by
GAPDH mRNA levels. For Western blotting, the solu-
bilized tissue homogenates (50–100 µg) from freshly
harvested lungs, spleens, and peripheral blood cells
isolated by Ficoll-Plaque (Pharmacia-Upjohn, Uppsala,
Sweden) were electrophoresed on an 8.5% SDS-poly-
acrylamide gel and transferred to Immobilon-P (Milli-
pore Corp., Bedford, Massachusetts, USA). Immuno-
blotting was performed using the antibodies against
mouse Smad2 (Transduction Laboratories, Lexington,
Kentucky, USA), phosphorylated Smad2, and an anti-
FLAG antibody as described previously (11). The anti-
body against phosphorylated Smad2 was raised after
immunizing rabbits with the synthetic peptide
(KKKSSMS) phosphorylated at the last 2 serine
residues coupled to keyhole limpet hemocyanin, as
reported previously (11). This phosphorylated peptide
corresponds to the phosphorylation sites of Smad2,
and the antibody specifically recognizes Smad2 phos-
phorylated by the TGF-β type I receptor (22).

Hydroxyproline assay. Whole collagen content of the
right lung was evaluated by determining hydroxyproline
content (23). Briefly, after acid hydrolysis of the lung with
6 N HCl at 110°C for 16 hours in a sealed glass tube,
hydroxyproline content was determined by HPLC (24).

Bronchoalveolar lavage. To assess the effect of exogenous
Smad7 on airway inflammation induced by bleomycin,
leukocyte infiltration into bronchoalveolar lavage fluid
(BALF) was evaluated at day 7 as described previously
(25). Briefly, BALF was centrifuged at 400 g for 5 min-
utes at 4°C, and cell differentials were determined by
counting 500 cells stained with Wright-Giemsa solu-
tion. The supernatant of BALF at days 7 and 14 was
stored at –20°C for determination of TGF-β.
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Figure 1
(a) Levels of immunoreactive Smad7 in the lungs of mice after treat-
ment with bleomycin plus AdCMV-Smad7. Expression of exogenous
Smad6 or Smad7 derived from an AdCMV-Smad6 or AdCMV-Smad7 con-
struct was detected in the lungs (lane 1: Smad6; lane 2: Smad7),
peripheral blood cells (lane 3: Smad7), and spleen (lane 4: Smad7) of
bleomycin-treated mice at day 7 by Western blotting using anti-FLAG
antibody after infection of AdCMV-Smad6 or AdCMV-Smad7 at day 0.
(b) Quantitative analysis of expression of Smad7 transgene in the lungs
of mice after treatment with bleomycin plus AdCMV-Smad7. Expres-
sion of Smad7 transgene was detected by Western blotting as shown
in a, and intensity of the bands of exogenous Smad7 detected at days
0, 2, 7, 14, and 21 was measured using NIH Image software. The rel-
ative intensity of the bands at indicated days was expressed as relative
intensity compared with that at day 0. (c) Cellular localization of
Smad7 transgene in the lungs of mice after treatment with bleomycin
plus AdCMV-Smad7. Immunohistochemical staining using anti-FLAG
antibody was performed as described in the text. Staining was
observed mainly in the nucleus of alveolar epithelial cells and intersti-
tial fibroblast-like cells (left), and bronchial epithelial cells (right).



TGF-β levels in BALF. The amount of TGF-β in the
supernatant of BALF was measured by enzyme
immunoassays using human TGF-β1 ELISA kits
(R&D Systems Inc., Minneapolis, Minnesota, USA)
that detect mouse TGF-β1 protein, because of the
high homology of TGF-β1 across species. The assay
detects only the active form of TGF-β1. Samples were
activated before measuring according to the manu-
facturer’s recommendations. The sensitivity of this kit
is 5 pg/mL.

Immunohistochemical staining. The expression of exoge-
nous Smad7 derived from the adenoviral vector was
assessed at day 2 after initiation of bleomycin infusion
by immunocytochemical staining, using optimally
diluted biotinylated rabbit polyclonal anti-FLAG anti-
body (Santa Cruz Biotechnology Inc., Santa Cruz, Cal-
ifornia, USA) and rabbit serum (negative control) as
described previously (26).

Statistical analysis. The statistical analyses of the results
were performed using the Mann-Whitney U test and by
analyzing the variance using Fisher’s least significant
difference test for multiple comparisons. P values less
than 0.05 were considered to be significant.

Results
Expression of Smad7 transgene in mouse lungs. We first com-
pared adenovirus vectors AdCMV-Smad7 or AdCMV-
Smad6 for their ability to express the transgenes in
mouse lungs. Adenovirus vectors have been used for in
vivo gene transfer to lungs as well as other organs (27).
Smad6 has been shown to be another inhibitor of sig-
naling used by the TGF-β superfamily (9), but it prefer-
entially inhibits signaling of bone morphogenetic pro-
tein (BMP) (28). Significant expression of exogenous
Smad6 and Smad7 protein was detected in the lungs of
mice treated with a subcutaneous infusion of
bleomycin, followed by the administration of AdCMV-
Smad6 or AdCMV-Smad7 by Western blotting using anti-
FLAG antibody at day 7 (Figure 1a). We found little or
no expression of exogenous Smad7 in peripheral blood
cells or spleen (Figure 1a). The expression levels of
exogenous Smad7 in the lungs appeared to reach a peak
at day 2 and persisted until day 21 (Figure 1b). Immuno-
histochemical staining using anti-FLAG antibody at day
2 showed that exogenous Smad7 protein was expressed
in bronchial/alveolar epithelial cells and interstitial
fibroblast-like cells (Figure 1c). The staining of exoge-
nous Smad7 was observed mainly in the nucleus of those
cells, which was in agreement with the findings by Itoh
et al. (28). No staining was observed in the specimens
using control rabbit antiserum (data not shown).

Effect of exogenous Smad7 on bleomycin-induced lung fibro-
sis in mice. Having demonstrated the ability of the
AdCMV-Smad7 vector to express recombinant Smad7
transgene in the lungs, we sought to determine whether
expression of the exogenous Smad7 could protect
against lung fibrosis induced by bleomycin in mice.

Histological examination of lung specimens demon-
strated that continuous subcutaneous bleomycin
administration (100 mg/kg for 7 days) induced focal
fibrotic lesions in mouse lungs, primarily in the sub-
pleural regions with thickened or thickening interalve-
olar septa (data not shown), as reported previously (19).
Treatment of mice with AdCMV-Smad6 did not signifi-
cantly affect the lung fibrotic changes induced by
bleomycin (Figure 2a). However, when mice were treat-
ed with AdCMV-Smad7 following administration of
bleomycin, fibrotic lesions were less focal in the sub-
pleural areas, and fibrotic changes in the interalveolar
septa were less in degree (Figure 2a). Figure 2b summa-
rizes the scoring of lung fibrotic changes as defined by
the criteria described in Methods. Quantitative evalua-
tion of the histological findings by scoring of fibrotic
lesions showed significant suppression of bleomycin-
induced fibrotic changes by treatment of AdCMV-Smad7
(AdCMV-Smad6 treatment = 2.67 ± 0.52 mean ± SD;
AdCMV-Smad7 treatment = 0.67 ± 0.81 mean ± SD; n =
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Figure 2
Effect of exogenous Smad7 on bleomycin-induced lung fibrosis in
mice. (a) Lung fibrosis was induced by continuous subcutaneous
infusion of bleomycin (100 mg/kg for 7 days) from days 0–7 in
C57BL/6 mice. Mice were infected with recombinant adenovirus
(AdCMV-Smad6 or AdCMV-Smad7) by intratracheal injection with 109
pfu/mouse at day 0. Mice were sacrificed after 4 weeks, and the lungs
were fixed in 10% formalin and stained with hematoxylin
/eosin/safranin O. Left: treatment with bleomycin plus AdCMV-
Smad6. Note the thickened continuous interalveolar septa. Right:
treatment with bleomycin plus AdCMV-Smad7. Note the absence of
thickened interalveolar septa, although some increased cellularity in
interalveolar septa was observed. (b) Scoring of lung fibrosis. Fibrot-
ic changes in mouse lung (S0–S3 = score 0–3, respectively) were grad-
ed according to the criteria described in Methods.



6, P < 0.01). In addition, significant fibrotic lesions were
not noted in the lungs of mice that received recombi-
nant adenoviral vectors alone, although some increased
cellularity in interalveolar septa, suggesting minor
inflammation, was observed (Figure 2b). These findings
indicated that treatment of mice with AdCMV-Smad7
(but not AdCMV-Smad6) histologically suppressed
bleomycin-induced fibrotic changes in mouse lungs.

Effect of exogenous Smad7 on type I procollagen mRNA
expression and hydroxyproline content in the lungs. To eval-
uate further the effect of Smad7 gene transfer on
bleomycin-induced lung fibrosis, we assessed expres-
sion of type I procollagen mRNA and hydroxyproline
content in the lungs. Uninjured lungs contained little
type I procollagen mRNA, whereas type I procollagen

mRNA was upregulated in mice following bleomycin
administration (Figure 3a), as described previously (6).
There was significantly less type I procollagen mRNA
in the lungs of mice treated with AdCMV-Smad7 after
bleomycin administration, although treatment of mice
with AdCMV-Smad6 did not affect expression of type I
procollagen mRNA in the lungs after bleomycin
administration (Figure 3a). Treatment of AdCMV-
Smad6 or AdCMV-Smad7 without bleomycin adminis-
tration did not affect type I procollagen mRNA expres-
sion in the mouse lungs (data not shown).

Furthermore, we found that the hydroxyproline con-
tent was significantly lower in the lungs of mice treat-
ed with AdCMV-Smad7 after bleomycin administration
than in those treated with AdCMV-Smad6 (Figure 3b).
Treatment of mice with AdCMV-Smad6 did not affect
lung hydroxyproline content in bleomycin-treated mice
(Figure 3b). These findings indicated that expression of
exogenous Smad7 suppressed the increase of type I pro-
collagen mRNA expression and hydroxyproline con-
tent in the lungs of bleomycin-treated mice, which par-
alleled the morphological findings.

Effect of exogenous Smad7 on pulmonary inflammation
and airway level of TGF-β. To determine whether exoge-
nous Smad7 affected bleomycin-induced pulmonary
inflammation and TGF-β production in mouse lungs,
we examined the effect of exogenous Smad7 on the
number of leukocytes and TGF-β level in BALF of mice.
As shown in Figure 4, a–c, we observed that subcuta-
neous infusion of bleomycin augmented the number
of macrophages, lymphocytes, and neutrophils in
BALF of the mice at day 7. Neither AdCMV-Smad7 nor
AdCMV-Smad6 affected the number of macrophages,
lymphocytes, and neutrophils in BALF of bleomycin-
treated mice at day 7 (Figure 4, a–c). TGF-β level in
BALF of bleomycin-treated mice was not detected at
day 0 (data not shown) but was significantly increased
at days 7 and day 14 (Figure 4d). No TGF-β protein was
detected in BALF of PBS-treated mice without, or
infected with, AdCMV-Smad6/AdCMV-Smad7 at days 7
and 14 (data not shown). Treatment with AdCMV-
Smad7 or AdCMV-Smad6 did not affect bleomycin-
induced TGF-β production at days 7 and 14 in BALF of
bleomycin-treated mice (Figure 4d). These findings
indicated that expression of exogenous Smad7 did not
affect bleomycin-induced pulmonary inflammation
and TGF-β production in mouse lungs.

Effect of exogenous Smad7 on bleomycin-induced Smad2
phosphorylation in mouse lung. Phosphorylation of Smad2
by the activated TGF-β receptor is an important step
for the initiation of TGF-β signal transduction (11,
12). Smad7 associates with the activated TGF-β recep-
tors and interferes with the activation of Smad2 by pre-
venting its receptor interaction and phosphorylation,
thereby antagonizing TGF-β signaling (13, 14). Thus,
we examined whether expression of Smad7 transgene
inhibited Smad2 phosphorylation in the mouse lungs.
We found, using an antibody against phosphorylated
Smad2 for Western blotting, that Smad2 was phospho-
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Figure 3
Effect of exogenous Smad7 on bleomycin-induced type I procollagen
mRNA expression and hydroxyproline content in mouse lungs. (a)
Quantitation of type I procollagen mRNA levels in the lungs removed
at day 28. Bar 1: PBS-treated mice; bar 2: mice treated with bleomycin
alone; bar 3: mice treated with bleomycin plus AdCMV-Smad6; bar 4:
mice treated with bleomycin plus AdCMV-Smad7. Results are expressed
as relative abundance of type I procollagen mRNA (type I procollagen
mRNA/GAPDH mRNA) and are mean ± SD for 6 mice in each group.
*Result is significantly different (P < 0.005) from the mean value of
the response (bleomycin alone or bleomycin plus AdCMV-Smad6). (b)
Quantitation of hydroxyproline content at day 28 in the right lungs of
PBS-treated mice (bar 1), mice treated with bleomycin alone (bar 2),
mice treated with bleomycin plus AdCMV-Smad6 (bar 3), and mice
treated with bleomycin plus AdCMV-Smad7 (bar 4). Results are mean
± SD for 6 mice in each group. *Result is significantly different (P <
0.001) from the mean value of the response (bleomycin alone or
bleomycin plus AdCMV-Smad6).



rylated in the mouse lungs at day 7 after initial admin-
istration of bleomycin (Figure 5). When mice were
treated with AdCMV-Smad7, this phosphorylation of
Smad2 was inhibited (Figure 5). However, treatment of
mice with AdCMV-Smad6 did not affect Smad2 phos-
phorylation in the mouse lungs induced by bleomycin
(Figure 5). These data indicated that expression of
exogenous Smad7 blocked Smad2 phosphorylation in
the mouse lungs induced by bleomycin administra-
tion, suggesting that the effect of Smad7 gene transfer
was exerted at the level of this step for TGF-β signal
transduction in vivo.

Discussion
In this study, we showed that transient gene transfer
and expression of Smad7 (but not Smad6), introduced
by recombinant human type 5 adenovirus vector into
the lungs, prevented pulmonary fibrosis induced by
bleomycin in mice, as demonstrated by tissue pathol-
ogy, type I procollagen mRNA expression, and hydrox-
yproline content in the mouse lungs (Figures 2 and 3).
We suggest that expression of exogenous Smad7 might
exert its antifibrotic effect in mouse lungs by the
blockade of Smad2 phosphorylation, the crucial step
for initiation of TGF-β signal transduction (Figure 5).

Smad7 has recently been identified (13–15), and the
role of Smad7 as an intracellular inhibitor of TGF-β sig-
naling is well accepted (28, 29). However, the in vivo
biological activity of the inhibitory Smad7 has not been
defined yet. Our findings suggested that Smad7 func-
tioned as an antagonist of TGF-β signaling in vivo.

In contrast, we found that exogenous Smad6 did not
affect bleomycin-induced lung fibrosis in mice. Smad6
was originally identified as an inhibitor of signaling by
the TGF-β superfamily (30). However, recent studies
suggested that Smad6 preferentially inhibited signal-
ing of BMP (28, 31), which might be consistent with
our in vivo findings.

TGF-β plays a critical role in bleomycin-induced lung
fibrosis (4–8). Although the precise mechanisms of the
lung fibrosis process remain unclear, Khalil et al. (4, 5)
suggested that alveolar macrophages stimulated by

bleomycin-induced injury secrete large quantities of
TGF-β, thereby inducing lung fibroblasts in the alveo-
lar interstitium to synthesize collagen, resulting in pul-
monary fibrosis. Aside from the expected adenovector-
mediated expression of exogenous Smad7 in
bronchial/alveolar epithelial cells, we found that exoge-
nous Smad7 was expressed in interstitial fibroblast-like
cells in lungs of mice treated with bleomycin (Figure 1).
In addition, expression of exogenous Smad7 did not
appear to affect bleomycin-induced pulmonary inflam-
mation and TGF-β production (Figure 4). Further-
more, recent studies showed that Smad2/Smad3 stimu-
lated transcription of collagen genes (32, 33), and
overexpression of Smad7 prevented the transcriptional
activation of type I procollagen in human fibroblasts
in vitro (33). Taken together, it is likely that expression
of exogenous Smad7 prevented bleomycin-induced
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Figure 4
Effect of exogenous Smad7 on bleomycin-induced pulmonary inflammation and TGF-β production in mouse lungs. (a–c). Leukocyte infiltra-
tion into BALF at day 7 of  PBS-treated mice (bars 1), mice treated with bleomycin alone (bars 2), mice treated with bleomycin plus AdCMV-
Smad6 (bars 3), and mice treated with bleomycin plus AdCMV-Smad7 (bars 4). Results are means ± SD for six 6 mice in each group. (d) Levels
of TGF-β in BALF at day 7 (open bars) and at day 14 (filled bars) of mice treated with bleomycin alone (bar 1), mice treated with bleomycin
plus AdCMV-Smad6 (bar 2), and mice treated with bleomycin plus AdCMV-Smad7 (bar 3). Results are means ± SD for 6 mice in each group.

Figure 5
Effect of exogenous Smad7 expression on bleomycin-induced phos-
phorylation of Smad2 in the mouse lungs. Levels of immunoreactive
phosphorylated Smad2 (a) and Smad2 (b) in the lungs of PBS-treat-
ed mice (lane a), mice treated with bleomycin alone (lane b), mice
treated with bleomycin plus AdCMV-Smad6 (lane c), and mice treat-
ed with bleomycin plus AdCMV-Smad7 (lane d). Lung samples were
obtained at day 7 after initial administration of bleomycin. The same
filter used in a was reprobed and blotted with Smad2 antibody.
Exogenous Smad6 and Smad7 expression at day 7 was confirmed by
Western blotting using anti-FLAG antibody as shown in Figure 1a.



lung fibrosis by having a direct effect on collagen
expression in mouse lungs. However, more studies are
clearly required to define the exact site of Smad7 action.

One possible Smad7 action could be that expression of
exogenous Smad7 may influence fibroblast chemotaxis
that is important in developing tissue fibrosis in mouse
lung (1). However, recent findings by Sime et al. (34) sug-
gested that accumulation of fibroblasts/myofibroblasts
in the lungs of bleomycin-treated rats was associated
with upregulation of TGF-β in the lungs. We found that
TGF-β levels in BALF of bleomycin-treated mice were
not affected by gene transfer of Smad6 or Smad7 (Figure
4). Thus, it may be unlikely that expression of exogenous
Smad7 affects fibroblast migration in mouse lungs.

We found that the expression of exogenous Smad7
did not completely inhibit lung fibrosis induced by
bleomycin (Figures 2 and 3). Since Itoh et al. (28)
showed that the inhibitory effect of Smad7 on TGF-β
signaling was correlated with the expression level of
Smad7 protein, one explanation could be that the
expression level of Smad7 transgene was not sufficient
to completely suppress TGF-β–induced pathways lead-
ing to collagen production in vivo. In addition, previ-
ous studies suggested the role of various cytokines in
the development of lung fibrosis (35), including TNF
(34, 36). Thus, it may be necessary to block the action
of other cytokines, as well as TGF-β, to achieve com-
plete inhibition of lung fibrosis.

In summary, we showed that transient gene transfer
and expression of exogenous Smad7 (but not Smad6) into
lung by adenoviral vectors prevented bleomycin-induced
lung fibrosis, suggesting the therapeutic potential of
Smad7 to prevent tissue fibrosis. Overproduction of
TGF-β is a chief cause of tissue fibrosis in various human
fibrotic disorders, including those of the lung (1). Thus,
the idea of using Smad7 as an antifibrotic agent would
warrant investigation as a novel therapy for human
fibrotic disorders. However, it is clear that we should
develop strategies that promote gene-transfer efficiency
before an investigation is initiated, because an aden-
ovector-mediated approach has potential problems for
application to human lung disorders in its present form
(37). Furthermore, unfavorable consequences that might
occur by long-term elimination of the TGF-β effect, such
as malignancy, must be investigated carefully.
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