
Summary. Pulmonary fibrosis is a common response to
various injuries to the lung. The resolution of a
fibroproliferative response after lung injury is key to
survival. Although there are various initiating factors or
causes, the terminal stages are characterized by
proliferation and progressive accumulation of connective
tissue replacing normal functional parenchyma.
Conventional therapy consisting of glucocorticoids or
immunosuppressive drugs is usually ineffective in
preventing progression of fibrosis. Further understanding
of the molecular mechanisms of endothelial and
epithelial cell injury, inflammatory reaction, fibroblast
proliferation, collagen deposition and tissue remodeling,
should lead to the development of effective treatments
against pulmonary fibrosis. Evidence that apoptosis
plays an important role in the pathophysiology of
pulmonary fibrosis has been accumulated. We overview
the role of apoptosis in each of the pathogenic events
which have emerged from animal models and human
tissue studies. 
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Introduction 

Apoptosis plays a major role in homeostasis to
maintain a balance between cell proliferation and cell
death. There are two principle signaling pathways of
apoptosis. One is a direct pathway from death receptor
ligation to caspase cascade activation and cell death.
Death receptor ligation triggers recruitment of the
precursor form of caspase-8 to a death-inducing
complex, through the adaptor protein FADD, which
leads to caspase-8 activation. The other pathway
triggered by stimuli such as drugs, radiation, infectious
agents and reactive oxygen species is initiated in

mitochondria. After cytochrome c is released into the
cytosol from the mitochondria, it binds to Apaf1 and
ATP, which then activate caspase-9 (Kroemer and Reed,
2000). The activation of caspase-8 or caspase-9 leads to
the activation of the caspase cascade and apoptosis. The
vulnerability to apoptosis induced by death receptors or
other apoptosis stimulators, and the ability to survive by
inhibitors of apoptosis vary according to the cell type
(Fig. 1). 

Apoptosis may play important roles in lung diseases
in two different ways. First, failure to clear unwanted
cells by apoptosis will prolong the inflammation because
of the release of their toxic contents. The resolution of a
fibroproliferative response after lung injury is key to
survival. If orderly reconstitution of the alveolar wall is
to occur, the intraalveolar granulation tissue must regress
without inducing an acute inflammatory response or
disturbing the concomitant re-epithelialization. It is now
increasingly recognized that the unwanted cells are
cleared by apoptosis, which eliminates cells without
inciting an inflammatory response, because apoptotic
cells are quickly recognized and ingested by phagocytes
before releasing their toxic contents, unlike accidental
cell death or necrosis. Repair after an acute lung injury
requires the elimination of proliferating mesenchymal
and inflammatory cells from the alveolar airspace or
alveolar wall (Polunovsky et al., 1996). Secondly,
excessive apoptosis may cause diseases. It has been
demonstrated that intratracheal instillation of agonistic
anti-Fas antibody or recombinant Fas ligand (FasL)
induces acute alveolar epithelial injury and lung
inflammation (Matute-Bello et al., 2001a,b), and that
repeated inhalations of agonistic anti-Fas antibody
induce epithelial cell apoptosis and lung inflammation,
which subsequently lead to pulmonary fibrosis in mice
(Hagimoto et al., 1997). 

Alveolar epithelial damage is an important initial
event in pulmonary fibrosis. Epithelial cell damage and
cell death during alveolitis induces the formation of gaps
in the epithelial basement membranes. When the degree
of lung injury is mild, damaged tissue will normally be
repaired, whereas excess cell death may lead to
unrepairable lung damage and pulmonary fibrosis. The
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migration of fibroblasts through these gaps into the
alveolar space leads to intra-alveolar fibrosis (Fukuda et
al., 1987). Interstitial fibrosis and the subsequent relining
of intra-alveolar fibrosis by alveolar and bronchiolar
epithelial cells result in structural remodeling after lung
injury. 

As well as death receptors/ligands, death signals
such as reactive oxygen species, nitrogen species,
proinflammatory cytokines, chemokines and others are
involved in inflammatory lung diseases. In animal
models of lung injury or human diseases such as acute
respiratory distress syndrome (ARDS) and idiopathic
pulmonary fibrosis (IPF), various inflammatory
mediators and death factors induce epithelial cell
damage and apoptosis (Fig. 2). The vulnerability to
apoptosis induced by death receptors or other apoptosis
stimulators, and the ability to survive by inhibitors of
apoptosis varies according to the cell type. A
clarification of the apoptosis regulatory mechanisms
could lead to the development of novel strategies against
inflammatory lung diseases, especially lung injury and
fibrosis. 
Epithelial cell apoptosis 

Lung epithelium is not only the primary site of lung
damage but it also participates in inflammatory reaction
through a number of mechanisms, including the release
of inflammatory mediators. Alterations in the structure
and function of lung epithelial cells may affect the

expression of these molecules. Epithelial cells in IPF can
secrete a number of molecules, such as growth factors
and their receptors, proteases, surfactant proteins,
adhesion molecules and matrix component, which may
regulate the inflammatory and fibrotic response within
the lung. Prominent alveolar epithelial cell injury is the
characteristic feature of IPF. Although type I
pneumocytes comprise 40% of the alveolar epithelial
cell population and over 90% of the alveolar surface in
the normal lung (Mason et al., 1997), they are markedly
decreased in the area of severe inflammation following
extensive injury and cell death in the lung tissue from
patients with IPF. The alveolar type II cell is a reparative
cell and rapidly proliferates following epithelial cell
injury. In areas most severely damaged, the basement
membrane is covered by proliferating type II cells which
are cuboidal, and death of both type I and type II cells is
replaced by abundant fibroblasts and smooth muscle
cells (Coalson et al., 1982) (Fig. 3). 

Bleomycin rapidly produces extensive DNA damage
in the lung (Harrison et al., 1989). In vitro, bleomycin
can induce apoptosis (Tounekti et al., 1993). The
persistence of DNA damage rather than the initial level
of strand scission, is associated with pulmonary fibrosis
(Harrison et al., 1989). Biphasic DNA fragmentation is
observed by the gel electrophoretic results of DNA
extracted from lung tissues in mice with bleomycin-
induced pulmonary fibrosis. Electron microscopic
findings show the characteristic features of apoptosis in
bronchiolar and alveolar epithelial cells in this model
(Hagimoto et al., 1997). Therefore, DNA damage and
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Fig. 1. Apoptosis-signaling pathways mediated by death receptor and
mitochondria. Death receptor-mediated and mitochondria-mediated
pathways are two principal signaling pathways of apoptosis.  Activation
of death receptors resulted in the recruitment of adaptor proteins
through the interaction of the death domain (DD).  Recruitment of FADD
to Fas or to TNFR through TRADD activates initiator caspase-8. Other
stimuli other than death-receptor activation, such as anti-cancer drugs,
radiation, and reactive oxygen radicals etc., trigger apoptotic pathways
initiating at the mitochondria.Cytochrome c is released into the cytosol
from mitochondria and binds to Apaf1 with ATP, which results in the
activation of caspase-9.The activation of caspase-8 or caspase-9 leads
to the activation of the caspase cascade.The NF-κB signal transduction
pathway is also initiated through the interaction of TRADD and TRAFs.
The activated NF-κB promotes the transcription of IAPs as well as
proinflammatory cytokines. IAPs block caspase-3, caspase-7, and
caspase-9 directly, and also inhibit caspase-8 along with TRAFs. The
precise functions of IAPs remain to be addressed in the future.

Fig. 2. Molecular mechanisms of pulmonary fibrosis. Recent advances
concerning the molecular mechanisms of pulmonary fibrosis concerning
parenchymal cell injury, inflammation, fibroblast proliferation and
remodeling result in the increasing recognition of its complexity. Since
various inflammatory mediators and death factors induce tissue
damage, it is unlikely that a single treatment is effective in severe lung
injury. In addition, to prevent tissue damage, and to accelerate repair
and regeneration of damaged tissue could be an effective treatment to
prevent irreversible fibrosis. The combination of effective treatments
may overcome this devastating illness.



the apoptosis of epithelial cells may be associated with
pulmonary fibrosis. There is DNA damage or apoptosis
in bronchiolar and alveolar epithelial cells in IPF using
an in situ DNA nick-end-labeling method and electron
microscopy (Kuwano et al., 1996, 2002; Barbas-Filho et
al., 2001). DNA damage and apoptosis in lung epithelial
cells have been reported in acute lung injury (Bardales et
al., 1996) and diffuse alveolar damage (Guinee et al.,
1996), as well as IPF. 

The evidence that apoptosis is involved in lung
injury and fibrosis has also been demonstrated using
caspase inhibitors. One of the intracellular events
required for cell death in several systems, including the
Fas-FasL pathway, is the activation of caspases. The
activation of initiator caspase-8 is triggered by ligation
of death receptors through the adapter molecule FADD.
Active caspase-8 activates effector caspases such as
caspase-3. Active effector caspases mediate the cleavage
of protein substrates, resulting in morphological features
of apoptosis. The tripeptide benzyloxycarbonyl-Val-Ala-
Asp fluoromethylketone (Z-VAD.fmk), a broad-
spectrum caspase inhibitor, inhibited the intracellular
activation of caspase-like proteases in vivo, and

protected mice against LPS-induced acute lung injury
(Haimovitz-Friedman et al., 1997; Kawasaki et al.,
2000). It also attenuated bleomycin-induced pulmonary
fibrosis in mice (Uhal et al., 2000; Kuwano et al., 2001).
Although the precise mechanisms of how epithelial cell
apoptosis leads to pulmonary fibrosis remain to be
examined, epithelial cell apoptosis probably has an
important role in the pathogenesis of lung injury and
fibrosis. 
Endothelial cell apoptosis

Pulmonary endothelial cells are involved in
homeostasis and gas exchange in the lung. Damage to
endothelial cells is associated with interstitial edema,
leukocyte invasion and decreased gas exchange. The
structural or functional deficiency of endothelial cells
may lead to malfunction or cell death of type II epithelial
cells and may promote pulmonary fibrosis (Pober and
Cotran, 1990). Ultrastructural findings show that injured
epithelial and endothelial cells are found in early
fibrosing alveolitis (Harrison et al., 1991). Alveolar type
II cells release a peptide(s) that protects endothelial cells
from apoptosis induced by TNF-α (Wendt et al., 1994). 

Pulmonary endothelial cells are activated in a variety
of inflammatory lung diseases, and their dysfunction
may be important in pulmonary fibrosis. Endothelial
cells express inflammatory and fibrogenic cytokines,
which have an important role in inflammatory
infiltration, cellular growth and matrix synthesis (Wendt
et al., 1994). Apoptosis occurs within the intra-alveolar
granulation tissue during lung injury and BALF from
these patients induces apoptosis in mesenchymal cells
(Polunovsky et al., 1993). Endothelial cell proliferation
and angiogenesis are essential in intra-alveolar
granulation of injured lungs. 

The existence of neovascularization in bleomycin-
induced pulmonary fibrosis has been identified (Peao et
al., 1994). Alveolar epithelial cells may regulate
endothelial cell apoptosis during injury and repair. The
CXC chemokine, IFN-γ-inducible protein-10 (IP-10) is
inversely correlated to total lung collagen and a greater
angiogenic response in mice with bleomycin-induced
pulmonary fibrosis compared with control lung tissue
(Keane et al., 1999). A significant increase in MIP-2 is
correlated with a significant increase in angiogenesis in
mice with bleomycin-induced pulmonary fibrosis
compared with controls. Moreover, angiogenesis and
pulmonary fibrosis are significantly attenuated with the
anti-MIP-2 antibody (Keane et al., 1999). In addition to
the fibroproliferative effect, the angiogenic effect of
bFGF may play a role in pulmonary fibrosis (Peao et al.,
1994).
Epithelium-fibroblast interaction

Severe injury and insufficient repair of lung
epithelial cells disturb normal epithelial-fibroblast
interaction, which leads to pulmonary fibrosis. If
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Fig. 3. Epithelial cell damage as an initial event in the pathogenesis of
pulmonary fibrosis. Alveolitis is an initially important event in pulmonary
fibrosis, regardless of whether this process is acute or chronic, or the
etiology is known or unknown. When the damage on epithelial cells and
basement membranes is too severe to be repaired, the migration of
fibroblasts into the alveolar space leads to intraalveolar fibrosis as well
as interstitial fibrosis.



epithelial cell repair does not proceed smoothly and
completely, fibroblasts will proliferate, eventually
leading to pulmonary fibrosis. Studies on the re-
population of denuded tracheal explants by epithelial
cells show that the denuded tracheal implants are rapidly
replaced by fibroblasts, unless enough epithelial cells are
introduced into the lumen to control fibroblast
proliferation (Terzaghi et al., 1978). Alternatively,
epithelial cells may control fibroblasts by releasing
cytokines that downregulate fibroblast activity. Mouse
lung explants with severe epithelial damage induced by
prior hyperoxic lung injury exhibit marked fibroblast
proliferation and collagen deposition in culture, whereas
less severely injured explants do not (Adamson et al.,
1988). Normal repair of the epithelial layer occurs
through the proliferation and differentiation of type II
alveolar epithelial cells. This process is affected by
factors produced by lung fibroblasts (Panos et al., 1993;
Mason et al., 1994). 

Abnormal fibroblast phenotypes isolated from the
fibrotic human lung produce factors capable of inducing
apoptosis and necrosis of alveolar epithelial cells in vitro
(Uhal et al., 1995). The cuboidal epithelium of the
fibrotic human lung is composed of both proliferating
and dying cells, and apoptotic and necrotic epithelial
cells are observed in proximity to a-actin-positive
interstitial cells (Uhal et al., 1998). Neither inflammation
nor fibrosis correlates with survival, and the only
pathological data that showed a significant correlation
with mortality are numbers of areas with fibroblastic foci
(King et al., 2001). These abnormal epithelial-
mesenchymal interactions contribute to the pathogenesis
and exacerbation of fibrotic lung disease by preventing
normal epithelial repair and progression of abnormal
fibroblast proliferation. 

Lovastatin is an HMG-CoA reductase inhibitor
widely used in the treatment of hypercholesteremia.
Lovastatin induces apoptosis in normal and fibrotic
fibroblasts both in vitro and in vivo, and dramatically
reduces granulation tissue formation in a guinea pig
wound chamber model with ultrastructural evidence of
fibroblast apoptosis (Tan et al., 1999). Soluble
fibronectin peptides trigger non-transformed fibroblast
apoptosis in routine culture and in fibrin gels by a
mechanism that includes disruption of an integrin-
mediated survival-signaling pathway (Hadden and
Henke, 2000). CD44 on fibroblast is an adhesion
molecule for extracellular matrix and mediates fibroblast
invasion into fibrin matrices. Incubation of cultured
fibroblasts with an anti-CD44 monoclonal antibody
induces fibroblast detachment from the substratum and
morphological changes compatible with apoptosis
(Henke et al., 1996). To induce apoptosis of fibroblasts
may be one possible approach in the attempt to block
fibroblast proliferation and collagen synthesis. 
p53 and p21Waf1/Cip1/Sdi1

The wild-type p53 normally acts to suppress cell

growth while the cell attempts DNA repair. It also
promotes apoptosis in those cells, which have
irreparably damaged DNA or continue to proliferate
(Kasten et al., 1991; Ko and Prives, 1996). The
expression level of wild-type p53 is kept very low in
normal cells, and a half-life of wild-type p53 is as short
as 20 minutes to 4 hours in normal cells (Yu et al.,
2000). Expression of p53 is upregulated in response to a
variety of stress such as DNA damage, heat shock, or
reactive oxygen species (Maltzman and Czyzyk, 1984;
Hubbert et al., 1992; Maki and Howley, 1997).
Expression of p53 and p21 are detected in the
hyperplastic bronchial and alveolar epithelial cells of
lung tissue from patients with IPF by using
immunohistochemistry (Kuwano et al., 1996). 

Bleomycin-induced pulmonary fibrosis is an animal
model of lung injury and fibrosis. Mishra et al. (2000)
demonstrated that DNA damage to alveolar epithelial
cells occurs in response to bleomycin and that p53 and
p21 proteins were overexpressed within these cells. We
have also demonstrated epithelial cell damage and
apoptosis associated with p53 and p21 upregulation in
this model (Kuwano et al., 1999). Accordingly, these
results suggest that p53 may play an important role in
epithelial cell damage and apoptosis in this model. In
contrast, mice expressing dominant negative p53 in the
lung epithelium have a decreased induction of p21
expression, and are impaired in the recovery from
bleomycin-induced pneumopathy (Ghosh et al., 2002).
p53 knockout mice present more severe inflammation
and fibrosis after bleomycin instillation compared with
wild-type mice (Davis et al., 2000). These results
suggest that p53-inducible genes, such as p21, may
protect epithelial cells and promote repair of epithelial
cell injury. Whether p53 induces apoptosis or promotes
repair in lung epithelial cells is likely to be tightly
regulated by complex mechanisms within the cell. 

p21Waf1/Cip1/Sdi1 (p21) is induced in wild-type p53-
containing cells following exposure to DNA-damaging
agents. In normal human cells, p21 exists in a quaternary
complex with a cyclin, a Cdk, and the proliferating-cell
nuclear antigen (PCNA) (Waga et al., 1994). p21 inhibits
cyclin-Cdk complex kinase activity and is a critical
downstream effector in the p53-specific pathway of
growth control in mammalian cells (El-Deily et al.,
1993). On the other hand, PCNA functions in both DNA
replication and repair. p21 directly inhibits PCNA-
dependent DNA replication in the absence of a
cyclin/Cdk, but does not inhibit DNA repair (Li et al.,
1994). Forced p21 expression has been shown to have a
protective effect against cell death caused by genotoxic
stresses such as radiation or cytotoxic agents
(Bissonnette and Hunting et al., 1998; Lu et al., 1998).
p21 enhanced survival either by promoting DNA repair
or by modifying cell death caused by exposure to
hyperoxia (O’Reilly et al., 2001). The absence of p21
results in rapid necrotic alveolar cell death and mortality
and also results in premature and extended proliferation
of parenchymal cells, thereby creating hyperplastic
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regions enriched in proliferating fibroblasts after oxidant
injury (Sterversky et al., 2002). Interestingly, activation
of caspase-3 is regulated by p21, and procaspase-3-p21
complex formation is an essential system for cell
survival (Suzuki et al., 1998, 1999). These findings
suggest that p21 may be a key regulator of DNA
replication and repair after lung injury. 
The Fas-Fas ligand pathway 

The Fas-Fas ligand (FasL) pathway is a
representative system of apoptosis- signaling receptor
molecules. Fas antigen is a cell surface protein that
mediates apoptosis. It is expressed in various cells and
tissues including the thymus, liver, ovary, heart and lung.
It has structural homology with a number of cell surface
receptors, including tumor necrosis factor receptor and
nerve growth factor (Itoh et al., 1991). Mice carrying the
lymphoproliferative (lpr) mutation have defects in the
Fas antigen gene (Watanabe-Fukunaga et al., 1992). The
lpr mice develop lymphadenopathy and suffer from a
systemic lupus erythematosus-like autoimmune disease,
indicating an important role for Fas antigen in the
negative selection of autoreactive T-cells in the thymus
(Watanabe-Fukunaga et al., 1992). Fas ligand (FasL), a
cell surface molecule belonging to the tumor necrosis
factor family, binds to its receptor Fas, thus inducing the
apoptosis of Fas-bearing cells (Suda et al., 1993).
Generalized lymphoproliferative disease (gld) mice have
a point mutation in the FasL and develop
lymphadenopathy and suffer from autoimmune disease
(Takahashi et al., 1994). FasL is expressed
predominantly in activated T-lymphocytes and in tissues
including the small intestines, kidney, testis and lung
(Suda et al, 1993). In the immune system, Fas and FasL
are involved in the downregulation of immune reactions
(Brunner et al., 1995; Dhein et al, 1995; Ju et al., 1995). 

Bleomycin-induced pulmonary fibrosis is an animal
model for lung injury and fibrosis. In this model, FasL
mRNA is upregulated in infiltrating lymphocytes, and
Fas is upregulated in bronchiolar and alveolar epithelial
cells, in which excessive apoptosis is detected
(Hagimoto et al., 1997a). The repeated inhalation of
anti-Fas antibody mimicking Fas-FasL cross-linking
induces excessive apoptosis of epithelial cells and
inflammation, which results in pulmonary fibrosis in
mice (Hagimoto et al., 1997b). The neutralization of
FasL by Fas-Ig fusion protein or neutralizing anti-FasL
antibody could prevent the development of this model,
and Fas- or FasL-deficient mice are resistant to the
induction of this model (Kuwano et al., 1999).
Furthermore, Fas ligation not only induces apoptosis but
also induces IL-8 expression via NF-κB activation in
bronchiolar epithelial cells in vitro (Hagimoto et al.,
1998). The Fas-FasL system has also been demonstrated
to be important in the pathogenesis of
lipopolysaccharide-induced acute lung injury, and proper
regulation of the Fas-FasL system might be important
for potential treatment of ARDS (Kitamura et al., 2001).

Although the Fas/FasL system does not have a major
role in the clearance of aerosolized bacteria from the
lungs, this system contributes to the development of
permeability changes and tissue injury during gram-
negative bacterial pneumonia (Matute-Bell et al., 2001).
These results strongly support the hypothesis that the
Fas-FasL pathway is involved in the pathogenesis of
lung injury and fibrosis. 

The involvement of the Fas-FasL pathway in lung
injury and fibrosis of human diseases has also been
demonstrated. The Fas-FasL pathway has been
demonstrated to contribute to severe epithelial damage
that occurs in ARDS. FasL can be released as a
biologically active, death–inducing mediator capable of
inducing apoptosis of epithelial cells during acute lung
injury (Matute-Bello et al., 1999). Alveolar epithelial
damage in human with acute lung injury or ARDS is in
part associated with local upregulation of the Fas-FasL
pathway and activation of the apoptotic cascade in
epithelial cells (Albertine et al., 2002). Fas protein
expression is upregulated in lung epithelial cells, and
FasL mRNA and protein expression are upregulated in
infiltrating inflammatory cells in lung tissues from
patients with IPF (Kuwano et al., 1999). Soluble FasL
levels in BALF are significantly increased in the active
phase of IPF (Kuwano et al., 2000). BALF from patients
with ARDS or IPF could induce apoptosis on small
airway epithelial cells which are dependent on the Fas-
FasL pathway (Matute-Bello et al., 1999; Hagimoto et
al., 2002). Inhibiting this pathway may be one of novel
treatment strategies against lung injury and fibrosis. 
TNF-α

Tumor necrosis factor-α (TNF) causes inflammation
by damaging tissues and by inducing the expression of
adhesion molecules and cytokines in epithelial and
endothelial cells as well as in inflammatory cells. TNF
induces fibroblasts to produce PDGF, prostaglandin E2,
collagenase, gelatinase, chemokines, GM-CSF, IL-1 and
IL-6. The cellular effects of TNF are mediated by two
distinct cell surface receptors, termed TNF-receptor 1
(TNFR1) and TNF-receptor 2 (TNFR2) (Tartaglia and
Goeddel, 1992). Most of the cytotoxic effects of TNF are
mediated by TNFR1 through interaction of its death
domain with the TNFR-associated death domain
(TRADD) protein (Hsu et al., 1995). TRADD interacts
with Fas-associated death domain protein (FADD)
(Chinnaiyan et al., 1995) to activate caspase-8, thereby
initiating the apoptosis pathway. Since the Fas-mediated
apoptosis-signaling pathway is relatively short and
straight compared with that of TNFR, Fas-ligation takes
hours to kill target cells, while TNF takes a day or more.
Furthermore, TNF does not usually kill most types of
cells without metabolic inhibitors, which is different
from Fas-ligation. 

Although TNF and its mRNA have been identified
in alveolar macrophages in normal lung tissue, they are
predominantly detected in type II epithelial cells lining
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the thickened alveolar septa, as well as in macrophages
in fibrotic lung tissue (Piguet et al., 1993). Transgenic
mice, in which TNF gene expression has been driven
from the lung-specific SP-C promoter, go on to develop
an early lymphocytic alveolitis, followed by a fibrogenic
response (Miyazaki et al., 1995). Mice exposed to silica
upregulate their expression of TNF mRNA and protein
in lung tissue and in BAL cells. Enhanced TNF
expression precedes the onset of fibroblast proliferation
and collagen deposition in the lung (Piguet et al., 1990;
Ohtsuka et al., 1995). Anti-TNF antibodies or soluble
TNFR can prevent the development of pulmonary
fibrosis induced by silica or bleomycin exposure in mice
(Piguet et al., 1990; Piguet and Vesin, 1994). Mice
deficient in two different cell surface receptors for TNF
(TNFR1 and TNFR2), p55 and p75, are protected from
the fibroproliferative effects of inhaled asbestos fibers
(Liu et al., 1998) and silica, or bleomycin instillation
(Ortiz et al., 1999). These results suggest that TNF is
one of the important cytokines associated with the
pathophysiology of pulmonary fibrosis. 

Although TNFR mediates apoptotic signal
transduction, it can transduce intracellular signals that
activate transcription factor NF-κB by proteolytic
breakdown of IκB. TNFR-associated factor-2 (TRAF2)
and receptor interacting protein (RIP) (Hsu et al., 1996)
indirectly bind to TNFR1 through TRADD or directly
bind to TNFR2, and activate the NF-κB-inducing kinase
(NIK) (Malinin et al., 1997), which in turn activates the
IκB kinase (IKK) complex (Mercurio et al., 1997;
Regnier et al., 1997; Woronicz et al., 1997; Zandi et al.,
1997). IKK phosphorylates IκB, which leads to IkB
degradation, and allows NF-B to translocate to the
nucleus to activate transcription (Fig. 1). TNF or
agonistic anti-Fas antibody administration can lead to
production of IL-8 by colon epithelial cells (Abreu-
Martin et al., 1995) or bronchial epithelial cells in
addition to inducing apoptosis in vitro (Hagimoto et al.,
1999). Disruption of the NF-κB pathway with the
dominant-negative TRAF2 enhances the cytolytic effects
of TNF (Hsu et al., 1996). Cellular proteins homologous
to baculovirus inhibitors of apoptosis (IAPs) block cell
death. TRAF1, TRAF2, XIAP, c-IAP1 and c-IAP2 were
identified as gene targets of NF-κB transcriptional
activity (Stehlik et al., 1998). The recruitment of c-IAP1
and c-IAP2 to the TNF receptor complex through
interactions with TRAF1 or TRAF2 inhibits the
activation of the initiator caspase, caspase-8 (Wang et
al., 1998). Therefore, death receptor activation induces
NF-κB activation, which triggers inflammation and also
plays an important role in regulating apoptosis. 
TGF-ß1

TGF-ßs are multifunctional cytokines that exist in
three isoforms designated as TGF-ß1, TGF-ß2 and TGF-
ß3. Although the biological activity of these isoforms
overlaps, TGF-ß1 appears to be predominant among
them in being expressed in pulmonary fibrosis (Coker et

al., 1997). There are three TGF-ß receptors, type I
(TGFR1), type II (TGFRII) and type III (TGFRIII). All
three receptors bind to all three TGF-ßs with a high
affinity. TGF-ß is the most potent promoter of extra
cellular matrix (ECM) production, and also a strong
chemotactic factor for monocytes and macrophages.
TGF-ß activates them to release a number of cytokines
such as PDGF, IL-1ß, bFGF, TNF-α, and TGF-ß itself.
There is a consistent increase in TGF-ß production in
epithelial cells and macrophages in lung tissue from
patients with IPF (Khalil et al., 1991) and in bleomycin-
induced pulmonary fibrosis in rodents (Raghow et al.,
1989). 

Transient overexpression of active TGF-ß1 through
the transfection of porcine TGF-ß1 cDNA to the rat lung,
results in prolonged and severe interstitial and pleural
fibrosis (Sime et al., 1997). The increase in lung
collagen accumulation in bleomycin-induced lung
fibrosis is reduced by treatment with either TGF-ß2 ,
TGF-ß1 antibody, or the recombinant TGFRII (Giri et
al., 1993; Wang et al., 1999). Decorin, a naturally
occurring biological molecule that antagonizes TGF
bioactivity, may ameliorate excessive TGF signaling in
injured lungs. Adenovirus-mediated decorin gene
transfer reduces fibrotic response to bleomycin (Kolb et
al., 2001). 

Smad proteins regulate intracellular signals from the
membrane to the nucleus of TGF-ß (Helden et al., 1997).
The activated TGF-ß receptors induce phosphorylation
of Smad2 and Smad3, which form complexes with
Smad4. The complexes translocate to the nucleus and
regulate transcriptional responses. Smad3 deficiency
attenuates bleomycin-induced pulmonary fibrosis in
mice (Zhao et al., 2002). Smad7 prevents the
phosphorylation of Smad2 and Smad3 by association
with activated TGF-ß receptors (Hayashi et al., 1997;
Nakao et al., 1997). Transient gene transfer and the
expression of exogenous Smad7 into the lung by
adenoviral vectors prevent bleomycin-induced lung
fibrosis (Nakao et al., 1999). 

In addition to multiple effects on the process of
fibrogenesis, TGF-ß1 can induce apoptosis in gastric
carcinoma cells (Yanagihara et al., 1992), primary
hepatocytes, hepatoma cells (Gressner et al., 1997) and
human lung epithelial cell lines (Yanagisawa et al.,
1998). The mechanism of TGF-ß1-mediated apoptosis
probably varies among cell types, although caspase
activation (Chen et al., 1997; Hung et al., 1998),
upregulation of p21 (Kim et al., 1998), and
downregulation of Bcl-XL expression (Saltzman et al.,
1998) are commonly observed. However, TGF-ß1
induces apoptosis of retinal endothelial cells with
decreased expression of p21 (Yan et al., 1998). p21
regulates the activation of caspase-3 through the
procaspase-3-p21 complex formation and protects
human hepatoma cells from Fas-mediated apoptosis
(Suzuki et al., 1998, 1999). TGF-ß also augments Fas-
mediated apoptosis on lung epithelial cells in vitro and
in vivo (Hagimoto et al., 2002). BALF obtained from
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patients with IPF induces apoptosis on lung epithelial
cells, which is blocked by anti-Fas or by anti-TGF-ß
antibody in vitro. TGF-ß1 is a potent inducer of
apoptosis through the caspase-3 activation and the
downregulation of p21 and is also an enhancer of Fas-
mediated apoptosis of lung epithelial cells (Hagimoto et
al., 2002). This novel function of TGF-ß1 in apoptosis of
lung epithelial cells should be considered in the
treatment of lung injury and fibrosis (Fig. 4). 
Reactive oxygen and nitrogen species

Lung epithelial cells are always exposed to a variety
of stresses, and are a primary target for reactive oxygen
species (ROS). High intracellular and extracellular levels
of antioxidants protect lung epithelial cells. The
generation of ROS is increased in conditions such as
inflammation, or exposure to air pollutants and cigarette
smoke. ROS and their reactions with lung epithelial cells
participate in the pathophysiology of several lung

diseases, including IPF, ARDS, and lung cancer (Gaston
et al., 1994; Shi et al., 2001). Pulmonary lesions seen in
patients dying from ARDS are not only caused by the
initial disease, but also by the toxic effects of oxygen
therapy. It has been reported that a damaged lung is
more susceptible to oxygen than an undamaged one
(Witschi et al., 1981). There have been a number of
studies demonstrating the increased oxidative stress in
IPF. The spontaneous production of oxidants by lung
inflammatory cells and the myeloperoxidase
concentration are both increased in the alveolar
epithelial lining fluid of patients with IPF (Cantin et al.,
1987). Nitrotyrosine, a byproduct of protein nitration by
peroxynitrite, is increased in the lungs of patients with
IPF (Saleh et al., 1997). F2-isoprostanes, products of the
radical-catalyzed lipid peroxidation, are increased in
BALF in patients with interstitial lung diseases
(Monttuschi et al., 1998). Products of lipid peroxidation,
measured as thiobarbituric acid-malondialdehyde
adducts in plasma and BALF are increased in IPF. In
contrast, there is a marked reduction in antioxidant
capacity, measured as Trolox equivalent antioxidant
capacity, in the plasma and BALF from patients with IPF
(Rahman et al., 1999). These results demonstrate the
evidence of increased oxidative stress and of oxidant /
antioxidant imbalance in patients with IPF. 

Apoptosis plays a central role in DNA damage
during the pathogenesis of hyperoxic lung injury
(Albertine and Plopper, 2002). Hyperoxic injured cells in
neonatal lungs undergo both apoptotic and nonapoptotic
cell death (McGrath-Morrow and Stahl, 2001).
Hydrogen peroxide induces Fas upregulation by
promoting cytoplasmic transport of Fas to the cell
surface in human airway epithelial cells, and the
activation of the poly (ADP-ribose) polymerase-p53
pathway may be involved in this mechanism (Fujita et
al., 2002). Exaggerated apoptosis through Fas-mediated
signaling may accelerate hyperoxia-induced acute lung
injury in Legionella pneumonia (Tateda et al., 2003).
Hyperoxia, by virtue of activating NAPDH oxidase,
generates ROS, which mediates cell death of lung
epithelium via ERK1/2 MAPK activation in lung
epithelial cells (Zhang et al., 2003). Administration of
hydroxycortisone during hyperoxia aggravates lung
injury. The extent of cell death by ROS correlates with
the degree of NF-κß suppression (Barazzone-Argiroffo
et al., 2003). The adrenal response aggravates alveolar
epithelial cell damage and is likely to be mediated by the
decrease of NF-κß function involved in cell survival
(Franek et al., 2003). 

Glutathione (GSH) is one of the major antioxidant
molecules present in normal epithelial lining fluid and it
plays a role in protecting epithelial cells against oxidant-
mediated injury. Therefore, epithelial cell damage in IPF
may be augmented by a deficiency of GSH in the
epithelial lining fluid (Cantin et al., 1989). In this regard,
strategies to reduce oxidants may be beneficial in
decreasing alveolar epithelial cell injury and may
consequently reduce the progressive deterioration of
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Fig. 4. Pro- and anti-apoptotic molecules affecting epithelial cells in
pulmonary fibrosis. Apoptosis plays a major role in homeostasis to
maintain a balance between cell proliferation and cell death.  Increasing
attention has been paid to the importance of epithelial cell death during
the process of pulmonary fibrosis. The imbalance between pro- and
anti-apoptotic factors may participate in the pathogenesis of pulmonary
fibrosis.



patients with IPF. A significant increase of GSH in BAL
fluid was found after a period of treatment with high-
dose oral N-acetylcysteine (NAC), the GSH precursor, in
patients with IPF (Meyer et al., 1994; Behr et al., 1997).
The decreased levels of GSH and increased levels of
ceramide correlate with the induction of apoptosis in
these lung epithelial cells. GSH and NAC inhibit
hydrogen peroxide-mediated induction of ceramide and
apoptosis (Lavrentiadou et al., 2001). NAC ameliorates
the acute pulmonary inflammation induced by
bleomycin injection via the repression of chemokines
and lipid hydroperoxide production, resulting in the
attenuation of pulmonary fibrosis in mice (Hagiwara et
al., 2000). NAC inhibited MPO activity and lipid
peroxidation, which resulted in the reduction of
apoptosis in lung in cecal ligation and puncture-induced
sepsis model (Ozdulger et al., 2003). 

Heme oxygenase-1 (HO-1) confers protection
against a variety of oxidant-induced cell death and tissue
injuries. HO-1 overexpression using adenovirus
exhibited attenuation of hyperoxia-induced neutrophil
inflammation and apoptosis (Otterbein et al., 1999), or
prevented bleomycin-induced pulmonary fibrosis by
attenuating apoptotic cell death (Tsuburai et al., 2002).
CO, a major by-product of heme catalysis by HO-1,
exhibited a marked attenuation of hyperoxia-induced
neutrophil infiltration into the airways and total lung
apoptotic index (Otterbein et al., 1999). CO utilizes p38
MAPK and caspase-3 in exerting its anti-apoptotic effect
both in vitro and in vivo during ischemia-reperfusion
injury (Zhang et al., 2003). 

Nitric oxide (NO) is produced by three isoforms of
NO synthases. Constitutive NOS (cNOS) including
neuronal NOS (nNOS) and endothelial NOS (eNOS) are
expressed constitutively, and expression of inducible
NOS (iNOS) is induced by some stimuli, such as
inflammatory cytokines, in a variety of cell types. NO is
a potent vasodilator that has various functions including
antimicrobial, antiproliferative, and anticoagulant
effects. Peroxynitrite, which is produced by the rapid
reaction of NO and superoxide, mediates the cytotoxic
effect of nitric NO. Peroxynitrite is increased in acute
lung injury and ARDS (Haddad et al., 1994; Kooy et al.,
1995), and the source of both NO and peroxynitrite is
activated macrophages (Ischiropoulos et al., 1992).
Normal epithelial cells express high levels of cNOS and
only limited amounts of iNOS. However, there is
downregulation of cNOS and upregulation of iNOS in
lung tissue from patients with IPF and the active stage of
IPF is associated with increased formation of NO and
peroxynitrite (Saleh et al., 1997). Increased peroxynitrite
may have an important role in IPF, either through
oxidation of glutathione, inhibition of surfactant
function, or direct epithelial cell damage (Haddad et al.,
1993; Behr et al., 1995). In contrast, iNOS plays anti-
apoptotic and protective roles on lung epithelial cells in
bleomycin-induced pulmonary fibrosis in mice (Davis et
al., 2000). The role of NO in lung injury and fibrosis
remains to be clarified. 

Angiotensin II

Angiotensin-converting enzyme (ACE) levels in
BALF and serum are increased in fibrosing lung
diseases, including sarcoidosis, IPF, asbestosis, silicosis
and ARDS. Angiotensin II concentrations increase
during radiation-induced pulmonary fibrosis (Ward et
al., 1983). Angiotensin II induces human lung fibroblast
proliferation in vitro via activation of the angiotensin
type I receptor and the autocrine action of TGF-
ß(Marshall et al., 2000). The ACE inhibitor, captopril,
ameliorates pulmonary fibrosis induced by
monocrotaline in rats (Molteni et al., 1985). Captopril
inhibits the accumulation of collagens and mast cells in
the irradiated rat lung, and also inhibits fibroblast
proliferation in the presence of bFGF in vitro (Ward et
al., 1990; Uhal et al., 1998). Fas-induced apoptosis of
human lung epithelial cells in culture is potently
inhibited by captopril at concentrations readily attained
in vivo (Uhal et al., 1998). Fibloblasts isolated from
human lung secrete a soluble inducer of apoptosis in
alveolar epithelial cells in vitro. The protein inducers of
alveolar epithelial cell apoptosis produced by fibroblasts
from patients with IPF were identified as
angiotensinogen and its derivative angiotensin II (Wang
et al., 1999). Induction of alveolar epithelial cell
apoptosis and lung fibrosis are induced in Wister rats to
which amiodarone was administered orally over six
months, and concurrent administration of captopril or
losartan attenuates both alveolar epithelial cell apoptosis
and collagen accumulation (Uhal et al., 2003).
Bleomycin, like FasL or TNF-α, induces transactivation
of angiotensin II synthesis de novo that is required for
alveolar epithelial cell apoptosis (Li et al., 2003). The
inhibitory actions of captopril on pulmonary fibrosis
may be due to the prevention of lung epithelial cell
apoptosis. 
Cytokines and growth factors

Alveolar epithelial cells are damaged and induced to
cell death in association with the accumulation of
inflammatory cells and the presence of their mediators.
Cytokines and chemokines, which are chemotactic for
macrophages and lymphocytes, are closely associated
with the survival of these cells and the remodeling
process. Anti-apoptotic effects on monocyte and alveolar
macrophages of MCP-1 may be associated with their
profibrotic capacity. IL-8 recruits and activates
neutrophils in vitro and in vivo to release proteases and
LTB4 and can prolong the survival of neutrophils and
endothelial cells. Apoptotic cells produce significantly
more TGF-ß and IL-4 than viable cells. An increased
production of TGF-ß and IL-4 by epithelial cells
undergoing apoptosis may contribute to the inhibition of
proliferation, squamous metaplasia, and to the reduction
of the inflammatory response in acute lung injury
(Hodge et al., 2002). IL-6 enhances Fas-mediated
apoptosis and expression of Bax in normal fibroblasts,
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but inhibits apoptosis and induces expression of Bcl-2 in
fibroblasts obtained from patients with IPF (Moodley et
al., 2003). IL-6 diminishes hyperoxic lung injury and
this protection is associated with a marked diminution in
hyperoxic cell death, probably through the induction of
bcl-2 and TIMP-1 (Ward et al., 2000). Overexpression of
IL-11 in the lung enhances murine tolerance of 100%
oxygen and diminishes hyperoxia-induced apoptosis
(Waxman et al., 1998). IL-15 overexpression can prevent
TNF-α-induced apoptosis and protect against E. coli-
induced shock, indicating a possible therapeutic
application of IL-15 for septic shock (Hiromatsu et al.,
2003).

PDGF is one of the most potent mitogens and
chemoattractants for mesenchymal cells and induces the
proliferation of fibroblasts and the synthesis of
extracellular matrix. IGF-1 acts synergistically with
PGDF to promote fibroblast proliferation (Rom et al.,
1988). Basic FGF is a potent stimulator of both
fibroblast and endothelial cell proliferation and is
associated with the fibroproliferative response, similar to
PDGF. Basic FGF expression has been found to be
upregulated in healing wounds, recombinant bFGF has
been shown to accelerate wound healing, and anti-bFGF
antibody inhibits granulation tissue formation and
normal wound repair. Alveolar macrophages are a
predominant source of bFGF in intra-alveolar fibrotic
lesions following acute lung injury (Henke et al., 1993).
Mast cells are predominantly bFGF-producing cells in
IPF, and bFGF levels are correlated with
bronchoalveolar lavage cellularity and with the severity
of gas exchange abnormality (Inoue et al., 1996). TGF-α
induces the proliferation of endothelial and epithelial
cells and fibroblasts. TGF-α expression is upregulated in
alveolar epithelial cells and macrophages in
fibroproliferative lesions in rats with asbestos- or

bleomycin-induced pulmonary fibrosis (Madtes et al.,
1994). Transgenic mice, in which human TGF-α is
expressed in the lung in an epithelial cell-specific
manner, develop a fibroproliferative response in the
interstitium and pleural surface (Korfhagen et al., 1994). 

KGF has been demonstrated to enhance the
functional differentiation of rat alveolar type II cells, to
increase DNA synthesis in these cells in vitro, and to
stimulate the proliferation of these cells in vivo. KGF is
produced in the mesenchymal cells and the KGF
receptor is expressed in the epithelium of the developing
lung. Intratracheal instillation of KGF significantly
attenuates bleomycin-induced pulmonary fibrosis in rats
(Sugahara et al., 1998). KGF may participate in
maintaining and repairing the alveolar epithelium and
has the potential to become an effective agent against
lung injury and pulmonary fibrosis. Oxygen-induced
damage of alveolar epithelium and of endothelium was
prevented by KGF treatment, as seen by electron
microscopy. The induction of p53, Bax, and Bcl-x
mRNAs during hyperoxia is to a large extent prevented
by KGF, most probably by suppressing the expression of
plasminogen- activator inhibitor 1 expression
(Barazzone et al., 1999). KGF attenuates hydrogen
peroxide-induced DNA strand break formation in
cultured alveolar epithelial cells by mechanisms that
involve tyrosine kinase, PKC, and DNA polymerases
(Wu et al., 1998). Lung epithelial cell death can be
inhibited in transgenic mice when the animals are
subjected to hyperoxia. KGF is able to activate
antiapoptotic Akt signaling (Ray et al., 2003). 

HGF, composed of a α-subunit (35 kDa) and a ß-
subunit (64 kDa), is produced by mesenchymal cells and
has been identified as a potent mitogen for mature
hepatocytes. HGF is known to act not only as a mitogen
but also as a motogen or a morphogen for many kinds of
epithelial cells. The receptor for HGF is the c-Met proto-
oncogene product, which is predominantly expressed in
various types of epithelial cells. HGF levels in BALF
and the sera of patients with IPF are higher than those of
healthy control subjects (Maeda et al., 1995; Sakai et al.,
1997). As well as other epithelial cells, HGF promotes
DNA synthesis in alveolar type II cells in vitro (Shiratori
et al., 1995). A simultaneous or delayed administration
of HGF equally represses apoptosis and fibrotic changes
in murine lung injury induced by bleomycin
(Yaekashiwa et al., 1997). The combination of HGF and
IFN-γ enhances the migratory activity of A549 cells
through the upregulation of the c-Met/HGF receptor
(Nagahori et al., 1999). HGF administration may be a
novel strategy in the effort to inhibit apptosis and to
promote repairing and healing of inflammatory lung
damage in cases of pulmonary fibrosis. 
Conclusions

Recent advances with regard to the molecular
mechanisms in pulmonary fibrosis concerning
endothelial and epithelial cell injury, inflammatory
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Fig. 5. Targeting apoptosis as a treatment of lung injury and fibrosis.
The survival and recovery of epithelial cells, and the prevention of
fibroblast proliferation and ECM deposition appear to be the key to the
prognosis of patients.  Protecting parenchymal cells from injury and
maintaining their function may be an effective therapeutic strategy
against pulmonary fibrosis.



reactions, fibroblast proliferation, collagen deposition
and lung repair have resulted in the increasing
recognition of its complexity. The major targets of
therapy have focused on inflammatory cells, and this has
led to the use of anti-inflammatory agents. However,
conventional therapies, such as corticosteroids and
cytotoxic agents, have been reported to be only
minimally effective. In animal models of pulmonary
fibrosis or human diseases such as IPF, various
inflammatory mediators and death factors induce
epithelial cell damage. Therefore, it is unlikely that any
single treatment would be sufficiently effective in cases
of severe lung injury. The survival and recovery of
epithelial cells, and the prevention of fibroblast
proliferation and ECM deposition appear to be the key to
the prognosis of patients. Protecting parenchymal cells
from injury and maintaining their function may be an
effective therapeutic strategy against pulmonary fibrosis
(Fig. 5). 
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