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ABSTRACT

Disruption of the oxidant/antioxidant balance in the lung is thought to be a key step in the development of
many airway pathologies. Hence, antioxidant enzymes play key roles in controlling or preventing pulmonary
diseases related to oxidative stress. The superoxide dismutases (SOD) are a family of enzymes that play a piv-
otal role protecting tissues from damage by oxidant stress by scavenging superoxide anion, which prevents
the formation of other more potent oxidants such as peroxynitrite and hydroxyl radical. Extracellular SOD
(EC-SOD) is found predominantly in the extracellular matrix of tissues and is ideally situated to prevent cell
and tissue damage initiated by extracellularly produced ROS. EC-SOD has been shown to be protective in
several models of interstitial lung disease, including pulmonary fibrosis. In addition, alterations in EC-SOD
expression are also present in human idiopathic pulmonary fibrosis (IPF). This review discusses EC-SOD reg-
ulation in response to pulmonary fibrosis in animals and humans and reviews possible mechanisms by which
EC-SOD may protect against fibrosis. Antioxid. Redox Signal. 10, 343–354.
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INTRODUCTION

PULMONARY FIBROSIS CAN RESULT from a variety of insults
to the lung including toxins, fibers/particles, autoimmune

reactions, drugs, infections, and traumatic injuries. The result-
ing histopathological changes in the lung can be diverse with
overlapping features, characterized by varying degrees of in-
flammation and fibrosis. If the etiological agent is known, sim-
ple avoidance of the agent may result in spontaneous resolu-
tion. However, in the majority of the cases the etiology is
unknown (idiopathic pulmonary fibrosis; IPF) and there is an
unrelenting progression of pulmonary fibrosis that results in in-
creasing symptoms and eventually death in the majority of pa-
tients.

IPF is a chronic interstitial lung disease, characterized by
parenchymal cell injury and fibrosis of the alveolar parenchyma
and a low grade mixed inflammatory infiltrate. The pathogene-
sis of IPF is known to involve destruction of epithelium and the
underlying basement membrane, type II cell hyperplasia, fibrob-
lastic/myofibroblasic foci, and excessive extracellular matrix de-
position. Several inflammatory mediators have been implicated

in the pathogenesis of IPF. These include cytokines, chemokines,
growth factors, and reactive oxygen species (ROS)(43, 73, 125).
It has been proposed that the cellular redox state and the balance
of oxidants/antioxidants play a significant role in the progression
of pulmonary fibrosis in animal models and many studies sug-
gest this is also true for human IPF as well (Fig. 1). Superoxide
radical and hydrogen peroxide are generated continuously under
normal physiologic conditions and are easily metabolized by nu-
merous antioxidants and antioxidant enzymes. Under pathologic
conditions, including pulmonary fibrosis, the production of ROS
can be augmented by a variety of mechanisms, and additional
oxidants such as hydroxyl radicals and reactive nitrogen species
(RNS) can also be formed. Notably, the lung, like other tissues,
has highly specialized and compartmentalized antioxidant de-
fenses to protect against ROS and RNS. Thus, the location of the
oxidant production and the protective antioxidants will play an
important role in mediating the pathologic response to injuries.
This article reviews the importance of extracellular oxidative
stress and the role of extracellular superoxide dismutase (EC-
SOD) in both experimental animal models of pulmonary fibro-
sis and human IPF.
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BIOCHEMICAL AND MOLECULAR
CHARACTERISTICS OF EC-SOD

Marklund and coworkers first discovered EC-SOD, a slightly
hydrophobic glycoprotein with a molecular weight of 135,000

kDa, in 1982. Although it presents in various organisms as a
tetramer (33, 103), a dimer (45), or larger multimers (33, 103),
EC-SOD primarily exists as a homotetramer. An important
characteristic of EC-SOD is that it contains a heparin/matrix-
binding domain, which consists of a cluster of positively
charged arginine and lysine residues in the C-terminal of each
subunit (Fig. 2). These matrix binding domains enable EC-SOD
to bind to the matrix and to cell surfaces in tissues (32). No-
tably, the heparin/matrix-binding domain is sensitive to prote-
olysis. Thus, proteases can act to release EC-SOD from tissue
matrices and directly alter oxidant/antioxidant balances. In ad-
dition to binding heparan-sulfate proteoglycans on the matrix
and cell surfaces, the polycationic sequence of EC-SOD may
also give it high affinity to other negatively charged compo-
nents in the matrix (see below).

EC-SOD contains one copper and one zinc atom per subunit
that are required for enzymatic activity (80, 133). Although EC-
SOD activity can be inhibited by a variety of agents, including
azide, cyanide, diethyldithiocarbamate (DDC), and hydrogen
peroxide (81), the EC-SOD protein is very stable and displays
marked resistance to high temperatures, pH extremes, and high
urea concentrations (132). The EC-SOD gene is �60% ho-
mologous to Cu-Zn SOD, especially in the region of the active
site (145), but shows minimal homology with MnSOD (49).
The genomic structure and chromosomal localization of the EC-
SOD gene has been mapped in humans to chromosome 4q21
(39), and in mouse to chromosome 5 (40). The expression of
EC-SOD mRNA and protein, unlike CuZn-SOD and Mn-SOD,
is cell- and tissue- specific and is prominent in the lung, heart,
blood vessels, placenta, and kidney. The primary location of
EC-SOD in tissues is in the extracellular matrix (79, 102) and
on cell surfaces, where it is found at much higher concentra-
tions than are present in the plasma. Indeed, tissue EC-SOD is
thought to account for 90–99% of the EC-SOD in the body (78,
79). EC-SOD is also synthesized and secreted by a variety of
fibroblast cell lines, glial cell lines, and endothelial cell lines
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FIG. 2. This schematic diagram illustrates
the heparin-binding affinity patterns of
EC-SOD as well as a naturally occurring
EC-SOD mutation. Tissues contain pre-
dominantly type C EC-SOD, which consists
of a tetramer in which all four subunits con-
tain the carboxy terminal heparin/matrix-
binding domain (underlined sequence). The
intersubunit disulfide bond links the hep-
arin/matrix-binding domains of the subunits
together. Proteolytic removal of these do-
mains does not alter the enzymatic activity
of EC-SOD, but results in progressive re-
duction of it’s affinity to the matrix and leads
to clearance of the protein from the tissue
into the plasma. There is a naturally occur-
ring polymorphism/mutation within the cod-
ing sequence of the heparin/matrix binding
domain (C760G), which results in an amino
acid change from an arginine to a glycine at
amino acid residue 213. This amino acid is
in the center of the cluster of positive amino
acids in the heparin/matrix-binding domain

and results in a lower affinity of the enzyme to heparin. This decreased heparin affinity results in elevated serum levels of
EC-SOD (adapted from Refs. 33, 102).

FIG. 1. Potential roles of reactive oxygen species (ROS) in the
pathogenesis of pulmonary fibrosis. Multiple factors create a
redox imbalance, resulting in the production of ROS. ROS can
degrade several components of the extracellular matrix, causing
ECM remodeling. The ECM fragments produced can lead to in-
flammatory cell recruitment to the site and further increases ROS
production. Meanwhile, persistent inflammation can also trigger
the fibrogenic process. ROS and ROS-induced ECM fragmenta-
tion products can also activate fibrotic cytokines/growth factors
such as TGF-�, thus enhancing this process. EC-SOD can sig-
nificantly reduce the oxidative stress in the lung parenchyma both
in experimental models of lung fibrosis and in human lung.
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(77, 79). High levels of EC-SOD expression in the lung are pri-
marily attributed to type II epithelial cells (40) and to the
smooth-muscle region surrounding blood vessels and airways
(102). As the only antioxidant that enzymatically scavenges su-
peroxide in the extracellular compartment, EC-SOD has an im-
portant role in a number of lung diseases, where it modulates
oxidant injury, inflammation, and fibrosis.

REGULATION OF EC-SOD IN
EXPERIMENTAL ANIMAL MODELS OF

PULMONARY FIBROSIS

Highly localized productions of low levels of ROS/RNS are
essential to normal physiological functions in the lung, such as
smooth muscle relaxation in airways, blood vessels, and im-
mune responses. However, disruption of the oxidant/antioxi-
dant balance in the lung is thought to be a key step in the de-
velopment of pulmonary pathologies. Therefore, the regulation
of antioxidants such as EC-SOD may be important in modu-
lating or preventing the pathogenesis of many pulmonary dis-
eases. Studies show that exposure to 100% oxygen for 72 h re-
sulted in a significant decrease in EC-SOD levels in the lungs
and bronchoalveolar lavage fluid of mice (105). This correlated
with a significant depletion of EC-SOD from the alveolar pa-
renchyma and an increase in the ratio of proteolyzed (lacking
heparin/matrix binding domain) to unproteolyzed (containing
heparin/matrix binding domain) EC-SOD, which suggests that
hyperoxia depletes EC-SOD from the alveolar parenchyma by
cutting the heparin-binding domain. Proteolytic depletion of
EC-SOD may enhance hyperoxic pulmonary injury by altering
the oxidant–antioxidant balance in alveolar spaces (105). The
role of EC-SOD in the pathogenesis of acute lung injury has
also been investigated in mouse models expressing altered lev-
els of EC-SOD. Mice null for EC-SOD were phenotypically
normal until stressed (18). However, exposure of EC-SOD-null
mice to �99% oxygen caused significant reduction in viability
and an earlier onset of severe lung edema as compared to wild-
type mice (18). This suggests that, under normal physiological
conditions, the animals are capable of compensating for the lack
of EC-SOD; but, when exposed to oxidative stress, these mice
are unable to compensate and show increased sensitivity (18).
These studies indicate that extracellular oxidative stress con-
tributes to the pathogenesis of acute lung injury and that native
EC-SOD provides some protection. Furthermore, these studies
suggest that loss of EC-SOD from pulmonary matrices may
contribute to enhanced pathology.

BLEOMYCIN-INDUCED PULMONARY
FIBROSIS MODEL

The bleomycin-treated mouse is a well-described model sys-
tem of pulmonary fibrosis in which oxidative stress is known
to contribute to pathology. Treatment of mice with bleomycin
results in a fibrotic response that occurs in two distinct phases.
First, there is an acute phase characterized by an influx of in-
flammatory cells, in particular, macrophages and polymor-
phonuclear leukocytes (PMN). This is followed by a chronic

stage characterized by extracellular matrix remodeling and col-
lagen deposition (3, 30). An important feature of this model is
that activated phagocytes release large amounts of reactive oxy-
gen species (ROS) after bleomycin administration. The ROS
generated include the superoxide anion (23, 128), hydroxyl rad-
icals (19, 48), nitric oxide (44, 143) and hydrogen peroxide (72).
By using ROS production deficient p47phox �/� (KO) mice,
Manoury et al. found that ROS play a central role in the patho-
genesis of bleomycin-induced lung injury as the absence of
ROS production resulted in protection of the mice against
bleomycin-induced pulmonary fibrosis (75).

The role of EC-SOD in bleomycin-induced pulmonary fi-
brosis has been examined using both the EC-SOD-trans-
genic(12) and EC-SOD-null mouse models (31). Targeted over-
expression of human EC-SOD in the lungs of mice significantly
protects these mice against bleomycin-induced lung injury (12)
while enhanced bleomycin-induced pulmonary damage occurs
in mice lacking EC-SOD (31). Bleomycin-injury in wild-type
mice leads to a significant loss of interstitial EC-SOD and an
accumulation of EC-SOD in the alveolar lining fluid (31). The
finding that knockout mice lacking EC-SOD have increased fi-
brosis in response to bleomycin suggests that the depletion of
interstitial EC-SOD after bleomycin injury may contribute to
further oxidative stress in the extracellular matrix that further
promotes the fibrotic response.

ASBESTOS-INDUCED PULMONARY
FIBROSIS MODEL

Asbestos is a group of naturally occurring mineral fibers that
are associated with the development of both malignant (lung
cancer, mesothelioma) and nonmalignant (asbestosis) diseases
in the lung and pleura (93, 94). Asbestos fibers can be divided
into two groups, serpentine (curly fibers) and amphiboles
(straight fibers). Chrysotile asbestos is the only member of the
serpentine group, and these fibers are curly especially when
�10 microns in length and frequently have splayed ends. In
contrast, crocidolite (blue asbestos) is one of several types of
the amphiboles that are straight fibers that do not have splayed
ends and do not have a tendency for longitudinal splitting com-
monly observed with chrysotile. Amphiboles such as crocido-
lite asbestos are more potent than chrysotile asbestos in induc-
ing asbestos-associated diseases. Clinical manifestations of
crocidolite asbestos-induced lung injury are very similar to
those described for idiopathic pulmonary fibrosis (IPF), but are
generally less severe and slower in progression. A main factor
in determining the surface and biological reactivity of asbestos
fibers is their ability to participate in redox reactions that gen-
erate free radicals. Free radicals generated from asbestos fibers
and/or tissue/cellular damage induced by the fibers are linked
to cell signaling, inflammation, and a plethora of other re-
sponses (mutagenesis, proliferation, etc.) associated with the
pathogenesis of asbestos-associated diseases (120). As a result,
the asbestos-induced pulmonary fibrosis model is also com-
monly used to study the oxidant-antioxidant imbalance in the
lower respiratory tract in the pathogenesis of pulmonary injury
(31, 61, 105, 109).

Intratracheal instillation of crocidolite asbestos causes free
radical generation in rodent lungs (46) and induces pulmonary
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inflammation and fibrosis in rats (53, 54) and mice (126). In
addition, studies directly show an increase in superoxide pro-
duction in patients with asbestos induced lung disease (129).
Studies also demonstrated that EC-SOD knockout mice show
enhanced lung damage, inflammation, and fibrosis compared to
wild-type mice in asbestos-induced lung injuries (31, 35, 126).
Similar to bleomycin-injury, asbestos injury also leads to a rapid
loss of interstitial EC-SOD with accumulation of the prote-
olyzed protein, lacking the matrix binding domain, in the alve-
olar lining fluid (126). This loss of interstitial EC-SOD may
augment oxidative stress in the alveolar matrix and further con-
tribute to increased fibrosis. Taken together, these studies once
again suggest that oxidants play an important role in the de-
velopment of interstitial pulmonary injuries and antioxidant en-
zymes like EC-SOD play an important role in protecting against
pulmonary injury.

MECHANISMS OF EC-SOD PROTECTION
IN PULMONARY FIBROSIS

EC-SOD is expressed in high levels in the lung compared
to other tissues (39, 40, 101). The enzyme is found in the
matrix of conducting airways and blood vessels, and is also
found in the matrix and surface of alveolar septa (102). The
alveolar parenchyma is the primary location of fibrosis in
human IPF and in mouse models of pulmonary fibrosis. Thus,
the matrix and cell surface localization of EC-SOD in the
alveolar matrix suggest that its effects on pulmonary fibro-
sis are likely modulated in these locations. As many matrix
components are sensitive to oxidative modification/degrada-
tion (66) and one of the hallmarks of pulmonary fibrosis is
increased turnover of the ECM, it is likely that one of the
primary mechanisms in which EC-SOD protects against pul-
monary fibrosis is by preventing oxidant mediated matrix
degradation.

EXTRACELLULAR MATRIX

Collagen

Collagen deposition is involved in many lung injuries in-
cluding asthma (10, 22), emphysema (41, 82), and fibrosis. In
the normal lung, type I collagen fibers are localized to the in-
terstitium of alveolar septa in delicate and irregular patterns,
while in fibrotic lungs there is a marked increase in type I col-
lagen in thickened septa (74). In addition, epithelial injury and
degradation of the basement membrane, primarily comprised of
type IV collagen, are known to contribute to the pathogenesis
of pulmonary fibrosis (138, 141). Previously, it was shown that
type 1 collagen is sensitive to degradation by the superoxide
anion both directly and indirectly through the activation of la-
tent collagenases in neutrophils (14, 87, 89, 123). Recently, in
vitro studies have shown that type IV collagen is also sensitive
to degradation by reactive oxygen species (unpublished obser-
vations). Therefore, it can be hypothesized that one way to at-
tenuate the collagen turnover and oxidative damage is to quench
these oxidants.

The original immunochemical studies of EC-SOD in the lung
found that EC-SOD is associated with high levels with type I
collagen in the alveolar septa (102). This observation suggested
that EC-SOD might have an important role in protecting colla-
gen from oxidative stress. Subsequent studies demonstrated that
EC-SOD specifically binds to type I collagen through the hep-
arin/matrix-binding domain and the bound EC-SOD signifi-
cantly protects type I collagen from oxidative fragmentation
(108). Similarly, recent investigations in our laboratory have
shown that EC-SOD also directly binds with type IV collagen
and protects it from oxidative damage (unpublished observa-
tions). Recent studies have also observed that oxidative frag-
mentation of collagen occurs in vivo after bleomycin-induced
lung injury (31). Using 2-pyrrolidone as an in vivo marker for
oxidative fragmentation of collagen at proline residues, this
study showed that EC-SOD knockout mice had higher levels
of this marker compared to wild-type mice and thus suggests
that EC-SOD reduces oxidative fragmentation of collagen(31).

Notably, type I collagen fragments are potent chemoattrac-
tants and activators of inflammatory cells (20, 42, 67, 88, 90,
110, 115). We have recently shown that oxidant-derived frag-
ments of type I and type IV collagen are also potent chemoat-
tractants and that EC-SOD can inhibit this process (unpublished
observations). Overall, inhibitions of type I and type IV colla-
gen fragmentation is likely to be one mechanism in which EC-
SOD inhibits inflammation and fibrosis in models of intersti-
tial lung injury.

Heparan sulfate (HS)

Heparan sulfate is an ubiquitously expressed polysaccha-
ride that appears on cell surfaces and in the extracellular ma-
trices as a proteoglycan. It is a highly sulfated polysaccha-
ride consisting of the repeating disaccharide unit of 1 to
4-linked glucosamine and glucuronic/iduronic acid. It has
great structural diversity and has been implicated in numer-
ous biological processes (29, 134). One of the primary func-
tions of heparan sulfate is to bind and localize growth fac-
tors and other proteins, including EC-SOD to the tissue
matrix (9a). Although the effects of heparan sulfate are not
very clear in pulmonary fibrosis, its function and interaction
with EC-SOD are greatly discussed and studied in other or-
gan dysfunctions including vascular diseases (2, 50, 55a).
EC-SOD’s interaction with heparan sulfate was originally
recognized when EC-SOD was first purified (80), and it is
known to interact with heparan sulfate on cell surfaces. EC-
SOD binds to negatively charged heparin/HS through its pos-
itively charged C-terminal heparin/matrix-binding domain
(34, 55). Matrilysin (MMP7) has recently been shown to be
an important mediator of pulmonary fibrosis (24, 69). Syn-
decan-1, a heparan sulfate proteoglycan, is the primary 
substrate of MMP7 and once released from cell surfaces 
contributes to inflammation in the lung (27). Previous stud-
ies have indicated that superoxide contributes to ROS-medi-
ated degradation of heparan sufate in vitro. In addition, 
we have found that there is increased accumulation of sev-
eral syndecans (heparan sulfate proteoglycans) in the alveo-
lar lining fluid of EC-SOD knockout mice after asbestos 
injury compared to wild-type mice (62a). Thus, inhibition
of oxidative fragmentation of syndecans may yet be 
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another mechanism in which EC-SOD inhibits fibrosis in 
the lung.

Hyaluronan (HA)

HA is a large unsulfated polyanionic glycosaminoglycan
consisting of repeating disaccharide units of N-acetyl glu-
cosamine and glucuronic acid, that is expressed abundantly
in the extracellular matrix, as well as on cell surfaces (139).
Under physiologic conditions, HA exists as a high molecu-
lar weight polymer in excess of 106 Da. It does not induce
inflammatory or proliferative genes as a native high molec-
ular mass polymer, but it can activate protein tyrosine cas-
cades in endothelial cells at low levels (71). A significant
property of hyaluronan is its capacity to bind huge amounts
of water (1000-fold of its own weight). The biosynthesis of
hyaluronan differs markedly from that of the other glycos-
aminoglycans. It occurs in the plasma membrane and does
not require the presence of a core protein as a primer. Its
biosynthesis is not inhibited by most of the chemicals that in-
hibit the synthesis of other glycosminoglucans, which sup-
ports the concept that hyaluronan synthesis is separate from
general glycosaminoglycan synthesis. Many growth factors
(epidermal growth factor, platelet-derived growth factor,
transforming growth factor-�) are known to activate the
biosynthesis of hyaluronan (142). HA can be depolymerized
by enzymatic and nonenzymatic processes (68). The enzymes
that degrade HA are hyaluronidases, chondroitinases, and
hexosaminidases (68). Most hyaluronidases are lysosomal en-
zymes and require an acid pH for maximal activity (63).
Hyaluronan can also be degraded into smaller fragments by
exposure to free radicals (26). This is an important mecha-
nism for generating HA fragments at sites of inflammation
(116). Studies show that hyaluronan turnover and degrada-
tion increase during inflammation and lower molecular
weight species of hyaluronan accumulate (86, 92). As HA is
a polyanionic matrix component, it is likely that EC-SOD will
also have high affinity for this matrix component. Indeed, we
have found that EC-SOD does bind to HA and can directly
inhibit oxidative degradation of this matrix and cell surface
component both in vitro and in vivo (unpublished observa-
tion). Hyaluronan accumulation has also been reported in
bleomycin (95–97) and asbestos-induced lung injury and fi-
brosis (16). In fact, BAL fluid from bleomycin-treated ani-
mals shows increased concentrations of both the native high
molecular weight HA, as well as lower molecular weight HA
fragments (95). Furthermore, immunohistochemistry of
bleomycin-injured rat lungs shows increased concentrations
of HA in the alveolar septa as well as increased HA in alve-
olar macrophages (97, 119). Low molecular weight hyaluro-
nan fragments have been shown to be capable of activating
macrophages and inducing the expression of genes whose
functions are relevant to chronic inflammation (83). Mean-
while, inflammatory alveolar macrophages from bleomycin-
injured rat lungs express metalloproteinase murine metalloe-
lastase (MME) mRNA, and this expression of MME is further
enhanced by HA fragments, which suggest that HA-induced
MME may play a role in pulmonary fibrosis (51). Thus, in-
hibiting HA degradation may yet be another important mech-
anism in which EC-SOD protects against fibrosis.

INFLAMMATION

Uncontrolled ROS production by activated inflammatory
cells can lead to parenchymal, epithelial, and endothelial cell
injury, and also to ECM component degradation (59, 122).
Degradation and turnover of ECM components are also impor-
tant factors in inducing inflammatory responses. EC-SOD is a
potent inhibitor of inflammation in a number of injury models.
EC-SOD attenuates inflammation and neutrophil influx in LPS
models (11, 70) and in response to hyperoxia (4, 38). In addi-
tion, EC-SOD inhibits inflammation in several models of pul-
monary fibrosis (32, 35, 127). We have hypothesized that one
of the mechanisms in which EC-SOD inhibits inflammation is
by interacting with the components in the extracellular matrix
and inhibiting the production of fragments that act as chemoat-
tractants for inflammatory cells.

Noble et al. found that HA has several functions in lung
injury and repair. After lung injury, HA fragments accumu-
late and stimulate alveolar macrophages to produce
chemokines that recruit subsets of inflammatory cells. These
HA fragments are then cleared from the inflamed lung by
alveolar macrophages in a CD44-dependent manner (98).
Failure to clear hyaluronan fragments leads to unremitting in-
flammation, and hematopoietic CD44 is necessary to clear
hyaluronan fragments that are produced after lung injury (85,
99, 100). However, in the absence of CD44, alveolar macro-
phages continue to produce chemokines in response to
hyaluronan fragments, implicating another receptor system in
controlling macrophage function. The authors also found that
Toll-like receptors 2 and 4 (TLR2 and TLR4) are responsi-
ble for macrophage inflammatory gene expression in re-
sponse to hyaluronan fragments (98). In addition, the inter-
action of receptor for HA-mediated motility (RHAMM,
CD168) with HA is a critical component of the recruitment
of inflammatory cells to the lung after injury (144). Separate
studies also suggest that high molecular form HA is broken
down by ROS to form low molecular weight fragments that
signal via RHAMM to stimulate ciliary beat frequency (CBF)
in the airways; the degradation of HA in this process can also
be prevented by SOD (76).

Heparan sulfate also plays an important role in inflamma-
tion: it is a potential ligand for P- and L-selectin, two key mol-
ecules involved in the adhesion of leukocytes to the inflamed
endothelium (47). Heparan sulfate can also bind pro-inflam-
matory chemokines, transport them across the endothelium, and
present them to leukocytes (84). Furthermore, collagen frag-
ments are known to be both chemoattractants and activators of
neutrophils (88), and, thus, may enhance inflammatory reac-
tions. Thus, inhibiting oxidative fragmentation of matrix com-
ponents may be another mechanism in which EC-SOD inhibits
inflammation in response to fibrotic injuries.

Interestingly, inflammatory cells infiltrating the areas of in-
jury have been found to contain intracellular EC-SOD (13, 127),
especially in neutrophils and macrophages. These cells are the
predominant source of EC-SOD that accumulates in the alveo-
lar lining fluid after asbestos injury. As the EC-SOD released
from these cells lack the heparin/matrix binding domain, it is
incapable of binding to the matrix or cell surfaces, but may rep-
resent a mechanism to help restore antioxidant levels to areas
after an inflammatory response.
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CYTOKINE REGULATION

Fibrotic cytokine overproduction is another hallmark of lung
fibrosis. Transforming growth factor-� (TGF-�) is believed to
be a critical mediator involved in the fibrotic response through
several possible mechanisms. First, it regulates ECM produc-
tion (121). The synthesis, deposition, and turnover of matrix
components by fibroblasts are controlled by soluble mediators
and growth factors such as TGF-� and basic fibroblast growth
factor (FGF-2) (6). Elevations in TGF-� mRNA and protein
content precede the increased expression of collagen in
bleomycin-induced pulmonary fibrosis (52). TGF-� also en-
hances the production of type I and type III collagen in vari-
ous cell types (36, 124, 135) and hyaluronan in human lung fi-
broblasts (140).

TGF-� also has potent chemotactic effects on inflammatory
cells. Previous studies have shown that TGF-�, if released soon
after injury, acts primarily as a pro-inflammatory molecule and
later, TGF-� function switches to resolution of inflammation
and initiation of repair (137). It has been hypothesized that the
persistence of chronic fibrosis may be due to unabated contin-
uation of repair processes after resolution of the inflammatory
response. TGF-� therefore may be an important mediator of
chronic but abnormal repair.

Another characteristic of TGF-� is its potential interactions
with oxidants/antioxidants in the lung. For example, TGF-�-
differentiated myofibroblasts can themselves serve as a source
of oxidant production (131).  Furthermore, in vitro studies have
shown that ROS increases the release of TGF-� from pul-
monary epithelial cells and can directly activate TGF-� by dis-
rupting its interaction with latency-associated peptide (8, 9),
suggesting an oxidant-mediated positive feedback mechanism
within the myofibroblast microenvironment. TGF-� has been
shown to activate NADPH oxidase in human fibroblasts, lead-
ing to increased production of ROS (130).

EC-SOD can prevent lung injury by decreasing TGF-� acti-
vation. In an acute radiation-induced lung injury model, over-

expression of EC-SOD confers protection, in part via an atten-
uation of the macrophage response, and also decreases TGF-
�1 activation with a subsequent downregulation of the profi-
brotic TGF-� pathway (112). EC-SOD can also stabilize the
ECM components by preventing ROS-induced degradation and
further prevent TGF-� activation through ECM-stimulated
mechanisms. Thus, modulation of TGF-� activity may be yet
another mechanism in which EC-SOD protects against pul-
monary fibrosis.

EC-SOD AND HUMAN IPF

Characteristic features of human idiopathic
pulmonary fibrosis

Human idiopathic pulmonary fibrosis (IPF) (histopathology
of usual interstitial pneumonia, UIP) has special features and
differs from many other human interstitial lung disorders that
may cause fibrosis (1, 57). The characteristic features of human
UIP/IPF are the patchy temporally heterogeneous fibrotic in-
volvement of the lung (Fig. 3), a poor response to all medical
therapies, and a poor prognosis. In contrast, other fibrotic in-
terstitial lung diseases such as those caused by drugs, radiation,
or allergen exposure (extrinsic allergic alveolitis/“hypersensi-
tivity pneumonitis”) have a more diffuse lung involvement and
a slower progression, especially when the exposure has been
eliminated. Experimental models of lung fibrosis show greater
degrees of inflammation than human IPF and are frequently re-
versible (i.e., bleomycin).

Human UIP can be differentiated from other interstitial/fi-
brotic lung diseases by lung histopathology (Fig. 3). Typically
effected regions contain both well-preserved areas with normal
lung architecture and damaged areas with ongoing immature fi-
brosis, as well as end-stage fibrosis (temporal heterogeneity).
The fibrosis usually begins in subpleural areas of both lungs,
but spreads more centrally with time. The areas of immature fi-
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FIG. 3. In a high resolution computerized tomography (HRCT), subpleural honeycombing as a marker of advanced lung dam-
age/fibrosis is seen bilaterally in the basal areas of IPF lungs (left). In idiopathic pulmonary fibrosis, subpleural fibroblast pro-
liferation and epithelial atypia are considered as hallmarks of the disease (right). Alpha-actin positive cells show red staining in
photomicrographs (200� magnification). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article at www.liebertonline.com/ars).
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brosis are the fibroblastic/myofibroblastic foci, and these areas
are believed to be the driving force promoting the fibrotic pro-
cess. The poor prognosis of UIP/IPF is associated with the num-
ber of fibroblast foci in the lung (37, 58). Another characteris-
tic feature in UIP/IPF is a low-grade neutrophilic inflammation,
especially if compared to other human interstitial lung diseases,
which also lack fibroblastic foci. The major features of human
UIP/ IPF are listed in Fig. 4.

There is clear evidence of increased oxidative stress in IPF,
but it is still unclear why irritants/oxidants lead to fatal lung fi-
brosis in only a small number of individuals. The current con-
cept of IPF pathogenesis suggests that potential contributors to
the development of human IPF include local injury to alveolar
epithelium with a subsequent abnormal repair process that in-

cludes epithelial cell plasticity, and aberrant myofibroblast dif-
ferentiation and proliferation. Since no current therapy has any
significant effects on the progression of IPF or survival of the
patients, there has been escalating interest for the development
of new drug therapies for this disease, and these new insights
are highly focused on growth factor signaling or activation. Two
prominent growth-regulatory cytokines linked to IPF are TGF-
� and platelet-derived growth factor (PDGF). TGF-� ligand,
receptors, and intracellular signals have been shown to be di-
rectly or indirectly activated by reactive oxygen metabolites,
and PDGF receptor activation is stringently regulated via H2O2

production (5, 21, 56, 146). Increased oxidant burden is a promi-
nent feature in the IPF lung (15, 17, 61, 64, 65, 91), and one
hypothesis in the pathogenesis of this disease is the activation
of growth-regulatory cytokines by oxidant–antioxidant imbal-
ances leading to progressive fibrotic events. Differences in sus-
ceptibility to oxidant stress-induced fibrotic events could be ex-
plained [i.e., by individual differences in the production and
activation of TGF-� (7, 28)] and other growth-promoting 
proteins .

EC-SOD POLYMORPHISM AND 
HUMAN IPF

Another contributing factor to the individual susceptibility to
IPF might be variability and polymorphisms of potential anti-
oxidant/detoxification enzymes against exogenous irritants that
can lead to fibrosis. EC-SOD has been considered to be one of
most important antioxidant enzymes of human lung (34). As
described above, experimental studies also emphasize the im-
portance of EC-SOD as a fibroprotective enzyme (12, 32, 35,
38, 126). The human EC-SOD gene contains a single nucleo-
tide polymorphism (G to C) that is known to result in a func-
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FIG. 5. EC-SOD-positive acti-
vated epithelial cells (red) are
seen on the top of an EC-SOD
negative fibroblast focus (1000
� magnification). (For interpre-
tation of the references to color
in this figure legend, the reader
is referred to the web version of
this article at www.liebertonline.
com/ars).

FIG. 4. Characteristic features of human idiopathic pul-
monary fibrosis (usual interstitial pneumonia).
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tionally significant amino acid change from arginine to glycine
(Arg213Gly) (118, 145). This polymorphism is not infrequent
(3–6% in various populations). This EC-SOD polymorphism is
in the center of the polycationic sequence of amino acid residues
in the heparin/matrix binding domain and causes decreased an-
choring of EC-SOD to heparin/matrix proteins in the lung in-
terstitium. This leads to diffusion of matrix EC-SOD into the
plasma and thereby decreases the lung antioxidant defense ca-
pacity. In a recent study on UIP/IPF patients (n � 63) and con-
trols (n � 61), this polymorphism appeared to have no influ-
ence on patient’s clinical course, but that specific study was not
powered to exclude the possibility that EC-SOD polymorphism
may have a role in the development of lung fibrosis (62). Larger
series of patients are needed to confirm the importance of this
or other EC-SOD polymorphisms or individual genetic vari-
ability in other antioxidant enzymes in UIP/IPF.

EXPRESSION OF EC-SOD IN HUMAN IPF

EC-SOD is expressed in the bronchial and alveolar epithe-
lium, macrophages, vessels, and interstitium in the human lung
(104). In IPF lung tissue, the expression of EC-SOD is very
similar in alveolar macrophages and airway epithelial cells as
in the normal lung (62). However, EC-SOD expression has been
found to be low/absent in the fibrotic areas and fibroblastic foci
in UIP lungs, compared to less damaged nonfibrotic areas in
the same lung, further suggesting that there is increased oxida-
tive stress in the fibrotic areas of the lung (Fig. 5). Low EC-
SOD levels may be explained by various mechanisms such as
downregulation of this enzyme by growth factors or proteoly-
sis of EC-SOD’s heparin/matrix binding domain in the dam-
aged areas of the lung, which leads to diffusion of EC-SOD
from the matrix. Another interesting finding has been the high
level of EC-SOD expression in the interstitial mast cells in the
UIP lung (62). The high number of mast cells has been docu-
mented in fibrotic lung (107). The significance of EC-SOD in
these cells remains to be investigated, but may represent a
source to replenish EC-SOD similar to that seen with inflam-
matory cells in animal models of fibrosis (see above). Overall,
the human lung has highly specific localization of EC-SOD that
is disturbed in UIP/IPF lungs.

EXOGENOUS ANTIOXIDANTS AND SOD
MIMETICS IN PULMONARY FIBROSIS

Exogenous antioxidants and antioxidant mimetics have been
widely investigated in several diseases related to free radical-
induced tissue injury. The most widely investigated antioxi-
dants include glutathione, NAC, and SODs. Initially, SODs and
their derivatives have been shown to offer significant protec-
tion in animal models that lead to fibrosis (60). Several syn-
thetic small-molecular-weight SOD mimetics have been devel-
oped (25, 117), and these agents decrease oxidative stress, lung
inflammation, and significantly protect the lung in a wide range
of animal models, including bleomycin and radiation-induced
pulmonary fibrosis (106, 113, 136). More recently, �-phenyl-
N-tert-butyl nitrone, a catalytic antioxidant (ECSOD mimetic),

manganese (III) mesotetrakis (N,N�-diethyl-1,3-imidazolium-2-
yl) porphyrin (AEOL 10150 and AEOL 10113), and a SOD
mimetic M40419 have also been reported to inhibit cigarette
smoke-induced inflammatory responses in vivo (114). Although
synthetic antioxidants might therefore be useful in suppressing
the inflammatory responses in the human lung, these com-
pounds have, however, not yet been tested in human lung fi-
brosis. More studies will be needed not only to examine these
compounds in the context of the various stages of IPF but also
to evaluate several classes of the new synthetic antioxidants
(e.g., SOD mimetics), alone or in combination with other treat-
ment interventions in IPF.

SUMMARY

Accumulating evidence indicates that pulmonary fibrosis
represents a spectrum of tissue responses to identified/uniden-
tified injurious agents that result in varying degrees of inflam-
mation and fibrosis. The human IPF, however, differs from most
models of experimental pulmonary fibrosis by having a less
prominent inflammatory infiltrate and patchy fibrosis, contain-
ing areas of new (fibroblastic foci) and late fibrosis. EC-SOD
is the only antioxidant enzyme in the ECM and extracellular
space that is known to enzymatically scavenge superoxide rad-
icals and thereby prevent the formation of many other reactive
oxygen metabolites. This enzyme is expressed at a high level
in the lung, compared to most other tissues. Its ability to di-
rectly bind several components in the ECM allows it to exist
in high concentrations with specific matrix components. This
specific localization may be central to its protective effect by
preventing oxidant-induced ECM degradation and abolishing
fibrotic cytokine TGF-� activation. Importantly, EC-SOD has
been shown to protect against experimental pulmonary fibro-
sis, and its levels are low in the fibrotic areas of human IPF.
This low level of interstitial EC-SOD in IPF lungs may there-
fore contribute to antioxidant imbalances that result in further
progression of this relentless disease.
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CBF, ciliary beat frequency; ECM, extracellular matrix; EC-
SOD, extracellular superoxide dismutase; EGF, epidermal
growth factor; FGF, fibroblast growth factor; HA, hyaluronan;
HS, heparan sulfate; IPF, idiopathic pulmonary fibrosis; MME,
murine metalloelastase; PDGF, platelet-derived growth factor;
PMN, human polymorphic neutrophil; RHAMM, receptor for
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HA-mediated motility; RNS, reactive nitrogen species; ROS,
reactive oxygen species; TGF-�, transforming growth factor-�. 
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