
Smad3 Signaling Involved in Pulmonary Fibrosis
and Emphysema
Jack Gauldie, Martin Kolb, Kjetil Ask, Gail Martin, Philippe Bonniaud, and David Warburton

Department of Pathology and Molecular Medicine, McMaster University, Hamilton, Ontario, Canada; University of Burgundy, Dijon, France;
and Developmental Biology Program, Saban Research Institute of Children’s Hospital Los Angeles, USC Keck School of Medicine,
Los Angeles, California

The incidence of finding evidence of both emphysema and pulmo-
nary fibrosis in the same patient has received increased attention.
Several investigators have found on biopsy the presence of emphy-
sema of the upper zones and diffuse parenchymal disease with
fibrosis of the lower zones of the lung, especially associated with
current or previous heavy smokers. Believed previously to be two
different disease mechanisms, there are now data to implicate some
common pathways of cell and molecular activation leading to the
different morphologic and physiologic outcomes. According to a
current view, emphysema may originate from a protease/antiprote-
ase imbalance, whereas a role for antiproteases has been proposed
in the modulation of fibrosis. Overexpression of transforming
growth factor � (TGF-�) in experimental rodent models leads to
progressive pulmonary fibrosis, accompanied with marked up-
regulation of protease inhibitors, such as tissue inhibitor of metallo-
proteinases (TIMP) and plasminogen activator inhibitor-1 (PAI-1)
genes, along with excessive matrix accumulation. It may be that a
“matrix degrading” pulmonary microenvironment, one in which
metalloproteinase activities prevail, favors the development of em-
physema, whereas a “matrix nondegrading” microenvironment,
with enhanced presence of TIMPs, would lead to matrix accumula-
tion and fibrosis. Surprisingly, although Smad3 null mice, deficient
in TGF-� signal transmission, are resistant to bleomycin- and TGF-
�–mediated fibrosis, they develop spontaneous age-related air-
space enlargement, consistent with emphysema, with a lack of abil-
ity to repair tissue damage appropriately. A common element is
tissue damage and repair, with TGF-� and the Smad signaling path-
way playing prominent molecular roles. Both changes can be fol-
lowed in experimental models with noninvasive imaging and physi-
ologic measurements.
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One of the important aspects of the host response to tissue injury
is the immediate and crucial engagement of the inflammatory
response as the host strives to limit the tissue damage and initiate
tissue repair to return the organ to normal function. When one
considers the lung and airway, it is damage to the epithelium
that appears to initiate the process of inflammation and repair.
As the epithelium undergoes damage, with ensuing necrosis and/
or apoptosis, there are a number of factors that are released
into the tissue and which initiate cell and molecular responses.
Prominent factors include chemokines, such as interleukin 8
(IL-8) and monocyte chemotactic peptide 1 (MCP-1), and the
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highly inflammatory cytokines tumor necrosis factor � (TNF-�)
and IL-1�. Although these are believed to be released mostly
from activated macrophages, the parenchymal cells and the epi-
thelium represent a very significant source of these factors, par-
ticularly in the lung. With the influx of granulocytes and mono-
cytes, and the more recently described circulating fibrocyte and/
or epithelial cell precursor cells (1–6), the inflammatory response
provides further stimulation and subsequent release of repair
or growth factors, such as vascular endothelial growth factor,
keratinocyte growth factor, nerve growth factor, platelet-derived
growth factor, and transforming growth factor � (TGF-�), all
aimed at repairing the damage and restoring the epithelium and
vascular and nerve connections, while sealing off the damaged
areas from further insult. What usually ensues is the return of
the lung to normal function; on some occasions, however, the
repair function continues and leads to chronic scarring or fibrosis,
whereas on other occasions, the repair function fails and damage
to the alveolar walls continues with development of emphysema
and chronic obstructive pulmonary disease (COPD; Figure 1).
Although inflammation has been believed to be a central issue
in both fibrosis and emphysema, the two disorders were believed
to be fundamentally different in downstream pathogenesis—one
a mechanism of enhanced matrix deposition, the other an imbal-
ance of protease activity over inhibition. It is only recently that
these two disorders have been recognized to exist in the same
lung, in both human and animal models of disease, which raises
the issue of overlapping mechanisms of progression or common
pathways of activation.

COPD AND FIBROSIS CAN COEXIST

Pulmonary fibrosis, particularly idiopathic pulmonary fibrosis
(IPF), also known as cryptogenic fibrosing alveolitis, is a chronic,
progressive, fatal disorder of the lung associated with alveolitis
and enhanced deposition of extracellular matrix, including colla-
gen and fibronectin, within the parenchyma. There is damage to
the alveolar epithelium and the presence of an altered fibroblast
phenotype, the myofibroblast, seen as a parenchymal cell that
expresses contractile elements, such as �-smooth muscle actin
(7), and is typical of the process of chronic fibrogenesis (8–11).
In IPF, myofibroblasts and fibroblasts are found in subepithelial
aggregations, or fibroblastic foci, and these elements are believed
to be both diagnostic of IPF and the sites of major matrix produc-
tion and deposition. The presence of fibroblastic foci, usually
associated with areas of alveolar epithelial damage, is seen as a
critical element in prognosis of IPF and correlates with survival
(12, 13). The sources of the fibroblast/myofibroblast in fibroblas-
tic foci are believed to be local dividing and differentiating fi-
broblasts, circulating bone marrow mesenchymal cell precursors
(1–3), or the more recently described epithelial–mesenchymal
transition cells (14, 15). Whether the circulation pool of mesen-
chymal precursor cells is beneficial or detrimental in IPF is
unknown.

The majority of patients with emphysema or IPF show mor-
phologic features specific to their disease, with enlarged alveolar
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Figure 1. Initial epithelial injury is associated
with inflammation and release of various cyto-
kines and growth factors. The response to the
balance of the released cytokines generates ei-
ther a “matrix degrading” or “matrix nonde-
grading” microenvironment in which repair,
emphysema, or fibrosis might occur. IL �

interleukin; PDGF � platelet-derived growth
factor; TNF � tumor necrosis factor. Adapted by
permission from Bonner JC (59).

airspace in emphysema and deposition of matrix components in
the parenchyma in IPF. However, a recent series of studies has
called attention to the presence of both fibrosis and emphysema
in lungs of some patients with a diagnosis of IPF, particularly
in smokers with severe dyspnea on exertion. The fibrosis tends
to be found in the lower zones of the lung, whereas the emphyse-
matous changes appear to localize in the upper regions of the
lung (16–19). To the extent that the presence of emphysema
confounds pulmonary function indices, a composite physiologic
index has been suggested as a way of compensating for the
presence of COPD and IPF (17, 19). The presence of both
processes in the same lung is not easily explained with current

Figure 2. Lung histology sections of control
vector (left panel) and AdTGF-�1 (right panel)
rats 28 d after administration of the vector.
Severe pleural fibrosis is observed at Day 28
(right panel) compared with control rats (left
panel). However, no fibrosis can be observed
on the chest wall, indicating that the fibrogenic
signals do not transfer across a barrier to adja-
cent tissues or organs. H&E � hematoxylin and
eosin; TGF � transforming growth factor.

understanding of the pathobiology of these disorders (see below),
and in IPF it is critical to differentiate traction bronchiectasis and
honeycomb cysts from true emphysematous changes. However,
although it makes sense that fibrotic lung tissue has high collagen
content, it is also known that emphysematous lung tissue has an
equally raised collagen expression, and gene expression studies
show matrix-associated genes are up-regulated in both COPD
and lung fibrosis (20–22). Moreover, although the existence of
both processes in the same lung in adults may have eluded
detection until recently, there is ample evidence in human neo-
nates with bronchopulmonary dysplasia that adjacent tissues
within the lung can show evidence of dense fibrogenesis and
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greatly enlarged alveolar spaces, similar to emphysema (23); and
in animal models of fibrosis, emphysematous changes appear
independent of traction bronchiectasis (24).

The presence of both emphysema and fibrosis is not restricted
to humans, as seen in a recent study of TNF-� transgenic mice,
bred to overexpress TNF-� from the surfactant C promoter,
with pathologic changes consistent with fibrosis and emphysema
(25). Our own and others’ work using gene transfer of active
TGF-�1 to the lung of neonatal rats also demonstrates the induc-
tion of a phenotype that is identical to human bronchopulmonary
dysplasia, with fibrosis and emphysema being found in adjacent
parts of the lung (26, 27). In addition, studies with DBA/2 mice
and a smoking regime showed they developed evidence of both
emphysema and fibrosis and that neutrophil elastase may be a
“missing link” between these two disease processes (24). Similar
to issues surrounding circulating mesenchymal progenitor cells
in IPF, there are reports that endothelial progenitors may be
decreased in patients with COPD, suggesting some common
links with precursor cell participation in the two disorders (28).
Taken together, these data suggest that smoking may also be a
common element linking fibrosis with emphysema (29) and this
raises issues regarding common mediators, signaling systems,
and/or cellular elements in the pathogenesis of these disorders.
We believe the data outlined below provide such a link through
TGF-� and the Smad signaling pathway to explain aspects of
microenvironments that may enhance chronic damage and/or
overrepair being present in the same tissue.

TGF-� IN IPF

From early studies with immunohistochemistry and in situ hybrid-
ization on human IPF lung biopsies (7, 30, 31) and on experimental
fibrosis in rats (32), it is clear that TGF-� plays an important,
if not pivotal, role in IPF. Direct evidence for this role has
been provided by transgenic studies, both with a controlled lung
tissue–specific expression system in mice (33) and our own work
with adenovirus vectors used to transfect epithelial cells in vivo
in rats and express active TGF-� for a period of 7 to 10 d (34–36).
It is clear from these data that the presence of active TGF-� at
enhanced levels and for extended periods of time will induce a
progressive fibrosis, with chronic matrix deposition, parenchy-
mal tissue distortion with “honeycombing,” induction of “fibro-
blastic foci” within the lung, and compromise to lung function
(34). Although there are a number of other interleukins, growth
factors and chemokines found in IPF tissue, TGF-� appears the
likely common element through which tissue damage results in
tissue repair.

In this regard, it is important to note that TGF-� is synthesized
as a large precursor molecule that is cleaved within the intracellu-
lar environment by enzymes such as furin to yield the active
form and a latent associated peptide (LAP) (37). The cleaved
products homodimerize and link covalently, but remain associ-
ated with each other in the extracellular space. Here the latent
molecule associates further through a covalent linkage to a latent
TGF-� binding protein (LTBP) and this large complex (TGF-
�–LAP-LTBP) is incorporated into the extracellular matrix
where it remains as a stored element (38–40). Activation of this
complex to release the active form of TGF-� appears to be cell
specific and may be accomplished in several ways. These include
alteration by integrins, such as �v�6; involvement of proteases,
including plasmin, metalloproteinase 9, elastase, or cathepsins;
and the binding of thrombospondin, all able to release active
TGF-� from the matrix microenvironment around the cell (40–
45). The fact that proteases such as elastase may be involved in
release of TGF-� as well as directly damaging alveolar elastin
elements should provide further stimulus to understand the dif-

fering outcome of involvement leading to fibrosis or emphysema
(24).

MECHANISMS OF PROGRESSIVE FIBROSIS

When active TGF-� is expressed from an adenovirus vector in
the lungs of rats, we see the induction of altered alveolar and
parenchymal structures, enhanced matrix deposition, develop-
ment of “honeycomb” lung, and the presence of myofibroblast
and fibroblast foci under the epithelium (34–36). The process
begins within 1 or 2 d in the peribronchial tissues where the active
TGF-� is being secreted into the extracellular environment. Over
the period of a few days, the involvement gradually extends to
the entire lung, eventually including the pleural surface of the
lung, where extensive thickening begins to be seen around 10
to 15 d after transfection of the bronchial epithelium with the
vector (Figure 2). Eventually, the entire lung is involved in this
progressive fibrogenic response. Although this model demon-
strates a chronic progressive element to the fibrosis and impli-
cates TGF-� in the pathogenesis of IPF, one must recognize
the highly elevated TGF-� presence for prolonged periods in
the lung of experimental animals and thus the relationship of the
model to human IPF remains limited.

However, one notes that there is both a temporal and spa-
tial relationship in the development of this pleural thickening,
which suggests mechanisms for progressive fibrosis. The episode
(TGF-� release) that causes the response (pleural thickening)
occurred some considerable time and distance (bronchial epithe-
lium) away, and there is no evidence that tissues other than the
lung are involved. Indeed, most, if not all, fibrotic disorders
appear to be limited to one organ (e.g., pulmonary fibrosis does
not induce liver fibrosis or renal fibrosis or vice versa), suggesting
the mechanism of progression needs to account for this limited
distribution. Moreover, when we examine the lung and adjacent
tissues, we note that the chest wall abutting the thickened pleura
is not itself thickened and thus the mechanism of progressive
fibrosis needs to account for the inability to cross “boundaries,”
and argues for a mechanism involving pathways other than solu-
ble factor release and simple diffusion.

We propose an explanation as outlined in Figure 3. Here, a
“fibrogenic” cell (one that has already been switched to a pheno-
type involved in fibrosis; i.e., enhanced matrix activation and
expression of cytokine and growth factors) releases factors in-
cluding TGF-� and connective tissue growth factor (CTGF), a
downstream gene from TGF-� stimulation involved in matrix
regulation. Parenchymal cells are never found in an isolated
state; rather, they are tethered to the matrix. TGF-� and CTGF
are known to have strong affinity for matrix molecules and are
normally found tightly bound to them such that the enhanced
content of growth factors adjacent to the surface of the “fibro-
genic” cell would allow the signal for growth and matrix induc-
tion to be passed to a contiguous cell, thereby inducing the
second cell to become “fibrogenic.” Growth factors are known
to be more efficiently presented to receptors in the context of
matrix proteins, and the altered matrix deposition could result
in greater concentration of growth factors in one area versus
another (profibrotic microenvironment) through these binding
mechanisms. In this manner, the process of progressive fibrosis
can account for both temporal and spatial restrictions and also
explain the inability of the pathogenic process to cross a physical
or spatial barrier, thus restricting the progression to a single
organ. Moreover, it would be possible for matrix alterations to
create local profibrotic microenvironments in some lung tissue
while tissue destruction is ongoing in other parts, resulting in
simultaneous presence of alveolar damage and emphysema-
like lesions. Obviously, the coexistence of two such different
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Figure 3. Fibrogenic parenchy-
mal cells, tethered to extracel-
lular matrix, release and activate
cytokines and growth factors
that can be efficiently pre-
sented in the context of matrix
by contiguous cells, inducing a
fibrogenic phenotype to prog-
ress from one cell to the
next. CTGF � connective tis-
sue growth factor. Modified
by permission from Biomedica
Laboratories.

microenvironments would not be a common occurrence but
could explain the presence of fibrosis and emphysema in those
limited instances seen in humans.

INFLAMMATION AND PROGRESSION IN FIBROSIS

Historically and realistically, inflammatory responses are be-
lieved to drive the repair response and contribute in an ongoing
manner to the chronic phase of disease as depicted in Figure 1
(6, 10, 46). However, although there is considerable evidence
linking inflammation to initiation of fibrosis, there is debate as
to the role played by these mechanisms in chronic progression
as seen in IPF (11, 35, 36, 47). We have addressed this directly
by administration of an adenovirus vector expressing IL-1� to
the lungs of rats (48), bypassing the systems needed to initiate
tissue injury and exposing the lung to an inflammatory and pro-

Figure 4. Bleomycin and IL-1� induces expression of
TGF-�, which after activation, binds to its receptor and
transphosphorylates Smad2 and Smad3, inducing a fi-
brotic response in experimental models. Animals deficient
in Smad 3 are protected from fibrosis but susceptible to
emphysema. MMP � matrix metalloproteinase.

fibrotic cytokine. In these studies, we saw that IL-1� overexpres-
sion caused extensive tissue damage and inflammation. This cyto-
kine, alone among many we have studied, caused very extensive
tissue disruption and led to ongoing progressive fibrosis of the
lung, with similar features of honeycombing and fibroblastic foci,
as seen with TGF-� expression, out to 60 d (48). The progression
extended well beyond the time when IL-1� was expressed (the
vector system leading to only a transient—up to 10 d—expression
of transgene). Examination of many factors showed only TGF-�
in the lung was extendedly up-regulated and suggests that
IL-1� can induce inflammation and progressive fibrosis, but is
likely mediated by TGF-� (36).

TGF-� AND Smad SIGNALING IN FIBROSIS

With the emphasis on TGF-� as the important “coalescent”
mediator in the progression to fibrosis, it is important to examine
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downstream events that may clarify how extracellular events lead
to fibroblast phenotype alteration and matrix gene regulation.
Binding of the TGF-� active form to the type II TGF-� receptor
(TGF-�RII) leads to a dimer of TGF-�RII assembling with a
dimer of TGF-�RI, both of which are transmembrane serine/
threonine kinase receptors. TGF-�RI is also known as activin-
like kinase 5 (ALK5), and within the heterotetrameric complex,
the kinase domain of ALK5 is phosphorylated by TGF-�RII.
Subsequently, ALK5 phosphorylates and activates the intracel-
lular receptor-activated (R) Smads (Smad2 and Smad3). These
then interact with the comediator, Smad4, to enter the nucleus
and provide activation for a series of genes involved in matrix
expression and cell differentiation and proliferation (49–51). It
is important to note that TGF-� signals exclusively through
ALK5 in fibroblasts, although ALK1 in endothelial cells and
ALK2 in epithelial cells have been shown to also engage TGF-�
(52). We have used two approaches to show the critical involve-
ment of the Smad pathway in fibrosis. First, we have had access
to a small-molecular-weight, orally acting inhibitor of the TGF-
�RI (ALK5) kinase. This drug is a potent inhibitor of the kinase
and blocks TGF-�–mediated fibrosis in the lung when adminis-
tered to rats undergoing either bleomycin- or gene vector–
initiated fibrosis (53). Second, we have used the Smad3 null
mouse to demonstrate that, in the absence of Smad3, the ALK5
receptor cannot transmit message through to the nucleus and
thus cannot up-regulate matrix gene expression in either bleomy-
cin or TGF-� gene–mediated fibrotic stimulation (54, 55). Taken
together, these data indicate that only when there is an intact
TGF-�RI signaling mechanism and/or intact Smad3 signaling
can the progressive nature of fibrosis proceed.

INFLAMMATION AND THE Smad3 PATHWAY

The data above confirmed the central role of TGF-� and the
Smad pathway for proceeding to progressive fibrosis; however,
we sought to clarify whether inflammation could bypass this
restriction and lead to fibrosis through alternate pathways of
activation and/or signaling. This was done by administration of
the adenovirus vector expressing IL-1� to the lung of Smad3
null mice. In these animals, the administration of IL-1� caused
extensive inflammation and tissue damage in both the Smad3
null as well as wild-type mice. If anything, the Smad3 null mouse
showed an even greater degree of inflammation. However, after
20 d, only the wild-type animal had progressed to fibrosis,
whereas the Smad3 null mouse had no indication of fibrogenesis
and was not markedly different from animals receiving only
control vector (56). In the wild-type animals, there was extensive
evidence of Smad2/3 phosphorylation, as seen by immunohisto-
chemistry on lung tissue, as well as indication of the presence
of TGF-� in the lung during progressive fibrosis. No such changes
were seen in the Smad3 null mouse. Thus, despite an equivalent,
or even enhanced, ability to generate inflammation, the progres-
sion from inflammation to fibrosis depends on the presence of
an intact Smad signaling pathway and confirms that inflammation
is linked to fibrosis through participation of TGF-� in the paren-
chymal tissue response.

EMPHYSEMA AND Smad3 SIGNALING

To this point, we have shown that TGF-� and the Smad signaling
pathway are critical elements of progression from inflammation
to chronic fibrosis. Lack of Smad signaling capacity is protective
from fibrosis. However, despite the Smad3 null mutation being
viable (the animals suffer from altered bone metabolism and
some immune dysfunction), a Smad signaling pathway appears
to be critical for protection from chronic tissue damage. The

Smad3 null mouse develops spontaneous and likely environ-
mentally induced emphysema over 4 to 6 mo, with markedly
increased mean linear intercept measurements of alveolar spaces
developing over time (55). Examination of lung tissue at 4 mo
showed a markedly up-regulated expression and enhanced activ-
ity of matrix metalloproteinase 9 (MMP-9) and MMP-12, each
of which can cause damage to alveolar structures. MMP-12 is
mainly expressed in alveolar macrophage in the lung and TGF-�
is known to suppress expression of this inhibitor in macrophages
under normal circumstances. During normal development as
the mice age in conventional animal quarters, the lung is likely
exposed to levels of dust and particulate (e.g., bedding) that
can activate tissue damage mechanisms, and without the proper
signaling systems, these microtraumas may not be repaired prop-
erly, resulting in age-related progressive airspace enlargement.
Notably, in these animals, the changes occur throughout the
lung and studies with a separate Smad3 null mutation implied
some element of developmental impairment in alveolar struc-
ture, but these studies also showed a progressive emphysema-
like change to the lung over time (57). That TGF-� and the
Smad pathway are involved in response to damage and repair
is also seen in the �v�6 integrin null mouse (a matrix interactive
integrin), which is compromised in the ability to activate latent
TGF-� and also develops an emphysema-like response, albeit
at a slower rate than the Smad3 null mouse (58). This highlights
the role that matrix (probably altered) plays in activation of
growth factors and also provides a direct signaling system to
regulate parenchymal cell differentiation.

Figures 3 and 4 show a summary of the interactions between
inflammation, TGF-� activation, and Smad3 signaling and the
disorders of fibrosis and emphysema. However the injury or
insult is initiated, mesenchymal and epithelial cells appear to
respond and express enhanced levels of latent TGF-�. Activation
of this mediator leads to binding with TGF-�RI/II and kinase
activity with phosphorylation of Smad2/3. In the absence of
Smad3 or blockade of TGF-�RII kinase activity, there is no
progression to fibrosis and there are no enhanced levels of either
matrix deposition or antiproteases, such as tissue inhibitors of
metalloproteinases (TIMPs). This lack of inhibitory microenvi-
ronment means that, even if matrix was deposited, it would
be digested readily and thus not remain as scar tissue. Smad3
signaling is crucial for progression to fibrosis. On the other hand,
absence of proper Smad3 signaling results in an ineffective repair
response to damage in the lung, reduction of suppression of
expression of potent MMPs, and susceptibility to airspace en-
largement and emphysema. Other members of the Smad path-
way may be involved, but because Smad2 null mice do not
survive birth, one can only speculate about the role for this
factor in adult lung disease. These data from animal models lead
us to speculate on the potential role for deficiencies (genetic or
acquired) in human fibrotic lung disease. There may be a few
individuals with single gene modifications to Smad pathways,
other TGF-� pathways, or other receptor systems, but most
likely it will be a combination of genetic and environmental
factors that then contribute to progressive fibrosis and/or emphy-
sema. Whether such mutations or polymorphisms could account
for the presence of both pathologic changes in the same lung
will remain speculative until true animal models of such alter-
ations can be examined.

FIBROSIS AND COPD: TWO DISEASES BUT SOME
COMMON PATHWAYS

Inflammation is a critical element of the host response to in-
fection or injury, which provides a protective, but sometimes
pathologic, outcome. The Smad pathway for signal transduction
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is a critical element involved in this response. The pathway (and
its primary ligand, TGF-�) mediates the switch from inflamma-
tion to chronic progressive fibrosis, whereas impaired Smad func-
tion could lead to chronic progressive emphysema. It will be
of interest to examine allelic variation in aspects of the Smad
signaling cascade to see if relationships exist in either fibrosis
or emphysema.

With new approaches to small-animal imaging and functional
measures of pulmonary physiology in rodents, we are now able
to follow these progressive changes in a noninvasive manner
and correlate the quantitative changes seen on morphologic ex-
amination with functional and image analysis. This will help
correlate rodent models of disease with human disorders and
allow us to further investigate the relationship between these
disorders that appear at first to be unrelated, but on examination
of processes as outlined above may be highly related, and
discover alternate targets for therapeutic intervention in both
diseases.
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