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Abstract
Aims—Recent studies suggest the importance of oxidant stress in the progression of pulmonary
fibrosis. The aim of this study was to investigate extracellular superoxide dismutase (ECSOD), the
major antioxidant enzyme of the extracellular matrix of human lung, in biopsy-proven idiopathic
pulmonary fibrosis (IPF) related to usual interstitial pneumonia (UIP).

Methods and results—Fibrotic areas and fibroblastic foci in UIP lungs were notable for absence
of ECSOD by immunohistochemistry. Western blotting showed significantly lowered
immunoreactivity of ECSOD in fibrotic compared with non-fibrotic areas of the diseased lung. The
only cell type that showed intense ECSOD positivity in UIP was the interstitial mast cell. In order
to investigate the mechanism for ECSOD depletion in fibrotic areas, alveolar epithelial cells were
exposed to tumour necrosis factor-α and transforming growth factor (TGF)-β1; TGF-β suggested a
trend towards decreased synthesis. Patients with UIP were also assessed to determine whether this
disease is associated with a naturally occurring mutation in ECSOD (Arg213Gly) which leads to a
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loss of tissue binding of ECSOD. No significant differences could be found in the allele or genotype
frequencies of this polymorphism between 63 UIP patients and 61 control subjects.

Conclusion—Overall, consistent with several other antioxidant enzymes, ECSOD is very low in
fibrotic areas of UIP, which may further increase the oxidant burden in this disease.
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Introduction
It has been suggested that free radical reactions play a contributory role in the development of
interstitial lung disorders such as fibrogenesis, either directly or through multiple fibrogenetic
and inflammatory stimuli. 1–4 Extracellular superoxide dismutase (ECSOD) is the major
enzyme capable of inactivating superoxide radicals in the extracellular matrix.5–7 The
importance of ECSOD in lung protection has been confirmed both in ECSOD transgenic8,9
and knockout mice.10,11 ECSOD may be one of the key antioxidant enzymes preventing
oxidant-mediated parenchymal lung injury. However, the importance of ECSOD has not
previously been investigated in human interstitial lung diseases.

Idiopathic pulmonary fibrosis (IPF) is believed to result from sequential acute lung injury
possibly mediated by changes in the cellular oxidant/antioxidant balance and the resultant
wound-healing response culminating in the development of pulmonary fibrosis. 12 IPF
represents the clinical manifestation of usual interstitial pneumonia (UIP) in most cases.13
Typical pathological features of UIP include the presence of patchy, non-uniform interstitial
changes with variable distribution, with adjacent zones of mature interstitial fibrosis, immature/
ongoing fibrosis and normal lung. The areas of immature fibrosis are characterized by small
aggregates of actively proliferating myofibroblasts and fibroblasts termed fibroblastic foci.
13 The prognosis for IPF patients is poor and is highly associated with the appearance of these
fibrotic lesions.14

The main goals of this study were to assess the cell and matrix specific localization and
regulation of ECSOD in humans with biopsy-proven IPF (UIP) in vivo. Additional experiments
were conducted to investigate whether the functional Arg213Gly polymorphism of ECSOD,
which leads to decreased tissue binding of ECSOD, is associated with UIP. Cytokine regulation
of ECSOD was also examined as a possible explanation for decreased ECSOD in IPF/UIP.
Since intense expression of ECSOD in some inflammatory cells in the parenchyma of UIP
could be detected, these unidentified cells were further investigated by double-staining
immunohistochemistry and identified to be comprised predominantly of mast cells.

Materials and methods
TISSUE SPECIMENS

Histopathologically typical cases of UIP were retrieved from the files of the Department of
Pathology, Oulu University Central Hospital. Diagnoses of all patients were based on light
microscopic evaluation using the histological criteria outlined by Katzenstein and Myers.13
Diagnostic lung biopsy had been conducted because of parenchymal involvement. Uninvolved
peripheral lung tissue, used as a control, was obtained from five non-smokers operated on for
a malignant lung tumour or carcinoid tumour. None of the control subjects received
corticosteroid treatment before the biopsy and their lung function parameters were normal. The
clinical information of the patients was obtained from the patient records at the University
Hospital and nearby Päivärinne Hospital. The biopsy material was fixed in 10% formalin under
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vacuum in order to expand the tissue and to remove air bubbles or perfused by injecting the
fixative, using a small syringe, into bronchioles as described by Dail and Hammar.15 The
specimens were then dehydrated and embedded in paraffin.

IMMUNOHISTOCHEMISTRY
Two anti-rabbit primary antibodies against ECSOD were used: the first has been described
previously16 and the second was a gift from Dr J. D. Crapo, National Jewish Medical and
Research Center, Denver, CO, USA. The colour was developed with aminoethyl carbazole
substrate solution (Zymed Laboratories, S. San Francisco, CA, USA) as described.17 The
sections were counterstained with a light haematoxylin stain. The negative controls consisted
of substituting phosphatebuffered saline (PBS) at pH 7.2 or non-immune rabbit antisera
(Zymed Laboratories). Double staining for macrophages and mast cells was performed as
described by the manufacturer (Zymed Laboratories). A polyclonal antibody to c-kit (CD117)
was used to identify mast cells (Dako, Glostrup, Denmark). A monoclonal antibody to CD68
(Dako) identified macrophages. An antibody to CD3 (Dako) identified T lymphocytes and a
monoclonal antibody to CD20 (Dako) identified B lymphocytes.

WESTERN BLOTTING OF NORMAL AND FIBROTIC LUNG
Frozen unfixed lung samples were provided by the University of Pittsburgh Tissue Bank. Four
pulmonary fibrosis lung samples were obtained from patients with pathologically identified
UIP. Lung samples were embedded in OCT medium and 5-μm sections cut from the blocks.
These slides were stained with haematoxylin and eosin as previously described.18 Regions of
histologically normal alveolar parenchyma and areas of fibrotic lung were identified
histologically and used to guide the excision of these regions of tissue from the frozen blocks.
Care was taken to avoid bronchi and bronchioles as well as large blood vessels since these
structures contain large amounts of ECSOD. Protein concentrations were measured with the
Coommassie Plus Protein Assay Reagent from Pierce (Rockford, IL, USA). Equal protein
samples were subjected to reducing sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (SDS–PAGE) and subsequently blotted onto Immobilon-PSQ
polyvinylidenefluoride transfer membranes (Millipore, Bedford, MA, USA).

After blocking, blots were exposed to the primary antibody against ECSOD (1 : 10 000 dilution)
followed by a secondary antibody and detection with ECL Reagent (Amersham, Little
Chalfont, UK). Given the evident problems with β-actin and glyceraldehyde-3-phosphate
dehydrogenase in human lung diseases,19 they were not used as housekeeping genes/loading
controls in the tissue specimens. Instead, the loading homogeneity was confirmed by careful
protein measurement of the samples as well as confirmation by replicate analysis. Densitometry
was performed with Kodak 1D Software (Eastman Kodak Companies, Rochester, NY, USA).

ASSOCIATION STUDY
Patients—Ascertainment criteria for patient recruitment were based on the American
Thoracic Society (ATS)/European Respiratory Society International consensus statement
(ATS 2000) and described in detail previously. 20 The patients consisted of 40 females and 23
males. Eighteen of the patients originated from multiplex families. The average age at onset
of UIP was 62 years (range 26–81). At the time of diagnosis, their mean vital capacity was
71% (range 35–96%) of that predicted and gas transfer for carbon monoxide was 57% (range
29–91%) of that predicted. High-resolution computed tomography (HRCT) was available for
52 (83%) patients. When any doubt existed (early onset of the disease, atypical findings on
HRCT or lung function test results), the diagnosis was confirmed by surgical biopsy (11/63
patients, 17%).
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Control subjects—The control group consisted of 61 unrelated individuals: 32 males and
29 females (average age 60 years). Twenty-eight of the control subjects were the spouses of
the probands and 33 were the spouses of asthma patients representing population-based
controls.21 The presence of any known pulmonary disorder was excluded. The study was
approved by the Ethics Committees of the University Hospitals in Finland and by the Ministry
of Social Affairs and Health of Finland.

Genotyping of the Arg213Gly variant in ECSOD—DNAwas extracted from peripheral
blood leucocytes by a standard non-enzymatic method. The following primer pair was used
for amplification: 5′-CGCCAGGCG CGGGAACACTCAG-3′ and 5′-
GGCGGACTTGCACTC GCTCTCG-3′. One mismatch was induced in both primers: one to
delete the second digestion site for MwoI and the one to reduce the formation of secondary
structures of the primer pair. Polymerase chain reaction (PCR) amplifications were done in 10-
μl reaction volumes containing 100 ng of genomic DNA with AmpliTaqGold Polymerase
(Applied Biosystems, Foster City, CA, USA). After amplification, the PCR fragments were
digested with MwoI (BioLabs, Beverly, MA, USA). The lengths of the PCR products were 63
bp for the minor allele (the Gly213 allele) and 28 bp and 35 bp for the major alleles (the Arg213
allele). The reaction products were electrophoresed on a 4% agarose gel stained by Gelstar
(FMC Bioproducts, Rockland, MN, USA) and photographed under UV illumination.
Comparisons between the patient group and control group were done using a χ2 test.

CELL CULTURES, EXPOSURES AND WESTERN BLOTTING ANALYSIS
A549 cells (American Type Culture Collection, Rockville, MD, USA) were grown in Ham’s
Nutrient mixture F-12 with L-glutamine (Gibco BLR, Life Technologies, Paisley, UK) with
15% fetal bovine serum (FBS) (Euroclone, Paignton, UK). Subconfluent cells were exposed
to either tumour necrosis factor (TNF)-α or transforming growth factor (TGF)-β1 (50 ng/ml
and 2 ng/ml, respectively) for 24–72 h. The exposures were conducted twice and the Western
blots from each exposure were repeated twice.

Equal amounts of cell proteins were subjected to reducing SDS–PAGE. The blotted membranes
were incubated with the ECSOD antibody and in a control experiment polyclonal anti-rabbit
antibody to recombinant human manganese superoxide dismutase (MnSOD) (gift from J.
Crapo, Jewish Medical Center) (dilution 1 : 10 000). As a loading control the blots were probed
with an antibody to β-actin (Sigma Aldrich, St Louis, MO, USA) (dilution 1 : 5000). MnSOD
was used as a positive control, as its regulation and intense induction by inflammatory cytokines
in human lung and lung cells are well documented.6,22–24

Results
TISSUE SPECIMENS

Normal peripheral lung showed weak to moderate ECSOD expression in alveolar
macrophages, bronchial epithelium, alveolar type II pneumocytes, vascular endothelium and
extracellular matrix, as previously described.25,26 The lung biopsies of 10 patients with UIP
indicated ECSOD immunoreactivity at a similar intensity as in the controls, in vascular
endothelium, bronchial epithelium and alveolar macrophages (Figure 1A, Table 1). UIP
regenerative alveolar epithelium showed variable ECSOD positivity (Figure 1A). Notably,
fibrotic lesions and fibroblastic foci were negative for ECSOD (Figure 1C). To confirm this
finding, fibrotic and non-fibrotic areas of UIP were excised from OCT-embedded non-fixed
frozen sections of UIP lungs and compared for ECSOD immunoreactivity by Western blotting
analysis. In agreement with the immunohistochemical results, ECSOD immunoreactivity was
significantly lower in the fibrotic than in non-fibrotic areas of UIP lungs (Figure 2). The only
cells that showed intense ECSOD staining in fibrotic areas of UIP lungs were granular cells of
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the interstitium (Figure 1B, Table 1). These cells were identified as mast cells by CD117 double
staining (Figure 1D). Double staining with antibody against CD68 for macrophages and with
ECSOD antibody showed positivity in alveolar macrophages as expected, but the ECSOD-
stained cells of the interstitium were CD68– (Figure 1C). Double staining with CD3 and CD20
for T and B lymphocytes showed no ECSOD expression in lymphocytes.

ASSOCIATION STUDY
A single amino acid substitution Arg213Gly in ECSOD is known to lead to decreased anchoring
of the enzyme protein to the tissue matrix and, consequently, decreased ECSOD in the
extracellular matrix. To determine if there is an association between IPF phenotype and the
allele distribution of Arg213Gly polymorphism, we genotyped 63 UIP patients and 61 control
subjects. Similar to other White populations studied36, the Gly213 allele was shown to be a
rare variant in the population (2.5%). No association was detected between the study groups.
One of the patients was a heterozygous carrier of the Gly213 allele and three control subjects
were heterozygous carriers of the Gly213 allele (P = 0.59) (Figure 3).

REGULATION OF ECSOD IN CULTURED LUNG CELLS
Given that ECSOD is synthesized and expressed in type II alveolar epithelial cells and secreted
to the matrix, ECSOD regulation was further investigated using the A549 alveolar epithelial
cell line which retains features of type II cells in culture. In these experiments the conditions
were first confirmed using MnSOD as a positive control. MnSOD was increased within the
first 24 h by TNF-α (+ 130%) and decreased by TGF-β (− 19% at 24 h) (not shown). The
regulation of ECSOD by TNF-α (+ 42%, 24 h, Figure 4) was modest. Exposure of the cells to
TGF-β caused a slight tendency for decreased ECSOD reactivity (− 13% when calculated from
the densitometry, 24 h).

Discussion
The major finding of the present study was the significant loss of ECSOD from areas of
progressive fibrosis in UIP. However, there was still cell-specific expression of this enzyme
in the fibrotic lung. ECSOD was positive in regenerative areas of alveolar epithelium in UIP
and intense ECSOD immunoreactivity in interstitial mast cells in UIP was also observed. Low/
absent ECSOD in fibrotic areas of human lungs with UIP suggests that these regions may be
susceptible to increased oxidant-mediated injury during disease progression. The expression
of ECSOD in regenerative alveolar areas may represent an attempt to compensate for increased
oxidant stress. Present and previous results also indicate that TGF-β is incapable of inducing
a major protective antioxidant response in the lung.

ECSOD is the major protective enzyme of collagen, cartilage and other extracellular matrix
proteins from superoxide- or peroxynitrite-mediated degradation where the heparin-binding
domain of ECSOD confers affinity for these extracellular matrix components. 16,18,25 Until
now, there have been no studies concerning ECSOD in human interstitial lung diseases.

Previous experimental studies in vivo have suggested both ECSOD induction and decline and
inactivation in oxidant-mediated lung disorders. Acute exposure of rats to lipopolysaccharide
has suggested ECSOD induction in alveolar macrophages and neutrophils in vivo.27 On the
other hand, both bleomycin and asbestos exposure of experimental animals leads to a
significant loss of ECSOD from the lung matrix thought to be primarily a result of increased
proteolysis of ECSOD’s heparin-binding domain.18,28 Exposure of mice to hyperoxia (100%)
for 72 h has also resulted in a significant decrease in ECSOD both in lung parenchyma and
bronchoalveolar lavage fluid.29 Fibrotic lung disorders such as UIP present as a patchy disease
and results obtained from animal models do not translate well to the results obtained in human
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diseases. However, our results are in agreement with the above studies concerning bleomycin,
asbestos and hyperoxia, as there is absent/weak expression of ECSOD in fibrotic areas of UIP.
Notably, in animal models ECSOD has been shown to protect against bleomycin-induced
pulmonary fibrosis,11 suggesting that loss of ECSOD in areas of injury in UIP lungs may
contribute to the progression of this disease.

Our immunohistochemical study of UIP lungs revealed ECSOD in the regenerative areas of
alveolar epithelium but not in areas of mature and immature fibrosis (fibroblast foci). Due to
the heterogeneity of UIP, total tissue homogenates cannot be used reliably for the assessment
of enzyme in individual cells and tissue matrices. Instead, Western blot analysis of
homogenates of fibrotic lesions was performed and compared with homogenates of normal
alveolar parenchyma from the same UIP patient. This confirmed a low level of ECSOD in the
fibrotic areas. Observed low ECSOD immunoreactivity in fibrotic lung may be related to a
number of mechanisms, including down-regulation of this enzyme by growth factors and
cytokines during fibrogenesis. ECSOD polymorphism and/or proteolysis of the heparin-
binding domain of ECSOD18 may also contribute to this finding. Our results have led us to
examine the growth factor/cytokine regulation of ECSOD as well as functional Arg213Gly
ECSOD polymorphism.

The major cytokines associated with inflammatory/fibrotic lung disorders are TNF-α and TGF-
β, but the regulation of ECSOD by these cytokines is poorly understood. Our study of human
alveolar epithelial cells suggests that ECSOD may be induced by TNF-α but that the induction
is relatively weak, especially when compared with the induction of the mitochondrial enzyme
MnSOD. On the other hand, TGF-β caused no induction of either enzyme; if anything, there
was a small trend towards down-regulation of both enzymes following TGF-β exposure. In
fact, antioxidant enzymes such as MnSOD and the rate-limiting enzyme in glutathione
synthesis, glutamate cysteine ligase (GCL, γ-glutamylcysteine synthetase), have been shown
to be down-regulated in response to TGF-β.30,31 It is therefore likely that ECSOD may also
be down-regulated by this growth factor in human lung.

These results are very similar to those found with several antioxidant enzymes and related
proteins such as MnSOD, thioredoxin, haeme oxygenase-1 and GCL in human pulmonary
fibrosis, i.e. variable expression of these enzymes in the regenerative epithelium and low/absent
expression in the fibrotic lesions of UIP.2,32–34 Thus, simultaneous absence of many
intracellular antioxidant enzymes together with ECSOD, which is mainly extracellular, may
be a potential contributor to the increased local oxidant stress of fibrotic lung. Overall, these
results raise interesting possibilities for antioxidant therapies in pulmonary fibrosis.1,35

Individual variability and polymorphisms of various enzymes with antioxidant capacity have
been found to contribute to the development of malignant lung diseases and they may also be
associated with oxidant-mediated non-malignant lung disorders. The ECSOD gene contains a
single nucleotide polymorphism (G→C) resulting in a functionally significant amino acid
change from arginine (Arg, the 213rd amino acid of ECSOD) to glycine (Gly) (Arg213Gly).
This amino-acid substitution is rare (3–6% in various populations).36 It leads to decreased
anchoring of ECSOD to heparin/matrix proteins in the interstitium. This polymorphism has
been hypothesized to lead to decreased protection of tissues against free radicals.37 There was
no significant association of this polymorphism with this disease, suggesting that low ECSOD
expression in the fibrotic lung is related to other reasons than this ECSOD polymorphism.
However, larger studies are necessary to exclude completely any role for this polymorphism
in UIP/IPF.

In addition to the low level of antioxidant enzymes, there are numerous studies showing that
inflammatory cells of patients with interstitial lung diseases generate more radicals than the
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cells of healthy controls38 (reviewed by Kinnula et al.).1,4 Inflammatory cells in these
disorders show elevated inducibla nitric oxide synthase (iNOS) expression, which may then
cause toxicity to multiple cell types in the lung.2,3 A previous study showing distinct
immunoreactivity of iNOS and endothelial nitric oxide synthase in the fibroblastic foci of
UIP2 differs from the low/absent expression of ECSOD observed here. Thus, iNOS expression
without compensatory ECSOD reactivity in fibrotic lesions further suggests locally increased
oxidant stress in UIP as the potent peroxynitrite oxidant would be produced in the presence of
nitric oxide and superoxide. Oxidants and the cellular redox state are, in turn, also known to
activate fibrosis-related growth factors, one of them being TGF-β.39

The only cell type in UIP that showed intense ECSOD positivity in areas of fibrosis was the
interstitial mast cell. In general, lung tissue of patients with UIP/IPF shows low-grade
inflammation and low levels of macrophages, especially when compared with some other
interstitial lung diseases, e.g. desquamative interstitial pneumonia.12 Little attention has,
however, been paid to the observations that the lungs of IPF patients contain increased numbers
of mast cells and that there is also a significant correlation between the number of mast cells
and lung fibrogenesis.40 Similarly, fibrous lung tissue after chronic lymphatic obstruction and
in chronic pulmonary oedema appears to be associated with proliferation of pulmonary mast
cells.41 Mast cells have a variety of biological functions, including a regulatory role in tissue
homeostasis, host defence, immunity, connective tissue growth and angiogenesis. Our results
have shown intense intracellular ECSOD immunoreactivity in mast cells; its high expression
was not due to binding to cell surface receptors as might be expected due to its high
heparinbinding capacity. The finding was also confirmed by immunoelectron microscopy. The
high expression of ECSOD in mast cell granules could theoretically be related to phagocytosis.
However, interstitial macrophages that have greater phagocytic ability showed only weak
ECSOD expression compared with mast cells (results not shown). Phagocytosis has also been
shown to diminish with mast cell maturation. SOD activity has been previously described in
rat mast cells, but this is the first observation of ECSOD in human mast cells. The significance
of this finding remains unclear but requires more study in future investigations.

In conclusion, we have found a highly cell-specific expression of ECSOD not only in normal
lung but also in UIP. ECSOD was found in the interstitial mast cells and regenerative areas of
alveolar epithelium but it was very low in fibrotic lesions. The results of our current study,
along with studies of ECSOD in animal models of pulmonary fibrosis, together with the
increase of iNOS and the decline of several intracellular antioxidant enzymes in these same
lesions in human UIP, point strongly to increased oxidant stress in the progression of IPF/UIP.
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extracellular superoxide dismutase

GLC  
glutamate cysteine ligase
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HRCT  
high-resolution computed tomography

IPF  
idiopathic pulmonary fibrosis

MnSOD  
manganese superoxide dismutase

TGF  
transforming growth factor

TNF  
tumour necrosis factor

UIP  
usual interstitial pneumonia
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Figure 1.
Extracellular superoxide dismutase (ECSOD) immunoreactivity in usual interstitial pneumonia
and double labelling for mast cells and alveolar macrophages. A, Variable expression of
ECSOD in type 2 pneumocytes, alveolar macrophages and a few interstitial cells (arrows).
B, Strong expression of ECSOD in granular interstitial cells evidently representing mast cells.
C, Alveolar macrophages showing staining for both CD68 (indicated by black) and ECSOD
(same cells also showing red). Notice that type 2 pneumocytes and a few interstitial cells at
the bottom are positive for ECSOD (red). Notice also that the fibroblast foci (asterisks) are
negative for ECSOD. D, Mast cells showing staining for both ECSOD (red ) and CD117 (black)
(arrows).
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Figure 2.
Western Blotting of normal alveolar parenchyma and fibrotic lung parenchyma from usual
interstitial pneumonia (UIP) specimens. Homogenates of normal (N) and fibrotic (F) regions
from four UIP specimens (nos 1–4) were subjected to reducing SDS–PAGE and Western
blotting with an antibody specific for extracellular superoxide dismutase (ECSOD). Both the
cut and uncut forms of ECSOD are shown. Densitometry was performed and results expressed
as a percentage of normal (normal = 100%). *P = 0.021, Student’s paired t-test, two-tailed.
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Figure 3.
Polymerase chain reaction for the studies of extracellular superoxide dismutase polymorphism
in the blood samples of controls and usual interstitial pneumonia patients. Lane 1 contains a
size marker with bands of 25, 50, 75 and 100 bp. Lane 2 is negative control. Lane 3 represents
a heterozygous for the minor Gly213 allele with Mwo1-digested products of 28, 35 and 63 bp.
Lane 4 contains a homozygous sample for the major Arg213 allele with digested products of
28 and 35 bp.
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Figure 4.
Extracellular superoxide dismutase (ECSOD) immunoreactivity in alveolar epithelial cells
exposed to transforming growth factor (TGF)- β (A) and tumour necrosis factor (TNF)- α (B)
for 24–76 h; the experiments were carried out in duplicate. The expression was standardized
against β-actin as described. A, □, Control; ▪, TGF. B, □, Control; ▪, TNF.
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Table 1
Scoring the intensity of extracellular superoxide dismutase (ECSOD) immunoreactivity in patients with usual
interstitial pneumonia (UIP)

Mast cells Alveolar macrophages Bronchial cells Epithelial endothelium Type II pneumocytes

1 +++ ++ NA ++ ++
2 +++ ++ + ++ +
3 ++ + ++ + ++
4 ++ ++ + + +
5 ++ + + + +
6 +++ + ++ ++ ++
7 +++ ++ ++ ++ ++
8 +++ ++ + ++ ++
9 +++ ++ + ++ ++
10 +++ ++ + ++ ++

NA, Not present; −, negative; +, weak immunoreactivity; ++, moderate immunoreactivity; +++, intense immunoreactivity.

Note: fibroblast foci and old fibrotic lesions were mainly negative for ECSOD immunoreactivity.
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