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Abstract

Antioxidants function as blockers of radical processes and eliminate harmful reactive oxygen species
(ROS) produced during normal cellular metabolism. A complex antioxidant defence system has
evolved to protect the cellular homeostasis. This system includes antioxidant enzymes (AOEs), such
as superoxide dismutases (SODs), which are intracellular MnSOD and CuZnSOD and extracellular
ECSOD, H2O2 scavenging enzymes catalase and glutathione peroxidase, and hemeoxygenase-1
(HO-1), an important enzyme in heme metabolism, which has also been suggested to have antioxidant
capacities. ROS play an important role in the pathogenesis of interstitial lung diseases. These diseases
represent a group of disorders with different etiology, histopathology, treatment and prognosis.
Sarcoidosis, extrinsic allergic alveolitis and two different forms of idiopathic pulmonary fibrosis,
usual interstitial pneumonia (UIP) and desquamative interstitial pneumonia (DIP) were included in
this study. 

The purpose of this research was to evaluate the expressions of inducible nitric oxide synthase (i-
NOS), endothelial nitric oxide synthase (e-NOS) and xanthine oxidase (XAO), oxidant generating
enzymes commonly associated with tissue injury, and, on the other hand, the expressions of AOEs
suggested to be involved in the defence of lung tissue against oxidant stress. The methods included
immunohistochemistry on lung biopsies (n = 48) and Western blotting, Northern blotting or reverse
polymerase chain reaction (RT-PCR) on human inflammatory cells and cells obtained from
bronchoalveolar lavage. I-NOS was intensively expressed in inflammatory, but not in fibrotic lesions,
similar e-NOS expression was found in control lung and in all interstitial lung diseases, while XAO
was mainly negative. MnSOD and HO-1 were highly expressed in the granulomas of sarcoidosis. In
contrast the expressions of MnSOD and HO-1 in late fibrotic lesions of UIP were low or undetectable
by immunohistochemistry. CuZnSOD and catalase showed similar immunoreactivity in healthy and
diseased lung. A cell specific expression and regulation of various enzymes may play an important
role during acute inflammatory diseases and also in the progression of lung fibrogenesis. 

Keywords: antioxidant enzyme, oxidant, interstitial pneumonia, sarcoidosis, allergic alve-
olitis
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1 Introduction 

Lung is a vulnerable organ to oxidant damage because of its location, anatomy and 
function (Crystal 1991). Lung epithelium is constantly exposed to oxidants generated 
internally as a part of normal metabolism, as well as to oxidants in the ambient air, 
including ozone, nitrogen dioxide, car exhaust, cigarette smoke etc. 

Reactive oxygen species (ROS) are generated by inflammatory cells as a part of 
normal host defence in acute and chronic inflammatory processes, and activated 
phagocytes generate ROS to fight foreign organisms especially through membrane-bound 
NADPH oxidase (Babior 1973). The primary generation of most of the ROS is reduction 
of molecular oxygen with the generation of superoxide (O2

-) (Halliwell and Gutteridge 
1989). Xanthine oxidase produces O2

- and hydrogen peroxide (H2O2) during enzymatic 
turnover, and thus has been associated with tissue injury. Nitric oxide (NO) participates in 
diverse biologic processes and cell signalling, but excessive production of NO during 
inflammatory-immune processes of the respiratory tract may cause respiratory tract 
injury. This injury may contribute to the pathobiology of respiratory diseases by 
generation of more reactive nitrogen intermediates via interactions of NO with partially 
reduced oxygen species (van der Vliet et al. 1999). NO is enzymatically synthesized from 
L-arginine in various cell types by nitric oxide synthases (NOS), which include inducible 
NOS (i-NOS) and two constitutive forms of the enzyme, endothelial (e-NOS) and 
neuronal (n-NOS). ROS are also constantly formed in the human body as by-products of 
normal metabolism and removed by antioxidant defence. Antioxidants function as 
blockers of radical processes (Bast et al. 1991), and a complex antioxidant defence 
system has evolved to protect the cellular homeostasis. This system includes antioxidant 
enzymes, such as superoxide dismutases (SODs), intracellular MnSOD and CuZnSOD, 
and extracellular ECSOD, catalase, glutathione peroxidases, hemeoxygenase, and also 
several non-enzymatic scavengers and related proteins. An imbalance between oxidants 
and antioxidants leads to oxidative stress, which has been implied to have an important 
role in mediating a variety of human disorders (Crystal 1991). 

Interstitial lung diseases represent a group of disorders with different etiologies, 
pathologies, treatment and prognosis. According to current knowledge, idiopathic 
pulmonary fibrosis results from sequential acute lung injury, and the resultant wound-
healing response culminates in pulmonary fibrosis. In addition, several interacting 
factors, such as patient’s genetic background, predominary inflammatory phenotype (Th1 
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or Th2), and environmental, inflammatory triggers modify the fibrotic response (Gross & 
Hunninghake 2001). Free radicals are associated with the synthesis of extracellular 
matrix proteins both in animal models (bleomycin) and in cell culture conditions (Poli & 
Parola 1997), and they may have potential role in the fibrogenesis of human lung. The 
induction of different antioxidant enzymes has been found also in hyperoxia induced 
fibrosis models, but the significance of AOEs in fibrotic disorders has still remained 
unclear. 

The purpose of this study was to evaluate the expression of oxidant generating 
enzymes commonly associated with tissue injury, that is, nitric oxide synthases and 
xanthine oxidase, and, on the other hand, the expression of several antioxidant enzymes 
suggested to be involved in protective mechanisms of the lung, in different forms of 
interstitial lung diseases.   



2 Review of the literature 

2.1  Reactive oxygen species (ROS) 

A free radical is defined as any species capable of independent existence that contains one 
or more unpaired electrons (Halliwell 1991 and 1994). Reactive oxygen species (ROS) 
include free radicals, as well as other oxygen-related reactive compounds (Halliwell and 
Gutteridge1989). The most important ROS are the superoxide anion (O2

-.), hydroxyl 
radical (OH.), nitric oxide (NO.), and hydrogen peroxide (H2O2). The primary ROS 
formed in vivo are superoxide and H2O2 (Halliwell and Gutteridge 1989). H2O2 is 
generated through nonenzymatic or enzymatic dismutation of superoxide (Halliwell and 
Gutteridge 1989). However, the most reactive and harmful ROS is the hydroxyl radical, 
which can be formed from H2O2 and superoxide (fig 1), but also via the reaction of 
superoxide with NO to produce peroxynitrite (OONO-), which decomposes to form NO2 
and OH. (Halliwell 1991). ROS are also regarded as essential participants in cell 
signalling (Mossman 2000, Thannickal & Fanburg 2000) and gene regulation (Allen & 
Tresini 2000). They play an important role in host defence, since activated phagocytes 
generate ROS to fight foreign organisms especially through membrane-bound NADPH 
oxidase, a situation, which is often referred as the respiratory burst (Babior 1973). 
Respiratory burst is induced when phagocytes recognize microorganisms, but also by a 
wide variety of stimuli, including endotoxins, cytokines and fibrous material (Rossi 
1986). Neutrophils have also shown to use myeloperoxidase (MPO), which uses H2O2 
produced by dismutation of O2

- to oxidize chloride ions into hypochlorous acid (HOCl), 
which is a powerful antibacterial agent (Weiss 1989). ROS are also formed during 
reduction of molecular oxygen to water in cellular respiration in the mitochondrial 
electron transport chain, by the cyclooxygenase pathway, and by cellular enzymes such 
cytochrome P450 oxidase and xanthine oxidase (Janssen et al. 1993).  
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Fig. 1 The formation of reactive oxygen species. Modified from Chabot et al. 1998. 

The main sources of ROS in the lung include neutrophils, eosinophils and alveolar 
macrophages (Kinnula et al. 1995a), but also alveolar epithelial cells, bronchial epithelial 
cells and endothelial cells are capable of generating superoxide and/or H2O2 (Holland et 
al. 1990, Kinnula et al. 1992a, Kinnula et al. 1992b). The generation of ROS in the lungs 
is further enhanced after exposure to numerous exogenous chemical and physical agents, 
which include mineral dusts, ozone, nitrogen oxides, ultraviolet and ionizing radiation 
(Janssen et al. 1993), and tobacco smoke (Church & Prior 1985). Oxidant stress results, 
when reactive oxygen species are not adequately removed, and can lead to peroxidation 
of membrane lipids, depletion of nicotinamide nucleotides, rises in intracellular Ca2+ ions, 
cytoskeleton disruption and DNA damage (Halliwell & Aruoma 1991).  

2.2  Nitric oxide (NO) and nitric oxide synthases 

Nitric oxide (NO) has been associated with oxidant related tissue injury by formation of 
highly reactive nitrogen intermediates via interactions with ROS. NO is a small, signal 
transducing molecule produced by various cells, for instance inflammatory cells, 
bronchial epithelial cells, and vascular endothelial cells. It is involved at least in the 
regulation of blood pressure and vasomotor tone, platelet aggregation and adhesion, 
neurotransmission, and killing of bacteria, viruses, and tumor cells. It has also been 
suggested to inhibit various neutrophil functions, such as adhesion and migration, and 
activation of neutrophil NADPH oxidase (van der Vliet & Cross 2000). NO has also 
antioxidative capacities, since it can prevent lipid and protein oxidation (Hogg & 
Kalyanaraman 1999), and inhibit the activation of transcription factor NFκB (Peng et al. 
1995). However, high concentration of NO has direct toxic effects. NO also reacts with 
superoxide and generates a highly active metabolite, peroxynitrite (OONO-), which is 
presumed to be largely responsible for most of the adverse effects of excessive generation 
of NO (Beckman & Koppenol 1996). Since this reaction occurs at a nearly diffusion-
limited rate, it is assumed that NO can outcompete superoxide dismutases (SOD) for 
reaction with O2

-, and that OONO- will be generated as a consequence of the simultaneous 
production of O2

- and NO (van der Vliet et al. 1999). NO is endogenously produced in 
lung epithelial cells, alveolar macrophages, neutrophils and mast cells, and the levels of 
NO may be modulated by O2

- produced by neutrophils (Jones et al. 1998). Three forms of 
nitric oxide synthases have been described, neuronal (nNOS, NOS-1), inducible (i-NOS, 

e- e- e-e-

H+H+ H2O
H2OH2 2O2O 2O .-

NO.

OH.

H+2

ONOO.
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NOS-2), and endothelial (e-NOS, NOS-3). N-NOS and e-NOS are constitutively 
expressed in neurons and endothelial cells, whereas i-NOS is induced by inflammatory 
cytokines (Robbins et al. 1994, Asano et al. 1994) through activation of NFκB (Barnes 
and Karin 1997) in multiple cell types of human lung (Gaston et al. 1994, Saleh et al. 
1997, Saleh et al. 1998). Endothelial NOS, which is constitutively expressed mainly in 
the endothelium, is regulated by calcium and oxygen concentration, growth factors, and 
cytokines (Föstermann et al. 1998). In agreement with the induction of i-NOS by 
inflammatory cytokines NO levels in exhaled air have been found elevated in wide 
variety of pulmonary disorders, such as lung cancer (Liu et al. 1998), asthma (Kharitonov 
et al. 1994), sarcoidosis (Moodley 1999), adult respiratory distress syndrome (ARDS), 
bronchiectasis (van der Vliet & Cross 2000), and alveolitis (Lehtimäki et al. 2001). 

2.3  Xanthine oxidase 

Xanthine oxidase (XAO) is a metalloflavoprotein, which exists mainly as a 
dehydrogenase form (XDH); only the oxidase form of the enzyme is associated with the 
generation of large amounts of superoxide and hydrogen peroxide. XAO has been 
associated with ischemic reperfusion injury, radiation injury, ARDS, sepsis, and acute 
viral infection (McCord 1985, Akaike et al. 1990, Galley et al. 1996). The expression of 
XDH/XAO is upregulated by hypoxia (Hassoun et al. 1994), anoxia (Poss et al. 1996), 
LPS, and some cytokines such as IFN-γ (Dupont et al. 1992) and IL-1 (Hassoun et al. 
1998). XAO decomposes S-nitrosothiols, possible NO storage and transport 
biomolecules, by O2

- dependent and independent pathways, a reaction which is followed 
by OONO- formation in the presence of oxygen (Trujillo et al. 1998). OONO- converts 
XDH to XAO form, possibly via sulfhydryl oxidation (Sakuma et al. 1997), but neither 
NO nor OONO- inhibits directly XAO in vitro (Houston et al. 1998). Xanthine oxidase is 
highly expressed in liver and intestine, while its expression and activity are low or non-
detectable in human lung (Sarnesto et al. 1996; Kinnula et al. 1997; Saksela et al. 1998; 
Linder et al. 1999). Its low activity, however, does not exclude its expression in a 
subpopulation of the cells, but so far no studies are available on XAO in any human lung 
disease.  

2.4  Antioxidant enzymes (AOE) and related proteins 

A classic definition of an antioxidant has been that it is any substance that, when present 
at low concentrations compared with those of an oxidizable substrate, significantly delays 
or prevents oxidation of that substrate (Halliwell & Gutteridge 1989). Since formation of 
ROS is a great threat to aerobic cells, the antioxidative defence systems are essential. The 
major antioxidant enzyme systems are superoxide dismutases, catalase and glutathione 
peroxidases (Fridovich & Freeman 1986). 
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2.4.1  Manganese superoxide dismutase 

Manganese superoxide dismutase, (MnSOD), is considered to be one of the most 
important intracellular antioxidant enzymes. MnSOD is a homotetramer with manganese 
at its active sites, and has a molecular weight of 88 kDa (Fridovich & Freeman 1986) and 
is localized to mitochondria. Its promoter area contains binding sites for several 
transcription factors one of the most important being NF-κB (Das et al. 1995). MnSOD 
has been localized to type II pneumocytes, alveolar macrophages, and bronchial 
epithelium of rat (Clyde et al. 1993, Coursin et al. 1992, Chang et al. 1995) and at least 
bronchial epithelial cells of human lung (Kinnula et al. 1994, Coursin et al. 1996). 
MnSOD is induced by changes in the cellular redox state, inflammatory cytokines such as 
tumor necrosis factor alpha (TNF-α) (Wong and Goeddel 1988, Tsan et al. 1990, Visner 
et al. 1990), interleukin-1 (IL-1) (Masuda et al. 1988), interleukin-6 (IL-6) (Tsan et al. 
1992, Warner et al. 1996), interferon gamma (IFN-γ) (Harris et al. 1991), 
lipopolysaccharide (LPS) (Clerch et al. 1996), high oxygen tension in hyperoxia exposed 
animals (Freeman et al. 1986, Ho et al. 1996), cigarette smoke (Gilks et al. 1998), 
chronic ozone exposure (Weller et al. 1998), and also by exposure to cytotoxic drugs 
(Akashi et al. 1996, Das et al. 1998), asbestos fibers (Mossman et al. 1986) and oxidants 
such as H2O2, thioredoxin, and peroxynitrite (Das et al. 1997, Warner et al. 1996, Jackson 
et al. 1998). Hyperoxia exposed rats have been widely used as a model of oxidant injury 
and fibrosis, and in these experiments the pulmonary levels of several antioxidant 
enzymes increase, including MnSOD, CuZnSOD, catalase and glutathione peroxidase 
(GPx) (Tsan 1993). Animals with enhanced levels of AOEs, as well as the animals 
exposed to sublethal hyperoxia, become tolerant to lethal dose of O2 (Crapo et al. 1980). 
MnSOD mRNA levels increase after exposure to hyperoxia in most of the cases, but also 
decreased mRNA levels have been reported (Clerch 2000). Severe hyperoxia leads to 
decreased MnSOD activity in rats (Clerch & Massaro 1993) and baboons (Clerch et al. 
1998). When hyperoxia tolerant neonatal rats are compared to non-tolerant adults, the 
major difference in the AOE profile is the ability of neonate to increase the level of 
MnSOD activity while MnSOD activity is decreased in the lungs of the hyperoxia-
exposed adult rats due to posttranslational decrease in activity and decrease in MnSOD 
synthesis (Clerch 2000).  

MnSOD constitutes approximately 10-15% of the total SOD activity in most tissues 
(Tsan 2001). However, MnSOD has been shown to be essential for the survival of 
animals, since MnSOD gene knockout mice all die within 10-21 days after birth from 
cardiomyopathy, metabolic acidosis and neurodegeneration (Li et al. 1995, Lebowitz et 
al. 1996). On the other hand, only 50 % of MnSOD activity is sufficient for normal 
resistance to hyperoxia (Tsan et al. 1998). Experiments with transgenic mice 
overexpressing MnSOD have given inconclusive results of resistance to oxygen toxicity 
when measured with survival in hyperoxic conditions (Wispe et al. 1992, Ho et al. 1998). 
Overall, the balance of oxidants and antioxidants may play primary role against the 
development of the cell and tissue injury, since administrating SOD to reperfused tissues 
after hyperoxia is found to exacerbate the injury (McCord 1993). There is also initial 
evidence on the exogenic protective role of SOD-mimics, such as manganic salen 
compound, EUK-8. EUK-8 has shown to improve pulmonary function in a porcine model 
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of LPS-induced ARDS (Gonzales et al. 1995) and tracheal administration of catalytic 
antioxidant metalloporphyrin attenuates bleomycin-induced pulmonary fibrosis of mice 
lung (Oury et al. 2001).  

2.4.2   Copper zinc superoxide dismutase 

Copper zinc superoxide dismutase (CuZnSOD), is an intracellular enzyme mainly 
localized in cytosol (Crapo et al. 1992), and although more abundant than MnSOD, it is 
not inducible to the same extent (Shull et al. 1991, Kinnula et al. 1995). CuZnSOD is a 
homodimer with molecular weight of 32,5 kDa and contains both copper and zinc at its 
active sites (Fridovich & Freeman 1986). Copper is essential for the enzyme’s catalytic 
activity, and zinc imparts stability to the protein structure (Fridovich 1975). CuZnSOD is 
expressed in alveolar epithelial cells, fibroblasts, and capillary endothelial cells in normal 
rat lung (Coursin et al. 1992, Chang et al. 1995). Hypoxia decreases CuZnSOD mRNA 
expression in alveolar type II epithelial cells and lung fibroblasts in vitro (Jackson et al. 
1996). In contrast to MnSOD, CuZnSOD can also act as a superoxide reductase and a 
superoxide oxidase (Liochev & Fridovich 2000). However, CuZnSOD is not required for 
normal development and survival in mice, since CuZnSOD gene knock out mice develop 
normally to adulthood and show no apparent evidence of oxidative damage (Tsan 2001), 
and overexpression of CuZnSOD does not alter the expression of MnSOD (White et al. 
1993) and cannot compensate the deficiency of MnSOD in vivo (Copin et al. 2000). 
Murine airways with elevated CuZnSOD are resistant to allergen-induced changes in 
neural control of tracheal smooth muscle cells (Larsen et al. 2000) and together with 
elevated GPx have increased survival to hyperoxia (White et al. 1991). CuZnSOD 
overexpression is also protective against ischemia/reperfusion injury in brains (Kinouchi 
et al. 1991), intestine (Deshmukh et al. 1997) and myocardium (Chen et al. 2000). 
Overexpression of CuZnSOD may also be deleterious to the host, probably due to its non-
specific peroxidase activity and/or its ability to enhance nitration of tyrosyl residue by 
peroxynitrite (Tsan 2001). Polyethylene glycol conjugated (PEG) (Beckman et al. 1988) 
and liposome-entrapped SOD (Freeman et al. 1985) decrease oxygen toxicity in rats. In 
human lung CuZnSOD expression has been found in bronchial epithelium (Kinnula et al. 
1994), type II pneumocytes, and alveolar macrophages (Coursin et al. 1996). 

2.4.3  Extracellular superoxide dismutase 

Extracellular superoxide dismutase (ECSOD) is a secretory tetrameric glycoprotein with 
a molecular weight of 135 kDa (Marklund 1984). It contains also Cu and Zn in its active 
site. It is the major SOD of extracellular fluids and interstitium (Marklund 1984), lung 
representing by far the major tissue that expresses ECSOD, the finding being very similar 
in murine and human lung (Folz et al. 1997, Ookawara et al. 1998). ECSOD has been 
accounted for over 70% of the total SOD activity in some pulmonary and systemic 
vessels (Oury 1996a). Typical feature of ECSOD is its heterogenic affinity to heparin 



 26

(Marklund 1982). ECSOD has been suggested to play an important role in modulating 
nitric oxide levels (Oury et al. 1996a) and regulating nitric oxide bioavailability (Oury et 
al. 1996b). The expression of ECSOD is induced by IFN-γ and depressed by TNF-α, 
TGF-β and IL-1α in cultured fibroblasts (Marklund 1992). Also i-NOS has been shown 
to upregulate ECSOD after NF-κB activation (Brady et al. 1997). Rat lung has elevated 
ECSOD expression in alveolar macrophages and neutrophils after stimulation with LPS 
(Loenders et al. 1998). ECSOD knockout mice are healthy, but when exposed to lethal 
dose of oxygen, they die earlier than normal mice from severe lung injury (Carlsson et al. 
1995). Furthermore, mice overexpressing ECSOD are more resistant to hyperoxia (Folz 
et al. 1999) and overexpression of ECSOD minimizes virus-induced lung injury in mice 
(Suliman et al. 2001) and attenuates lung injury after hemorrhage (Bowler et al. 2001). In 
human lung ECSOD mRNA expression has been found in bronchial epithelial cells, 
alveolar type II cells, alveolar macrophages, chondrocytes and endothelial cells (Su et al. 
1997, Folz et al. 1997). In human and murine lung ECSOD protein has been localized in 
extracellular matrix, predominantly around larger vessels and airways, but also around 
alveolar and capillary regions (Oury et al. 1994). 

2.4.4  Catalase 

Catalase is a homotetrameric enzyme with molecular weight of 240 kDa, and it 
decomposes H2O2 to water and oxygen (Fridovich & Freeman 1986). Catalase is mainly 
localized to peroxisomes, and is detectable especially in alveolar type II pneumocytes and 
macrophages (Kinnula et al. 1995) It is considered to be the most important antioxidant 
enzyme consuming exogenous H2O2 in rat type II pneumocytes (Simon et al. 1989; 
Kinnula et al. 1992b, Engström et al. 1990). In animal models or cell cultures catalase 
has been shown to be induced by hyperoxia, oxidants and cytokines (White et al. 1989a, 
Tsan et al. 1990; Shull et al. 1991), but also controversial results have been found (Jornot 
et al. 1992, Ho et al. 1996; Pietarinen-Runtti 1998). In human lung catalase is not 
elevated by hyperoxia in human tracheal epithelial cells during 12 h exposure in vivo 
(Erzurum et al. 1993) or during 48 h in vitro (Pietarinen-Runtti et al. 1998). Exposure of 
rats to LPS decreases catalase (Clerch et al. 1996). Catalase is the only antioxidant 
enzyme increased both at the mRNA and at the activity levels during human lung 
morphogenesis towards term (Asikainen et al. 1998). Individuals with acatalasemia, a 
rare congenital condition with catalase deficiency in erythrocytes and lower levels of 
catalase activity in other tissues, seem to be asymptomatic (Ogata 1991), although an 
increased incidence of diabetes mellitus has been reported (Goth 2001). Both 
polyethylene glycol conjugated catalase (White et al. 1989b) and liposome-entrapped 
catalase (Buckley et al. 1987) protect against oxygen toxicity, but greater benefits are 
accomplished with the combination of PEG-SOD and PEG-CAT (White et al. 1989b) or 
liposome-entrapped SOD and CAT (Freeman et al. 1985).  
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2.4.5  Glutathione peroxidases 

Glutathione peroxidases (GPx) are a family of enzymes that can be divided to two 
groups, selenium–independent and selenium-dependent enzymes. The latter group can 
also decompose H2O2 and various hydro- and lipid peroxides (Kinnula et al. 1995a) by the 
glutathione redox cycle (figure 2). In this reaction reduced glutathione (GSH) is used as a 
cosubstrate to metabolize H2O2, resulting to H2O and oxidized glutathione (GSSG). 
Oxidized glutathione (GSSG) can be reduced back to GSH by the enzyme GSH reductase 
(GR), a reaction requiring NADPH regenerated by glucose 6-phosphate dehydrogenase 
(G6PDH) (Halliwell & Gutteridge 1989). The capacity to recycle GSH makes the GSH 
cycle a pivotal antioxidant defence mechanism for cells and prevents the depletion of 
cellular thiols (Heffer & Repine 1989). There are at least three genetically distinct 
cellular forms of selenium-dependent GPXs, and the classical form (cGPx) is found 
ubiquitously intracellularly (Mullenbach et al. 1988). The other forms are phospholipid 
hydroperoxide GPx (Ursini et al. 1985) and gastrointestinal GPx (Chu et al. 1993). 
Extracellular form of selenium-dependent GPx (eGPx) is found in plasma and milk and is 
secreted in vitro by a number of cells and cell lines (Avissar et al. 1994). CGPx is a 
tetrameric protein localized mainly in the cytosol, but some GPx activity has been found 
also in the mitochondria (Mbemba et al. 1985, Esworthy et al. 1997). CGPx is induced 
by hyperoxia (Jornot & Junot 1992) and by the combination of hyperoxia and TNF-α 
(Tsan 1990). GSH is considered more important than catalase in physiologic conditions 
for several reasons. The enzymes of the GSH redox cycle are distributed throughout the 
cytosol, the Km value is lower for GPx than for catalase suggesting the preferential 
pathway for the degradation of low concentrations of H2O2 present in intact cells. 
Moreover, the GSH redox cycle has the capacity to metabolize hydroperoxides other than 
H2O2 (reviewed by Kinnula et al. 1995a). The alveolar epithelial lining fluid (ELF) of 
normal individuals contains high levels of GSH (Cantin et al. 1987a), and the levels of 
both cGPx and eGPx are decreased after exposure to O3, but not for NO2 (Avissar et al. 
2000). Also glutathione reductase (GR) and NADPH, which are important for 
maintenance of GSH in its active (reduced) form, are found in ELF (Cantin et al. 1987a). 
Primary bronchial epithelial cells, alveolar macrophages, and lung cell lines synthesize 
cGPx and eGPx and secrete eGPx, and these enzymes consist each about half of the GPx 
activity in ELF (Avissar et al. 1996). EGPx has been recently shown to protect alveolar 
epithelial cells against hyperoxia-induced injury in rat (Roum et al. 2001). Multi-drug 
resistance protein (MRP-1) is potentially important determinant of cell’s ability to 
tolerate oxidative stress, since it is capable of transporting GSH conjugates and GSSG, 
and expression of MRP-1 protects cells directly against certain agents capable of 
generating ROS by reducing cellular accumulation of the parent compound (Hipfner et al. 
1999). Other enzymes required in GSH synthesis are γ-glutamylcysteine synthetase (γ-
GCS) and γ-glutamyl transpeptidase (γ-GT) (Deneke & Fanburg 1989), γ-GCS being the 
rate-limiting enzyme in GSH synthesis (Rahman & MacNee 2000). Intracellular GSH 
synthesis is regulated by the availability and by the activity of γ-GCS, which is in turn 
regulated by oxidants, phenolic antioxidants, pro-inflammatory mediators, anti-
inflammatory agents and growth factors both at transcriptional and translational levels 
(Rahman & MacNee 2000).  
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Fig. 2 Glutathione redox cycle. Modified from Heffner & Repine 1989. GPx = Glutathione 
peroxidase, GSH = Glutathione, GSSG Oxidized glutathione, GR = Glutathione reductase, 
NADP = Nicotinamide adenine dinucleotide phosphate, NADPH = Reduced nicotinamide 
adenine dinucleotide phosphate, G6PD = Glucose 6-phophate dehydrogenase.  

2.4.6  Heme oxygenase-1 

A balance between heme synthesis and catabolism is essential for the maintenance of 
cellular homeostasis (Dong et al. 2000). Hemeoxygenase (HO-1) has been previously 
called heat shock protein 32 (HSP32) (Wong & Wispe 1997), and it has been suggested to 
have important antioxidant capacity and significance in protecting lung cells against 
exogenous oxidant exposure (Choi & Alam 1996, Willis et al. 1996, Suttner et al. 1999). 
HO-1 catalyzes the reaction whereby the heme molecule is degraded into bile pigments in 
the reaction, which generates carbon monoxide (CO) and iron (Tenhunen et al. 1968) 
(Figure 3). HO-1 has been shown to have cytoprotective capacities (Nath et al. 1992, 
Ferris et al. 1999), but the mechanism of oxidant protection by HO-1 has remained partly 
unclear (Horvath et al. 2001). Bile pigment and CO, however, have been shown to 
possess radical scavenging capacity (Choi & Alam, 1996; Stocker et al., 1987; Otterbein 
et al., 1995; Otterbein et al. 1999), and HO-1 knockout mice are markedly sensitive to 
oxidative stress (Poss & Tonegawa 1997). CO regulates vasomotor tone by promoting 
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vasorelaxation (Sammut et al. 1998), regulates neurotransmission (Snyder et al. 1998), 
has a potential role as an anti-inflammatory agent (Otterbein et al. 2000), and is 
protective against hyperoxic lung injury in rats (Otterbein et al. 1999).  

Three isoforms of the hemeoxygenase enzyme have been characterized: HO-1, HO-2, 
and HO-3 (Otterbein & Choi 2000a), HO-1 being inducible whereas the latter two are 
constitutive (Choi & Alam, 1996; Maines, 1997). Hemeoxygenase-1 is expressed in 
bronchial and alveolar epithelial cells and in inflammatory cells in the lung of hyperoxia 
exposed rats (Lee et al. 1996, Suttner et al. 1999, Carraway et al. 2000). HO-1 is induced 
by numerous stimuli, including oxidative stress (Foresti et al., 1999), cytokines (Terry et 
al. 1998), glutathione depletion (Lautier et al., 1992), LPS exposure (Camhi et al., 1995), 
and both by hyperoxia and hypoxia in vivo (Lee et al. 1996; Taylor et al. 1998; Carraway 
et al. 2000) whereas transforming growth factor β1 (TGF-β1) has been shown to 
downregulate HO-1 (Pellacani et al., 1998). HO-1 protein and its activity are solely 
transcriptionally regulated in hyperoxia-induced rat lung (Lee et al. 1996), and HO-1 
gene transcription during hypoxia is differently regulated in systemic and pulmonary 
circulations (Hartsfield et al. 1999). In vitro experiments, HO-1 inhibits TNF-α induced 
apoptosis in fibroblasts (Petrache et al. 2000). An intense upregulation of HO-1 mRNA 
has been found in experimental fibrosis of mice lung with microarray technique 
(Kaminski et al. 2000). Bronchial biopsies have recently found HO-1 expression in the 
airway epithelium and alveolar macrophages (Lim et al. 2000).  

 

Fig. 3 Enzymatic reaction of hemeoxygenase. Modified from Otterbein & Choi 2000b. 

2.4.7  Other enzymes with antioxidative capacity 

Low molecular weight antioxidant family consists of many compounds, each of which act 
as a direct chemical scavenger neutralizing ROS components or indirectly, through 
transition metal chelation. Most of the low molecular weight antioxidants are reducing 
agents, which quench ROS through donation of electron(s) to the ROS, neutralizing its 
activity (Chevion & Chevion 2000). They are small molecules that can often penetrate 
into cells, accumulate (at high concentrations) at specific compartments near where 
oxidative damage might occur, and be generated by the cell (Halliwell & Gutteridge 
1989). Vitamin E, or α-tocopherol, is a lipid soluble antioxidant that can convert O2

-, OH., 
and lipid peroxyl radicals to less reactive form (Heffner & Repine 1989). Also β-
carotene, a carotenoid metabolic precursor to vitamin A, is a lipid soluble antioxidant. 
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Watersoluble antioxidants include vitamin C, free GSH unrelated to its role in the GSH 
redox cycle, uric acid, glucose and taurine (Heffner & Repine 1989). Ascorbate has found 
to have a gluthione sparing effect (Martensson et al. 1991). Also bilirubin, ubiquinol, 
flavonoids and dihydrolipoate have been suggested to have antioxidative capacities 
(Halliwell & Gutteridge 1990, Stocker et al. 1987, Fridovich 1999). Possible therapeutic 
implications of these compounds have been discussed (Middleton et al. 2000), but they 
are not currently regarded as valid therapy.  

Recently, the possible importance of thioredoxins and peroxiredoxins has raised a 
great amount of interest. Thioredoxins are small redox proteins that undergo NADPH-
dependent reduction by thioredoxin reductase and in turn reduce oxidized cysteine groups 
on proteins. The mitochondrial form thioredoxin-1 has been more widely studied and it 
has been implicated to have a role in various human diseases including cancer (Powis & 
Montfort 2001). Peroxiredoxins (I-VI) utilize thioredoxin as the electron donor for 
antioxidation and they protect cells from ROS insult and regulate the signal transduction 
pathways to influence cell growth and apoptosis (Butterfield et al. 1999). Both 
thioredoxins and peroxiredoxins have cell specific expression and distribution in human 
lung (Kinnula et al. 2001, Soini et al. 2001, Kinnula et al. 2002). 

2.5  Interstitial lung diseases 

2.5.1  Sarcoidosis 

Sarcoidosis is a multiorgan disorder of unknown origin with lung and/or lymph node 
involvement in most cases. The prevalence rates range from 9 to 64 patients per 100 000 
in European populations, with a slight female predominance (Müller-Quernheim 1998). 
Sarcoidosis is found in all ethnic groups (Newman et al. 1998). Most commonly it 
manifests in adults aged 20-45 years. The clinical manifestations of sarcoidosis vary from 
asymptomatic, enlargement of hilar lymphonodules to widespread disease with multiple 
organs involved. The disease can be self-limited or chronic, with episodic recrudescence 
and remissions (Newman et al. 1998). Most of the patients with sarcoidosis recover 
spontaneously, while the minority develops a progressive disease with extensive 
pulmonary fibrosis, with increased mortality (Müller-Quernheim 1998). Typical 
pathologic characteristics in lung are the infiltration of multiple inflammatory cells, such 
as CD4 lymphocytes, macrophages and monocytes and the formation of nonnecrotizing 
granulomas (Katzenstein 1997, Müller-Quernheim 1998). A large number of 
inflammatory cytokines have also been identified to be present during the granulomatous 
inflammation, including TNF-α, IL-1, IL-2, IL-6, IL-8, IL-12, IFN-γ and monocyte 
chemotactic protein-1 (MCP-1) (Müller-Quernheim 1998), which can lead to a generation 
of reactive oxygen species (Babior et al. 1973). The cell profile of BAL fluid is 
characterized with lymphocytosis and the CD4/CD8 T cell ratio is often over 3.5 
(American Thoracic Society 1999). Patients with systemic or symptomatic disease are 
treated with corticosteroids; methotrexate, azathioprine, and cyclophosphamide are the 
most commonly used alternatives (American Thoracic Society 1999).  
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2.5.2  Extrinsic allergic alveolitis 

Extrinsic allergic alveolitis (hypersensitivity pneumonitis) is a granulomatous interstitial 
lung disease resulting from recurrent exposures to inhaled organic dust (du Bois et al. 
1991). The pathological characteristics are temporally uniform chronic interstitial 
pneumonia with peribronchial accentuation, foci of bronchiolitis obliterans and formation 
of nonnecrotizing granulomas in peribroncial interstitium (Reijula & Sutinen 1986, 
Katzenstein 1997). The granulomas are less compact, defined less clearly in terms with 
cell-cell interrelationships, and are associated with a significantly more diffuse interstitial 
mononuclear cell infiltrate than is observed in sarcoidosis (Reyes et al. 1983). BAL fluid 
is typically characterized with lymphocytosis (Pesci et al. 1990), appearance of mast cells 
(Haslam et al. 1987) or neutrophilia (Fournier et al. 1985) at early stage. Tissue 
neutrophilia has also been associated with lung fibrosis (Pardo et al. 2000). Recently, 
gene polymorphisms have raised interest as the possible susceptibility to extrinsic allergic 
alveolitis (Schuyler 2001). In Finland the most common form of extrinsic allergic 
alveolitis is the farmer’s lung disease. Its incidence has been estimated to be 44 per 100 
000 farmers, with the age onset of 47 years, female predominance (Terho et al. 1987), 
and mortality of 0.7 % (Kokkarinen et al. 1994). As a treatment for farmer’s lung, the 
removal from antigen exposure is usually sufficient to resolve clinical, radiological, and 
functional features of the disease (Kokkarinen et al. 1993). However, in some patients, 
symptoms and signs of pulmonary fibrosis persist more than six months, which suggest a 
poor outcome (Hapke et al. 1968). Corticosteroids are recommended in the treatment of 
acute, severe, and progressive disease (Selman 1998).  

2.5.3  Classification of interstitial pneumonias and connection to 
idiopathic pulmonary fibrosis (IPF) 

2.5.3.1  Usual interstitial pneumonia 

Hamman and Rich described the pathologic features of unexplained interstitial 
pneumonia already in 1944 (Hamman & Rich 1944), but ever since the entity of 
interstitial pneumonias has been rather confusing. Liebow was the first to classify 
interstitial pneumonias histopathologically (Liebow 1975). The classification included 
usual interstitial pneumonia (UIP), desquamative interstitial pneumonia (DIP), 
bronchiolitis obtiterans with interstitial pneumonia (BIP), lymphoid interstitial 
pneumonia (LIP), and giant cell interstitial pneumonia (GIP). Katzenstein and Myers 
described new pathological classification, which maintained UIP and DIP from Liebow’s 
classification and included two additional entities, acute interstitial pneumonia (AIP, 
Hamman-Rich disease) and non-specific interstitial pneumonia (NSIP) (Katzenstein & 
Myers 1998). LIP and GIP, although important forms of interstitial pneumonia, were not 
included in the category because they usually are not idiopathic. LIP is a 
lymphoproliferative disorder associated with immunodeficiencies and GIP represents the 
pathologic manifestation of hard-metal pneumoconiosis (Katzenstein & Myers 1998). 
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BIP, on other hand, is nowadays known as BOOP (bronchiolitis obliterans with 
organizing pneumonia). Pathologically it is a predominantly intraluminal, rather than 
interstitial abnormality (Katzenstein & Myers 1998). UIP is the most common type of 
IPF, accounting for over 60% of the cases (Bjoraker et al. 1998). The general consensus 
currently is that the clinical term IPF is nowadays restricted to patients with UIP (Gross 
& Hunninghake 2001). Typical pathological features of UIP include the presence of 
patchy, nonuniform, and variable distribution of interstitial changes, with alternating 
zones of interstitial fibrosis, inflammation, honeycomb change, and normal lung. In 
addition, small aggregates of actively proliferating myofibroblasts and fibroblasts termed 
fibroblastic foci, indicating actively ongoing fibrosis, are identifiable (Katzenstein and 
Myers 1998). The etiology of UIP, as well as other idiopathic interstitial pneumonias, is 
unknown, although association to viral infections, immunological, genetic, occupational, 
and environmental factors (Hammar 1994, Chan-Yeung & Müller 1997, King 1998, 
Baumgartner et al. 2000) such as cigarette smoking (Baumgartner et al. 1997) have been 
suggested. UIP has also been shown to be associated with collagen vascular/connective 
tissue disease such as rheumatoid arthritis and scleroderma (Rajasekaran et al. 2001). 
However, patients with UIP in association with collagen vascular disease have reported to 
have better survival than UIP without systemic collagen vascular disease (Agusti et al. 
1992, Wells et al. 1994). The prevalence rate of IPF has been estimated to be 6-14.6 per 
100 000 (Coultas et al. 1994) and 16-18 per 100 000 in Finland (Hodgson et al. 2002). 
There is a male predominance, UIP occurs usually in middle-aged adults, the average age 
being 51-65 years (Katzenstein & Myers 1998). The average overall median survival is 
2.8 years (Bjoraker et al. 1998). Increased incidence of lung cancer in IPF patients has 
been reported (Hubbard et al. 2000, Samet 2001), but this issue has remained 
controversial (Park et al. 2001). Most patients are treated with corticosteroids, although 
they have not been able to stop the disease progression (Douglas et al. 2000, King et al. 
2000). Additional benefit from cyclophosphamide, azathioprine, colchicines, pirfenidone 
and IFN-γ have been suggested (Cherniack et al. 1991, Hunninghake & Kalica 1995, 
Katzenstein & Myers 1998, Mason et al. 1999, Raghu et al. 1999, Ziesche et al. 1999, 
Selman 2001). Most promising preliminary results have, however, been obtained from 
IFN-γ (Millar 2000). In animal model, possible therapeutic agent has been proposed, 
since lovastatin induces fibroblast apoptosis (Tan et al. 1999).  

2.5.3.2  Desquamative interstitial pneumonia 

The most striking histological finding in desquamative interstitial pneumonia (DIP) is the 
presence of increased number of macrophages evenly dispersed within alveolar spaces 
the overall appearance being monotonic (Katzenstein & Myers 1998). When macrophage 
accumulation is confined to peribronchiolar air spaces while more distal airways are 
spared the process is termed respiratory bronchiolitis interstitial lung disease (RBILD). 
DIP and RBILD represent most likely different ends of the same disease (Katzenstein & 
Myers 1998). Cigarette smoking has been suggested the main contributor to these 
disorders, although DIP-like reaction has been occasionally associated with systemic 
disorders and infections, as well as exposures to occupational/environmental agents and 
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dusts (Ryu et al. 2001). DIP has certain differences when compared to UIP. The average 
age at onset of DIP is 45 years; men are affected twice as often as women (Katzenstein & 
Myers 1998). Approximately 20 % recover spontaneously, and most DIP patients have a 
good response to corticosteroid treatment (Carrington et al. 1978).   

2.6  ROS and AOEs in the pathogenesis of fibrotic interstitial  
lung diseases 

Free radical reactions have been suggested to play a contributory role in the fibrogenesis 
either directly or through inflammatory stimuli (Poli & Parola 1997). Tissue injury, 
irrelevant the cause, almost certainly leads to oxidative stress, which then possibly 
impairs the tissue injury (Halliwell 1995). An increased oxygen burden in the lungs arises 
from the accumulation of inflammatory cells in the lower respiratory tract, including 
macrophages and neutrophils, which show an exaggerated release of oxygen radicals 
(Crystal 1991) and these alveolar inflammatory cells have been shown to produce 
increased number of O2

- in patients with pulmonary fibrosis and pneumoconiosis 
(Wallaert et al. 1990). Numerous cytokines that are involved in the activation of 
inflammatory cells are also implicated in the pathogenesis of lung fibrosis, including 
TGF-β, TNF-α, PDGF, IGF-1, ET-1, IL-1, IL-8, (Coker & Laurent 1998) and IL-4 
(Gharaee-Kermani et al. 2001), while IFN-γ (Coker & Laurent 1998) and one of its major 
inducers, IL-12 (Keane et al. 2001), may have antifibrotic effects. Nitric oxide increases 
cell proliferation in cultured human fibroblasts (Gansauge et al. 1997) and inflammatory 
cells of the BAL fluid of IPF patients release increased amounts of ROS (Cantin et al. 
1987b, Strausz et al. 1990, Maier et al. 1991). Increased expression of NOS has been 
described in unclassified pulmonary fibrosis (Saleh et al. 1997) and expression of i-NOS 
has been detected also during experimental granuloma formation in vitro and in 
granulomatous inflammation caused by silica, zymosan, and dextran beads in vivo 
(Goldman et al. 1996, Tsuji et al. 1995, Setoguchi et al. 1996, and Facchetti et al. 1998).  

Hyperoxia is known to cause oxidant injury and fibrosis in animals, and in humans it 
has been implicated as one of the major reasons for bronchopulmonary dysplasia (BPD) 
(Jobe & Bancalari 2001), a chronic lung disease in preterm infants, and adult respiratory 
syndrome (ARDS) (Matthay 1999). Furthermore, increased production of ROS by 
activated neutrophils and decreased antioxidant capacity has been suggested to play a 
central role in the pathogenesis of ARDS (Chabot et al. 1998). In addition to hyperoxia, 
also bleomycin initiated fibrotic lung lesions in rodents have been used as models of IPF. 
Both hyperoxia and bleomycin models have limitations, since although at early stages the 
histological changes are similar to human IPF (Adamson & Bowden 1974), chronic 
stages of hyperoxia or bleomycin models do not resemble UIP (Sjostrom & Crapo 1984, 
Borzone et al. 2001). 

BAL fluid samples of patients with IPF (Maier et al. 1991) and sarcoidosis have 
shown signs of oxidative damage (Lenz et al. 1996). Four-fold deficiency in glutathione 
levels in BAL fluid of patients with IPF has been detected (MacNee & Rahman 1995) and 
levels of reduced glutathione have been found to be lower in non-smoking patients with 
IPF when compared to healthy nonsmokers, whereas in smoking patients with IPF the 
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glutathione levels were higher (Rahman et al. 1999), suggesting an oxidant/antioxidant 
imbalace as a mechanism of tissue injury in IPF. GSH levels are also decreased in ELF of 
patients with ARDS (Bunnell & Pacht 1993). Levels of glutathione are decreased also in 
the BAL fluid of patients with farmer’s lung, and acute episodes of farmer’s lung are 
associated with activation and migration of neutrophils into the lungs causing oxidative 
stress (Behr et al. 2000). Elevated levels of CuZnSOD have been found in the serum of 
patients with IPF (Borzi et al. 1993), and also MnSOD expression is increased both in 
protein and mRNA level in rat lung after inhalation of fibrogenic material (Janssen et al. 
1994, Quinlan et al. 1994).  

ROS have also been suggested to play a role in smoking induced diseases, such as 
COPD (Rahman & MacNee 1996), and in addition to that, human lung fibroblasts recruit 
inflammatory cells by releasing neutrophil and monocyte chemotactic activities in 
response to smoke extract (Sato et al. 1999), which may suggest that ROS have a role 
also in other cigarette smoke associated fibrotic lung diseases, such as DIP and possibly 
UIP.  

Treatment with reduced glutathione or N-acetylcysteine, a glutathione precursor, 
increases the lung glutathione, but whether the treatment has favourable effect to the 
course of the disease and prevents fibrogenesis is not yet known (Meyer et al. 1995, Buhl 
et al. 1996). On the other hand, lecithinized SOD has inhibitory effects on development 
of bleomycin-induced fibrosis in mice (Tamagawa et al. 2000).  

2.7  ROS and AOEs in the pathogenesis of other lung diseases 

Commonly regarded as a marker of inflammation, the elevated expression of NO has 
been described in asthma patients (Saleh et al. 1998), patients with pulmonary 
hypertension, immunocomplex-mediated injury, adult respiratory distress syndrome 
(Gaston et al. 1994) and posttransplant obliterative bronchiolitis (Mason et al. 1998). 
Also exhaled nitrosothiols are elevated in patients with asthma, COPD, cystic fibrosis and 
in smokers (Corradi et al. 2001). CO is a major by-product of heme catalysis by HO-1, 
and elevated levels of exhaled CO have been found in patients with upper respiratory tract 
infections (Yamaya et al. 1998), exacerbations of cystic fibrosis (Antuni et al. 2000) and 
asthma (Zayasu et al. 1997), with reduction after treatment with oral glucocorticosteroids 
(Yamaya et al. 1999), but not with inhaled glucocorticosteroids (Lim et al. 2000). 

As to antioxidant enzymes, the activity of CuZnSOD has been found decreased in 
asthmatic airway epithelium (de Raeve et al. 1997) and in agreement to that, total-SOD 
activity is reduced on lung cells of asthma patients (Smith et al. 1997) and O2

- production 
in airspace cells removed from asthma patients is higher when compared to normal 
controls (Jarjour et al. 1992). GSH levels are decreased in ELF of patients with cystic 
fibrosis, lung allograft and human immunodeficiency virus (HIV) (Rahman & MacNee 
2000) and HO-1 gene polymorphism may have an association with development of 
emphysema (Yamada et al. 2000). Since free radicals are involved in both initiation and 
promotion of carcinogenesis, AOEs have been suggested to act as anti-carcinogenes (Sun 
1990), but the data is still controversial.  



3 Aims of the study 

The data from experimental animals and cell cultures have indicated that the formation of 
ROS and consequent oxidative stress play an important role in the pathogenesis of 
interstitial lung diseases.  

Antioxidant enzymes form the primary defence system against the ROS derived 
oxidants in the lung, and this study was designed to evaluate the expression of different 
oxidant and antioxidant mechanisms in interstitial lung diseases. Since interstitial lung 
diseases represent a group of disorders with different etiologies, pathologies, treatment 
and prognosis, four distinct disease entities were selected; usual interstitial pneumonia, 
desquamative interstitial pneumonia, sarcoidosis and extrinsic allergic alveolitis.  

The specific aims of the study were: 

I  to determine the expression of oxidant producing enzymes i-NOS, e-NOS and 
XAO in interstitial lung diseases 

II  to compare different AOE pathways in human inflammatory cells and assess their 
potential effects on cell survival and oxidant-related toxicity 

III  to assess the localization of the cells that are expressing MnSOD and CuZnSOD in 
sarcoidosis and extrinsic allergic alveolitis 

IV  to assess the localization of MnSOD and catalase in UIP, DIP, sarcoidosis and 
extrinsic allergic alveolitis 

V  to investigate the cell-specific localization, distribution and regulation of HO-1 in 
healthy human lung, UIP, DIP, pulmonary sarcoidosis, monocytes, and alveolar 
macrophages 

VI  and to assess the localization of ECSOD in UIP, DIP, sarcoidosis and extrinsic 
allergic alveolitis. 



4 Material and methods 

4.1  Human tissue specimens (I, III, IV,V) 

Histopathologically typical cases of sarcoidosis (n = 13 (V), n = 14 (I, IV) and n = 16 
(III)), extrinsic allergic alveolitis (n = 5 (I), n = 6 (IV), n = 7 (III)), UIP (n = 9), and DIP 
(n = 10 (V) and n = 11 (I, IV) were retrieved from the files of the Department of 
Pathology, Oulu University Central Hospital, by reevaluating diagnostic lung biopsies 
taken as open or thoracoscopic biopsies between 1981 and 1998. In addition, six lymph 
node biopsies were included in article III and three transbronchial biopsies were included 
in articles I and III. The diagnoses of all patients were based on light microscopic 
evaluation using the histopathologic criteria by Katzenstein and Myers (1998). The 
clinical information of the patients was obtained from the patient records at the 
University Hospital and the nearby Päivärinne Hospital. Diagnostic lung biopsies were 
obtained due to parenchymal involvement in all of the cases investigated. Uninvolved 
peripheral lung tissue used as a control was obtained from five current or ex smokers (III) 
and five nonsmokers (I, IV, V). The control patients were operated on for a malignant 
lung tumor or a bronchial carcinoid tumor, none of them had received corticosteroid 
treatment before the biopsy, and their lung function parameters were normal. Biopsies 
were obtained from different parts of the left or right lung. The biopsy material was fixed 
in 10 % formalin under vacuum in order to expand the tissue and to remove air bubbles or 
perfused by injecting fixative with a small syringe into bronchioles, as described by Dail 
and Hammar (1994). The specimens were then dehydrated and embedded in paraffin.  

4.2  Bronchoalveolar lavage (BAL) specimens (I-V)  

Samples of bronchoalveolar lavage of patients with sarcoidosis, extrinsic allergic 
alveolitis and UIP were investigated. A control group consisted of nonsmoking patients, 
who had been investigated for minor respiratory symptoms of unknown etiology. The cell 
number and distribution as well as the chemical inflammatory parameters of BAL fluid in 
the control subjects were normal. The BAL fluid was centrifuged and the cells were 
harvested, fixed with 10% formalin, embedded in 2% agar and after solidification, further 
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embedded in paraffin (III, V). For Western blotting, the BAL fluid was centrifuged (400 x 
g, 15 min) and the cells were collected, frozen and stored at -70ûC. 

Study protocols utilizing patients’ samples were approved by the Ethics Committee of 
Oulu University Hospital. 

4.3  Cell culture (II, V)  

4.3.1  Cell isolation and culture 

Monocytes were isolated from the buffy coats of healthy Finnish blood donors (Finnish 
Red Cross, Helsinki, Finland) using a modified method described by Böyum (1968). 
Briefly, buffy coats were obtained 1-2 hrs after venipuncture. After dilution 1:3 with 
phosphate-buffered saline (PBS) (Orion, Espoo, Finland), the cell suspension was layered 
over Ficoll-Paque (Pharmacia, Biotech AB, Uppsala, Sweden) and centrifuged at 900 x g 
for 30 min. Mononuclear cells were collected at the interface, washed twice with PBS 
and suspended in standard medium of RPMI-1640 (Gibco Europe, Paisley, UK) 
supplemented with L-glutamine (Gibco), penicillin-streptomycin (Gibco) and 20% 
human AB-serum (Finnish Red Cross). Viability tested by trypan blue exclusion was over 
90%. After isolation, the cells were incubated in collagen-coated 4-well tissue-culture 
plates or 35 mm petri dishes (Falcon, Becton-Dickinson UK LTD, Plymouth, UK) for 1 h 
at 37°C. After incubation, non-adherent cells were removed by washing with PBS. 
Adherent monocytes were cultured under 5% CO2 at 37°C for up to 72 hours which has 
been shown to induce maturation of monocytes into so-called monocyte derived 
macrophages. 

Neutrophils were isolated from the heparinized venous blood of healthy volunteers as 
previously described (Böyum 1968). Briefly, after sedimentation with 3% dextran 
(Pharmacia), Ficoll-Paque centrifugation at 400 x g for 40 min, and hypotonic lysis of red 
blood cells, neutrophils were suspended in standard medium, and pelleted or used for 
experiments immediately. To test viability, the cells were cultured in petri dishes under 
5% CO2 at 37ºC up to 24-72 h. Viability after isolation was over 90%.  

Alveolar macrophages were isolated from bronchoalveolar lavage fluid (BAL) 
performed on patients with minor respiratory symptoms (Becker et al. 1991). BAL was 
centrifuged at 330 g and the cells were washed twice with RPMI-1640 medium. 
Cytocentrifuge preparations indicated that over 90% of the cells were macrophages. For 
further enrichment, cells were layered in petri dishes in RPMI-1640 medium containing 
10% fetal bovine serum (FBS, Gibco), and incubated under 5% CO2 at 37ºC for 1 h. Non-
adherent cells were removed by washing, adherent cells were collected in 4 M 
thiocyanate buffer and frozen at -70ºC. 
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4.3.2  Pretreatments and oxidant exposures (II, V) 

Monocytes, neutrophils and alveolar macrophages were washed and exposed for 2 h to 
10-7 M formyl-methionyl-leucyl-phenylalanine (fMLP, Sigma) to induce respiratory burst 
by activating cell membrane NADPH-oxidase (Rossi 1986) or for 4 h to 100-500 µM 
H2O2 (5% CO2, 37°C). To investigate cellular high energy state the cells were first 
preincubated with 0.1 mM 14C-adenine (specific activity 284-287 mCi/mmol) in the 
RPMI-1640 medium for 6 h (5% CO2, 37°C) and then exposed to fMLP or H2O2.  

To assess the role of different antioxidant enzymes in the cells, additional experiments 
were conducted, and in these experiments the cells were pretreated with 10 µM 1-chloro-
2,4-dinitrobenzene (CDNB, E. Merck, Darmstadt, Germany) for 40 min to conjugate 
glutathione (Böyum 1968), with 100-500 µM buthionine sulfoximine (BSO) (Sigma) for 
6 h or 16 h to inhibit γ-glutamylcysteine synthetase and deplete glutathione (Griffith & 
Meister 1979), or with 100 µg/ml 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) for 15 
min to inhibit GR (Babson & Reed 1978) under 5% CO2 at 37°C. The inhibitors selected 
for the study have been widely used and also tested in our laboratory (Kinnula et al. 
1992c, Pietarinen et al. 1995). Glutathione was decreased by 96%, 94% and 94% with 
CDNB in neutrophils, monocytes and monocyte-derived macrophages (n = 3 - 5, 
duplicates).  

Further investigations were conducted to assess the significance of HO-1 monocytes. 
In these experiments monocytes were exposed to fMLP (10-7M) (Sigma) or to H2O2 (0.1 
and 0.5 mM) for 24h and in selected experiments freshly isolated monocytes were first 
exposed to 50 µM tin protoporphyrin (SnPP, Porphyrin Products Inc., Logan, Utah, USA) 
(HO-inhibitor) and then to fMLP as above.  

4.3.3  Measurement of enzyme activities and glutathione content (II) 

Total SOD activity was measured spectrophotometrically by the method of McCord and 
Fridovich (1969). MnSOD activity was distinguished from CuZnSOD by its resistance to 
1 mM potassium cyanide. CAT activity was determined with an oxygen electrode, as 
described earlier (Kinnula et al. 1992a). GR activity was analyzed by measuring the 
oxidation of nicotinamide adenine diphosphate (NADPH) in the presence of oxidized 
glutathione (Beutler 1975), and GPx activity by measuring NADPH oxidation in the 
presence of t-butylhydroperoxide, glutathione, and GR (Beutler 1975). Enzyme activities 
are expressed as units per milligram of the protein. Protein was determined by Bio-Rad 
DC assay (Bio-Rad Laboratories, Hercules, CA). 

For the analysis of total glutathione levels the cells were collected in 2 N perchloric 
acid containing 2 mM EDTA. After neutralization with a solution containing 2 M KOH 
and 0.3 M N-morpholinopropanesulfonic acid (MOPS), total cellular glutathione content 
was determined spectrophotometrically by measuring the reduction of 5,5'-dithiobis(2-
nitrobenzoic acid) (Sigma) by NADPH in the presence of glutathione reductase (Sigma) 
(Akerboom & Sies 1981). Cellular glutathione content is expressed as nmol/mg of the 
protein. 
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4.3.4  Measurement of cell injury 

4.3.4.1  Trypan blue exclusion 

Cell suspension was incubated with trypan blue for 5 min at room temperature. The cells 
were counted using Bürker cell counting chamber, and trypan blue negative cells were 
considered as viable cells.  

4.3.4.2  Adenine nucleotide depletion 

For cytotoxicity experiments, in which cell injury was assessed by adenine nucleotide 
depletion, high-energy nucleotide levels were assessed in 14C-adenine preincubated cells. 
Prelabeled cells were washed and exposed to FMLP or H2O2 in serum free RPMI-1640 
medium (Gibco) as described previously. After the exposures the medium as well as the 
cells extracted with 0.42 N perchloric acid were frozen at -20°C until analysis. Purine 
nucleotides (ATP, ADP and AMP) in neutralized cell extracts and nucleotide catabolic 
products (hypoxanthine, xanthine and uric acid) in the medium were separated by thin 
layer chromatography. The results are expressed as percentages proportions of 
radioactivity (counts per minute, CPM) between the nucleotides, and catabolic products 
as described (Aalto & Raivio 1990). 

4.4  Immunohistochemistry (I, III, IV,V) 

Sections 4 µm thick were deparaffinized in xylene and rehydrated in graded ethanol. 
Endogenous peroxidase was consumed by incubating the sections in 30 % hydrogen 
peroxide in absolute methanol for 10 minutes. In order to minimize background staining, 
the sections were blocked with 2% nonfat dry milk (V). In article III, the sections were 
incubated with the primary antibodies, followed by a biotinylated secondary antibody and 
the avidin-biotin-peroxidase complex (both from Dakopatts, Glostrup, Denmark). The 
color was developed with diaminobenzidine. In articles I, IV and V the sections were first 
incubated with the primary antibodies, then followed by the biotinylated secondary 
antibody and peroxidase- conjugated streptavidin included in the Histostain™ -PLUS kit 
(Zymed Laboratories, South San Francisco, CA, USA). The color was developed with 
aminoethyl carbazole substrate solution (Zymed Laboratories). The sections were 
counterstained with a light hematoxylin stain. The negative controls consisted of PBS at 
pH 7.2, normal rabbit serum (III), and mouse serum isotype (Zymed Laboratories) 
recommended by the manufacturer (I, IV,V). 
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4.4.1  Antibodies 

The monoclonal antibodies for i-NOS and HO-1 were purchased from Transduction 
Laboratories (Lexington, KY, USA), and the polyclonal antibody for e-NOS from Santa 
Cruz Biotechnology (San Diego, CA, USA). The polyclonal antibodies for MnSOD, 
CuZnSOD, ECSOD and catalase were a gift from Professor James D. Crapo (National 
Jewish Medical and Research Center, Denver, Colorado, USA) and the polyclonal 
antibody for XAO was provided by Professor Kari O. Raivio (University of Helsinki, 
Helsinki, Finland). The concentrations, durations of incubation, and secondary antibodies 
used for immunohistochemistry and Western blotting are listed in Table 1.  

Table 1. The primary and secondary antibodies used in immunohistochemistry (IH) and 
Western blotting (Wb) 

Antibody Source Concentration 
(IH) 

Incubation (IH) 
Time/Temperature 

Concentration 
and 

Incubation 
(Wb) 

Secondary 
antibody 

Concentration 

i-NOS Monoclonal, 
mouse; 
Transduction 
Laboratories 
Lexington, KY, 
USA 

1:60 1h/RT   

e-NOS Polyclonal, 
rabbit; Santa 
Cruz 
Biotechnology 
San Diego, CA, 
USA 

1:50 1h/RT   

MnSOD Polyclonal, 
rabbit; a gift 
from Dr J.D. 
Crapo 

1:1000 2h/RT 1:10 000 Swine anti-rabbit 
1:200 IH 
Donkey anti-
rabbit 1:30000 
Wb 

CuZnSOD Polyclonal, 
rabbit; a gift 
from Dr J.D. 
Crapo 

1:100 2h/RT 1:10 000 Swine anti-rabbit 
1:200 IH 
Donkey anti-
rabbit 1:30000 
Wb 

Catalase Polyclonal, 
rabbit; a gift 
from Dr J.D. 
Crapo 

1:200 30 min/RT   

HO-1 Monoclonal, 
mouse; 
Transduction 
Laboratories 

1:100 Overnight/+4°C 1:250 Sheep anti-mouse 
1:2000 Wb 
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Table 1. Continued. 
 

Antibody Source Concentration 
(IH) 

Incubation (IH) 
Time/Temperature 

Concentration 
and 

Incubation 
(Wb) 

Secondary 
antibody 

Concentration 

ECSOD Polyclonal, 
rabbit; a gift 
from Dr J.D. 
Crapo 

1:250 Overnight/+4°C   

α-SMA Monoclonal, 
mouse; DAKO, 
Glostrup, 
Denmark 

1:50 1h/+37°C   

β-actin Monoclonal, 
mouse; 
Amersham 

  1:2000-20000 Sheep anti-mouse 
1:5000 

4.4.2  Evaluation of immunoreactivity 

The stainings were evaluated under a light microscope and assessed semiquantitatively by 
two investigators independently. Immunoreactivity was graded as follows: - negative, + 
weak, ++ moderate and +++ intense. The kappa values were assessed in articles I and V 
as described by Silcocks (1983). 

4.5  Western blotting (II-V) 

The cell pellets of monocytes, neutrophils and alveolar macrophages were mixed with the 
electrophoresis sample buffer and boiled for 5 min at 95ûC. The protein concentration of 
the samples was measured using the Bio-Rad protein assay (Bio-Rad, Hercules, CA, 
USA), and 50-75 µg of cell protein was applied to 12% sodium dodecyl sulfate-
polyacrylamide gels (Laemmli 1970). The gels were electrophoresed for 1.5 h (90V, at 
room temperature), and the protein was transferred (45 min, 100V) onto Hybond ECL 
nitrocellulose membranes (Amersham, Arlington Hights, IL, USA ) in a Mini-PROTEAN 
II Cell (Bio-Rad). The blotted membranes were incubated with an antibody followed by 
treatment with secondary antibody. Beta-actin expression of the cells was detected with a 
monoclonal anti-actin antibody followed by secondary antibody (Amersham). Reactivity 
was detected with an enhanced chemiluminescence system (ECL, Amersham), and 
luminol excitation was imaged on X-ray film.  
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4.6  Northern blotting (II, IV) 

Monocytes, neutrophils and alveolar macrophages were collected in 4 M thiocyanate 
buffer and were frozen immediately at -80°C. Total RNA was extracted from cells 
suspended in 4 M thiocyanate buffer using the acid phenol-chloroform method 
(Chomczynski & Sacchi 1987). RNA (10 µg/lane) was electrophoresed on a 1% agarose 
gel containing 0.36 M formaldehyde and transferred onto Hybond-N nylon filters 
(Amersham International, Amersham, UK) and cross-linked to the filters by UV 
illumination (UV Stratalinker 1800, Stratagene, La Jolla, CA, USA). Prehybridization 
was carried out at 58.5°C for > 1 h in a buffer containing 50% deionized formamide, 5 x 
SSC, 50 mM sodium phosphate (pH 6.5), 5 x Denhardt's reagent, and 100 µg/ml herring 
sperm DNA. 32P-labeled cRNA probes were transcribed from cDNA clones representing 
nucleotides 596-987 of human MnSOD (Ho & Crapo 1988), 127-457 of human 
CuZnSOD (Hallewell et al. 1985), 537-2218 of human CAT (Quan et al. 1986), and 533-
624 of rat GPx (Ho et al. 1988) all cloned into the pSP65 vector (Promega Co., 
Southampton, UK). The human MnSOD, CuZnSOD, CAT and rat GPx cDNAs were 
kindly provided by Dr. Y.-S. Ho (Wayne State University, Detroit, MI, USA.) The probes 
were purified using NucTrap columns (Stratagene) and added to the prehybridization 
solution at 2x106 cpm/ml. Hybridization was then carried out at 58.5°C overnight. After 
washing with 2 x SSC and 0.2 x SSC at room temperature and with 0.2 x SSC, 0.1 % 
SDS at 58.5°C, autoradiography was performed at -80°C using Kodak BioMax MR film 
(Eastman Kodak Co, Rochester, NY, USA). Following autoradiography, the filters were 
rehybridized with a β-actin control probe transcribed from pTRI-β-actin plasmid 
(Ambion, Austin, TX, USA). In the article II, antioxidant enzyme mRNA expression was 
quantified relative to actin expression by use of a transmission densitometer (model 331, 
X-rite, Grandville, MI). 

4.7  RT-PCR (I) 

The oligonucleotide primers were selected according to cDNA sequence data published 
earlier (Geller et al. 1993, Marsden et al. 1992). Total cellular RNA was extracted from 
the cells using a kit for RNA isolation (RNAEasy, Qiagen, Hilden, Germany). One µg of 
RNA was treated with DNAse I (Pharmacia, Biotech, Milwaukee, WI, USA) at 37°C for 
10 min and at 75°C for 10 min to eliminate possible DNA contamination of the samples 
and reverse transcribed with 100 U of Moloney murine leukemia virus reverse 
transcriptase (Gibco BRL, Paisley, UK) and the respective antisense primer (i-NOS 5’- 
GGTGCTGCTTGTTAGGAGGTCAAGTAAAGGGC-3’, 5 pmol; e-NOS 5’- 
AGCTCGCTCTCCCTAAGCTGGTAGG-3’, 7 pmol; XAO 5’- 
AAGCTTCTGGTTGAAGTGTGTC-3’, 5 pmol) at 42°C for 45 min in a 20 µl rection 
mixture containing 1 U RNAse inhibitor (5 Prime → 3 Prime Inc., Boulder, CO, USA). 
The cDNA was PCR-amplified in a thermal cycler (Perkin-Elmer Cetus, Norwalk, CT) 
using 1 U of DNA polymerase (Dynazyme, Finnzymes, Espoo, Finland) and the 
respective sense primer (i-NOS 5’- TGCCTGGCAAGCCCAAGGTCTATGTTCAGGAC-
3’, 5 pmol; e-NOS 5’- GCATCACCTATGACACCCTCAGCG-3’, 7 pmol; XAO 5’- 
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TTCCTGGCCAGATACAAGGTTG-3’, 5 pmol) in a 100 µl reaction volume containing 
1.5 mM MgCl2. The thermal profile involved 35, 43 or 40 cycles (i-NOS, e-NOS and 
XAO, respectively) of denaturation at 94°C for 50 sec, primer annealing at 64°C (i-NOS, 
e-NOS) or 60°C (XAO) for 50 sec, and extension at 72°C for 1 min 30 sec (i-NOS, XAO) 
or 50 sec (e-NOS). PCR products were electrophoresed in an ethidium bromide-stained 2 
% agarose (Seakem, Rockland, ME) gel and visualized under UV-light. The amplification 
products of the i-NOS, e-NOS and XAO RT-PCRs were 500, 277 and 354 base pairs (bp) 
in length, respectively. Negative controls were established in each experiment by 
substituting the RNA sample with water and by leaving the reverse transcriptase enzyme 
out of the RT-reaction for each of the samples. 

4.8  Statistical analysis 

Data are expressed as means ± SD. The separate groups of monocytes (V) and Western 
blotting (III) were compared using a two-tailed Students t-test, and p values < 0.05 were 
considered significant. Two groups were compared using the nonparametric Mann-
Whitney U-test (SPSS for Windows, SPSS Inc., Chicago, IL) (II). 



5 Results 

5.1  Localization for nitric oxide synthases  
by immunohistochemistry (I) 

5.1.1   i-NOS and e-NOS in normal lung 

Normal peripheral lung tissue showed weak i-NOS expression only in alveolar 
macrophages (Table 2). No staining was observed in bronchiolar epithelium or type II 
pneumocytes. Endothelial-NOS showed positivity in alveolar macrophages and bronchial 
epithelium and to a lesser degree in endothelial cells of muscular and non-muscular 
arterioles (Table 2). Vascular endothelium showed positive immunoreactivity for e-NOS 
in all cases investigated. The staining pattern of i-NOS and e-NOS was intracytoplasmic 
and granular.  

Table 2. Summary of the average oxidant and antioxidant enzyme immunoreactivity in 
healthy lung (n = 5) 

Antioxidant 
enzyme 

Bronchial 
epithelium 
Intensity 

Alveolar 
macrophages 

Intensity 

Type II 
Pneumocytes 

Intensity 

Vascular 
endothelium 

Intensity 
i-NOS - + - - 
e-NOS ++ +++ - + 
XAO - - - - 
MnSOD (smoker) - + + - 
MnSOD (non-
smoker) 

- - - - 

CuZnSOD + - - - 
ECSOD + + ++ + 
CAT + + ++ - 
HO-1 - +++ - - 
Explanations: NA data not available, - negative, + weak immunoreactivity, ++ moderate immunoreactivity, 
+++ intense immunoreactivity. 
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5.1.2  i-NOS and e-NOS in UIP and DIP 

The lung biopsies of 9 patients with UIP showed stronger immunoreactivity for i-NOS in 
alveolar macrophages, regenerating type II pneumocytes, and bronchial epithelium than 
in normal lung (Table 3). Positivity for i-NOS could also be detected in the metaplastic 
bronchiolar epithelium of the diseased lung. The fibroblastic foci of UIP consists of 
fusiformic cells, apparently myofibroblasts and fibroblasts, in a loose fibromyxoid matrix 
indicating foci of early lesions in UIP. Given that fibroblastic foci have an important role 
in the progression of fibrosis (Zhang & Phan 1999), the expression of i-NOS was 
assessed in these lesions of UIP, also evaluating α-smooth muscle actin (α-SMA) 
expression in order to distinguish myofibroblasts from fibroblasts. Myofibroblasts 
showed weak positivity for i-NOS, but the immunoreactivity was negative in end stage 
fibrotic lesions, i.e. those areas which showed only fibrotic tissue, but no fibroblastic foci. 
However, a cell population of acute fibroblastic foci showed prominent i-NOS 
expression, so apparently other cells than myofibroblasts are responsible for i-NOS 
immunoreactivity in the fibroblastic foci. The lung biopsies of patients with DIP showed 
i-NOS immunoreactivity in alveolar macrophages, type II pneumocytes and bronchial 
epithelial cells.  

Table 3. Summary of the average oxidant and antioxidant enzyme immunoreactivity in 
patients with UIP and DIP 

Antioxidant 
enzyme (n) 

Bronchial 
epithelium 
Intensity 

Alveolar 
macrophages 

Intensity 

Type II 
Pneumocytes 

Intensity 

Fibroblastic 
foci,  

Intensity 

Fibroblastic foci 
myofibroblasts* 

Intensity 

Vascular 
endothelium

Intensity 

Interstitial 
cells 

Intensity 

UIP 
i-NOS (9) ++ +++ ++ ++ + - - 
e-NOS (9) +++ ++ + ++ ++ + - 
XAO (9) - - - - NA - - 
MnSOD (9) + ++ ++ + NA - - 
ECSOD 
(10) 

+ ++ ++ - NA ++ +++ 

CAT (9) + + ++ + NA - - 
HO-1 (9) - +++ - - NA - - 

DIP 
i-NOS (11) + ++ +   - - 
e-NOS (11) +++ +++ +   - - 
XAO (11) - - -   - - 
MnSOD 
(11) 

+ ++ ++   - - 

ECSOD 
(11) 

+ + +   + ++ 

CAT (11) + + ++   - - 
HO-1 (10) - ++ -   - - 

Explanations: n  number of cases, * cells identified according to α-SMA staining, NA data not available, - 
negative, + weak immunoreactivity, ++ moderate immunoreactivity, +++ intense immunoreactivity. 
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In UIP e-NOS positivity could be detected in the ciliated columnal epithelial cells, which 
showed intracellular positivity for e-NOS at the apical compartment. Both UIP and DIP 
showed very similar e-NOS positivity in alveolar macrophages, bronchial epithelial cells, 
endothelial cells, and regenerating type II pneumocytes (Table 3). In contrast to i-NOS, 
myofibroblasts showed distinct e-NOS immunoreactivity.  

5.1.3  i-NOS and e-NOS in granulomatous diseases 

The biopsies of 14 patients with pulmonary sarcoidosis and 5 lung biopsies and 3 
transbronchial biopsies of patients with extrinsic allergic alveolitis showed positivity for 
i-NOS in the granulomas of the lung, the immunoreactivity being localized especially to 
the giant cells (Table 4). Alveolar macrophages, regenerating type II pneumocytes and 
bronchial epithelium showed distinct immunoreactivity for i-NOS in most of the cases. 

Granulomas stained positively for e-NOS as well, but the localization within the 
granulomas was different, not the giant cells but a part of the epithelioid cells stained 
intensively for e-NOS. Positive e-NOS immunoreactivity could also be detected in 
alveolar macrophages, type II pneumocytes and bronchial epithelium (Table 4).  

Table 4. Summary of the average oxidant and antioxidant enzyme immunoreactivity in 
patients with sarcoidosis and extrinsic allergic alveolitis.  

Antioxidant 
enzyme (n) 

Bronchial 
epithelium 
Intensity 

Alveolar 
macrophages

Intensity 

Type II 
Pneumocytes 

Intensity 

Granulomas
 

Intensity 

Vascular 
endothelium 

Intensity 

Interstitial 
cells 

Intensity 
Sarcoidosis 

i-NOS (14) ++ +++ + ++ - - 
e-NOS (14) ++ +++ - ++ + - 
XAO (14) - - - - - - 
MnSOD (16) - ++ + +++ - - 
CuZnSOD (16) + - - - - - 
ECSOD (17) + ++ + + + ++ 
CAT (14) + -/+ ++ + - - 
HO-1 (13) - +++ -/+ ++ - - 

Extrinsic allergic alveolitis 
i-NOS (8) ++ ++ ++ ++ - - 
e-NOS (8) ++ +++ + + - - 
XAO (8) - - - - - - 
MnSOD (10) - + + + - - 
CuZnSOD (10) + - - - - - 
ECSOD (11) + + + + + ++ 
CAT (6) -/+ -/+ + + - - 

Explanations: n number of cases, NA data not available, -/+ occasional, but not constant immunoreactivity, - 
negative, + weak immunoreactivity, ++ moderate immunoreactivity, +++ intense immunoreactivity.  
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5.2  Localization for xanthine oxidase by immunohistochemistry  
in healthy and diseased lung (I) 

Our study with the ACE-method confirmed the findings with the diaminobenzidine 
(Sarnesto et al. 1996) that XAO is negative in healthy human lung, and that it is highly 
expressed in human small intestine (not shown). The immunoreactivity of xanthine 
oxidase was also negative in all pulmonary diseases with the exception of weak 
occasional positivity in bronchial epithelium of the biopsies from patients with 
sarcoidosis, UIP, and DIP. The immunoreactivity of XAO in alveolar macrophages was 
mainly negative, although very faint immunoreactivity could be detected in the biopsies 
of the diseased lung. 

5.3  mRNA-level expression by RT-PCR for i-NOS, e-NOS  
and XAO (I) 

To further investigate the synthesis of i-NOS, e-NOS and especially XAO in the cells of 
BALF and alveolar macrophages, the mRNA expressions of these enzymes were assessed 
by PCR in UIP, sarcoidosis, extrinsic allergic alveolitis, and healthy controls. As 
expected, RT-PCR indicated positivity of i-NOS and e-NOS, but also XAO in all cases 
investigated (I, Figure 3). 

5.4  In vitro experiments with inflammatory cells (II) 

In vitro experiments with inflammatory cells showed that neutrophils had markedly 
higher levels of the 1 kb and 4 kb transcripts of MnSOD mRNA than mononuclear cells. 
The existence of these two distinct MnSOD mRNAs has been earlier described, they are 
transcribed from the same gene and have identical coding sequence, but differ in the 3’ 
untranslated sequence because of alternate polyadenylation (Melendez & Baglioni 1993). 
4 kb species is produced and eliminated faster than the 1 kb one (Melendez & Baglioni 
1993). Large variation was observed in the cells isolated from various individuals even 
though the experimental conditions were exactly similar. MnSOD mRNA, especially its 4 
kb transcript, was higher in monocyte-derived macrophages than in freshly isolated 
monocytes (II, Figure 1A). However, the immunoreactive MnSOD protein by Western 
blot analysis was highest in monocyte-derived macrophages and similar in monocytes and 
neutrophils (II, Figure 1B). In agreement with the Western blotting analyses, the specific 
activity of MnSOD was similar in monocytes and neutrophils and increased in monocytes 
during the first 3 days in culture (II, Figure C). 
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5.5  MnSOD (III, IV) 

5.5.1  Localization for MnSOD by immunohistochemistry 
 in normal lung 

MnSOD protein expression could not be detected immunohistochemically in type II 
pneumocytes, alveolar macrophages or bronchial epithelial cells in the non-smoking 
controls, whereas weak immunoreactivity was found in alveolar macrophages and type II 
pneumocytes of smokers’ lung (Table 2). The staining pattern of MnSOD was 
intracytoplasmic and granular. Northern blotting indicated that MnSOD mRNA is 
detectable in BAL fluid samples of healthy lung collected from patients with minor 
respiratory symptoms (IV, Figure 2). 

5.5.2  Localization for MnSOD by immunohistochemistry  
in UIP and DIP (IV) 

The lung biopsies of the patients with UIP and DIP indicated that MnSOD was elevated 
especially in type II pneumocytes and alveolar macrophages (Table 3). The staining of 
MnSOD in type II pneumocytes was intense in three and moderate in nine out of 20 
biopsies and that in alveolar macrophages intense in four and moderate in twelve out of 
20 biopsies. The fibroblastic foci of UIP showed positivity for MnSOD. Alveolar and 
bronchiolar metaplastic epithelium showed positivity for MnSOD, which appeared to be 
stronger than that in normal alveolar and bronchiolar epithelium. 

5.5.3  Localization for MnSOD by immunohistochemistry in  
sarcoidosis and extrinsic allergic alveolitis (III, IV) 

MnSOD was highly expressed in granulomas of sarcoidosis and positive 
immunoreactivity was also found in the granulomas of extrinsic allergic alveolitis, 
although the staining was patchy and less intense (Table 4). The staining was intense in 
nine and moderate in seven out of 16 biopsies of sarcoidosis, 60-100% of the granulomas 
showing immunoreactivity for MnSOD, especially in Langans type giant cells and to a 
lesser degree also in epithelioid cells in patients with sarcoidosis. Also granulomas of 
extrinsic allergic alveolitis showed marked immunoreactivity, but the staining was patchy 
and less intense than in sarcoidosis. Alveolar macrophages and type II pneumocytes 
stained positively for MnSOD in both granulomatous disorders. Immunohistochemistry 
on BAL fluid cell samples showed positive staining in macrophages, but not in 
lymphocytes. Smooth muscle in the media of arterioles showed immunoreactivity for 
MnSOD in two cases of sarcoidosis. (III) 
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5.5.4  Protein expression by Western blotting of MnSOD in  
sarcoidosis and extrinsic allergic alveolitis (III) 

Western blotting of MnSOD indicated significantly higher reactivity in the BAL cell 
samples of sarcoidosis (III, Figure 2) and extrinsic allergic alveolitis (III Figure 4) when 
compared to healthy controls.  

5.6  CuZnSOD 

CuZnSOD was expressed in bronchial epithelium of healthy lung (Table 2). The staining 
was moderate in one and weak in four biopsies, 50-100% of the bronchial epithelial cells 
showing immunoreactivity. CuZnSOD stained the ciliated bronchial epithelial cells more 
intensively than the peripheral non-ciliated bronchial epithelium. The immunostaining for 
CuZnSOD was intracytoplasmic and granular. 

In vitro experiments with inflammatory cells showed that mRNA levels measured by 
Northern blotting (data not shown) and specific activities of CuZnSOD were similar in all 
inflammatory cells investigated (II, Fig 1C).  

The bronchial epithelium was stained positively for CuZnSOD from 30 to 100%, the 
intensity being moderate in five and weak in nine out of 16 biopsies of sarcoidosis and 
intense in one, moderate in one and weak in seven out of 10 biopsies of extrinsic allergic 
alveolitis, respectively. Western blotting indicated no upregulation of CuZnSOD 
expression in sarcoidosis or extrinsic allergic alveolitis.  

5.7  ECSOD (unpublished data) 

5.7.1   Localization for ECSOD by immunohistochemistry 
 in normal lung 

Normal peripheral tissue of tumorous lung showed ECSOD expression in alveolar 
macrophages, bronchial epithelium and vascular endothelium, type II pneumocytes and 
extracellular matrix as previously described (Oury et al. 1994, Su et al. 1997). The 
staining of type II pneumocytes was moderate in four and weak in one biopsy, vascular 
endothelium moderate in one and weak in four out of five biopsies and alveolar 
macrophages as well as bronchial epithelial cells weak in all (n = 5) cases investigated 
(Table 2).  

Additional experiments with BAL fluid cell samples showed positive 
immunohistochemical staining for ECSOD in macrophages, but not in lymphocytes. 
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5.7.2  Localization for ECSOD by immunohistochemistry 
 in UIP and DIP 

The lung biopsies of 10 patients with UIP indicated that immunoreactivity for ECSOD is 
fairly similar to normal lung, vascular endothelium, bronchial epithelium, alveolar 
macrophages and type II pneumocytes showing positivity for ECSOD (Table 3). 
However, the most marked immunoreactivity was seen in interstitial cells, whereas the 
fibroblastic foci were negative for ECSOD.  

5.7.3  Localization for ECSOD by immunohistochemistry in 
granulomatous diseases 

The lung biopsies of patients with pulmonary sarcoidosis (n = 17) and six out of nine 
with extrinsic allergic alveolitis showed weak positivity for ECSOD in the granulomas of 
both diseases (Table 4). Alveolar macrophages and type II pneumocytes as well as 
bronchial epithelium and vascular endothelium showed positive immunoreactivity for 
ECSOD in most of the cases. As in UIP, unidentified cells of the interstitium were stained 
positively for ECSOD. 

5.8  Catalase (II, IV) 

5.8.1  Localization for catalase by immunohistochemistry 
 in normal lung 

Catalase stained positively especially in type II pneumocytes, the staining intensity being 
intense in one and moderate in four out of five biopsies (Table 2). Alveolar macrophages 
and bronchial epithelial cells were also weakly positive for catalase. The staining pattern 
of catalase was intracytoplasmic and granular, the granularity being finer than that for 
MnSOD.  

5.8.2  mRNA-level expression by Northern blotting of catalase  
in healthy lung 

Northern blotting indicated that catalase mRNA is detectable in BAL fluid samples of 
healthy lung (IV, Figure 2). 
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5.8.3  In vitro experiments with inflammatory cells (II) 

In vitro experiments with monocytes, neutrophils, and alveolar macrophages showed that 
mRNA of CAT was highest in neutrophils, intermediate in alveolar macrophages, and 
lowest in monocytes (II, Figure 2A). Similarly, the activity of catalase was much higher 
in neutrophils than in monocytes or monocyte-derived macrophages (II, Figure 2B). 

5.8.4  Localization for catalase by immunohistochemistry 
 in UIP and DIP (IV) 

As in healthy lung, the immunoreactivities for catalase were most marked in type II 
pneumocytes, the immunoreactivities being intense in four and moderate in nine out of 20 
biopsies from patients with UIP and DIP (Table 3). Ciliated columnal epithelial cells 
showed intracellular positivity for catalase in the apical compartment, while goblet cells 
were completely negative for catalase (not shown). Also alveolar macrophages stained 
positively for catalase. The fibroblastic foci of UIP showed positivity for catalase in type 
II pneumocytes and in the stromal cells of the fibromyxoid lesions. A few catalase 
positive cells were also found around these fibromyxoid lesions. Alveolar and bronchiolar 
metaplastic epithelium showed positivity for catalase, which appeared to be stronger than 
that in normal alveolar and bronchiolar epithelium. 

5.8.5  Localization for catalase by immunohistochemistry 
 in sarcoidosis and extrinsic allergic alveolitis (IV) 

The lung biopsies of 14 patients with pulmonary sarcoidosis and six with extrinsic 
allergic alveolitis showed positivity for catalase in the granulomas of sarcoidosis and 
extrinsic allergic alveolitis (Table 4). Epithelioid cells showed occasionally intense 
immunoreactivity for catalase, whereas Langhans type giant cells were often negative. 
Positive staining for catalase was also seen in type II pneumocytes, alveolar macrophages 
and bronchial epithelial cells. 

5.9  Glutathione-related enzymes  

5.9.1  In vitro experiments with inflammatory cells  
for glutathione-related enzymes (II) 

The mRNA level and specific activity of GPx were higher in monocytes and monocyte-
derived macrophages than in neutrophils (II, Figure 3). GR activity was 45.4±7.6 mU/mg 
protein in monocytes, 38.8±16.8 mU/mg protein in monocyte-derived macrophages, and 
30.1±7.4 mU/mg protein in neutrophils, the difference between freshly isolated 
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monocytes and neutrophils being significant (p < 0.05, n = 6 - 9). Total glutathione was 
significantly higher in monocytes and in monocyte-derived macrophages than in 
neutrophils (II, Figure 4). 

5.9.2  Cell viability and cellular energy state 

Cell viability was investigated by trypan blue staining and by following changes in the 
nucleotide catabolism in cells prelabeled with 14C-adenine. In agreement with previous 
studies, only very few, if any, neutrophils survived for 72 h, whereas monocytes 
maintained their viability for at least 120 h. Experiments with BSO-pretreated (inhibitor 
of γ-GCS, rate-limiting enzyme in GSH synthesis) neutrophils (6h incubation) indicated 
that BSO caused a significant depletion of the cellular high-energy nucleotides from 
81.5% to 54.6% (n = 2 - 3) in 6 h, suggesting the importance of GSH in these cells. 

5.10  Hemeoxygenase-1 

5.10.1  Localization for hemeoxygenase-1 by immunohistochemistry 
 in normal lung (V) 

Healthy lung obtained from non-smokers indicated that only alveolar macrophages were 
positive for HO-1, the intensity of immunoreactivity being moderate in one and intense in 
4 out of five cases. Airway epithelium, alveolar epithelium, vascular endothelium and 
interstitium showed no immunoreactivity in any of the cases investigated. Additional 
unpublished findings with frozen lung sections confirmed HO-1 positivity only in 
macrophages.  

5.10.2  Localization for hemeoxygenase-1 by immunohistochemistry 
 in UIP and DIP 

The expression of HO-1 in UIP and DIP was most prominent in alveolar macrophages 
(Table 3), over 50% of the cells showed moderate or prominent immunoreactivity, and 
positive immunoreactivity was also detected locally in the alveolar epithelium. HO-1 was 
mainly negative in the fibrotic areas and fibroblasts of UIP. Cytocentrifuge preparations 
obtained from the BAL fluid of healthy controls examined for minor respiratory 
symptoms, sarcoidosis, UIP, and DIP showed that only macrophages, but not 
lymphocytes or polymorphonuclear leukocytes (not shown) were positive for HO-1.  
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5.10.3  Localization for HO-1 by immunohistochemistry 
 in sarcoidosis 

The immunoreactivity of HO-1 in alveolar macrophages was intense in all cases of 
sarcoidosis (Table 4). The immunohistochemical staining for HO-1 was homogenous and 
intracellular. The granulomas of sarcoidosis showed HO-1 immunoreactivity in most 
cases, the immunoreactivity varied from weak to intense, being also weak to intense in 
the histiocytic cells of the granulomas. Occasionally, type I and II pneumocytes stained 
positively for HO-1, and the proliferating type II pneumocytes seen in one lung biopsy 
showed positive immunoreactivity.  

5.10.4  Protein expression by Western blotting for HO-1 

Western blotting of the cells obtained from BAL fluid showed that the control subjects 
had detectable HO-1 expression (V, Figure 2). The expression of HO-1 in sarcoidosis was 
also positive, whereas none of the patients with UIP showed HO-1 expression in the cells 
obtained by BAL. 

Further investigations were conducted to assess the expression and significance of 
HO-1 in freshly isolated and cultured blood monocytes (monocyte derived macrophages) 
and in alveolar macrophages. These results confirmed the previous findings showing that 
HO-1 is induced by H2O2 in blood monocytes (Clerget & Polla 1990, Polla et al. 1993); 
interestingly, HO-1 was elevated by fMLP even more markedly than by H2O2 (V, Figure 
3A). The basal level of HO-1 was lower in freshly isolated and cultured monocytes than 
in alveolar macrophages of the controls, even though monocytes had been cultured at the 
ambient oxygen concentration for 72 hours (V, Figure 3B). Additional experiments were 
also conducted to investigate the importance of HO-1 in protecting these cells against 
oxidative stress. In these studies the monocytes were incubated in the presence of SnPP, 
an inhibitor of hemeoxygenase, and exposed to fMLP. These results showed that the 
induction of HO-1 protects monocytes during the respiratory burst. The cell viability of 
plated control monocytes after 48h was 88.9±7.4%. When the cells were exposed to 
fMLP and followed for 48h, their viability was 86.6±7.1%. However, when the cells were 
first exposed to SnPP and then to fMLP, their viability after 48h was 68.7±11.6% 
(p = 0.0016). SnPP alone showed no detectable toxicity. 



6 Discussion 

There is accumulating evidence that ROS have an important role in the pathogenesis of 
interstitial lung diseases. However, evidence has been mostly founded in animal and in 
vitro models, while human biopsy studies are missing. Antioxidant defence is vastly 
important in eliminating ROS, and consist of a complex system of antioxidant enzymes. 
Most important of these mechanisms include MnSOD, CuZnSOD, ECSOD, catalase, 
glutathione peroxidases and other enzymes involved in the glutathione redox cycle, as 
well as hemeoxygenase. This is the first systematic study of these enzymes on human 
material obtained from normal lung and various interstitial lung disorders with 
complementary in vitro experiments.  

6.1  Methodological aspects 

All biopsies were taken for diagnostic purposes and were carefully classified according to 
the histologic criteria presented by Katzenstein and Myers (1998). Because of the large 
number of different cell types present in lung, immunohistochemistry conducted on lung 
biopsies gives valuable information of the cell specific distribution and localization of 
these enzymes compared to lung homogenates. Also smoking history of the study 
participants is important, since oxidants derived from tobacco smoke have been found to 
alter the antioxidant profile in lung. However, obtaining normal human controls for 
research is often difficult for ethical aspects. We obtained 3-5 nonsmokers as controls. 
Our control subjects were investigated for minor respiratory symptoms, such as 
prolonged cough. The BAL fluid cell profile of control subjects was normal, and the 
patients did not fulfill the criteria of asthma. Obviously, these samples may contain minor 
inflammatory changes, and also bronchoscopy itself can disturb the cellular homeostasis 
in the lung by causing irritation. Furthermore, during the lung surgery, patients are 
exposed to high levels of inspired oxygen and the effect of hyperoxia combined with the 
possible effect of anesthetics to the induction of AOEs in lung biopsies used cannot be 
entirely excluded. 

Adherence of monocytes and macrophages was used for isolation and purification 
procedures in article II. The procedure is fast and simple, but can induce both gene 
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expression and protein secretion (Sporn et al. 1990), and whether MnSOD induction 
during monocyte differentiation in vitro is a result of this adherence, cannot be 
completely excluded. The levels of freshly isolated cells are probably similar to their 
activities in vivo, since previous studies have shown that the activities of these enzymes 
remain stable during the first hours ex vivo (Kinnula et al. 1992a). Also neutrophils may 
be activated during isolation. 

We could not detect any MnSOD immunoreactivity in control subjects (IV), or HO-1 
immunoreactivity in bronchial epithelium by the sensitivity of the staining method 
regardless several dilutions tested. However, this does not mean that minor amounts of 
MnSOD protein is not present in the healthy lung or HO-1 in bronchial epithelium, 
although in our experience, the AEC method used in article IV and V is more sensitive 
than the DAB method used in article III. MnSOD mRNA was found in BAL fluid of 
normal nonsmoking controls, but this does not necessarily reflect the situation in protein 
level.  

Experiments with avidin-biotin-peroxidase complex method, with color-development 
with diaminobenzidine result in brown. Therefore, hemosiderin-containing alveolar 
macrophages may be difficult to distinguish from an immunohistochemical positive 
reaction. Thus the findings on MnSOD immunoreactivity in article III were confirmed 
with the peroxidase conjugated streptavidin staining method. These experiments 
confirmed our previous findings. 

6.2  Inducible and endothelial nitric oxide synthases  
in normal lung, UIP and DIP 

Strong e-NOS immunoreactivity could be observed in alveolar macrophages and 
bronchial epithelium of the control lung, and also vascular endothelium showed positivity 
for e-NOS as expected. In contrast to e-NOS, only alveolar macrophages showed weak 
positivity for i-NOS, and this is in agreement with previous studies. Normal human 
airway epithelium expresses low levels of i-NOS (Kobzik et al. 1993, Saleh et al. 1998) 
whereas i-NOS is upregulated in inflammatory lung diseases such as asthma (Saleh et al. 
1998). Our results are in agreement with previous studies showing prominent e-NOS, but 
not i-NOS expression in normal lung. 

Superoxide and NO are known to form toxic nitrogen metabolites in the cell, and 
especially formation of a highly active metabolite, peroxynitrite (OONO-) is presumed to 
be largely responsible for most of the adverse effects of excessive generation of NO 
(Beckman & Koppenol 1996). Simultaneous production of superoxide and NO probably 
play a crucial role also in the progression of interstitial lung diseases. This is the first 
study on i-NOS on histopathologically classified interstitial pneumonias. Our results are 
consistent with the previous study in fibrotic lung showing most prominent i-NOS 
expression in alveolar macrophages and alveolar epithelium (Saleh et al. 1997). In 
addition to earlier data we assessed the expression of i-NOS in UIP and DIP. These 
results suggested prominent i-NOS immunoreactivity at the alveolar level and bronchial 
epithelium of UIP and DIP, but no immunoreactivity in old fibrotic lesions indicating the 
importance of i-NOS in acute phases of chronic interstitial pneumonias. Given that NO 
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upregulates the synthesis of TGF-β (Bellocq et al. 1999), and growth factors are known to 
downregulate NOS (Zhang & Phan 1999), nitric oxide may theoretically contribute to 
disease progression without exogenous production of superoxide. It has also been earlier 
described that TGF-β is strongly associated with human pulmonary fibrosis 
(Broekelmann et al. 1991). In agreement with this, intense immunoreactivity of i-NOS 
could be detected in alveolar macrophages and in the active fibroblast foci of UIP, 
whereas the expression of i-NOS was non detectable in old fibrotic lesions of these 
diseases. In our study we observed very weak i-NOS expression in the myofibroblasts of 
the fibroblastic foci of the patients with UIP. We are not aware of any studies on i-NOS in 
human lung fibroblasts. Only available study on i-NOS in pulmonary fibrosis could not 
show any i-NOS immunoreactivity in the fibrotic lung (Saleh et al. 1997), which result is 
consistent with our study. It is therefore possible that inflammatory cytokines and 
oxidants stimulate i-NOS in the acute phase of interstitial pneumonias; NO may then 
further stimulate the synthesis of growth factors in human lung, which finally leads to the 
downregulation of i-NOS during the progression of the disease. Interestingly, 
myofibroblasts of the acute myofibroblastic foci were positive for e-NOS, which 
indicates that despite the downregulation of i-NOS there is still NO-production in the 
fibroblastic foci by e-NOS. The epithelial cells lining the fibroblastic foci were found 
positive for i-NOS, which also might contribute to nitric oxide production. These findings 
further suggest the importance of epithelial cells in nitric oxide generation and 
contribution of epithelium in i-NOS related fibrogenesis.  

6.2.1  I-NOS and e-NOS in sarcoidosis and extrinsic allergic alveolitis 

Sarcoidosis and extrinsic allergic alveolitis are granulomatous disorders, which seldom 
lead to pulmonary fibrosis. The most prominent inflammatory cells in sarcoidosis and 
extrinsic allergic alveolitis are lymphocytes. Difference in the cell and cytokine profiles 
in UIP compared to granulomatous diseases may partly explain these differences in the 
expression of i-NOS and the development of fibrosis. Our results with i-NOS are 
consistent with a recent study on i-NOS expression in pulmonary sarcoidosis (Moodley et 
al. 1999) and with experimental granulomatous reactions (Goldman et al. 1996, Tsuji et 
al. 1995, Setoguchi et al. 1996). In addition we were able to show prominent e-NOS 
immunoreactivity in epithelioid cells of the granulomas  

6.3  Xanthine oxidase 

Only one immunohistochemical study has investigated XAO in healthy human lung. 
Linder et colleagues (1999) detected no expression of XAO in any cell type of human 
lung. Previous studies have not found any XAO reactivity or activity in the homogenates 
of healthy human lung (Kinnula et al. 1997, Saksela et al. 1998, Linder et al. 1999, 
Sarnesto et al. 1996). Experimental studies have shown that xanthine oxidase can be 
released into the circulation upon reoxygenation, and this finding has been confirmed also 
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in humans (Pesonen et al. 1998). We could not detect XAO in any parenchymal lung 
disease by immunohistochemistry, with the exception of a very faint immunoreactivity 
observed occasionally in bronchial epithelium. Alveolar macrophages were found to be 
XAO positive by the RT-PCR technique, but the immunoreactivity of XAO protein also in 
these cells was negative. This might be related to post transcriptional regulatory 
mechanisms. It has to be noted, however, that immunohistochemistry is not sensitive 
enough in detecting minor amounts of enzyme protein in the samples. These results 
suggest that XAO may not have any significant role in the progression of human 
interstitial lung disorders.  

6.4  MnSOD in normal lung 

The localization and regulation of MnSOD in the lungs of experimental animals have 
been relatively well elucidated (Coursin et al. 1992, Clyde et 1993, Oberley et al. 1993, 
Chang et al. 1995). Immunohistochemical positivity for MnSOD has been demonstrated 
in ciliated bronchial epithelial cells, Clara cells, alveolar macrophages and type II 
pneumocytes in rat lung (Coursin et al. 1992, Chang et al. 1995) and by immunogold 
technique in the mitochondria of human lung cells (Kinnula et al. 1995a). Our findings 
on healthy human lung are in agreement with previous studies on human lung showing 
most intense MnSOD reactivity in alveolar macrophages and type II pneumocytes. 
However, oxidant burden and inflammation accompanied by cigarette smoke may induce 
MnSOD activity in the lung. In article number III we used histologically normal lung 
biopsies obtained from smokers or ex-smokers, who had undergone surgery because of a 
malignant lung tumor, or BAL fluids from patients who had undergone bronchoscopy due 
to minor respiratory symptoms. MnSOD immunoreactivity was found in these patients by 
immunohistochemistry and Western blotting, but not in non-smoking patients used in 
article IV. Variable MnSOD immunoreactivity has been shown in human lung obtained 
from patients also with an unknown smoking history (Coursin et al. 1996). Their material 
included four biopsies of patients with lung cancer, and non-malignant lung showed 
positive MnSOD immunoreactivity, especially in alvolar macrophages and type II 
pneumocytes. However, very low levels of the MnSOD mRNA in the lung homogenates 
of three non-smoking adults have been detected (Asikainen et al. 1998), which is in 
agreement with our study showing mRNA of both MnSOD and CAT in the alveolar 
macrophages of healthy non-smoking controls (article IV). Thus, according to our 
findings, the level of MnSOD is very low in healthy lung and exposure to exogenous 
compounds, such as cigarette smoke may induce MnSOD expression to some extent 
(Gilks et al. 1998). 

6.5  MnSOD in human inflammatory cells 

Previous studies have investigated superoxide dismutases during in vitro differentiation of 
monocytes and HL60 cells, but not compared their activity in various inflammatory cells 
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or investigated their significance. Our results are in agreement with previous studies 
showing induction of MnSOD during the differentiation of monocytes (Asayama et al. 
1985, Nakagawara et al. 1981). The data on the mRNA levels suggest transcriptional 
activation of MnSOD as the mechanism of increased activity. However, previous and 
present findings on the induction of MnSOD during monocyte differentiation in vitro 
cannot be extrapolated to the situation in vivo, since these changes may occur due to cell 
adherence (Sporn et al. 1990). MnSOD is induced by inflammatory mediators, such as 
endotoxin, TNF-α and IL-1, in a number of cells (Kinnula et al. 1995a, Tsan 1993). It is 
also induced in inflammatory cells by cytokines (Niwa et al. 1996, Tian et al. 1998) and 
during granuloma formation in vivo. Thus, the induction of MnSOD may play an 
important role in the resistance of mononuclear cells during inflammation and oxidant 
stress. A previous study showed no induction of MnSOD by TNFα in human neutrophils 
(Kettritz et al. 1997), whereas another study showed elevation of the MnSOD 
immunoreactive protein by human bronchial epithelial cell conditioned medium in human 
neutrophils (Cox et al. 1994). The present study showed increased mRNA production of 
MnSOD, but not the activity, in neutrophils. The higher mRNA levels may be caused of 
the activation of these cells during in vitro isolation (Kettritz et al. 1997, Oishi & 
Machida 1997). Whether induction of MnSOD in pathological conditions contributes to 
the cell survival of these cells during inflammation or infection is unclear. 

6.6  MnSOD in UIP and DIP 

The increased expression of MnSOD in type II pneumocytes and alveolar macrophages in 
UIP and DIP agree with the previous findings on animal models and human lung 
(Oberley et al. 1993, Kinnula et al. 1994, Chang et al. 1995, Ho et al. 1996, Coursin et 
al. 1996). The expression of MnSOD is increased in lungs after exposure to hyperoxia 
(Chang et al. 1995) and various cytokines (Wong & Goeddel 1988, Tsan 1993). Previous 
studies have indicated that the main cell population responsible for induction of MnSOD 
is especially type II pneumocyte (Oberley et al. 1993, Kinnula et al. 1994, Chang et al. 
1995, Ho et al. 1996, Coursin et al. 1996). These findings suggest the potential 
importance of alveolar macrophages and type II pneumocytes in the protection of lung 
against oxidants during the development of interstitial lung diseases. However, the 
increased expression of MnSOD does not prevent the lung injury in these disorders. In 
fact, the expression of MnSOD is decreased in late fibrotic lesions possibly by fibrotic 
growth factors and this decreased antioxidant defence of fibrotic lung may further 
exaggerate the lung injury. 

6.7  MnSOD in sarcoidosis and extrinsic allergic alveolitis 

We found for the first time that MnSOD is highly expressed in the granulomas of 
sarcoidosis and extrinsic allergic alveolitis in human lung. This finding was constant and 
repeatable not only in the granulomas, but also in the lymph nodes of six patients with 
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sarcoidosis. High MnSOD immunoreactivity was also detected in alveolar macrophages 
and type II pneumocytes both in the patients with sarcoidosis and extrinsic allergic 
alveolitis. Both of these cells are also more resistant to exogenous oxidants than alveolar 
type I cells or endothelial cells (Crapo et al. 1980). Western blotting revealed significantly 
higher level of MnSOD in the BAL cell samples in sarcoidosis and extrinsic allergic 
alveolitis than in the controls, and immunohistochemistry indicated that MnSOD was 
expressed in alveolar macrophages, but not in the lymphocytes. Since the percentage of 
macrophages in the BAL samples of healthy controls is higher than in granulomatous 
diseases associated with relative lymphocytosis, the results of the Western blotting 
underestimate the real expression of MnSOD in the macrophages of these diseases. The 
pathogenesis of hypersensitivity granulomatous diseases is still partially unclear, but it can 
be hypothesized that free radicals may have a central contributing role in these diseases. 
Granuloma formation involves several cytokines and lymphokines, such as TNF-α, 1L-1 
and IL-6, all of which can cause MnSOD induction (Wong & Goeddel 1988, Visner et al. 
1990, Warner et al. 1991, Harris et al. 1991). Since these granulomatous diseases are 
usually benign and lung architecture is well preserved, the enhanced expression of 
MnSOD may play an important role in protection of the lung during macrophage 
activation and granuloma formation. It is known that MnSOD is localized in alveolar 
macrophages, and against this background, it is natural that MnSOD is also expressed in 
granulomas, which originate from monocyte lineages, i.e. macrophages. 

6.8  CuZnSOD in normal lung, sarcoidosis and extrinsic allergic 
alveolitis 

CuZnSOD showed positive immunoreactivity in the bronchial epithelium of healthy 
controls. The localization and regulation CuZnSOD in the lungs of experimental animals 
have been relatively well elucidated (Coursin et al. 1992, Oberley et al. 1993, Clyde et 
1993, Chang et al. 1995), and they may have similarities in human and animal lung. Our 
findings on healthy human lung are in agreement with previous studies on human lung 
showing positive CuZnSOD reactivity in the bronchial epithelium. CuZnSOD has been 
found especially in ciliated epithelial cells and Clara cells (Coursin et al. 1992, Coursin et 
al. 1996). CuZnSOD is not usually induced by cytokines (Tsan et al. 1992, Kinnula et al. 
1995b) and these previous findings are also in agreement with our study, which shows 
relatively weak immunoreactivity of CuZnSOD both in the cells of BAL samples and 
alveolar macrophages and positive staining especially in the ciliated epithelium.  
CuZnSOD showed positive immunoreactivity also in the bronchial epithelium of the 
patients of sarcoidosis and extrinsic allergic alveolitis, but no expression in the 
granulomas of either of these diseases. Also consistent with the constitutive nature of this 
enzyme, its expression was very similar in the control and diseased lung. 



 60

6.9  ECSOD in normal lung, UIP, DIP, sarcoidosis and extrinsic 
allergic alveolitis 

ECSOD is a secreted protein, 90-99 % of the total ECSOD has been estimated to reside 
in the extracellular matrix (Marklund 1984, Oury et al. 1994). ECSOD is likely 
synthetized locally, since tissue levels of ECSOD mRNA correlate with its activity (Folz 
et al. 1994). Normal lung tissue showed ECSOD expression in alveolar macrophages, 
bronchial epithelium, vascular endothelium, type II pneumocytes and extracellular matrix 
as previously described (Oury et al. 1994, Oury et al. 1996a, Su et al. 1997). The lung 
biopsies of the patients with UIP, DIP, sarcoidosis and extrinsic allergic alveolitis 
indicated that immunoreactivity for ECSOD is fairly similar to normal lung. However, in 
contrast to normal lung, most intense immunoreactivity was found in unidentified cells of 
the interstitium.  

NO has to be released into extracellular spaces to reach its target cells, and since O2

- is 
an extremely efficient scavenger of NO, ECSOD has been speculated to have a 
physiologic function in modulating NO activity by dismuting extracellular O2

- and thus 
creating extracellular domains that are free of O2

- (Oury et al. 1996b, Su et al. 1997). This 
is supported by the findings in our study, alveolar macrophages, type II pneumocytes, 
bronchial epithelium and granulomas of both sarcoidosis and extrinsic allergic alveolitis 
showed prominent expression of ECSOD and i-NOS. Our results with concurrent 
expression of ECSOD and i-NOS suggest they both are induced in conditions linked to 
inflammation and oxidant stress, while the concurrent expression of e-NOS and ECSOD 
might refer to their possible function in cell signalling and regulation of vasomotor tone. 
On the other hand, vascular endothelium and interstitial cells showed marked 
immunoreactivity for ECSOD, but not for i-NOS, and ECSOD immunoreactivity was not 
found in fibroblastic foci, indicating that also other mechanisms for ECSOD induction 
might be involved. On the whole, the localization and induction of these three superoxide 
radical scavenging enzymes appear to differ in various cells of human lung. 

6.10  Catalase in normal lung, UIP, DIP, sarcoidosis, extrinsic  
allergic alveolitis and inflammatory cells 

This is the first study on catalase in human lung parenchymal diseases, showing very 
similar catalase expression in control and oxidant-exposed/diseased lung. Catalase has 
been shown to be increased by hyperoxia, oxidants and cytokines only in some (White et 
al. 1989a, Tsan et al. 1990, Shull et al. 1991), but not all investigations (Jornot & Junod 
1992, Ho et al. 1996, Pietarinen-Runtti et al. 1998). Most previous studies have, however, 
been conducted on animal models or cell cultures. Experiments on human lung have 
shown that catalase is not elevated by a high oxygen tension in human tracheal epithelial 
cells during 12 h in vivo (Erzurum et al. 1993) or during 48 h in vitro (Pietarinen-Runtti 
et al. 1998). Previous studies on animal models (Engstrom et al. 1990, Simon et al. 1989, 
Kinnula et al. 1992a) as well as the present study showed remarkable catalase reactivity, 
especially in alveolar type II pneumocytes, which are the most resistant cell type in the 



 61

lung. Catalase activity has also been found elevated in senescent fibroblasts, whereas the 
level of SOD activity remained unchanged (Allen et al. 1999). Thus, the recent and 
present findings suggest that the significance of catalase in pulmonary defence, especially 
at the alveolar level, is important and has possibly been underestimated. 

Neutrophils contained the highest catalase activity of all phagocytes. The survival of 
polymorphonuclear cells is short and they had low content of GSH, but they were more 
resistant to H2O2 than macrophages, suggesting the importance of catalase in these cells. 
The importance of catalase is further supported by the differences of the Km (i.e. 
Michaelis constant, the substrate concentration that produces half-maximal velocity) of 
catalase and GPx for H2O2, since the Km for catalase is remarkably higher than the Km for 
GPx (Jones et al. 1981), which also suggests that catalase scavenges H2O2 efficiently at 
high concentrations. It is also possible that other mechanism besides CAT may explain 
oxidant resistance of neutrophils, but the role of catalase is probably the most important. 
Thus high CAT activity may have a profound role in the proper phagocytosis during the 
respiratory burst and oxidant stress of activated neutrophils. 

6.11  Combination of MnSOD and catalase 

A combination of MnSOD and catalase has been suggested to play a central role in lung 
defence against high oxygen tension. This effect has been shown by PEG-capsulated 
SOD and catalase (White et al. 1989b). The protection of transgenic mice overexpressing 
only MnSOD against hyperoxia is minimal or nonexistent, whereas transgenic mice 
overexpressing superoxide dismutase, catalase and the cellular glutathione peroxidase 
show an increased tolerance to hyperoxia (reviewed in Ho et al. 1998). Our study showed 
that both MnSOD and catalase were expressed most markedly in type II pneumocytes of 
the patients with UIP and DIP. It should be noted that the expression of these enzymes 
was most prominent in the well preserved regions of the lung, but not at the end-stage 
fibrosis seen in UIP, suggesting the protective importance of both these enzymes in the 
inflammatory phases of human lung diseases. 

6.12  GSH and related mechanisms in inflammatory cells 

The important role of glutathione metabolism in the cell viability and protection against 
exogenous oxidants is supported by studies showing that phagocytes derived from 
patients with genetic deficiency of GSH synthetase or glutathione reductase are rapidly 
damaged during phagocytosis (Roos et al. 1979, Spielberg et al. 1979), or if the reduction 
of oxidized glutathione is inhibited (Cohen et al. 1987). One study has compared the 
activities of the enzymes of the GSH cycle in neutrophils and monocytes, and showed 
very similar activities of GPx and GR in these cells (Voetman & Roos 1980), which were 
contrary to our findings. The mRNA and specific activity of GPx, as well as glutathione 
levels were lower in neutrophils than in monocytes. Lower concentrations of GPx and 
GSH levels may contribute to the short life span of neutrophils, since GSH is rapidly 
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decreased in freshly isolated neutrophils (Narayanan et al. 1997, Curi et al. 1998). 
Furthermore, depletion of GSH enhanced the injury of human inflammatory cells in vitro. 
Cellular glutathione is sensitive to oxidizing agents, and cells of various origins have 
differences in glutathione metabolism (Deneke & Fanburg 1989). Since the methods of 
cell isolation were not similar, the interpretation of GSH levels to the situation in vivo has 
to be done with caution.  

6.13  Hemeoxygenase-1 in normal lung, UIP, DIP, sarcoidosis and 
extrinsic allergic alveolitis 

The present study indicates that HO-1 is prominently expressed in alveolar macrophages 
both in normal healthy lung and in interstitial lung diseases. Intense HO-1 reactivity was 
observed in the granulomas of pulmonary sarcoidosis, where it was expressed most 
markedly in histiocytic, i.e. epithelioid cells, and in alveolar macrophages in all the 
interstitial diseases investigated. The immunoreactivity, however, appeared to vanish 
during the progression of the fibrotic process in the lung. Western blotting suggested the 
intensity of HO-1 to be more intense in controls investigated for minor respiratory 
symptoms and in the diseased lung with newly diagnosed sarcoidosis than with UIP 
containing minor inflammation and lung fibrosis.  

HO-1 has been shown to be expressed in bronchial and alveolar epithelial cells and in 
undefined inflammatory cells in the lungs of hyperoxia exposed rats (Lee et al. 1996), 
and especially in alveolar macrophages of hypoxia exposed rats (Carraway et al. 2000). 
In agreement, our study with human HO-1 antibody showed that HO-1 is expressed 
especially in alveolar macrophages. In contrast to the abundant expression of HO-1 in the 
epithelial cells of hyperoxic rat lung, the expression of HO-1 in bronchial epithelium and 
alveolar epithelium in human lung was negative or weak. Although a recent study found 
HO-1 expression in bronchial epithelium (Donnelly & Barnes 2001), in our series HO-1 
was not detected in bronchial epithelium by the staining method used, at any of the 
several dilutions tested. Donnelly and Barnes used bronchial biopsies and frozen sections 
(2001), however, in our additional unpublished studies with frozen sections we could not 
detect any immunoreactivity in bronchial epithelium. This, however, does not mean that 
minor amounts of HO-1 protein are not present in these cells of human lung. The intense 
expression of HO-1 in macrophages is also in agreement with the function of alveolar 
macrophages as a major protective cell type in the lung.  

Our study showed prominent HO-1 expression in the alveolar macrophages of the 
control subjects investigated for minor respiratory symptoms. Their BAL fluid profile was 
normal, and they did not fulfill the criteria for asthma. A recent study on induced sputum 
of asthma patients indicated the HO-1 immunoreactivity by Western blotting to be more 
intense in asthmatics than in controls, and also showed exhaled CO to be elevated in 
asthma (Horvath et al. 1998). Thus, the relatively abundant expression of HO-1 in the 
alveolar macrophages of the controls in our series suggests induction of this enzyme by 
inflammatory cytokines and/or oxidants. In fact, exhaled CO is also elevated not only in 
asthma but also in smokers and during viral infections (Yamaya et al. 1998). We were not 
able to conduct bronchoscopy on nonsymptomatic healthy subjects for ethical reasons. 
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However, HO-1 was also intensively expressed in the macrophages of histopathologically 
healthy human lung biopsies. It should be noted that all these controls were non-smokers 
with no evidence of inflammation or any abnormality in lung histology. This finding 
supports the conclusion that the basal expression of HO-1 in alveolar macrophages is 
high which may be associated with the importance of this cell type in the defence of the 
lung. Given that HO-1 is rapidly induced by oxidative stress, abundant expression of HO-
1 in alveolar macrophages may also be associated with minor inflammation or oxidants 
such as high levels of inspired oxygen during the lung surgery of these patients. 

Our results on the expression of HO-1 in macrophages are in agreement with the 
previous studies on the expression and induction of this enzyme in monocytic cells. 
Hemeoxygenase-1 has been shown to be induced during the activation of U937 
monomyelocytic cells during erythrophagocytosis in vitro (Clerget & Polla 1990). All 
major HSPs, including HSP32 (HO-1), are also induced during the phagocytosis of 
alveolar macrophages (Horvath et al. 1998). The importance of HO-1 in monocytic cells 
has, however, remained unclear. Even though monocytes differentiate into macrophage 
like cells in culture, HO-1 was lower in cultured monocytes than in alveolar 
macrophages, suggesting that other factors in addition to environmental oxygen 
concentration are associated with the expression of HO-1 in these cells. HO-1 was 
induced by H2O2, but the induction appeared even more intense by fMLP. Importantly, 
further studies with freshly isolated monocytes exposed to fMLP and pretreated with 
SnPP, inhibitor of HO-1, indicated that HO-1 increases the resistance of these cells during 
the respiratory burst. Macrophages are more resistant than neutrophils, and in agreement 
with this, the expression of HO-1 in other inflammatory cells, such as neutrophils, was 
low or nondetectable. HO-1 expression was higher in controls with acute respiratory 
symptoms and newly diagnosed sarcoidosis than in UIP, which may also suggest that 
HO-1 may be a sensitive marker of acute inflammatory state in the lung.  

Based on our findings, HO-1 is prominently expressed in inflammatory phases of 
interstitial pneumonias. However, the immunoreactivity of HO-1 was low or 
nondetectable in the fibrotic areas of UIP and Western blotting indicated hardly any 
immunoreactivity in the BALF samples of these patients. Our findings are in agreement 
with a recent experimental study showing elevated expression of HO-1 mRNA in acute 
bleomycin-induced fibrosis (Kaminski et al. 2000) and in NO exposed human lung 
fibroblasts (Gonzalez-Flecha & Demple 2000), and also with previous findings showing 
downregulation of HO-1 by transforming growth factor β1 (TGF-β1) in rat lung 
(Pellacani et al. 1998). TGF-β is one of the most important growth factors, which has 
been shown to be associated with the poor outcome of the patients with UIP. It is 
therefore possible that downregulation of HO-1 and possibly other AOEs, such as 
MnSOD, in chronic fibrotic lung disorders decreases natural defence mechanisms in the 
lung and thereby contributes to the progression of the disease. Interstitial pneumonias 
share many features with hyperoxia induced lung disease, and free radicals play an 
important role, especially in the early inflammatory phase of both these disorders (Crapo 
et al. 1980). Since MnSOD is expressed very similarly as HO-1, multiple antioxidative 
mechanisms are probably involved both in the protection but also during the progression 
of human interstitial lung diseases. It is also known that these other antioxidant enzymes 
can be downregulated by growth factors (Arsalane et al. 1997). On the whole, HO-1 is 
abundantly expressed in alveolar macrophages of histopathologically normal lung, and in 
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the macrophages of interstitial pneumonias and pulmonary sarcoidosis, whereas its 
expression is low or undetectable in bronchial epithelium and in fibrotic areas and BAL 
fluid of the patients with UIP. Results with HO-1 inhibitor SnPP suggest that HO-1 may 
have an important role in protecting macrophages during acute oxidant stress and 
inflammation. 

6.14  AOEs and pulmonary fibrogenesis in UIP 

According to current knowledge, idiopathic pulmonary fibrosis results from sequential 
acute lung injury, and the resultant wound-healing response culminates in pulmonary 
fibrosis (Gross & Hunninghake 2001). IPF is regarded nowadays also as an 
epithelial/fibroblast disease, involving physiologic and pathologic communication 
between alveolar epithelial cells and fibroblasts/myofibroblasts (Selman 2001). In 
addition, several interacting factors, such as patient’s genetic background, predominant 
inflammatory phenotype (Th1 or Th2), and environmental inflammatory triggers modify 
the fibrotic response in the lung (Gross & Hunninghake 2001). The activities of SOD, 
CAT and GPx are decreased in bleomycin-induced fibrosis (Fantone & Phan 1988) and 
ROS have been implicated in mediating fibroblast proliferation (Murrell et al. 1990). 
Severe hyperoxia leads to decreased SOD activity and GSH content in type II 
pneumocytes, but not in fibroblasts (Housset et al. 1991, Clerch & Massaro 1993), and 
hypoxia decreases both MnSOD and CuZnSOD mRNA expression in cultured rabbit lung 
fibroblasts (Jackson et al. 1996). NO has a functional role in cell cycle regulation and cell 
proliferation in human fibroblasts (Gansauge et al. 1997) and upregulates the synthesis of 
TGF-β (Bellocq et al. 1999), while growth factors are known to downregulate NOS 
(Zhang & Phan 1999). Fibroblasts have also been reported to have a significant role in 
arterial repair in lung (Strauss & Rabinovitch 2000). We found different expressions of 
AOEs in the fibroblastic foci compared to old fibrotic lesions of UIP. MnSOD and 
catalase for instance were expressed in the fibroblastic foci whereas their expression was 
non detectable in the areas of old fibrotic lesions. This may suggest that antioxidant 
defence is impaired during the ongoing fibrogenesis.  

6.15  Relation of smoking to antioxidant enzymes 

Oxidants in tobacco smoke have been suggested to play a major role in injuring cells in 
the lower respiratory tract, and it has been estimated that each puff of smoke contains 1016 
oxidants (Church & Pryor 1985), and oxidants derived from tobacco smoke have been 
found severely deplete intracellular antioxidants in lung cells in vitro (Heffner & Repine 
1989). In addition to that, alveolar macrophages of asymptomatic cigarette smokers 
release increased amounts of O2

- compared to non-smokers (Hoidal et al. 1981). Tobacco 
smoke has been found to decrease the activities of several antioxidant enzymes, for 
example CuZnSOD (Kondo et al. 1994, DiSilvestro et al. 1998) and GSH (Muller & 
Gebel 1994), whereas the expression of HO is increased (Muller & Gebel 1994, Muller et 
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al. 1997, Muller & Gebel 1998). We were able to demonstrate immunohistochemically 
the expression of MnSOD in normal peripheral lung of smokers or ex-smokers, but not in 
non-smoking lung. However, although many of the patients with an interstitial lung 
disease were smokers, MnSOD was also abundantly expressed in the diseased lung of 
non-smoking individuals, which implies that various cytokines induced in these disorders 
contribute to the expression of MnSOD.  



7 Conclusions 

The present study showed a cell-specific expression and regulation of antioxidant 
enzymes in interstitial lung diseases. Based on the results presented in this thesis, the 
main conclusions were: 

Upregulation of i-NOS was associated mainly with the inflammatory, but not fibrotic 
phase of these diseases suggesting the importance of i-NOS in the pathogenesis and 
progression of interstitial lung diseases. Prominent e-NOS expression was found in 
control lung and in all interstitial lung diseases. XAO was mainly negative in all diseases 
investigated, and thus has probably no major role in the progression of interstitial lung 
diseases. 

Human inflammatory cells exhibited different antioxidant profiles. Monocytes had 
higher levels of glutathione and enzymes of the GSH cycle, whereas catalase was 
significantly lower in monocytes than in neutrophils.  

MnSOD was detectable by immunohistochemistry in alveolar macrophages and type II 
pneumocytes in the lungs of smokers and ex-smokers, but not in the lung of non-smoking 
healthy controls. CuZnSOD was expressed in bronchial epithelium of healthy lung. 
MnSOD, but not CuZnSOD, was highly expressed in the granulomas of sarcoidosis and 
extrinsic allergic alveolitis.  

MnSOD was elevated in alveolar macrophages, bronchial epithelium, and type II 
pneumocytes of UIP and DIP, and in fibroblastic foci, but not in late fibrotic lesions of 
UIP. Catalase was expressed constitutively and abundantly especially in the alveolar 
region of control lung and interstitial lung diseases.  

ECSOD was expressed by multiple cell types, such as alveolar macrophages, 
bronchial epithelium, vascular endothelium, type II pneumocytes, and extracellular 
matrix of the patients and healthy controls, and by unidentified cells of the interstitium in 
patients with UIP, DIP, sarcoidosis and extrinsic allergic alveolitis and granulomas of 
sarcoidosis and extrinsic allergic alveolitis.  

HO-1 was abundantly expressed in alveolar macrophages of histopathologically 
normal lung, and in the macrophages of interstitial pneumonias and pulmonary 
sarcoidosis, whereas its expression was low or undetectable in bronchial epithelium and 
in fibrotic areas of the patients with UIP. HO-1 was upregulated by exposure of 
monocytes to formylated peptide, fMLP, which causes respiratory burst in the cells, and 
inhibition of HO-1 by tin protoporphyrin potentiated the injury of fMLP-exposed cells 
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suggesting a possible protective role of HO-1 in macrophages during acute oxidant stress 
and inflammation. 
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