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GENERAL INTRODUCTION 





io Chapter One 

1. INTRODUCTION 

Oxygen is one of the most abundant elements in our world, constituting 21% 
of the air we breathe'1^ It is essential for the oxidation of organic compounds the 
process by which mammalian cells generate the energy needed to sustain life 
However, oxygen may also damage the lung Inhaled ozone and nitric oxide may 
induce toxic processes that impair lung function (15) In addition, under normal 
conditions, potentially toxic oxygen metabolites are generated at a low level in lung 
cells by the transfer of a single electron during aerobic metabolism'69' The resulting 
reactive oxygen species (ROS), which include hydroxyl radicals, superoxide and 
hydrogen peroxide, play an integral role in modulation of several physiological 
functions but can also be destructive if produced in excess'349'6,9' Similarly, reactive 
nitrogen species (RNS) such as nitric oxide, nitrite and peroxymtnte are both 
physiologically necessary and potentially destructive Another oxygen-mediated 
mechanism of damage is inflammation, during which leukocytes, macrophages, and 
mast cells release mediators that may cause bronchoconstnction and edema, as 
observed during the asthmatic reaction'''1"2, Lung tissue can also be destroyed 
during reperfusion following an ischemic period, for instance, after surgery'"'81 All 
these mechanisms have one thing in common damage is at least partly mediated by 
oxidants and nitrogen species 

To minimise oxidant damage to biologic molecules, the human lung is 
endowed with an integrated antioxidant system of enzymatic and expendable soluble 
antioxidants This system includes several antioxidant defence mechanisms, which 
detoxify reactive products or convert them to products that are quenched by other 
antioxidants'20211 If the oxidant burden is sufficiently great, the reactive species may 
overwhelm or inactivate the antioxidant system191 The resulting excess oxygen 
species can damage major cellular components including membrane lipids, protein, 
carbohydrates, and DNA'91 The pathophysiological consequences of this injury are 
inflammation and widespread tissue damage'7' 

In this context, the present study is designed to study the response of the 
lung cells and epithelial lining fluid to an oxidant environment and to determine 
possible consequences of those responses on lung disease 

2. OXYGEN AND REACTIVE OXYGEN SPECIES 

More than 90% of all the oxygen we breathe undergoes a concerted 
tetravalent reduction to produce water in a reaction catalysed by cytochrome oxidase 
in the mitochondrial electron transport chain 02 can also be reduced via a 
nonenzymatic pathway through four successive one-electron reductions '22 ̂  Both of 
these reactions are summarised m Reaction 1 
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0 2 +4H* + 4e ->2H 20 Reaction 1 

Cytochrome oxidase is the terminal electron acceptor in the respiratory chain 
and must donate its reducing equivalents to oxygen in order to allow continued 
electron transport, or else ATP production cannot be continued. Thus, the major role 
for oxygen m all aerobic organisms is simply to act as a sink or dumping ground for 
electrons <23> The tetravalent reduction of oxygen by the mitochondrial electron-
transport chain is considered to be a relatively safe process. Because the electron 
carriers catalyse alternating one-electron oxidant-reduction reactions, they can react 
with oxygen to generate ROS such as superoxide (O,*")Uì 272β' The mitochondria are 
the major intracellular sites of superoxide generation under physiological conditions 
(2^, One other potentially major source for the generation of 02" is the NADPH 
oxidase enzymatic system, which is found in neutrophils, monocytes and 
macrophages"9 2J26'. 02* is also generated by other mechanisms, such as 
molybdenum hydroxylase reactions (including the xanthine, sulfite, and aldehyde 
oxidases) and arachidomc acid metabolism 

02* is relatively unstable, with a half-life of only milliseconds. Being charged, 
it does not easily cross cell membranes'221. However, 02" will react with proteins that 
contain transition-metal prosthetic groups, such as haem moieties or iron-sulphur 
clusters These reactions may damage ammo acids or cause loss of protein/enzyme 
function'30 3υ. 

Most of the Ο,* generated in vivo undergoes a nonenzymatic or SOD-
catalysed reaction resulting in the non-radical hydrogen peroxide (H2O2) (Reaction 

02" + 0 2 ' + 21-r -> H2O2 + O2 Reaction 2 

H2O2 can also be directly produced by several oxidase enzymes, including 
monoamine and ammo acid oxidase'24'. For example, xanthine oxidase converts 
hypoxanthme to xanthine and xanthine to urate, while 0 2 is simultaneously reduced 

to Ο/and HA'3 3 3 4'-
H202 is clearly a major common intermediate, generated by multiple oxidative 

pathways. It has been known for some time that eosmophil-specific peroxidase 
(EPO) and neutrophil-specific peroxidase (MPO) can amplify the oxidisation of H202 

by using halides (X) as a co-substrate to form the potent oxidant hypohalous acids 
(HOX) and other reactive halogenatmg species (Reaction 3)'35381. 

H202 + X + H* -> HOX + H20 X= Br, CI Reaction 3 

H2O2 is stable and easily diffuses in and between cells ,39) It is an oxidant for many 
biological molecules, especially those containing sulfhydryl groups, iron-sulphur 
clusters, reduced haem moieties and copper prosthetic groups '''0''3'. 
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Much of the damage done by superoxide and H202 in vivo is due to their 
production of hydroxyl radicals (OH) in a series of reactions catalysed by traces of 
transition ions such as iron The pathway begins with the iron-catalysed Haber-Weiss 
Reaction, in which Fe3* is reduced to Fe2*, followed by the Fenton Reaction, in which 
the Fe2* catalyses the transformation of H2O2 into hydroxyl radical ('OH ) (Reaction 4) 

O," + Fe3 -> Fe2* + 02 Haber-Weiss Reaction 
H202 + Fe2* -» Fe3* + OH + 'OH Fenton Reaction Reaction 4 

The Fenton Reaction was first described in 1894 However, the Haber-Weiss 
Reaction was proposed as one of several possible reaction schémas in 1934 and 
has gained widespread support only in recent years ''"' ''7| Copper can substitute for 
iron as the transition metal,23' 

An alternative pathway for 'OH formation in vivo may involve MPO and EPO 
Under physiological concentrations of hahdes, MPO produces hypochlorous acid 
(HOCI) and EPO produces hypobromous acid (HOBr) Studies of 'OH with spin-
trapping agents ,'""1 ,̂ and chemical traps (5051, have demonstrated that hypohalous 
acids can generate 'OH after reacting with 02" (Reaction 5) 

02 ' + HOX -> 'OH + X + 02 Reaction 5 

'OH can react with different molecules such as protein'52', DNA'541 and lipids'551 

In many cases, these reactions produce carbon-centred radicals These radicals can 
subsequently react with superoxide to produce peroxyl radicals The formation of 
peroxyl radicals is the major chain-propagating step in lipid peroxidation, but these 
radicals can also be formed in non-hpid systems, such as protein systems'56' 

In summary, oxygen atoms in biological environments have the ability to form 
highly reactive moieties called reactive oxygen species Most of these oxidants are 
free radicals However, Η O , an oxidant of major biological importance, is not a free 
radical The term "reactive oxygen species" (or ROS) is more accurate than "oxygen 
free radicals" to describe all of the reactive oxygen intermediates 

3. REACTIVE NITROGEN SPECIES 

The discovery that nitric oxide ('NO) is endogenously formed throughout the 
human body has led to intense interest m the variety of roles this unique molecule 
plays in vivo "NO is involved in a wide variety of regulatory mechanisms, which will 
be discussed later in this chapter In addition, "NO is also a cytotoxic agent present 
in environmental pollutants and cigarette smoke 57' "NO is formed from the semi-
essential ammo acid L-arginme by the action of nitric oxide synthase (NOS) 
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(Figure 1) (ί>860' Several forms of NOS have now been characterised and several 
distinct NOS genes have been identified'61' 

L-argmine—^ 

) NOS II 

L-citrullme +*N 

Hb02 / 

o~s 

v. 
N03+Hb 3 + n - ^ ^ ^ " N 0 2 " \ / ^ γ 

ONOOH \ 

Jïy Nitrosation Nfe>. 

thiyl radical SNO Nitrotyrosme 

- HOCI 
+ 

MPO 

Figure 1: Reactive Nitrogen Species Synthesis "NO nitric oxide, NO3 nitrate, N02 

nitrite, HbO oxyhaemoglobm, Hb3' methaemoglobm, ONOOH peroxymtrous acid, MPO 
myeloperoxidase, HOCI hypochlorous acid, SNO S-mtrosothiol 

The NO synthases are classified as either constitutive or inducible (62β41 The 
constitutive forms (NOSI and NOSIII) are cytosolic, mainly present in the endothelium 
and the central nervous system They are dependent on Ca+ + and calmodulin and 
release low amounts of "NO for short periods m response to receptor and physical 
stimulation (63) The "NO release by these enzymes is a transduction mechanism 
underlying several physiological responses'63' The inducible form (NOSH) is 
independent of both Ca+ + and calmodulin Once expressed, NOSH generates "NO m 
large amounts for long periods'64' Numerous cell types are 
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capable of expressing NOSH and releasing high levels of 'NO they include 
neutrophils, mast cells, endothelial and smooth muscle cells, and epithelial cells, and 
probably other cell types'64 ',) 

The biochemical effect of 'NO can be categorised as direct or indirect ,641 

Direct effects are those in which 'NO itself reacts with a biological target Indirect 
effects are those mediated by the reactive intermediates formed from 'NO in an 
aerobic biological environmentm Whether direct or indirect effects predominate is 
largely defined by the concentration of 'NO Because NOSI and NOSH I generate low 
levels of "NO, direct effects rather than indirect effects of 'NO are particularly 
relevant In contrast, NOSH produces considerably higher concentrations of "NO for 
a long time, leading to both direct and indirect effects 

The unpaired electron of "NO makes it highly reactive '721 When metabolised, 
"NO gives rise to a group of compounds collectively known as the reactive nitrogen 
species (RNS), which posses their own unique characteristics (Figure 1) 

When "NO is autooxidised by reaction with O2, nitrite (N02) is the primary end-
product1'''" However, at physiological concentrations of "NO and 02, this reaction may 
be too slow to be important in vivo |737'" N02 is also a substrate for 
haemeperoxidases such as MPO and EPO and catalyses peroxidase-mediated 
oxidation and chlormation of biological targets ,35 48 49 "7β, Moreover, peroxidase -
catalysed oxidation of NO., results m the formation of nitrogen dioxide radical (N02") 
or related molecules These substances can contribute to the nitration of phenolic 
compounds such as tyrosine to form dimensed (dityrosme) and nitrated (3-
mtrotyrosme) products, which are stable '35 ''8 49 ^ ^ 

Although N02 is a major end product of 'NO, it does not accumulate in vivo but 
is rapidly oxidised to nitrate (NO3),&179' "NO is also rapidly oxidised by reaction with 
oxyhaemoglobm (Hb02), resulting in formation of methaemoglobm (Hb3*) and NO3 
(65 7ieoi j h e 0 X I C j a t l v e metabolism of "NO may also lead to the formation of 
carcinogenic mtrosoammes <818?' and the rapid loss of "NO's smooth muscle relaxant 
activity,a3 ^ 

The rapid reaction of "NO with free radicals (radical-radical reaction) has 
emerged as one of the major routes to the formation of RNS At present, the best 
understood of these reactions is the reaction with 02" to form peroxymtnte (ONOO" 
)(79), a strong oxidant{72) Although ONOO is relatively stable, it can be protonated to 
yield peroxymtrous acid (ONOOH) (19' This compound is very unstable and rapidly 
decomposes to NOj via the intermediate formation of OH* and NO.-hke species ,19, 

ONOOH is highly reactive, capable of both oxidising and nitrating reactions ONOOH 
oxidation reactions can lead to radical chain reactions, thiyl radical formation and 
depletion of thiol pools'8589' Peroxymtnte can also induce lipid peroxidation, 
hydroxylation of phenols and DNA damage'89 9 υ 

RNS produce many types of oxidative modifications by mtrosation and nitration 
reactions, that is, adding or substituting of "NO into target molecules '90, For 
instance, reactions with thiol residues to form S-mtrosothiols (SNO) have been 
proposed as a mechanism whereby "NO groups are transported and targeted to 
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specific effector sites, a potential unique signaling mechanism induced by nitrosative 
stress t92ik" The exact mechanism by which S-mtrosation occurs in vivo is still 
unclear, but it involves the formation of "NO-denved intermediates with the redox 
equivalence of NO* (the primary candidates are N?03 and ONOOH) and (di)nitrosyl 
iron complex |7'1959β, Nitrosation of amines by these reactive nitrogen intermediates 
has been implicated in the mutagenic properties of 'NO, presumably through 
nitrosative deammation of DNA bases '"' It is also of interest that RSNO such as 
GSNO may inhibit enzymes associated with the response to oxidative stress in 
eukaryotic cells, including glutathione peroxidase, glutathione reductase '10", 
glutathione-S-transferase |,02', and γ-glutamyl cysteine synthase l103' 

Other more irreversible ONOOH modifications include nitration of aromatic 
ammo acids, lipids, or DNA bases l9<" The ammo acid tyrosine appears to be 
particularly susceptible to nitration, and the formation of free or protein-associated 3-
mtrotyrosme has recently attracted interest as a potential biomarker for the 
generation of RNS in vivo,9'1iM| 

4. FUNCTIONS OF ROS AND RNS 

Although ROS and RNS intermediates are often deleterious to the organism, 
radical chemistry nevertheless has played an essential role in the origin of aerobic 
life Radical reactions are also an integral part of homeostasis in cellular processes 
|22) Aerobic life forms have evolved to use ROS and RNS for metabolic 
transformations (e g , those involving the cytochrome P450 and oxidase systems) 
and for efficient energy production using electron transport 

4.1 Cytochrome P450 
The haem protein cytochrome P450 catalyses a series of reactions that 

detoxify lipid-soluble drugs and toxic metabolic by-products This enzyme uses high-
energy electrons transferred from NADPH to add hydroxyl groups to potentially 
harmful hydrophobic hydrocarbons dissolved in the lipid bilayer "071 Such reactions 
convert water-insoluble drugs or metabolites that would otherwise accumulate m cell 
membranes into water-soluble compounds, which then diffuse out of the cell and are 
excreted m the urine <107, Cytochrome P450 also exploits the reactivity of the iron-
oxygen complex to catalyse oxidation of a number of endogenous compounds and 
xenobiotics ,22' It also functions as a peroxidase m which peroxides are used as 
oxygen donors 

4.2 'NO, an important biological mediator 
Endothelium-denved relaxing factor (EDRF) has long been known to be 

released by the endothelium of blood vessels through activation of various receptors, 
including the muscarinic and histamine receptors In 1987, EDRF was shown to be 
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identical to "NO, and during the subsequent decade remarkable progress was made 
in understanding the biological role of 'NO"07 ,oa' 

In the cardiovascular system, 'NO plays a major role in resting vascular tone 
"10land inhibits the adhesion ,11", activation and aggregation of platelets"12' 
Furthermore, the anti-platelet effect of 'NO is synergistic with that of prostacyclin, 
another endothelium-derived vasoactive mediator 'NO may also be involved in 
modulating inotropic effects |113', as it affects cardiac relaxation during diastole""" 

In the lungs, "NO is thought to act as a "brake" for bronchoconstnction, rather 
than directly as a bronchodilator per se ,72, In addition to neural bronchodilatation, 
"NO seems also to be involved in neurally mediated vasodilatation in the pulmonary 
circulation '721 

"NO is also thought to play an important role in adaptive relaxation of the 
stomach to accommodate food |72,, and animal studies suggest it may also participate 
in sphincter relaxation "15' 

4.3 Antimicrobial cytotoxicity 
The formation of ROS and RNS is an essential prerequisite for neutrophils, 

monocytes, macrophages, and eosinophils to kill certain bacteria These phagocytic 
cells use a NADPH-oxidase enzymatic system to generate 02" directly as part of their 
armamentarium against invading microorganisms (1923'i61 They can also form HOCI 
through myeloperoxidase-catalysed oxidation of the CI ion by H20?

(22' "NO is also 
involved in mononuclear cell-mediated killing of Mycobacterium tuberculosis and 
other pathogens in rodents and is toxic to tumor cell lines in vitro "161 In the upper 
respiratory tract (URT) of humans, "NO appears to be important in maintaining ciliary 
function and may have a role m sterilising the URT mucosa "1'" 

These examples show that ROS and RNS play important physiologic 
functions and yet can also cause extensive damage The balance between 
physiologic functions and damage is determined by the relative rates of formation 
and the removal of ROS and RNS 

5. ANTIOXIDANTS 

Normally, ROS and RNS are removed rapidly before they cause cellular 
dysfunction and eventual cell death Thankfully, all aerobic organisms use a series of 
primary antioxidant defences to protect against oxidative damage Furthermore, 
numerous repair enzymes remove and/or repair molecules that do get damaged 
However, an antioxidant cannot distinguish between radicals that play a physiologic 
role and those that cause damage (22' Moreover, some antioxidant compounds also 
have pro-oxidant actions'221 This section will review the enzymatic and nonenzymatic 
primary antioxidant defences 
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5.1 Enzymatic antioxidants 

2NADP+ 2NADPH ^ HMPS 

2 GSH GSSG 

(Mn-SOD EC-SOD )̂ ί J 
O2" ». 2H2O2 ». 2H2O τ O2 

CCu.Zn-SOD> (Catalase) 

Figure 2: Antioxidant Enzymes in Mammalian Cells. Ο 2'. superoxide; H2O2: hydrogen 
peroxide; Mn-SOD: manganese superoxide dismutase; Cu,Zn-SOD: copper-zinc superoxide 
dismutase; EC-SOD: extracellular superoxide dismutase; GPx: glutathione peroxidase; GR: 

glutathione reductase; GSH: reduced glutathione; GSSG: oxidised glutathione; NADP : 
nicotinamide adenine dmucleotide; HMPS: hexose monophosphate shunt system. 

Superoxide dismutase (EC 1.15.1.11) is an ubiquitous enzyme with an 
essential function in protecting aerobic cells against oxidative stress'321. It catalyses 
superoxide radicals to hydrogen peroxide. There are three forms of SOD. The 
copper-zinc superoxide dismutase (CuZn-SOD) is located in the cytosol, the 
manganese superoxide dismutase (Mn-SOD) is primarily a mitochondrial enzyme, 
and extracellular superoxide dismutase (EC-SOD) is usually found on the outside of 
the plasma membrane. 

Catalase (EC 1.11.1.6) is a tetrameric haemoprotein that undergoes 
alternate divalent oxidation and reduction at its active site in the presence of H202 

and catalyses the dismutation reaction (Figure 2) ^ 11β119). As a result, catalase has 
appreciable reductive activity for small molecules, such as H202 and methyl or ethyl 
hydroperoxides, and does not metabolise large molecular peroxides, such as lipid 
hydroperoxide products of lipid peroxidation <1^0,. Catalase is most effective in the 
presence of high H202 concentrations. In most mammalian cells, it is found 
exclusively within the peroxisomes, where it removes the H202 generated by β-
oxidation of long-chain fatty acids12". Furthermore, catalase is important in dealing 
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with the large H?0? production rates induced by oxidising drugs such as 
Phenylhydrazine ?Λ' However, in the presence of low concentrations of either 
hydrogen peroxide or other peroxides, the glutathione system plays a critical role '1| 

The glutathione system is a central mechanism for reducing Η,Ο;, It 
complements catalase as a reducing system for Η20? but exceeds catalase in its 
capacity to eliminate additional varieties of toxic H202

 |12" Other metabolised 
substrate species include large molecule lipid peroxides, formed by free radical 
attack on polyunsaturated lipid membranes, and products of hpooxygenase-catalysed 
reactions ,20' The key enzyme m the redox cycle responsible for the reduction of H202 

is glutathione peroxidase (GPx) "22' This reaction specifically requires reduced 
glutathione (GSH) to serve as the electron donor The glutathione disulfide (GSSG) 
formed in the course of the reaction is subsequently reduced back to GSH by 
glutathione reductase, which uses NADPH generated from the hexose 
monophosphate shunt system as an electron donor (Figure 2) "2J'24' Healthy, non-
stressed cells maintain a high intracellular GSH/GSSG ratio to ensure the availability 
of GSH and thereby promote active reduction of H202 through the glutathione system 
1123 124) 

Four GPx have been described, all selenium enzymes (1) the classic 
cytosolic form (cGPx), found in all cells"251, (2) a membrane-associated glutathione 
peroxidase phospholipid hydrogen peroxide GPx"261 (PHGPx), (3) another 
cytoplasmic enzyme, gastrointestinal GPx (giGPx), which was first found m cells of 
the gastrointestinal tract,127), and (4) an extracellular glutathione peroxidase (eGPx), 
first identified as a distinct enzyme in human plasma"281 All members of this family of 
enzymes can be oxidised by organic hydroperoxides, hydroperoxide, or both, and 
can subsequently be reduced by glutathione |12a, The existence of multiple forms of 
GPx is due to the expression of different genes "29' All GPx contain a selenium atom 
in the active site in the form of selenocysteme (SeCys) A characteristic stem-loop 
structure (SECIS, selenocysteme insertion sequence) of the mRNA is required for 
receding UGA in the 3' flanking region"221 This secondary mRNA structure is 
recognised by a translation factor (SELB) SELB "codes from a distance" by binding 
selenocysteyl tRNA (SELC), which carries an anticodon for UGA, and directing the 
selenocysteme-loaded tRNA to the UGA codon of the ribosome-bound mRNA 
(Figure 3) "Z2) The specific tRNA is first loaded with serine and then transformed into 
selenocysteyl-tRNA by a selenocysteyl-tRNA synthetase (SELA), which requires 
selenophosphate as substrate "22, Selenophosphate is made available by a 
synthase, called SELD, from ATP and inorganic selemde (Figure 3) The mechanism 
of action of this enzyme requires the presence of selenocysteme m the active site, as 
is shown by the fact that long-term selenium deprivation in vivo results in a decrease 
in mRNA levels and activity for all of the GPx proteins except for PHGPx"221 
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Figure 3: Schematic representation of selenoprotein biosynthesis. A. metabolic pathway 
leading to selenocysteyl-tRNA. B. Presumed translocation mechanism to UGA as codon for 
selenocysteine in eukaryotes. 

The primary structure of human eGPx shows 44% identity with the cGPx, 34% with 
the giGPx and 24% with the PHGPx. Existing as a tetramer in its native state, eGPx 
has been shown to be structurally, enzymatically and antigenically different from the 
other GPx'761. eGPx was first purified from human blood plasma11301. Low levels of this 
enzyme have also been found in other extracellular fluids such as milk and epithelial 
lining fluid. However, the activity of the GPx found in these fluids is not specific for 
eGPx, as shown by precipitation with specific antiserum for the different forms of GPx 
protein1131132). The human kidney is the main source of eGPx, as demonstrated by 
Northern blot hybridisation and immunoblotting1133'. The amounts of eGPx mRNA 
found in human heart, lung, breast and liver are much smaller than the amounts 
found in kidney1132134', even during human fetal development. eGPx expression is 
restricted and developmentally regulated, which suggests that it may serve as an 
antioxidant at the embryo-maternalinterface (135,. 
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The reducing capacity of glutathione peroxidase enzymes is based on high levels of 
GSH (L-y-glutamyl-L-cysteinylglycme), an ubiquitous cellular non-protein sulfhydryl 
antioxidant which is important in maintaining intra- and extracellular redox 
balanceπ2^,^4, 

GSH is also the cofactor for glutathione transferase (a selenium-independent 
glutathione peroxidase), which has no other function but to reduce lipid 
hydroperoxides to alcohol|135, 

5.2 Non-enzymatic antioxidants 
Cells use non-enzymatic antioxidant compounds (e g , vitamins E and C and 

glutathione) to react directly with oxidising agents and disarm them Such 
antioxidants are said to be 'scavengers,' their roles are unavoidably suicidal 

Vitamin E (α-tocopherol) is a membrane-bound antioxidant that terminates the 
chain reaction of lipid peroxidase by scavenging lipid peroxyl radicals (LOO') '^ ?31371 

In this reaction, vitamin E becomes a radical, but it is much less reactive than LOO' 
" However, at high concentrations, the radical form of vitamin E may function as a 
pro-oxidant<2?' 

Vitamin C is a hydrophihc vitamin that can directly scavenge O " and Ό Η by 
forming the semidehydroascorbate free radical"01 that subsequently is reduced by 
GSH |13θ, Vitamin C, however, is usually not considered a major antioxidant because 
it also has pro-oxidant properties It is probably the only cellular reducing agent other 
than θ / capable of converting Fe3* to Fe2*, which then reacts with H202 to form "OH 
m9) Whether the pro-oxidant or antioxidant properties of vitamin C prevail in any 
particular tissue is determined by the extent of available iron stores, iron overload 
favors excess oxidant generation l22 '391 

In a role unrelated to its role in the GSH system, free GSH can also function 
as a water-soluble antioxidant by interacting directly with radical intermediates m 
nonenzymatic catalysed reactions Scavenging of O* by GSH leads via several 
steps to the formation of thiyl radicals (GS ) and H202, which is a radical propagation 
reaction This reaction which leads to the formation of thiyl radicals and H202, can 
occur in physiologically relevant concentrations Hence, a substance generally 
accepted to be an antioxidant may possess pro-oxidant activity under certain 
conditions"221 

Other non-enzymatic antioxidants include ß-carotene (scavenger of 
superoxide anions and peroxyl radicals), uric acid (hydroxyl radical, superoxide, 
peroxyl radical scavenger), glucose (hydroxyl radical scavenger), bilirubin (lipid 
peroxyl radical scavenger), taurine (hypochlorous acid quencher), albumin (transition 
metal binding), and cysteine and cysteamme (donators of sulfhydryl groups) 
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6. OXIDANT AND ANTIOXIDANT DEFICIENCIES 

Deficiency in the production of ROS and RNS can lead to clinical diseases 
that may be life-threatening In chronic granulomatous disease (CGD), the enzyme 
system (NADPH oxidase) that produces 0^/H202 is completely defective, resulting in 
recurrent infections l'40"""'21 MPO deficiency slightly decreases microbe-killing 
capacity, especially in yeast In glucose-6-phosphate dehydrogenase deficiency, no 
O ' or H202 is produced because equivalents for oxygen reduction are not generated 
in the hexose-monophosphate shunt"43' Deficiencies in the glutathione redox system 
impair phagocyte function, probably because the cells lack protection against their 
own toxic oxygen products |143' Parkinson's disease and Alzheimer's dementia have 
both been associated with free radical and oxidative stress ("", Ub) 

Deficient 'NO has recently been linked to numerous pathological conditions 
Within the cardiovascular system, diminished "NO production enhances adhesion of 
platelets and white cells to the vessel walls, and is implicated in conditions 
associated with increased vascular tone, vasospasm and thrombosis'731 Pulmonary 
hypertension is associated with decreased "NO levels'72' 

Deficiencies m antioxidant defence mechanisms can also be related to 
disease Amyotrophic lateral sclerosis (ALS) may involve a genetic defect in the 
gene encoding Cu,Zn-SOD ("6) Low GPx activity m red and white blood cells is 
associated with chronic seizure in children '1471, low levels of glutathione are related to 
pulmonary fibrosis |,4β), and vitamin E deficiency can lead to lipid peroxidation, 
demyelmation and neuronal ceroid lipofucmosis ,"'91 Similarly, abnormally low copper 
levels in the brain have been associated with diminished Cu,Zn-SOD activity, mental 
deterioration and even death '1501 

7. OXIDANT STRESS 

Normally, the homeostasis of cellular functions during oxidative stress 
depends on the rapid induction of protective antioxidant enzymes Naturally 
occurring antioxidants exist to protect cells and tissue against the continuous 
production of ROS/RNS during normal metabolism'201 Tissues and cells respond to 
mild oxidative stress by making extra antioxidant defences'526' However, high levels 
of ROS/RNS may overwhelm the antioxidant defence, resulting in oxidant-mediated 
injury or cell death"26' The terms "oxidant stress" or "oxidative stress" are often used 
to refer to this effect1291 

Numerous studies have revealed that oxidant stress plays a crucial role in the 
initiation and progression of a wide range of diseases and m the regulation of a 
number of important biological processes Diseases and pathologic processes linked 
with oxidative stress include mutagenesis, cell transformation and cancer, 
atherosclerosis, arteriosclerosis, heart attacks, strokes, chronic inflammatory 
diseases such as rheumatoid arthritis and lupus erythematosus, and photo-oxidative 
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stress to the eyes Pulmonary diseases associated with oxidative stress include 
asthma, hyperoxia, sarcoidosis and chronic beryllium disease The sources of 
oxidants include normal aerobic metabolism, inflammatory cells, and external 
sources such as oxidant gases 

Antioxidants produced in response to oxidative stress can exert signaling 
functions Interestingly, the relationship between oxidant stress and signaling is 
based on regulation of transcription and mRNA stabilisation of the antioxidant 
enzymes and GSH-synthesismg enzymes"5" Redox reactions have attracted 
attention as important chemical processes that regulate signal transduction84 The 
redox state of a compound can be defined as the tendency to accept or donate 
electrons"52' As ROS and RNS are potent oxidising agents, they can affect the local 
or general cytosolic balance of oxidation/reduction (redox state)"5?' In vitro, under 
defined conditions, this can be measured"521 However, in intact cells with a multitude 
of pathways that can accept and/or donate electrons, it is much more difficult to 
define this term Under physiological conditions, the cellular redox state is 
characterised by a reducing cytosol"521 The major redox "buffer" in the cytosol is 
GSH, and the vast excess of reduced substances over oxidised ones is largely 
responsible for the reducing potential of the cytosol"23' Other "redox buffers" include 
NAD/NADH and NADP/NADPH"62' These processes, m which the reducing 
equivalents serve as the medium of signal transduction, are referred to as redox 
signaling RNS/ROS also play an important role m the regulation of gene 
transcription and signal transduction pathways"52' For example, at least two well-
defined transcription factors, NF-κΒ and activation protein-1 (AP1), are regulated and 
influenced by the redox status and are implicated m the transcriptional regulation of a 
wide range of genes involved in oxidant stress and cellular response 
mechanisms"53154' AP-1 is a protein dimer, composed of a heterodimer of Fos and 
Jun proteins, which areprotem products of c-Fos and c-Jun proto-oncogenes"55'56' 
Studies from number of laboratories have demonstrated that oxidant stress such as 
cigarette smoke induces the expression of c-Fos and c-Jun and AP-1 in epithelial 
cells"57' Also, certain antioxidant compounds alone can influence AP-1 activation It 
has been suggested that the AP-1 DNA binding site is an antioxidant response 
element"58' NF-KB IS a protein heterodimer made up of one p65 subumt and one 
p50 subumt "54' It shows a direct response to oxidative stress and plays a crucial 
role in the regulation of numerous genes involved m immune and inflammatory 
processes (159, Interestingly, many if not all NF-κΒ inducing agents increase the 
intracellular concentrations of ROS/RNS"59' In addition, the activation of NF-κΒ is 
prevented when cells are pretreated with antioxidant compounds"60161' The binding 
sites of the redox-regulated transcription factors NF-κΒ and AP-1 are located m the 
promoter regions of many antioxidant genes, such as NOSH and GPx, which are 
directly involved m lung diseases such as asthma"28153162' 
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8. OXIDANT-MEDIATED LUNG DISORDERS 

Lungs are unique in having a large epithelial surface area that is at risk for 
oxidant-mediated attack. The tracheobronchial tree and the alveolar space are 
exposed to reactive oxidising species in the form of inhaled airborne pollutants, 
tobacco smoke, and products of inflammation. The lung, therefore, requires 
additional antioxidant resources in order to prevent airway-borne oxidant injury l20,. 
The major airways contain high molecular weight mucopolypeptide glycoproteins 
synthesised by lining epithelial cells and glands that increase mucus production in the 
presence of inflammation l201. The lung cells contain intracellular antioxidant enzymes 
to maintain a normal redox state. The alveolar space can recruit additional 
antioxidant activity from the epithelial lining fluid (ELF). This fluid contains large 
amounts of GSH (100-fold higher than in plasma), 90% of which is in the reduced 
form |1631β71. The ELF also contains catalase, SOD and GPx l ,65,67,. Additional 
antioxidants contained in ELF include ceruloplasmin, transferrin, ascorbate, vitamin 
E, ferritin, other serum proteins, and small molecules such as bilirubin l20'. The 
multiplicity of the antioxidant systems available to the lung and their overlapping 
specific activities suggest that a good control of redox balance is critically important 
to maintain normal pulmonary cellular function. Disequilibrium, either through 
increased oxidant stress or decreased antioxidant resources, can result in a series of 
pathophysiologic events in the lung that culminate in cellular death and pulmonary 
dysfunction (201. A partial list of major lung diseases associated with oxidants is 
presented in table 1. 

DISEASE MECHANISM Ref. 

Emphysema · Tissue injury by oxidants in cigarette 168,169 
smoke 

• Tissue injury by inflammatory cell 
oxidants 

• al PI mactivation by cigarette smoke 
and inflammatory cells 

Adult respiratory · Inflammatory cell release of oxidants 170 
distress syndrome · α 1 PI oxidative mactivation by 

inflammation cells 
Hyperoxia · Hyperoxia-mediated oxygen radical 171 

synthesis m cells 
Idiopathic pulmonary · Inflammatory cell oxidant release 148,172 
fibrosis · Glutathione deficiency 
Asthma · Inflammatory cell release of oxidants 163,164 

• Decrease in superoxide dismutase 
activity in bronchial epithelial cells 

Table 1 : Lung Diseases Associated with Oxygen Radicals 
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Lung diseases linked to ROS excess 
Asthma is an inflammatory disease that affects about 150 million people 

around the world Lungs from patients with asthma show a shedding or loss of 
epithelium, thickening of the basal membrane, subepithelial fibrosis, accumulation of 
inflammatory cells, widespread mucus plugging, submucosal edema, and smooth 
muscle hyperplasia ,422, These changes closely mimic those caused by ROS, 
suggesting that ROS may be involved in the etiology of the disease Hyperreactivity 
of the rat tracheal smooth muscle has been observed after hydroperoxide incubation, 
and hyperreactivity of guinea pig tracheal smooth muscle follows hyperchlonte 
incubation ,2217Λ' The eosinophil peroxidase-hydrogen peroxide-hahde system 
(production of hypohalous acids) is increased in asthma '771 and the eosmophil-
denved product major basic protein (MBP) has been reported to destroy human 
nasal epithelial cells (175, Furthermore, bronchial smooth muscle tone may also be 
directly influenced by ROS/RNS production Several reports have shown that the 
amount of ROS released from alveolar macrophages and leukocytes from asthmatic 
subjects is higher than the amount produced by analogous cells from healthy 
individuals |11176,77,. Previous studies have shown that asthma is associated not only 
with increased oxidative stress but also with decreased intracellular antioxidants, 
specially SOD activity, in bronchial epithelial and inflammatory cells ,65<>6' Most of the 
oxidative stress occurs in the extracellular space of the lung Interestingly, GSH is 
the only extracellular antioxidant that has been studied in asthmatic lungs |1631M17?I 

More insight into the pathology of asthma could be derived from studying the role and 
regulation of extracellular antioxidants in asthmatic lungs, with a specific focus on 
extracellular glutathione peroxidase and SOD activity and 'NO 

Other lung disorders such as granulomatous interstitial lung diseases and 
hyperoxic lung injury are also associated with oxidative stress Granulomatous 
interstitial lung diseases such as chronic beryllium disease (CBD) and sarcoidosis 
are associated with the chronic release of ROS from inflammatory lung cells 
Sarcoidosis is accompanied by increased levels of MnSOD m granulomas and 
alveolar macrophages ,178,. The role of extracellular antioxidants in these disease is 
not known, but they may play an important role m the development of these 
diseases. In hyperoxic lung injury, acute lung damage occurs within a few days of 
exposure to high concentrations of oxygen Although the pathophysiology of oxygen 
toxicity has been widely described, the mechanism of lung injury is still poorly 
understood It has been suggested that ROS and RNS play an important role m 
oxygen toxicity. Interestingly, bronchial epithelium is the first target of concentrated 
inspired oxygen, and epithelial damage is a typical feature m human airway diseases 
(20,. In vitro studies have shown that hyperoxia has no effect on intracellular 
antioxidants (13). Thus, hyperoxia would result in oxidative stress, which can lead to 
lipid peroxidation, one of the early and primary events that occurs in hyperoxia (179' 
Interestingly, the lung epithelial lining fluid contains eGPx, an enzyme that can 
prohibit lipid peroxidation. 
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Because many lung diseases are associated with increased ROS or RNS, 
antioxidant response probably plays an important role in pulmonary pathology Thus, 
an insight into pulmonary antioxidant strategy offers opportunities for understanding 
mechanisms of oxidant-mduced lung diseases and for considering therapeutic 
strategies. 

9. AIMS OF THE PRESENT STUDY 

The human respiratory system is frequently exposed to oxidants, whether 
inhaled as in cigarette smoke or air pollutants or produced by inflammatory cells 
Because a large proportion of this oxidative stress occurs on the extracellular surface 
of the lung epithelium, the critical first-line antioxidant defences are likely located m 
the ELF. Most of the lung's antioxidant mechanisms are known to help maintain the 
physiologic redox state m the lung, but many have not been documented to exist or 
investigated in lung cells or ELF Investigating pulmonary antioxidant strategies 
offers opportunities to understand mechanisms of oxidant-mediated lung diseases 
and to propose therapeutic options. 

The aims of this study are 1) to assess the responses of the extracellular lung 
antioxidant systems in oxidant-mediated lung diseases, and 2) to investigate if 
oxidative stress increases eGPx and NOSH through mechanisms that involve 
upregulation of gene expression We specifically investigated antioxidant response 
to: 

(1) chronic beryllium disease (CBD), an occupational interstitial 
granulomatous inflammatory disease (chapter 2), 
(2) the inflammatory milieu of the asthmatic airway during an exacerbation 
(chapter 3); 
(3) 100% oxygen inhalation (chapter 4) and; 
(4) cigarette smoke exposure (chapter 4). 
To understand the contribution of NO to oxidative stress in asthmatic 

individuals, the cellular and molecular mechanisms of increased NO are investigated 
as well as the effects on tissue damage (chapter 5). Induction of eGPx was revealed 
in several of these oxidant-mediated pathologies. Therefore, we examine the 
molecular mechanism of eGPx induction in more detail in chapter 6. 
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ABSTRACT 

Reactive oxygen species (ROS) are mediators of chronic tissue damage 
and fibrosis Antioxidants may increase in response to oxidants and reduce 
tissue injury We investigated the antioxidant response of the lungs to the chronic 
release of ROS, as occurs in the immune-specific granulomatous inflammation of 
chronic beryllium disease (CBD), and compared it with that in healthy controls and 
individuals exposed to cigarette smoke The antioxidants superoxide dismutase 
(SOD), catalase, glutathione peroxidase (GPx) and glutathione (GSH) were 
quantitated in lung epithelial lining fluid (ELF) and serum from control subjects 
(n=10), cigarette smokers (n=8), and individuals with CBD (n=9) GPx activity 
and extracellular GPx (eGPx) protein were increased in the ELF of subjects with 
CBD in comparison with that of control subjects and smokers (eGPx μς/πηΙ ELF 
controls, 1 3 ± 0 2, smokers, 1 9 ± 0 3, CBD, 3 8 ± 0 8, p=0 002, GPx U/ml ELF 
controls, 1 4 ± 0 3, smokers, 1 8 ± 0 4, CBD, 4 5 ± 1, p=0 02) Smokers' ELF 
had higher levels of GSH than that of controls, but CBD patients' ELF contained 
much more GSH than that of either controls or smokers (p<0 001) Increases in 
GSH were correlated with eGPx, indicating similar inducing mechanisms for these 
antioxidants Thus, coordinate augmentation of the glutathione antioxidant 
system occurs m granulomatous lung inflammation 
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1. INTRODUCTION 

Occupational exposure to dusts or fumes of beryllium metal or salts can 
lead to lung inflammation and cell injury m individuals employed in the electronics, 
dental alloy preparations, nuclear weapons, metal extraction, and aerospace 
industries'161 In some instances, beryllium-induced inflammation is followed by 
epithelial repair, but in other circumstances chronic cell-mediated immune 
response to beryllium leads to chronic beryllium disease (CBD), a granulomatous 
interstitial lung disorder occurring in up to 3% of beryllium workersJ,B0,8f' 
Although the mechanisms leading to granulomatous interstitial lung disease are 
not clear, chronic release of reactive oxygen species (ROS) from inflammatory 
lung cells is involved in the disease"67 ,e9' 

Antioxidants may increase in response to ROS and thus minimize tissue 
injury'217190,92, For example, inhalation of tobacco smoke, which in addition to 
generating IO"1 oxidant radicals per cigarette puff also activates phagocyte 
release of oxidants"90,9'"96', leads to increases in lung antιoxιdants"5β,67,9"97' 
Lung antioxidant defenses are widely distributed and include both enzymatic and 
nonenzymatic systems The major enzymatic antioxidants are superoxide 
dismutase (SOD), catalase and glutathione peroxidase (GPx)"3) SOD (EC 
1 15 1 1), which degrades superoxide, exists in three forms, including the 
intracellular manganese SOD and CuZn SOD, and an extracellular SOD that is 
present in ELF and blood vessels Catalase (EC 1 1 1 1 6 ) , found in the cell 
cytosol, removes hydrogen peroxide GPx (EC 1 1 1 1 9 ) removes hydrogen 
peroxide and organic hydroperoxides by oxidizing glutathione, a water-soluble 
low-molecular-weight tnpeptide (L-y-glutamyl-L-cystemyl glycine) that is 
abundantly present in lung ELF'1671 The lung contains both an extracellular GPx 
(eGPx) in the ELF and an intracellular GPx"32' 

Very little is known about the antioxidant response of the respiratory tract 
to chronic granulomatous inflammation in the human lung, as occurs m CBD In 
sarcoidosis, a granulomatous inflammatory interstitial lung disease similar to 
CBD, alveolar macrophages (AM) release increased amounts of superoxide and 
hydrogen peroxide, which have been linked to the pathogenesis of this disease"'2 

'14) Coincident with increased oxidant production, MnSOD is increased in AM in 
sarcoidosis"791 The present study was designed to investigate whether 
antioxidants are increased in response to chronic granulomatous lung 
inflammation as occurs in CBD, in comparison with healthy controls and cigarette 
smoking individuals 
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2. MATERIALS AND METHODS 

Study population 
To evaluate antioxidants in the respiratory system in vivo, the study 

population included 27 subjects 10 healthy, nonsmoking individuals, 8 healthy 
smoking individuals, and 9 individuals with CBD (Table 1) Nonsmoking 
volunteers with no history of pulmonary disease were enrolled as controls 
Exclusion criteria for the three groups included age under 18 years or over 65 
years, pregnancy, human immunodeficiency virus infection, and a history of 
respiratory infection m the previous 6 weeks. Additional exclusion criteria for 
control individuals included current tobacco use, prolonged exposure to second 
hand smoke at home or at work, exposure to dusty environments or known 
pulmonary disease-producing agents, or a history of recurrent episodes of 
breathlessness, chest tightness, cough, and/or sputum production Smoking 
individuals were similar to healthy controls but had to have smoked a minimum of 
5 pack-years and be current smokers Inclusion criteria for individuals with CBD 
were known exposure to beryllium, histologic evidence of disease, such as 
noncaseatmg granulomas and/ or mononuclear cell infiltrates on lung biopsy 
specimen, and evidence of beryllium-specific, cell-mediated immunity in the lung 
as demonstrated by a positive lymphocyte transformation test (LPT) on blood or 
bronchoalveolar lavage fluid (BALF) ,,85'8bl. Seven CBD patients were blood LPT 
positive, and five were BALF LPT positive 

Bronchoalveolar lavage 
BALF was performed on all subjects, using fiberoptic bronchoscopy as 

previously described "98, Briefly, after local anesthesia with 2% hdocame, a 
bronchoscope was wedged in a segmental bronchus of the right middle lobe or 
lingula. Three 50 ml aliquots of warm physiologic saline were infused into the 
right middle lobe or lingual (total of 300 ml volume, 150 ml m right middle lobe and 
150 ml in lingula) and recovered with manual suction. The BALF from the right 
middle lobe and lingula were combined and filtered through a Y-type blood filter 
(Drip Chamber Pump, Baxter) and cellular components were separated by 
centnfugation [700 χ g for 10 minutes] Cells were washed once with Hanks 
balanced salt solution (GIBCO, Grand Island, NY) and counted with a 
hemacytometer A cell differential count was done after a Giemsa-type staining 
(Diff-Quick, American Scientific products, Stone Mountain, CA) Peripheral blood 
was obtained from study subjects on the same day as BALF; serum was then 
extracted by centnfugation of the whole blood [1430 χ g for 10 minutes] 

The volume of ELF in BALF was determined by the urea method ('9β, 

Urea was determined m BALF and serum using the Blood Urea Nitrogen (BUN 
ENDPOINT) reaction (Sigma) as previously described Relative levels of ELF 
were estimated by using simple dilution principles relating to the urea 
concentration in serum and BALF. Total protein was determined by bicmchonmic 
protein assay (BCA) (Pierce, Rockford, IL) 



Increased glutathione peroxidase in chronic beryllium disease 31 

Superoxide dismutase (SOD) activity 
SOD activity was determined in BALF and serum from the rate of 

reduction of cytochrome c |,3', with one unit (U) of SOD activity defined as the 
amount of SOD required to inhibit the rate of cytochrome c reduction by 50%. 
The final reaction volume was 3 ml and included 50 mM potassium phosphate 
buffer, 2 mM cytochrome c, 0.05 mM xanthine, and a 0.1 mM EDTA solution 
Xanthine oxidase (Sigma) was added at a concentration sufficient to induce a 
0.020 change in absorbance per minute at 550 nm. 

Glutathione peroxidase (GPx) activity 
Total GPx activity was determined spectrophotometncally in BALF and 

serum through an indirect coupled assay ,,9!". The BALF was incubated for 2 
minutes at 37°C in the presence of 0 1 mM sodium azide, 1 U/ml glutathione 
reductase, 0 1 mM GSH, and 0.12 mM ßNADPH, 0 016 mM dithiothreitol, 0.38 
mM EDTA, and 50 mM sodium phosphate (pH 7.0). The reaction was initiated by 
the addition of 0 2 mM hydrogen peroxide The decrease in absorbence at 340 
nm over 3 minutes as NADPH is converted to NADP is proportional to the GPx 
activity One unit of activity is defined as the activity that catalyzed the oxidation 
of 1 nmol NADPH/mm, with a molar coefficient of 6.22x106 M1 cm1 used for 
NADPH. 

Catalase activity 
Catalase activity was quantified with a method in which hydrogen 

peroxide is reacted with the components present in BALF "3,. In this method the 
initial rate of disappearance of hydrogen peroxide (0-60s) is recorded 
spectrophotometncally at a wavelength of 240 nm, one unit of catalase activity 
was defined as the rate constant of the first-order reaction. This assay is specific 
for detection of catalase activity ,200'. 

Reduced glutathione (GSH) levels 
Quantification of GSH m BALF was done with a calorimetrie assay 

(Glutathione assay kit, Calbiochem., La Jolla, Ca) (196,. This method takes 
advantage of a two step chemical reaction. The first step leads to the formation of 
substitution products between a proprietary reagent and all mercaptans present in 
the sample. The second step is a β elimination reaction under alkaline conditions 
that induces the transformation of the GSH into a chromophore with maximal 
absorbance at 400 nm, which is compared with a known standard curve of GSH 

Extracellular glutathione peroxidase (eGPx) 
eGPx was measured by an enzyme-linked immunosorbent assay (ELISA) 

(Calbiochem, La Jolla, Ca) This method is based on a sandwich-type 
immunoassay, and is specific for eGPx The eGPx protein concentration present 
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m BALF was based on 4-parameter curve fit generated from known standard 
concentrations of eGPx 

Statistical analysis 
All data are expressed as the mean and standard error of the mean. The 

comparisons between the three groups were made through analysis of variance 
(ANOVA). A value of ρ < 0 05 was considered significant. Comparisons were 
also made using age- and gender-adjusted ANOVA models The effect of 
previous smoking on antioxidants was also tested within the CBD group Linear 
regression fitting of data was done with the Fastat™ statistical program (version 
1.0, Systat Inc., Evanston, IL.) 

3. RESULTS 

Patient characteristics 
Control, smoking, and CBD individuals were similar in terms of race and 

sex distribution (Table 1). Age was significantly greater in the CBD group 
(p=0.001). Bronchoscopy was well tolerated by all individuals. The total cell 
count in BALF was increased in smokers as compared with control and CBD 
patients (p=0.008). However, smokers' BALF cell differentials counts were similar 
to those of controls, whereas CBD patients had higher percentage of lymphocytes 
than control or smoking individuals (p=0.001). This increase in lymphocyte 
percentage was at the expense of a decreased percentage of macrophages 
(p=0.001). The percentage recoveries of instilled saline and ELF were similar in 
the 3 groups [BALF volume ml: control, 188 ± 7; smokers, 165 ± 13; CBD, 182 ± 
8; p=0.229]. The total protein in ELF was different in the three groups [total 
protein mg/ml ELF: controls, 11 ± 2; smokers, 13 ± 3; CBD, 24 ± 2; p<0.05]. In 
contrast, the urea in BALF was similar among the 3 groups [urea mg/ml BALF: 
controls, 1.5 ± 0.3; smokers, 1.7 ± 0.2; CBD, 1.4 ± 0 1; p=0.533]. There was no 
correlation of BALF cellulanty to protein (R=0.048, p=0.813). 
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Sex, M/F 
Race 

Caucasian 
African American 

Age* 
Smoking 

Current smoker 
Ex-smoker 
Nonsmoker 

WBC(x106)/mlBALF* 
% lymphocytes * 
% macrophages* 
% neutrophils 
% eosinophils 

Controls 
(n=10) 

5/5 

8 
2 

27 ±1 

10 
14 + 2 

2.2 ±0.5 
96.4 + 0.7 
1.1 ±0.7 

0 

Smokers 
(n=8) 
3/5 

8 

32 ±4 

8 

45 ±10 
1.4 ±0.6 

98.1 ±0.5 
0.5 ±0.3 

0 

CBD 
(n=9) 
9/0 

9 

42 ±3 

5 
4 

27 ±7 
11 ±2 
88 ±3 

1.3 ±0.2 
0 

Table 1: Characteristics of study population. Values are means and SEM. 
Definition of abbreviations: BALF= bronchoalveolar lavage fluid; CBD= Chronic 
Beryllium Disease; WBC= white blood cells. (*) P<0.05. 

Antioxidant activities in ELF and serum 
Smoking individuals had less SOD activity than controls or CBD patients (Figure 
1). In contrast, individuals with CBD had SOD activity similar to that of controls 
[SOD U/ml ELF: controls, 74±12; smokers, 39±14; CBD, 104±13; p=0.008]. The 
SOD activity in serum was not significantly different among the three groups 
(p=0.517, Figure 1). 
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Figure 1: SOD activity in ELF and serum of controls, smokers, and CBD patients 

Smokers had less SOD activity in ELF than controls or CBD patients (p= 0 008). The SOD 

activity in serum was not significantly different in the three groups. Values are means ± 

SEM. 

GPx activity in ELF was different among the three groups, with CBD 
patients having significantly higher levels of GPx activity than control subjects or 
smokers [GPx U/ml ELF: controls, 1.4±0.3; smokers, 1.8+0.4; CBD, 4.5±1; 
p=0.02, Figure 2]. Serum GPx activity was also different among the groups, with 
elevated levels in smokers and CBD patients as compared to controls [GPx 
activity/ml serum: controls, 0.03 ±0.01; smokers, 0.13 ±0.03; CBD, 0.08 ±0.02; 
p=0.02, Figure 2]. 
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Figure 2: GPx activity in ELF and serum of controls, smokers, and CBD patients. GPx 
activity was greatest in ELF of CBD patients (p=0.02). GPx activity m serum was also 
increased in smokers and CBD patients as compared with controls (p=0.02) 
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Catalase activity in ELF was similar in the three groups [catalase mU/ ml 
ELF: controls, 55 ±10; smokers, 75 ±23, CBD, 78 ±17; p=0 566]. 

eGPx protein levels in ELF and serum 
Normal ELF of the lung contains eGPx. Patients with CBD had higher 

levels of eGPx in ELF than did smokers or controls [eGPx μg/ml ELF. controls, 
1 3±0 2, smokers, 1 9±0 3, CBD, 3 8±0 8; p=0 002, Figure 3] In contrast, there 
was no significant difference m serum eGPx among the three groups (p=0 566, 
Figure 3) 

_J 4 

αϊ 

I 3 

O) 
3 2 
X 

è ' 
(υ 

ο 

τ 

Control Smokers CBD 

E 

ω 

O) 

χ 
O. 

80 

60 

40 

20 

X 

Control Smokers CBD 

Figure 3: eGPx protein in ELF and serum of controls, smokers, and CBD patients eGPx 
protein in ELF was higher in CBD patients than in smokers or controls (p=0 002), whereas 
there was no significant difference in serum of eGPx among the groups 

GSH levels in ELF 
Previously, GSH has been shown to comprise over 95% of total 

glutathione in ELF7. GSH levels were different among the three groups. GSH 
levels m smoking individuals were higher than controls, but CBD patients had the 
highest levels in comparison with controls or smokers [GSH mM in ELF: controls, 
0.60±0 07; smokers 1.0±0.1 ; CBD, 2.0±0.3; p<0 001, Figure 4A]. Levels of GSH 
in the ELF were directly correlated with ELF eGPx in the three groups (R=0.863, 
p<0 001; Figure 4B). GSH also correlated with GPx activity (R=0 505, p=0 007), 
SOD activity (R=0 487, p=0.01), and total protein (R=0.79, p<0.001). 
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Figure 4: GSH in ELF of controls, smokers, and CBD patients. GSH levels in ELF of 
smokers were higher than in controls, but CBD patients had even higher levels than 
smokers (p=0.002). Correlation of eGPx protein with GSH levels in ELF of controls, 
smokers, and CBD patients. Increases in GSH levels in ELF were directly correlated with 
increases in eGPx protein (R=0.863, p<0.001). 

Age and gender adjusted group effects and smoking effect within CBD 
The mean age in the CBD group was higher than that of controls, and the 

CBD patients were all men. Therefore, differences among groups were also 
tested with an ANOVA model that adjusted for age and gender. Despite the 
relationship of age to group, GSH, GPx, and SOD were still significantly different 
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among the groups when adjusted for age and gender (all p<0 02) Although 
eGPx failed to reach significance for difference among the groups when adjusted 
for age and gender, a trend towards difference was still noted (p=0 07) Effects of 
age or gender on antioxidants were not found within the groups 

Realizing that previous smoking may have an effect on antioxidants, we 
examined the smoking effect within the CBD group with the ANOVA model 
Significant differences included higher ELF GSH and GPx activity in never-
smoking as compared with ex-smoking CBD patients [GSH mM in ELF never-
smoking CBD patients, 2 4 ±0 5 (n=4), ex-smoking CBD patients, 1 69±0 06 
(n=5), p=0 04, GPx U/ml ELF never-smoking CBD patients, 8 4 ±0 9 (n=4), ex-
smokmg CBD patients, 1 4±0 4 (n=5), p<0 001] 

4. DISCUSSION 

To our knowledge, this is the first study to demonstrate that the 
antioxidants GSH and GPx are increased in lungs of CBD patients as compared 
with healthy controls or smoking individuals Other granulomatous inflammatory 
lung diseases, such as sarcoidosis and extrinsic allergic alveolitis, are 
accompanied by increased MnSOD in granulomas and BALF macrophages, 
which supports the concept that induction of antioxidants may be a nonspecific 
response to granulomatous lung inflammation'178' On the other hand, GSH is not 
increased in sarcoidosis'20" In this context, although increased antioxidants may 
not be unique to beryllium-induced granulomatous inflammation, neither can 
these results be generalized to all granulomatous lung diseases 

Evidence in the literature supports the hypothesis that upregulation of 
antioxidants occurs at both the transcriptional and translational levels"58202201' For 
example, induction of γ-glutamylcysteine synthetase, the rate-limiting enzyme in 
GSH synthesis, by oxidant stress from exposure to cigarette smoke is due to 
increased transcription of the gene and is associated with activation of the redox 
sensitive transcription factor activator protein 1 (AP-1)'158' Interestingly, increases 
in GSH and GPx were highly correlated in this study, suggesting that induction of 
GPx may be mediated through redox mechanisms similar to GSH Increases m 
GPx activity are most likely due to increases m eGPx protein in CBD patients' 
lungs In the context that eGPx is synthesized and secreted by bronchial 
epithelial cells and AM"32', eGPx gene expression may be redox mediated in the 
lung In contrast, the increase in serum GPx activity m smokers and CBD patients 
is not related to levels of serum eGPx protein, indicating that other GPx enzymes 
are responsible for the systemic increase m GPx activity"32' The induction of the 
glutathione antioxidant system in CBD patients is especially striking in that the 
CBD patients were older than the controls and smokers, and increased age 
reduces the ability to increase antioxidants in response to oxidant stress"951 

Despite the confounding variable of age differences among the study 
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groups, significant differences in antioxidants were still noted among the groups 
with the use of ANOVA models which took into account age and gender 

Alveolar-capillary permeability as determined by ELF-to-serum albumin 
ratios is increased in CBD as compared to control lungs"801. In this study, total 
protein in ELF was 2-fold greater in CBD patients than in healthy controls. 
Leakage of serum proteins into ELF is unlikely to contribute to the increase in lung 
antioxidants in CBD, as opposed to induction of antioxidants within the lung 
Levels of GSH are 140-fold higher in ELF than in serum"67', whereas SOD and 
GPx are 25- and 50-fold higher in ELF than in serum from controls and CBD 
patients, respectively Thus, increase of alveolar capillary permeability, with 
passive leak of serum containing markedly lower antioxidant levels than ELF, 
would more likely lead to dilution of than to increases in antioxidant levels. 

Our results substantiate previous studies that have shown modifications 
in lung antioxidant status in smoking individuals"6"9'" In general, levels of 
antioxidants reported in this study are similar to previously reported levels Levels 
of GSH are within the range of but slightly higher than those in previous studies. 
Technical differences in method of lavage may account for these differences, e g 
all BALF in our study was collected for analysis, whereas previous reports 
discarded the first lavage aliquot return"96'. Despite these technical differences, 
our data confirm previous findings that smokers have higher levels of GSH in 
there ELF than do nonsmokers, but show no difference m ELF catalase"32167196'. 
Some studies have shown increased GPx activity m ELF of smokers as compared 
with nonsmokers"7', whereas others have shown decreased GPx in smokers'1961 

In the present study there was a trend towards higher ELF GPx m smokers than 
in nonsmokers. As in a previous study'196', ELF SOD is decreased m smokers as 
compared with nonsmokers in our study Decreased SOD activity in ELF of 
current smoking individuals has been previously shown, and is attributed to 
decreased CuZnSOD activity'196' One possible mechanism for decreased SOD 
activity in smokers may be related to the oxidant-mediated inactivation of 
CuZnSOD"6320" Preservation of SOD activity in lung inflammation m CBD may 
relate to differences in the location and type of increased ROS in CBD as 
opposed to smoke-exposed lungs. Alternatively, the relative normality of ELF 
SOD activity in CBD may be due to increased expression of other SOD isoforms, 
e g., MnSOD, such as occurs in sarcoidosis and extrinsic allergic alveolitis'178' 

Five of the CBD patients in our study were ex-cigarette smokers. 
Analyses of ex-smoking in comparison to never-smoking CBD patients revealed 
higher levels of GSH and GPx activity m the never-smoking CBD patients. Thus, 
increases antioxidant activity noted in CBD group were not simply due to previous 
cigarette-smoke exposure. Further, although the cigarette-smoking group had 
alterations in antioxidants, as compared with healthy nonsmoking controls, 
antioxidants in the smoking group were also significantly different than in the CBD 
patients Cigarette smoking induces a chronic inflammatory process m the 
airways, with an abundance of inflammatory cells, principally AM and neutrophils 
"94'. The smokers in our study had marked increases m total numbers of 
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inflammatory cells in BALF, but cell differentials of smokers and healthy controls 
were similar. In contrast, CBD patients had an increased percentage of 
lymphocytes in their BALF, which have been previously shown to be beryllium-
specific cluster of differentiation (CD)4* T-helper (TH) lymphocytes'3 ,e2,861. Tumor 
necrosis factor-α, interleukin (IL)-6, and the lymphocyte-derived cytokine 
interferon-γ appear to play important roles in development of beryllium-induced 
granulomatous lung disease'2052061. These cytokines increase ROS production, 
which may contribute in part to the chronic lung inflammation of CBD'21872051. 

Interestingly, recent evidence shows that GSH levels in antigen 
presenting cells determine whether Th lymphocytes become TH1 or TH2 effector 
cells'207'. TH1 cells mediate inflammatory immune responses of delayed-type 
hypersensitivity, characterized by IFNy production, while TH2 cells mediate 
humoral/antibody responses and are characterized by IL-4 production'20". The 
TH1-cell mediated immune response is favored by high GSH levels, whereas GSH 
depletion shifts the immune response to the TH2 type'207'. Thus, increased GSH in 
CBD patients may contribute to the development and/or maintenance of chronic 
TH1-cell-mediated immune response to beryllium. Importantly, CBD often 
reverses completely, suggesting that granulomatous inflammation and fibrosis are 
not essential consequences of the inflammatory response to beryllium l^1a2183,. in 
this context, increased antioxidants likely are one defense mechanism for 
minimize oxidant-induced lung injury in CBD, but may also influence the complex 
immune response to beryllium. 
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SUMMARY 

SOD is a fundamental antioxidant enzyme essential for aerobic life Loss of 
SOD activity occurs within minutes of an acute asthmatic response to segmental 
antigen instillation into the lung of individuals with atopic asthma Decreased 
activity undoubtedly contributes to airway inflammation and injury through 
increased formation of reactive oxygen and nitrogen species, and suggests that 
increase of lung antioxidants may be therapeutic for asthma 

1. INTRODUCTION 

Asthma is a chronic inflammatory airway disorder of unknown etiology One 
distinct clinical characteristic of asthma is the asthma attack, ι e , an episode of 
airflow limitation that resolves spontaneously or with treatment Airway 
inflammation is linked to episodic airflow obstruction in atopic asthmatic 
individuals following inhalation of allergens Experimental antigen exposure can 
be used to mimic asthma attacks and investigate the mechanisms of episodic 
asthma Bronchoscopic release of antigen into airways results in both a localised 
immediate asthmatic response occurring within minutes, and a similar but 
longlastmg late asthmatic response that takes place after several hours ("20β, 

Mediators that contribute to the immediate and late asthmatic response include 
reactive oxygen species (ROS) produced by epithelial cells and inflammatory cells 
recruited to the sites of antigen challenge"1 zm) However, the effect of ROS on 
airways will depend on the local antioxidant defences available within the airway 
epithelial lining fluid (ELF)'1631 Lung antioxidant defences are widely distributed 
and include both enzymatic and nonenzymatic systems The major extracellular 
enzymatic antioxidants are the Cu,Zn superoxide dismutases (SOD), glutathione 
peroxidases (GPx) and glutathione (GSH)"631 Respiratory tract antioxidant 
capacity is altered in mild, stable asthma'632091, but no information is available 
about antioxidants during an asthma attack To investigate antioxidant status m 
asthma attack, we used a segmental antigen challenge approach In this 
context, the current study is aimed at defining the extracellular antioxidant 
responses m asthma exacerbation 

2. METHODS AND RESULTS 

Study population 
Seven individuals with atopic asthma and five healthy non-atopic controls 

were studied Exclusion criteria for the two groups included age under 18 years 
or over 65 years, pregnancy, human immunodeficiency virus infection, and 
history of respiratory infection in the previous 6 weeks, current tobacco use, 
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prolonged exposure to second hand smoke at home or at work, exposure to 
dusty environments or known pulmonary disease-producing agents. Asthmatics 
had mild, stable asthma with no recent asthma attack, had not taken inhaled 
corticosteroid in the preceding 6 weeks, or systemic corticosteroids during the 
previous 6 months, and had no change in medications for 6 weeks before to the 
study. Allergic asthmatics underwent whole lung aerosol allergen challenge 
(ragweed or grass) to demonstrate antigen responsiveness and to determine the 
provocative dose that cause a 20% reduction in FEV,. After at least a four week 
"cool off" period, 10% of this dose was then diluted into lOcc normal saline and 
used for segmental allergen challenge. Healthy non-allergic controls were 
challenged with 100 PNU (Protein nitrogen units) of ragweed allergen. The study 
was approved by the Cleveland Clinic Foundation Institutional review board, and 
written informed consent was obtained from all individuals. 

Study design 
Bronchoscopy with bronchoalveolar lavage (BAL) was undertaken on all 

individuals to obtain baseline samples of ELF after instillation of normal saline into 
the lingula of the lung. Subsequently antigen challenge was done in the middle 
lobe of the right lung with injection of a relevant antigen (grass or ragweed) 
diluted in normal saline. BAL was done in the right middle lobe after 10 minutes 
to sample ELF during the immediate asthmatic response. A second 
bronchoscopy was done 48 hours later with BAL of the right middle lobe antigen-
challenged segment, and BAL of the lingula saline-control contralateral segment. 

Antioxidant determination 
Antioxidant determinations of SOD, GPx, reduced (GSH) and oxidised 

glutathione (GSSG) were measured in the acellular lavage fluid fraction as 
previously described l63209,. The amount of ELF recovered, was calculated by the 
urea method (':îί,. 
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3. RESULTS 

Clinical data 
Healthy control and asthmatic individuals were similar in terms of age, 

sex and race [Allergic asthmatics: 3 male, 4 female; percentage predicted forced 
expiratory volume in 1s (FEV,), 82 ± 7%; age years, 37 ± 3; healthy controls: 3 
male, 2 female; FEV,, 99 ± 6%; age years, 44 ± 4]. Pulmonary function testing 
showed no difference in airflow limitation between groups, although asthmatics 
had positive methacholine challenge and/or evidence of spontaneous airway 
reactivity "". Bronchoscopy was performed on all individuals without 
complications. The total cell count, viability or cellular differential in BAL fluid was 
not different between the groups at baseline (p>0.05). The allergen challenged 
segment from the asthmatic group had a significant increase in % eosinophils at 
48 h (Table 1). This increase in eosinophils was at the expense of a decreased 
percentage of macrophages. 

% alveolar 
macrophages 

% lymphocytes 
% neutrophils 
% eosinophils 

Controls 

Base 
line 

96±1 

3±1 
0.8±0.5 
0.2+0.2 

Antigen challenge 
10 mm 

97±1 

2+1 
0.410.2 

0±0 

48 h 

89±4 

5±2 
6±4 

0.3±0.3 

Asthmatics 

Base 
line 

96±1 

3.3±1 
0.710.5 
0.110.2 

Antigen challenge 
10 mm 

9611 

2 611 
1.411 

0.110.2 

48 h 

7516 

411 
5.412 
16+6^ 

Table 1 : Leukocytes m BAL fluids following segmental antigen challenge. -Significant 
change from baseline (p<0.05), change from baseline differed significant between 
asthmatics and controls (p<0.05). Data are presented as mean±SEM. 
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Changes in antioxidant levels after antigen challenge 
SOD activity was lower in asthmatic individuals than in controls, but this 

difference did not achieve statistical significance (Table 2) Strikingly, SOD 
activity decreased in all asthmatic individuals immediately after segmental antigen 
challenge (Figure 1, top panel) Four of the asthmatic individuals had further 
decrease of SOD at 48 hours By contrast, SOD in the contralateral lingula 
segment at 48 hours was similar to baseline [SOD activity U/ml ELF 55 ± 20, 
(p=0 23)] 

Antigen challenge had no effect on GPx activity in individuals with asthma 
(Table 2) However, parallel to loss of SOD activity, GSH declined immediately 
after antigen challenge m all asthmatics (Figure 1, lower panel) whereas GSSG 
tended to increase indicating increased oxidative stress 

Baseline Antigen p Antigen 
0 mm 10 min 48 hr 

SOD (U/ml) 
asthma 69 ±14 33 ± 11 0 002 38 ±13 0 019 
control 148 ±62 123 ±85 0 85 162 ±78 0 15 

GPx (U/ml) 
asthma 2 1 ± 0 4 1 6 ± 0 5 0 29 3 1 ± 1 6 0 44 
control 2 6 ± 0 5 1 9 ± 0 3 0 31 1 8 ± 0 7 0 15 

GSH (fJM) 

asthma 

control 

GSSG (pM) 

asthma 

control 

282 ± 66 

268 ± 85 

8 ± 2 

9 ± 3 

165 ± 4 6 

192 ±45 

1 5 ± 8 

3 ± 1 

0015 

0 45 

0 33 
0 14 

284 ± 87 

231 ± 76 

9 ± 5 
11 ± 4 

0 96 

0 60 

0 96 
0 99 

Table 2: Values shown are means ± SEM, ρ*, baseline versus antigen 10 mm, p*, 
baseline versus antigen 48 hr All comparisons are paired t test 
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SOI) 
(U/ml) 

( ; S H 

<μΜ ) 

baseline antigen antigen 
0 min 10 min 48 hr 

Figure 1 : Levels of SOD activity (upper panel) and levels of reduced GSH (lower 
panel) in lung epithelial lining fluid following segmental challenge with a relevant 
antigen in atopic asthmatic individuals Arrow shows time of antigen instillation 
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4. DISCUSSION 

We have shown that immediate asthmatic responses are associated with a rapid 
and profound loss of specific antioxidant activity Notably, our results show SOD 
inactivation occurs within minutes after antigen instillation but may persist for 
days Importantly, loss of activity occurs m a specific fashion in the lung, since 
GPx activity is not affected We have previously shown that airway epithelial cells 
of asthmatics have decreased intracellular SOD activity as a result of loss of 
enzyme-specific activity "63' SOD enzymes are highly sensitive to inactivation by 
oxidants ,,bJ) Asthma attacks and experimental antigen challenge are both 
associated with increased release of ROS oì?m, which may lead to inactivation of 
SOD The rapid loss of GSH after antigen challenge verifies loss of reducing 
potential in the airway with acute asthma attack Further studies are necessary to 
determine whether clinical outcomes of asthma response are related to recovery 
of SOD activity Because SOD is a first-line antioxidant essential to aerobic life, 
loss of SOD activity undoubtedly potentiates extracellular matrix damage and 
tissue injury through increased formation of reactive oxygen and nitrogen species 
Small non-protein mimics of SOD are in development for use in human clinical 
inflammatory diseases since SOD mimics protect against tissue damage m 
models of inflammation and reduce production of cytokines, the immune 
regulators that fuel inflammation (2U),. These results validate a rationale to assess 
SOD mimics in the treatment of asthma. 
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ABSTRACT 

Reactive oxygen species (ROS) are increased in the airway during the 
inhalation of 100% 0? or cigarette smoke and participate in the development of 
tracheobronchitis. We hypothesized that inhaled ROS upregulates local 
extracellular ROS-scavenging systems or reactive molecules, e.g., nitric oxide 
("NO). Extracellular glutathione peroxidase (eGPx) is synthesized by airway 
epithelium and alveolar macrophages, secreted into the surface epithelial lining 
fluid, and functions as a first-line defense against inhaled ROS. "NO, produced 
by "NO synthase II (NOSII), combines rapidly with ROS to form reactive 
nitrogen species (RNS). In this study, human airway epithelial cells and 
alveolar macrophages from healthy individuals before and after exposure to 
100% oxygen for 12 hours, or from cigarette smoking individuals, were 
evaluated for eGPx and NOSII mRNA expression. Hyperoxia increased NOSII 
mRNA in airway epithelial cells by 2.5-fold, but did not increase eGPx mRNA. 
Unlike in murine macrophages, NOSII mRNA was not detected in human 
macrophages before or after 02 exposure. Also hyperoxia did not affect the 
eGPx mRNA expression in alveolar macrophages. In contrast, cigarette 
smoke upregulated eGPx mRNA over 2-fold in airway epithelial cells and 
alveolar macrophages, but did not affect NOSII expression. In vitro exposure 
of respiratory epithelial cells to ROS or RNS also increased eGPx expression. 
These findings define distinct molecular responses in the airway to different 
inhaled ROS, which likely influence the susceptibility of the airway to oxidative 
injury. 
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1. INTRODUCTION 

Cigarette smoke contains high levels of reactive oxygen species (ROS) 
which participate in the development of chronic tracheobronchitis072'1' High levels 
of ROS also occur during hyperoxia exposure and result m acute 
tracheobronchitis usually developing within 12 hours of 100% O.,'13' The 
susceptibility of the airway to oxidative injury will depend, in part upon, the ability 
to upregulate protective ROS-scavengmg systems. In general, antioxidants are 
present in the lung and protect against ROS However, increased levels of ROS 
as occur with cigarette smoke exposure or high inspired 02 concentration may 
overwhelm antioxidant enzyme systems m the lung Unfortunately, the primary 
intracellular antioxidants copper-zinc and manganese superoxide dismutase 
(Cu,Zn and MnSOD) or catalase are expressed at low levels in the human airway 
and do not increase after exposure to 100% 02 for 12-18 hours"31 in healthy 
individuals Similarly, prolonged exposure to cigarette smoke does not increase 
the major intracellular antioxidants in rat lungs"8'. Although intracellular 
antioxidant enzymes are not induced, the response of the extracellular antioxidant 
enzymes to oxidant stress is not known Extracellular antioxidants are the critical 
primary defense against exogenous-inhaled ROS that dissolve first m the 
epithelial lining fluid on the airway surface Extracellular glutathione peroxidase 
(eGPx) is a major antioxidant in the lung epithelial lining fluid, which coupled with 
glutathione (GSH) or S-mtrosoglutathione (GSNO), detoxifies lipid 
peroxides'17'32,66). Recently, we showed that eGPx is increased m epithelial lining 
fluid of cigarette smoking individuals1166' Although the mechanism by which eGPx 
protein increases is unknown. Cigarette smoke contains numerous compounds 
including ROS, reductants, and bioactive unsaturated aldehydes which may 
contribute to the eGPx induction in the airway of smoking individuals117211' We 
propose that exogenously inhaled ROS upregulates the protective extracellular 
ROS-scavengmg system, such as eGPx 

To determine the effect of acute or chronic oxidative stress on the eGPx 
expression, we quantitated eGPx mRNA expression in human airway epithelial 
cells (HAEC) and alveolar macrophages (AM) from healthy individuals exposed to 
chronic cigarette smoke or 100% oxygen for 12 hours Since other reactive 
molecules, like nitric oxide ("NO), may also rapidly scavenge ROS to yield 
reactive nitrogen species (RNS), we evaluated the "NO synthase II (NOSH) 
mRNA expression. Finally, oxidant mechanisms of the eGPx induction were 
evaluated in the respiratory epithelial cells exposed directly to ROS and RNS in 
vitro. 
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2. METHODS 

Study population 
To evaluate epithelial and macrophage gene expression in vivo, 13 

healthy, nonsmoking individuals and 11 healthy smoking individuals were studied 
All individuals had normal histories, physical examinations, and chest 
rontgenograms Exclusion criteria for the two groups included under 18 years or 
over 65 years, pregnancy, human immunodeficiency virus infection, and no 
history of respiratory infection m the previous 6 weeks Additional exclusion 
criteria for nonsmoking individuals included current tobacco use, prolonged 
exposure to second hand smoke at home or at work, exposure to dusty 
environments or known pulmonary disease producing agents or history of 
recurrent episodes of breathlessness, chest tightness, cough and/or sputum 
production Smoking individuals were similar to healthy controls but had to have 
smoked a minimum of 5 pack-years and be current smokers 

Study design 
Five healthy volunteers unden/vent bronchoscopy with cytology brushings 

from the right lung to obtain HAEC and bronchoalveolar lavage (BAL) to obtain 
AM They returned 2 weeks later and were exposed to 100 % 0 ? for 12 hr All 
individuals underwent bronchoscopy immediately for sampling of bronchial 
epithelium and BAL from the left lung"3166' In addition, 11 healthy smoking 
individuals and 8 healthy nonsmoking individuals underwent bronchoscopy to 
collect HAEC and AM to determine the effects of cigarette smoke on NOSH and 
eGPx mRNA expression The study was approved by the Institutional review 
board, and written informed consent was obtained from all individuals enrolled in 
the study 

Isolation of bronchial epithelial cells 
HAEC were obtained by cytology brushings of second- and third -order 

bronchi with a 1 mm cytology brush (Microvasive, Watertown, MA) as previously 
described"31661 The brush sample was immediately placed in RPMI 1640 
(GIBCO-BRL) and an aliquot was taken for cytology and cell differential 
determination RNA was immediately extracted from cells 

Alveolar macrophages 
The BAL fluid obtained by bronchoscopy was filtered through a Y-blood 

filter (Drip Chamber pump Flashball Divia, Baxter) and cellular components were 
separated by centnfugation [700 χ g for 10 minutes]'1661 Cells were washed once 
with Hanks balanced salt solution (GIBCO, Grand Island, NY) and counted with a 
hemacytometer A cell differential count was done after a Giemsa-type staining 
(Diff-Quick, American Scientific products, Stone Mountain, CA) 
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Polymerase Chain Reaction (PCR) and Cloning 
The human eGPx cDNA was obtained from PCR of normal human lung 

cDNA. PCR primers were based upon the known eGPx cDNA'̂ 121. PCR was 
performed using the following two nested reactions (F, forward primer, R, reverse 
primer). The first PCR. 

F-eGPx1 (S'-CGCCATGGCCCGGCTGCTGCAG-a') 
R-eGPx2 (S'-GGACGTCAGTCATAGT-S') 
94

0
C, 2 mm, 40 cycles of 94

0
C 40 sec, 50

o
C 40sec, 72

0
C 90sec, 72

0
C 

5min. 

The second nested PCR 

F-eGPx1 (S'-CGCCATGGCCCGGCTGCTGCAG-S') 
R-eGPx4(5,-GACGGCCTTCAGTTACTTCCT-3,) 
940C, 2 mm; 25 cycles of 940C 40sec, 50oC 40 sec, 720C 90 sec; 720C 5 
mm. 

The 671 bp PCR product was cloned into a TA-clonmg vector (Invitrogen) to 
create the plasmid pCCF 33 and sequenced using a Sequenase 2 0 ( United 
States Biochemical) and/ or using a 373 DNA sequencing system (Applied 
Biosystems) (Genbank Accession* AF217787) 

Cell Culture 
BET1A, a human bronchial epithelial cell line transformed with the T-Ag-

contammg plasmid pRSV-T, was cultured in serum-free Lechner and LaVeck 
medium (LHC-8, Biofluids, Inc., Rockville, MD) with additives 0.33 nM retmoic 
acid and 2.75 μΜ epinephrine, on plates precoated for 5 mm with coating media 
containing 29 μg/ml collagen (Vitrogen, Collagen Corp., Palo Alto, CA), 10 μg/ml 
bovine serum albumin (Biofluids, Rockville, MD), and 10 μg/ml fibronectm 
(Calbiochem, La Jolla, CA) ,69). To evaluate the response to ROS and RNS, the 
cells were stimulated at 70% confluence with menadione (Sigma-Aldnch Co., St 
Louis, MO), an intracellular hydrogen peroxide generating compound, S-Nitroso-
N-acetyl-D,L-penicillamine (SNAP) (Alexis, San Diego), or S-Nitroso-L-
Glutathione (GSNO) (Alexis, San Diego) m a dose and time dependent manner. 

RNA extraction and Northern blot analysis 
Total RNA from freshly obtained HAEC and AM was extracted by the GTC 

[(4 M guamdium thiocyanate, 25 mM sodium citrate pH 7 0), 0 5% sarkosyl, and 
0 1 M ß-mercaptoethanol]-CsCI gradient method and evaluated by Northern blot 
analysis with a 32 P-labeled eGPx probe (pCCF33), a 32P-labeled 1.9 kb NOSH 
cDNA probe (pCCF21)l^,6|, or as a control GAPDH cDNA probe'2171 and γ-actin 
cDNA [ρΗΡγΑ-1], and then subjected to autoradiography. Quantitation of eGPx 
mRNA relative to GAPDH mRNA and NOSH mRNA relative to γ-actin or GAPDH 
was accomplished using a Phosphor-lmager (Molecular Dynamics) 
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Statistical Analysis 
All data were expressed as the mean and SEM Comparisons were made 

using two-tailed Student's Mest A value of p<0 05 was considered significant 

3. RESULTS 

Patient Characteristics 
Control and smoking individuals were similar m terms of race and sex 

distribution [age (yrs) healthy nonsmoking individuals 27±2, healthy smoking 
individuals 36±5; p>0 05, Sex (M/F)· healthy nonsmoking individuals 8/5, healthy 
smoking individuals, 5/6, p>0 05] As previously shown, the total cell count m BAL 
was increased in smokers compared with controls (p<0 05)"66' However, 
smokers' BAL cell differentials counts were similar to those of controls"661 

Increased NOSH m RNA in airway epithelium of healthy individuals exposed 
to 100% 0 2 

Brushing cells were >92% airway epithelial cells, and BAL cells were 
>95% AM (1769, No significant change m cell differentials occurred with hyperoxia. 
NOSH mRNA was present in freshly obtained HAEC as a prominent signal at 4 5 
kb using a 32P-labeled NOSH cDNA (pCCF21) (Figure 1). Strikingly, NOSH mRNA 
increased in HAEC of all individuals exposed to 100% O, [NOSII/GAPDH mRNA. 
basal levels, 4±1; 100% O2,10±2, n=5 paired observations, p<0.05] (Figure 1) 
Unlike murine macrophages, NOSH mRNA was not detected m human 
macrophages before or after 0 2 exposure (Figure 1) For the first time, rapid 
induction of gene expression in the human airway was shown in response to 
acute hyperoxia in vivo. 

Lack of eGPx gene induction with hyperoxia 
The eGPx mRNA was present at 1.9 kb in all samples using a 32P-labeled 

eGPx cDNA (pCCF 33). The eGPx mRNA was significantly more abundant in 
the AM than in the HAEC cells [eGPx mRNA/ GAPDH mRNA- HAEC cells, 8±1; 
AM, 28±8, p<0.05]. Exposure to 100% 0 ? did not upregulate the eGPx gene 
[eGPx mRNA/ GAPDH mRNA. HAEC cells 100% Ο,,δ.δίΟ.δ, n=5 paired 
observations, p>0.05; AM 100% 02 F 22±7, n=5 paired observations, p>0.05] 
(Figure 1). These data show that the antioxidant gene expression of eGPx was 
not upregulated by hyperoxia. 
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Figure 1: NOSH and eGPx mRNA expression in human airway epithelial cells 
(HAEC) cells and alveolar macrophages (AM) in response to 100% O, exposure in 
vivo. Representative Northern blot analysis (1 μg total RNA/lane) of NOSH expression 
in HAEC obtained from healthy control at baseline (Bl, lane 1), and after 12 hours 
exposure to 100% 02 (02, lane 2), and in AM obtained in the same individual at 
baseline (Bl, lane 3) and after 12 hours exposure to 100% 02 (02, lane 4). 
Representative Northern blot analysis (5 μg total RNA/lane) of eGPx mRNA in HAEC 
obtained from healthy control at baseline (Bl, lane 5), and after 12 hours exposure to 
100% 02 (02, lane 6) and in AM obtained in the same individual at baseline (Bl, lane 7) 
and after 12 hours exposure to 100% 02 (02, lane 8). Human 32P-labeled γ-actin cDNA 
and GAPDH hybridization is shown as a control for RNA loading (lanes 9-16). 

Upregulation of eGPx mRNA in smoking individuals 
Previous studies have shown that cigarette smoke exposure increases 

eGPx protein levels in lung epithelial lining fluid (,66|. To investigate if the 
increased protein is related to increased eGPx gene expression, HAEC and AM 
were obtained from 12 healthy controls and 11 smoking individuals. Northern blot 
analyses showed that HAEC and AM of smoking individuals have increased 
expression of eGPx mRNA [eGPx mRNA/ GAPDH mRNA: HAEC, healthy 
controls 8.0±0.8 vs. smoking individuals 18±3; p<0.05; AM, healthy controls 24+3 
vs. smoking individuals 44±10; p<0.05] (Figure 2). Thus, the eGPx gene 
expression was induced by chronic cigarette smoke exposure but not by 
hyperoxia. In contrast, NOSH mRNA expression was not increased by cigarette 
smoke [NOSH mRNA/y-actm mRNA: HAEC, healthy controls 20±4 vs. smoking 
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individuals, 14±2; p<0.05]. NOSH was not detectable in AM from cigarette 
smoking at the level of Northern blot analyses (data not shown). 
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Figure 2: eGPx expression in human airway epithelial cells (HAEC) and alveolar 

macrophages (AM) in response to cigarette smoke. [A] Representative Northern blot 

analysis (5 μg total RNA/lane) of eGPx expression in HAEC obtained from healthy 

control nonsmoker (C, lane 1), and smoking individual (Sm, lane 2), and in AM obtained 

from healthy nonsmoker and smoking individuals (lanes 3 and 4). Human 32P-labeled 

GAPDH cDNA hybridization is shown as a control for RNA loading (lanes 5-8). [B] eGPx 

mRNA relative to GAPDH mRNA quantitated by Northern blot analysis is significantly 

increased in HAEC and AM of smoking individuals. (*) indicates p<0.05. 

Upregulation of eGPx in response to ROS and RNS in vitro 
BET1A cells were exposed to various ROS and RNS in vitro to 

investigate whether these agents increase eGPx in a time-dose dependent 
manner. Northern blot analysis showed that BET1A express the eGPx gene in 
culture as the expected 1.9-kb mRNA transcripts. Furthermore, the eGPx mRNA 
increased after exposure to menadione, GSNO and SNAP. Quantification of 
eGPx mRNA levels relative to GAPDH mRNA, showed that menadione (10 μΜ) 
increased eGPx mRNA levels at 24 hrs (p=0.01) (Figure 3a). Exposure to *NO 
donors, SNAP and GSNO, showed a significant increase in eGPx mRNA [1 mM 
SNAP or GSNO, 48 hrs (p<0.05 )] (Figure 3b). These data show that the eGPx 
gene was upregulated by ROS or RNS. 
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Figure 3 FAT: Induction of eGPx mRNA in transformed bronchial epithelial cells 
(BET1A) by ROS. BET1A cells were exposed to the hydrogen peroxide 
generating compound, menadione (0-10 μΜ), for 24 hours. The representative 
Northern blot analysis of total RNA (10 pg/lane) demonstrates increase of eGPx 
mRNA with 10 μΜ menadione (lane 4). GAPDH is shown as a control. Relative 
units of eGPx mRNA/GAPDH is summarized in the graph, with mean and SD 
demonstrated. 
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Figure 3 [BI: Induction of eGPx mRNA in BET1A by RNS. BET1A cells were exposed 
to 'NO generating compounds, SNAP or GSNO, for 48 hours Northern blot analysis of 
total RNA (10 μg/lane) with ^P-labeled eGPx cDNA and GAPDH cDNA was performed 
to quantitate changes in mRNA expression. Results are mean and SD of a minimum of 
3 experiments. 

4. DISCUSSION 

Antioxidant enzymes are traditionally responsible for the protection of the 
lung against ROS. For example, increases in antioxidant enzymes in the lung 
after exposure to hyperoxia have been postulated to play a major role in allowing 
animals to survive a subsequent exposure to lethal concentration of oxygen'2141. 
Furthermore, rats overexpressing Cu.ZnSOD and catalase are resistant to toxic 
effects of hyperoxia1132"", and mice genetically deficient in the extracellular 
superoxide dismutase are more susceptible to hyperoxia12151. Information about 
the effect of oxygen on the molecular regulation of human antioxidant enzymes is 
complex and far less understood than in experimental animals. Although the 
evidence that species from unicellular organisms to primates are capable of 
upregulating antioxidant genes in response to oxidant stress1216', the epithelium of 
the large airways of the normal human lung is not able to upregulate the major 
antioxidants with hyperoxia'13'. For example, in vitro studies with transformed 
bronchial epithelial cells exposed to hyperoxia for 48 hours show that hyperoxia 
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has no effect on the intracellular GPx mRNA and activity, or on other antioxidant 
enzymes such as Cu,ZnSOD, MnSOD or catalase'2"1 Similar to the intracellular 
antioxidant enzymes, eGPx expression in the airway is not increased in 
individuals exposed to 100% oxygen in vivo In contrast, we recently reported 
that exposure of chronic oxidant stress of cigarette smoke increases the levels of 
eGPx protein in the human lung epithelial lining fluid"66' Here, chronic cigarette 
smoke exposure is shown to induce eGPx mRNA in HAEC and AM, providing a 
mechanism for the increased protein levels in the epithelial lining fluid In 
contrast, chronic exposure of rat lungs to cigarette smoke does not lead to the 
induction of NOSH mRNA or protein levels'218' Similarly, NOSH expression is not 
increased in the airway of cigarette smoking individuals in this study 

As previously shown1691, NOSH is continuously expressed in HAEC of 
normal individuals, while lung macrophages do not tomcally express NOSH In 
this study NOSII expression in HAEC, is increased in all individuals exposed to 
100% oxygen in vivo We and others''19220' have shown that increasing inspired 
oxygen leads to increasing "NO in exhaled air from healthy individuals through 
kinetic effects on NOSII activity'219' Interestingly, while "NO may contribute to 
tissue injury, it has also been ascribed a protective antioxidant role against 
hyperoxic lung injury Specifically, inhaled "NO administered exogenously with 
hyperoxic gas mixtures protects against lung injury'22", while "NO synthase 
inhibitor in animals during hyperoxia results in increased toxicity and earlier 
death'222' Anti-inflammatory effects of "NO may be mediated by several 
mechanisms including inhibition of gene expression and secretion of pro
inflammatory cytokines'223224', or by protection against programmed cell death 
through mactivation of the proteolytic enzymes responsible for apoptosis, ι e , 
caspases'2251 Thus, endogenous "NO synthesis during hyperoxia may be an 
important early physiologic defense mechanism against oxygen toxicity 
However, high levels of "NO synthesis may also lead to RNS formation, e g , 
nitrated proteins, and accentuate tissue injury (,76410'', For example, the NOSII 
upregulation is causally linked to development of the acute tracheobronchitis in 
respiratory viral infections'227' 

Interestingly, previous reports have shown that GPx also function as a 
peroxymtnte reductases, preventing both oxidation and nitration reactions caused 
by RNS'228' In this context, "NO/RNS generating compounds and ROS generating 
compound all lead to eGPx induction in respiratory epithelial cells in vitro Taken 
together, the cigarette-smoke induction of eGPx mRNA in vivo is likely due to 
oxidative and/or mtrosative mechanisms Although in vivo hyperoxia did not 
induce eGPx mRNA, upregulation of eGPx in vitro occurs only after 24 hr of ROS 
exposure Thus, the 12 hr time of hyperoxia exposure may have been 
inadequate for eGPx induction Alternatively, although hyperoxia and cigarette 
smoke both lead to oxidant stress, the signaling mechanisms for activation is 
different'25822" In general, ROS regulate the expression of numerous genes 
through effects on several redox-sensitive transcription factors, such as nuclear 
factor KB (NF-KB) and activator protein (AP-1 J"531541 Hyperoxia activates NFKB 
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but decreases AP-1 in the lungs of rats exposed to hyperoxia for 24 hours'22'. In 
contrast, cigarette smoke activates AP-1 in human epithelial cells m vivo""*" 
Notably, the 5' flanking region of the eGPx gene contains a consensus DNA 
sequence element for AP-1 binding ,1"" Based upon this work and others"*"53'54', 
ROS and RNS induction of the eGPx mRNA may involve the activation of AP-1, 
while hyperoxia induction of NOSH may be related to NFKB"5 3 1. However, further 
studies are necessary to determine the signaling mechanisms involved in ROS 
and RNS induction of eGPx expression. 

Acknowledgments: 
The authors thank R. Dweik for bronchoscopic samples, H. DeRaeve for 

contribution to cloning eGPx cDNA, L. Kedes for ρΗΡγΑ-1, C Harris for BET1A, 
and J Lang for artwork 





Five 

REGULATION OF NO SYNTHESIS IN ASTHMA 

Published as: 
Molecular Mechanisms of Increased Nitric Oxide ("NO) in Asthma: 

Evidence for Transcriptional and Post-translational Regulation of NO Synthesis 
Fuhua H. Guo, Suzy A. A. Comhair, Shuo Zheng, Raed A. Dweik, N. Tony Eissa, 

Mary Jane Thomassen, William Calhoun, Serpil C. Erzurum 
Journal of Immunology 2000, volume 164:5970-5980. 

Reprinted with the permission 





66 Chapter five 

ABSTRACT 

Evidence supporting increased nitric oxide ("NO) in asthma is substantial, 
although the cellular and molecular mechanisms leading to increased "NO are not 
known Here, we provide a clear picture of the events regulating NO synthesis in 
the human asthmatic airway in vivo We show that human airway epithelium has 
abundant expression of NO synthase II (NOSH) due to continuous transcriptional 
activation of the gene in vivo Individuals with asthma have higher than normal 
"NO concentrations and increased NOSH mRNA and protein due to transcriptional 
regulation through activation of Statt NOSH mRNA expression decreases in 
asthmatics receiving inhaled corticosteroid, treatment effective in reducing 
inflammation in asthmatic airways In addition to transcriptional mechanisms, 
post-translational events contribute to increased "NO synthesis Specifically, 
high-output production of "NO is fueled by a previously unsuspected increase in 
the NOS substrate, L-argmine, in airway epithelial cells of asthmatic individuals 
Finally, nitration of proteins in airway epithelium provide evidence of functional 
consequences of increased "NO In conclusion, these studies define multiple 
mechanisms that function coordmately to support high level "NO synthesis in the 
asthmatic airway These findings represent a crucial cornerstone for future 
therapeutic strategies aimed at regulating "NO synthesis in asthma 
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1. INTRODUCTION 

Nitric oxide ("NO) is increased m exhaled air of asthmatic individuals and 
its levels return toward normal after treatment with corticosteroids'22923" However, 
the factors regulating "NO and its role in asthma are not known Studies suggest 
that "NO relaxes bronchial smooth muscles, inhibits inflammatory cell signaling 
proteins, or, conversely, contributes to airway inflammation and injury through the 
formation of toxic reactive nitrogen intermediates (RNI) <10''22'12J21 in general, the 
functional role of "NO will depend on its concentration, site of production, and 
association with other molecules or proteins The difficulty m elucidating the 
role(s) of "NO in asthma stems from the multiple functions of "NO, its production 
by different cell types, and its synthesis by multiple isoforms of "NO synthase 
(NOS)'2JJ' "NO is endogenously synthesized by NOS (EC 1 14 13.39)|233, These 
enzymes convert L-argmine to "NO and L-citrullme in a reaction that requires 
oxygen and NADPH'233' NOS I and -III, originally identified in neuronal and 
endothelial cells, respectively, depend on increases m calcium to bind calmodulin, 
which result m enzyme activation and picomolar levels of "NO production'233'. 
NOSH is inducible m diverse cell types by cytokines and contains calmodulin as a 
subumt, allowing the production of nanomolar levels of "NO at resting levels of 
intracellular calcium1233'. Immunostaming of human bronchial biopsies suggest that 
increased "NO in asthma may be related to NOSH expression'234 ̂  However, 
"NO biosynthesis is complex with multiple checkpoints, which include 
transcriptional, translational and post-translational regulatory mechanisms'2331 

Studies elucidating the mechanisms of increased "NO in asthma are essential for 
understanding the role of "NO in asthma and are prerequisite for the design of 
future therapy targeting "NO In this context, the current studies are aimed at 
defining the cellular and molecular mechanisms leading to increased "NO m 
asthmatic individuals 

2. MATERIALS AND METHODS 

Study Population 
Healthy, non-smoking control individuals (n=23) and asthmatic, non

smoking individuals (n=28) were studied. To be enrolled, asthmatic individuals 
must have shown a >14% increase in absolute forced expiratory volume in 1 
second (FEV,), either spontaneously or after bronchodilator within the year before 
enrollment, and have satisfied the definition of asthma'236' Asthma severity and 
temporal course m volunteers included mild intermittent and mild persistent 
asthma'236' Asthmatic individuals had not received oral or intravenous 
corticosteroids within the previous 6 months All asthmatic individuals used short-
acting inhaled ß2-agonists on an as needed basis, but did not use ß2-
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agonist medication on the day of bronchoscopic study. Seven asthmatic 
individuals were studied while using inhaled corticosteroid (1000 μg/day 
flumsolide for at least 3 weeks) Healthy control volunteers were no medication 
Exclusion criteria for both asthmatic and healthy control individuals included age 
over 65 years or under 18 years, pregnancy, HIV infection, history of respiratory 
infection in the previous 6 weeks, tobacco use within the past 5 years, and/or 
greater than 10 pack years of smoking. Additional exclusion criteria for control 
individuals included history of allergies, history of rhinitis and/or sinusitis, 
prolonged exposure to secondhand smoke at home or at work, exposure to dusty 
environments or known pulmonary disease-producing agents, history of lung 
disease, or history of recurrent episodes of breathlessness, chest tightness, 
cough and/or sputum production. Control volunteers were also excluded from 
participating if physical examination demonstrated signs of wheezing on forced 
expiration Pulmonary function testing for control and asthmatic individuals was 
performed on a spirometer (Spinnaker TL, Cybermedic Ine , Louisville, CO). The 
forced vital capacity (FVC), FEV, and ratio of FEV, to FVC (FEV,/FVC) were 
collected for each of three efforts. The study was approved by the Cleveland 
Clinic Foundation Institutional review board, and written informed consent was 
obtained from all individuals. 

Bronchoscopic studies 
Airway epithelial cells were obtained by bronchoscopic brushing of 

second-and third-order bronchi through a flexible fiberoptic bronchoscopy as 
previously described"3'. Because many of the studies described required large 
numbers of cells, not all studies could be performed on all samples The number 
of samples evaluated for each experiment is stated in the text Bronchoalveolar 
lavage (BAL) was also performed to recover epithelial lining fluid and 
inflammatory cells ι e , alveolar macrophages'69'. Briefly, three 50 ml ahquots of 
warm (370C) sterile saline solution were infused into segmental or subsegmentai 
bronchus and then aspirated back. "NO levels in bronchiolar gases were also 
measured during bronchoscopy as previously described'2'9'. The bronchoscope 
was advanced into the lung and real-time 'NO measurements were obtained at a 
rate of 20 samplings per second using a Teflon tube inserted through the working 
channel of the bronchoscope and connected to a chemiluminescence analyzer for 
detection of 'NO (NOA 280, Sievers, Boulder, Colorado) during a breath-hold11"'. 

Cytokine levels in the lung were evaluated using a segmental 
bronchoprovocation with antigen m atopic asthmatics and nonatopic healthy 
controls"64'. Antigens for bronchial challenge (ragweed, grass, cat, or D. fannae) 
had no detectable endotoxin (<0.006 ng/ml, Limulus Lysate, Biowhittaker). 
Antigen sensitivity was determined by skin testing as previously described'237' 
Antigen equal to the dose producing a 20% decrease in FEV, with whole lung 
antigen challenge was inserted into the right middle lobe subsegment during 
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bronchoscopy. BAL (two 60 ml aliquots of warm sterile saline) was initially 
performed at baseline m the lingula and after antigen treatment at 8, 24, and 48 
hours in the right middle lobe. Quantitative enzyme-linked immunosorbent assay 
(ELISA) for IFNy detection was purchased from Endogen (Cambridge, MA) 

Cell culture 
Airway epithelial cells obtained by bronchial brushing were cultured in 

serum-free Lechner and LaVeck media (LHC-8, Biofluids, Rockville, MD) on 
plates pretreated with coating media containing 29 μg/ml collagen (vitrogen from 
Collagen Corp., Palo Alto, CA), 10 μg/ml BSA (Biofluids), and 10 μg/ml fibronectm 
(Calbiochem)'692391 BET1A, a human bronchial epithelial cell line transformed with 
the T-antigen-containmg plasmid pRSV-T [a gift from C. Harris, National Cancer 
Institute'238', was cultured in serum-free Lechner and LaVeck media with additives 
0.33 nM retmoic acid and 2 75 μΜ epinephrine on plates precoated with coating 
media as described above. A549 cells, an epithelial cell line derived from lung 
adenocarcinoma [American Type Culture Collection (ATCC)], were cultured in 
Minimum Essential Media (MEM, Gibco, Grand Island, NY) with 10% heat-
mactivated fetal bovine serum (FBS) (2^9,. The mouse macrophage cell line 
RAW264.7 was cultured m Dulbecco's modified eagle media (DMEM, Gibco) with 
5% heated-inactivated FBS Recombinant human IL-1 β and TNFa were obtained 
from Genzyme (Cambridge, MA) 

RNA extraction and Northern blot analysis 
Total RNA was extracted and evaluated by Northern blot analyses as 

previously described or by slot-blot technique by application in duplicate of 0.5 μg 
of total RNA to n^jon membrane (Duralon, Stratagene)1131 The membranes were 
hybridized with a 'P-labeled 1.9 kb NOSH cDNA (pCCF21),69, or, as a control, with 
γ-actin cDNA (ρΗΡγΑ-Ι)'2131. Quantitation of NOSH mRNA relative to γ-actin was 
accomplished using a Phosphonmager (Molecular Dynamics, Sunnyvale, CA). 

NOSII mRNA transcription in airway epithelial cells 
The NOS II gene transcription rate was measured by nuclear transcription 

run-on analyses'2401. Nuclei were isolated from human airway epithelial cells 
freshly obtained or cultured for 8 hours in LHC-8. Nuclei were incubated with 
a-32P-labeled UTP (Amersham, 40 μΰι/μΙ) and ATP, CTP, and GTP (Boeringer 
Mannheim) and RNase inhibitor (Boeringer Mannheim) to label nascent RNA 
transcripts. The 32P-labeled RNA was purified on a RNase free Sephadex G-50 
quick spin column (Boeringer Mannheim) Quantitation of labeled nascent RNA 
was accomplished by application of DNA targets to nylon membrane (Duralon, 
Stratagene) using a slot-blot technique and hybridization with 32P-labeled RNA. 
The membranes were washed with buffer containing RNase A (5 μg/ml), RNase 
TI (5 units/ml), and proteinase Κ (50 μg/ml), respectively The DNA targets 
included plasmids containing NOSII cDNA (pCCF21), a human γ-actin cDNA1213', 
or, as a negative control, the plasmid pSK Bluescnpt (Stratagene) containing no 
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human DNA The relative NOS II gene transcription rate in freshly obtained or 
cultured human airway epithelial cells was quantitated relative to γ-actin by using 
a Phosphonmager (Molecular Dynamics) 

Reverse transcription-polymerase chain reaction (PCR) and segmental 
analysis of NOSH gene 

cDNA was reverse transcribed from total RNA extracted from freshly 
obtained airway epithelial cells using Moloney murine leukemia virus RNase H" 
reverse transcriptase, ohgo (dT) 1218 primer, and random hexamers (Gibco). 
cDNA was amplified by PCR using human NOSII-specific primers as previously 
described"68' for segmental analysi 
of the NOSH gene PCR products were separated by gel electrophoresis and 

evaluated by Southern analyses using 32P-labeled full-length human NOSH 
cDNA|2<,, 

Electrophoretic mobility shift assays (EMSA) 
Whole cell extract (WCE) from freshly obtained airway epithelial cells and 

untreated or cytokme-treated cell lines were prepared as previously described'2391 

The protein concentration was measured by the Coomassie protein assay 
(Pierce, Rockford, IL). The following oligonucleotides were used in this study the 
ΙΡΝγ activation site oligonucleotide (GAS, 5'- GCCTGATTTCCCCGA 
AATGACGGC-3') corresponding to human IFN regulatory factor-1 (IRF-1) 
promoter from -130 to -106 bp relative to the transcription start point1242', Stat 
binding element (SBE, 5'-GCTCTTCTTCCCAGGAACTCAATG-3') corresponding 
to secreted-type IL-1 R antagonist gene promoter from bp -254 to -231 relative to 
the transcription starting point1243', KB site (5'-AACTCCGGGAATTTCCCTGGCCC-
3') corresponding to human GRO α gene promoter from bp -82 to -60 sequence 
relative to the transcription start point"71'. Underlined sequences represent the 
consensus elements for GAS, SBE and KB respectively These oligonucleotides 
were synthesized by Operon (Alameda, CA) and end labeled with (γ-32Ρ) ATP by 
polynucleotide kinase. 

Detection of IRF-1, GAS-Stat1, and SBE-Stat6 binding complexes was 
performed as previously described'242243,. For NFKB activation detection, 32P -
labeled oligonucleotide (0 2 ng) was incubated with 5 μg of WCE protein in 25 μΙ 
final reaction volume containing 20 mM HEPES (pH 7 9), 5% glycerol, 50 mM 
NaCI, 1 mM DTT, 0 1 mM EDTA, 200 μg/ml BSA and 4 μg of polydeoxyinosmic: 
polydeoxcytidyhc acid (Amersham, Arlington Hts, IL). The binding reaction 
mixture was incubated at room temperature for 15 minutes before electrophoresis 
on 4% acrylamide gels in 0.25x TBE (22.3 mM Tris, 22.2 mM borate, and 0.5 mM 
EDTA). The gels were dried and analyzed by autoradiography. To demonstrate 
specificity of binding, competition was performed by adding unlabeled 
oligonucleotide at a 100-fold molar excess of 32P-labeled oligonucleotide probe in 
the binding reaction To specifically identify DNA binding proteins, 2 μg of rabbit 
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anti-p50 (NFKB), p65 (RelA) polyclonal antibodies (Santa-Cruz Biotechnology, 
Santa Cruz, CA), Stati monoclonal or polyclonal antibodies1242^', or rabbit anti-
State (Santa-Cruz Biotechnology) were added to the binding reaction mix and 
incubated for 20 minutes at 40C before adding the 32P -labeled oligonucleotide 

Western blot analyses 
Airway epithelial cells freshly obtained by bronchoscopic brushing from 

asthmatics and healthy controls were suspended in buffer (3 mM dithiothreitol, 5 
μg/ml aprotinm, 1 μg/ml leupeptm and pepstatm A, 0 1 mM PMSF, 1% NP40 and 
40 mM Hepes pH 7 5) and cell lysate prepared by three cycles of freeze/thaw 
Total protein was measured by using the Coomassie protein assay (Pierce) 
Lysate from A549 cells stimulated with 100 U/ml ΙΡΝγ, 10 ng/ml TNFa, and 10 
U/ml IL-1ßfor 72 hours was used as a positive control'69' Whole cell lysate 
protein was denatured and reduced by treatment with buffer containing 0 05 M 
Tris (pH 6 8), 1% sodium dodecyl sulfate (SDS), 10% glycerol, 0 00125% 
bromphenol blue and 0 5% ß-mercaptoethanol for 3 minutes at 95 C Total 
protein (50 μg/lane) was separated by electrophoresis on an 8% SDS-
polyacrylamide gel, and then electrophoretically transferred onto nitrocellulose 
(NitroBmd EP4HY315F5, MSI) for 2 hours at 40C Membranes were incubated 
with 1% BSA in TBS (20 mM Tns-HCI (pH 7 0) and 137 mM NaCI) with 0 1% 
Tween for 1 hour at room temperature to block nonspecific binding,othen with the 
primary anti-mtrotyrosme polyclonal antibody (1 2500) overnight at 4 C Following 
washing, a peroxidase conjugated secondary anti- rabbit IgG (1 5000 m 
1 %BSA/TBS-01 % Tween, NA934, Amersham) was incubated with the 
membrane for 1 hour at room temperature followed by washes with TBS-0 1% 
Tween The enhanced chemiluminescent system (Amersham Laboratories) was 
used for detection of signals To confirm specificity of mtrotyrosme antibody, free 
mtrotyrosme [3 75 mM, Sigma] was added to block staining with anti-mtrotyrosme 
As a control for protein loading, Western blot analyses for ß-actm were performed 
using a primary monoclonal anti-ß-actm antibody [clone AC-74 (A-5316), Sigma, 
St Louis, MO) Nitrotyrosme quantitation was accomplished by the ratio of 
relative densitometnc units of the multiple bands positive for nitrotyrosme to the ß-
actm band on Western blots using a Sierra Scientific resolution CCD camera 
(Sunnyvale, CA) and NIH Image 1 6 

Western blot analysis of cell lysate for NOSH was performed using a 
rabbit polyclonal primary antibody against the carboxyl-termmus of NOSH protein 
(Merck, Rahway, NJ) and a peroxidase-lmked species-specific donkey anti rabbit 
secondary antibody (Amersham) Quantitation of the NOSH relative to ß-actm was 
accomplished by the ratio of relative densitometnc units of the single NOSH band 
to ß-actm band on Western blots using a Sierra Scientific resolution CCD camera 
(Sunnyvale, CA) and NIH Image 1 6 Similarly, NOSI and NOSIII were evaluated 
by Western blot analyses using a polyclonal (rabbit) epitope purified anti-NOSIII 
antibody (PA1-037, Affinity Bioreagents Laboratories) directed against human 
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NOSIII peptide (ammo acids 1179-1194) at a dilution of 1 1000, and a polyclonal 
(rabbit) anti-NOSI antibody (PA3-032, Affinity Bioreagents Laboratories) directed 
against the calmodulin binding domain (ammo acids 724-739) of rat NOSI at a 
dilution of 1 5000 NOS antibodies were tested for cross-reactivity to 500 ng each 
of purified NOSI, NOSH, or NOSIII In addition, NOSH antibody specificity was 
also ascertained by blocking the antibody using N054 (1 μς/ητιΙ), a free synthetic 
peptide corresponding to the carboxyl-termmus of human NOSH (YRASLEMSAL-
COOH, Merck) as previously described'24'" 

Arginine and Citrullme analyses by high-performance liquid 
chromatography (HPLC) 

Two separate chromatography programs were employed to detect 
arginine or citrullme, but the same columns and fluorescence detector were used 
in each1^5246' HPLC/fluorescence detection analysis was conducted with a 
Perkm Elmer LC240 fluorescence detector and a Beekman HPLC system using 
an excitation wavelength of 340 nm and an emission wavelength of 455 nm for 
detection Ammo acid standards or lysate were mixed with a 4-fold volume of 
methanol, placed on ice for 5-10 mm, then centnfuged at 13,000 rpm for 2 mm 
The supernatant (20 μΙ) was mixed with 80 μΙ of o-phthalaldehyde (ΟΡΑ) 
reagent, and 50 μΙ injected by an autosampler Separation of ammo acid 
derivatives was conducted on a Hypersil 5, C18 column (125x4 0mm, 
Phenomenex), using a security guard column, [C18 (ODS, Octadecyl, 4mm L χ 
3 0 mm ID, Phenomenex) ΟΡΑ reagent (6 mM) was prepared fresh daily in 
0 1M sodium borate (Na2B407, Sigma) in H20 containing 1% ß-mercaptoethanol 
Ammo acids were separated using gradients formed from two degassed solvent 
mixtures consisting of solvent A and solvent Β For arginine detection, solvent A 
consisted of 5 mM ammonium acetate, pH 6 0, and methanol (4 1, v/v), and 
solvent Β was 100% methanol For citrullme, solvent A was comprised of 12 5 
mM sodium phosphate, pH 7 0, with 0 35% tetrahydrafuran, 10 5% methanol, 
and 4 5% acetomtnle, and solvent Β was 100% methanol For arginine, a flow 
rate of 0 5 ml/mm was used with gradient consisting of linear increase of solvent 
Β from 0-50% over 13 minutes, followed by linear increase to 100% over the 
next 2 minutes, then 100% Β for 3 minutes followed by decrease to 0% over 1 
minute Cell lysate (volume equivalent to total protein 2 μg) was injected on the 
column, and peaks were compared with authentic standards of arginine (20-80 
pmol, correlation coefficient of standard curves > 0 97) For citrullme, a volume 
equivalent to total protein of 10 μg was injected on the column, and peaks were 
compared with authentic standards of citrullme (0 31-10 pmol, correlation 
coefficient of standard curves > 0 97) 

Statistical analyses 
Continuous variables were summarized by group as sample size, mean, 

and SEM unless otherwise indicated Statistical comparisons were performed 
using ANOVA, Student's /-test, or Smith-Satterthwaite ί-test as appropriate 
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3. RESULTS 

Clinical characteristics 
Healthy control and asthmatic individuals were similar in terms of age, 

sex, and race (Table 1). Healthy control volunteers had no evidence of airflow 
limitation and asthmatics had mild degrees of airflow limitation as determined by 
ratios of FEVi to FVC (Table 1). 

Control Asthma 

Age, yr 
Sex, M/F 
Race, Caucasian/black/oriental 
FVC' %predicted 
FEV/ %predicted 
FEV/FVC' 

30 ± 3 
15/8 

18/4/1 
103 ± 4 
99 ± 4 
81 ± 2 

-CS 

31 ± 2 
14/7 

16/5/0 
89 ± 4 
80 ± 3 
76 ± 2 

+CS 

30 ± 2 
5/2 

5/2/0 
82 ± 5 
64 ± 4 
67 ± 3 

Table 1 : Characteristics of study population. Values are means ± SEM; -CS, not on 
inhaled corticosteroids; +CS, on inhaled corticosteroids; FEV,, forced expiratory 
volume in 1 s; FVC , forced vital capacity; FEV/FVC, ratio of FEV, to FVC; M, male, 
F, female. 1P<0.02; all other comparisons are not significant. 

Increased 'NO in asthma 
We have previously determined lung tissue levels of *NO in healthy controls 

by measures of 'NO in subsegmentai airway (bronchiolar) gases by 
bronchoscopy during a breath-hold maneuver, i.e., headspace gas'219'. 
Headspace "NO accurately reflects the concentration of "NO in liquids/tissues, 
since at atmospheric pressures over 97% of "NO is rapidly distributed from the 
liquid to the gaseous phase1219 247). In this study 'NO was measured in bronchiolar 
gases in the lower airway during bronchoscopy, while the individuals were 
instructed to breath-hold. Bronchiolar gas 'NO is significantly higher in asthmatics 
compared with controls ['NO (ppb): asthma, 24 + 2 (n=6); control, 6.7 + 0.3 (n=5); 
ρ < 0.01). 

Increased reactive nitrogen species in asthma 
Reaction of "NO and superoxide is rapid and produces peroxynitrite110"2481. 

Peroxynitrite or other RNI can lead to nitration of tyrosine, allowing nitrotyrosine to 
be used as a collective marker of reactions between "NO and reactive oxygen 
species (ROS) (1<Μ2''β'. We quantitated the extent of tyrosine nitration and 
evaluated the range of proteins nitrated by Western blot analyses using specific 
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anti-mtrotyrosine antibodies Multiple bands representing nitrated proteins are 
detected on Western blot analyses, which are blocked by free mtrotyrosme 
Increased mtrotyrosme is detected in asthmatic airway epithelial cells compared 
with controls [mtrotyrosme/β -actin asthma, 12 ± 1 (n=5), controls, 5 ± 1 (n=6), 
p=0 004) (Figure 1) The most prominent band in both healthy control and 
asthmatic cell lysates is at 44 kD and is increased in asthmatic epithelial cell 
lysates Interestingly, mtrotyrosme is nearly undetectable in airway epithelial cells 
from asthmatics using inhaled corticosteroids (Figure 1) These studies show that 
*NO is increasingly consumed by biochemical reactions m the lungs of asthmatics 
In the context of increased consumption, increased 'NO in bronchiolar gases 
strongly suggests that NO synthesis is increased in asthma 

NOSII protein expression 
To investigate *NO synthesis, NOS protein expression was evaluated 

byWestern blot analysis of airway epithelial cell lysates using specific anti-NOS 
antibodies NOSI and NOSIII are not detectable in airway epithelial cells by 
Western blot analyses (Figure 2A) However, a protein (131 kD) in the asthmatic 
and control airway epithelial cell lysates is detected using anti-NOSI antibody, 
which is similar in size to NOSII detected in positive control lysate from A549 cells 
stimulated with IFNy (100 U/ml), TNFa (10 ng/ml), and IL-1ß (10 U/ml) for 72 
hours (Figure 2B) Asthmatic airway NOSII expression is significantly higher than 
control [NOSII/ß-actm asthma, 0 60 ± 0 08 (n=6), control, 0 33 + 0 06 (n = 5), ρ < 
0 05] (Figure 2B) 

Arginine levels in airway epithelial cells 
The availability of intracellular arginine may regulate "NO synthesis ,2492531 

Quantitation of arginine by HPLC reveals that asthmatic airway epithelial cells 
contain over 3-fold higher levels of arginine than healthy controls [Arginine 
pmol/^g total protein (mean ± SD) control, 22 ± 3 (n = 3), asthma, 77 ± 16 (n = 
3), p=0 02] (Figure 3) Arginine and citrullme in BAL fluid and citrullme in airway 
epithelial cell lysates are not detectable (<0 3 pmol) Thus, post-translational 
mechanisms that support high output "NO synthesis are induced in asthma 
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Figure 1: Increased nitrotyrosine in asthmatic airway epithelial cells. Western blot 
analysis of nitrotyrosine in cell lysates (50 μg total protein/lane) of human airway epithelial 
cells obtained by bronchial brushing of healthy controls (lanes 1-3), asthmatics not 
receiving corticosteroid (-CS; lanes 4), and asthmatic before (lane 5) and following 3 
weeks of inhaled corticosteroid therapy (+CS) (lane 6). A range of nitrated proteins is 
seen, with increased nitration in asthmatic epithelial cell lysates. Western blot analysis 
using anti-human ß-actin is shown as control (lanes 7-12) 
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Figure 2: [A] Western blot analyses of NOSI and NOSIII in human airway epithelial 
cells (HAEC, 30 pg total protein /lane, lanes 2, 3, 7, 8, 11 and 12) and alveolar 
macrophages (AM, 120 μg total protein/lane, lanes 4, 5, 9, 10, 13, and 14) in healthy 
controls (C) and asthmatics (A) Higher amounts of alveolar macrophage total protein 
were loaded to detect potentially low levels of NOS Healthy or asthmatic epithelial 
cells and macrophages do not express NOSI (lanes 2 5) or NOSIII (lanes 7-10), 
although the positive control for purified NOSI (50ng purified protein, lane 1) and NOSIII 
(50ng purified protein, lane 6) are clearly present at the appropriate sizes Notably, 
NOSI antibody is not as specific as antibodies against NOSH or NOSIII and cross 
reacts with NOSH on Western blot analyses (lane 3, positive band at size appropriate 
for NOSI I) Analysis of β actin (lanes 11-14) demonstrates good integrity of protein and 
equal loading between epithelial cell samples and between alveolar macrophage 
samples [B] Increased NOSH expression in asthmatic airway epithelial cells in vivo 
Western blot analysis of NOSH in lysates of airway epithelial cells (50 μg 
of total protein/lane) obtained by bronchial brushing of healthy control (lane 1), or an 
asthmatic (lane 2) or from lysate of human lung epithelial cell Ime A549 stimulated with 
ΙΡΝγ, TNFoc and IL-1ß (lane 3), or in nonstimulated A549 as a negative control (lane 4) 
The specificity of human anti-NOSII antibody is confirmed by lack of cross-reactivity to 
purified bovine NOSIII (500 ng, lane 5), recombinant purified murine NOSH (500 ng, 
lane 6) Western blot analysis using anti-human ß-actm is shown as control (lanes 7-
12) 
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Figure 3: Increased arginine in asthmatic airway epithelial cells. 
Chromatograms of ΟΡΑ-derived airway epithelial cell lysate from [A] a healthy 
control individual, [B] an asthmatic individual, or [C] an ammo acid standard 
solution containing 32 pmol each of citrulline (Cit), N-hydroxy-argmine (NHA),and 
arginine (Arg). Ammo acids falling within peaks include, (a) glycmeand histidme; 
(b) taurine; (c) alanine, tyrosine, and NHA; and (d) arginine. 
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Increased NOSII mRNA in asthma 
To evaluate whether increased NOS II protein in asthma was related to 

increased NOSII mRNA expression, Northern blot analyses of total RNA from 
airway epithelial cells freshly obtained by bronchoscopic brushing and from 
alveolar macrophages obtained by BAL of asthmatics (n = 7) and controls (n = 9) 
were performed. NOSII mRNA is demonstrated in airway epithelial cells as a 
prominent signal at 4.5 kb using a 32P-labeled NOSII cDNA (pCCF21) with higher 
levels of NOSII mRNA in asthmatics [NOSII/ γ -actin mRNA: asthma, 0.62 ± 0.09 
(n =7); control, 0.27 ± 0.08 (n = 9); ρ < 0.01] (Figure 4). In murine systems, 
macrophages are a major source of "NO'2Ml. In paired samples of airway 
epithelium from bronchial brushing and human lung macrophages from 
bronchoalveolar lavage simultaneously obtained at bronchoscopy, abundant 
levels of NOSII are present in airway epithelium, but NOSII is not detected in 
macrophages by Northern blot analyses (Figure 4). 

- Control „ Asthma, 
'HAEC AM"HAEC AM' 

«M· 4NP 
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••«1 
13 14 15 16 

NOSII 
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Figure 4: Evaluation of NOSII mRNA expression in human airway epithelial 
cells (HAEC) and alveolar macrophages (AM). Northern blot analysis using a 
'"P labeled NOSII cDNA of total RNA (2 μg RNA/lane) from airway epithelial 
cells obtained by bronchial brushing from two healthy controls (lanes 1, 5), and 
two asthmatics (lanes 3, 7), or from alveolar macrophages obtained at the same 
time by BAL in healthy controls (lanes 2, 6), and asthmatics (lanes 4, 8). NOSII 
mRNA is present in asthmatic and control airway epithelial cells, but is not 
detectable in the paired alveolar macrophages (paired samples of epithelial 
cells and macrophages from individuals are enclosed by brackets). Human 32P-
labeled γ-actin cDNA hybridization is shown as a control (lanes 9-16). 
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Corticosteroids decrease NOSH mRNA in asthma 
Corticosteroids are able to inhibit the cytokine- and endotoxin-induced 

expression of NOSH in w'/ro'1,1?55256257). Interestingly, NOSH mRNA expression in 
asthmatics using inhaled corticosteroid (+CS) is less than in asthmatics not using 
inhaled corticosteroid (-CS) and is similar to that in healthy control individuals in 
this study (NOSII/y-actin mRNA: asthma +CS, 0.26 ±0.07) (Figure 5). Three 
asthmatics, evaluated in a pairwise fashion, have decreased NOSH mRNA 
expression following 3 weeks of inhaled corticosteroid use (Figure 5). These 
results suggest that the decreased NO and nitrotyrosine in asthmatics using 
inhaled corticosteroids are due to decreased NOSH gene expression. 
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Figure 5: Quantitation of NOSH mRNA expression in control or asthmatic airway epithelial 
cells in the absence and presence of inhaled corticosteroid. [A] Representative Northern 
blot analysis of NOSH expression in airway epithelial cells obtained from a healthy control 
(lane 1), and an asthmatic before corticosteroid (-CS, lane 2) and following 3 weeks of 
inhaled corticosteroid (+CS, lane 3) (2 μg total RNA/lane). Human ''Ρ labeled γ-actin 
cDNA hybridization is shown as a control (lanes 4-6). [B] NOSH mRNA expression in 
epithelial cells was quantitated in duplicate by a slot-blot technique using a32P-labeled 
NOSH cDNA or as a control γ-actin cDNA. Each point represents NOSH mRNA relative to 
γ-actin mRNA in a single individual. Asthmatic individuals studied in pairwise fashion 
before and after inhaled corticosteroid are connected by lines. NOSH mRNA in airway 
epithelial cells from asthmatics (-CS) is significantly higher than that in cells from controls 
or asthmatics (+CS). Asthmatics (+CS) are not significantly different from controls. 
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Alternative splicing of NOSH in airway epithelial cells 
mRNA regulation may be modulated at many points, including 

transcription, processing, and stability The human NOSH gene contains 26 
exons encoding a peptide of 1153 ammo acids12"2571 Recently, four sites of 
alternative splicing of the NOSH mRNA have been identified that lead to deletion 
of exon 5, exons 8 and 9, exons 9-11, or exons 15 and '\6(2'") In tissue culture 
cells, NOSH induction by cytokines and endotoxin results m an increase in 
alternatively spliced mRNA transcripts1241' Importantly, the regions encoded by 
exons 8 and 9 are highly conserved among NOSs, and are critical for NOS 
dimerization and subsequent synthetic activity'257' We evaluated asthmatic and 
healthy control airway epithelium for alternative splicing of NOSH mRNA Total 
RNA extracted from the asthmatic or control airway epithelial cells was 
transcribed to cDNA, and segmental analysis of the NOSH gene was performed 
by PCR using specific pnmers Southern blot analysis of PCR products show that 
alternatively spliced NOSH mRNAs are present, but are a minority of the NOSH 
mRNA m asthmatic and control airway epithelial cells (Figure 6) The majority of 
NOSH expressed in the airway is processed normally, resulting m full-length 
NOSH that is capable of NO synthesis 

Loss of NOSH expression in airway epithelial cells ex vivo 
Airway epithelial cells in vitro require stimulation with microbial products 

or cytokines to induce expression of NOSII"5323925"2*" TO investigate whether the 
high level of NOSH mRNA in asthmatic airway epithelial cells was dependent 
upon the airway milieu, airway epithelial cells from healthy or asthmatic individuals 
were studied ex vivo Each sample of airway epithelial cells obtained by bronchial 
brushing was divided into 2 aliquots, 1/2 of the sample was extracted for RNA 
immediately (time point 0 hr), and the remaining 1/2 was placed m culture with 
specialized serum-free media (LHC8) and extracted for RNA after 24 hours 
Similar to previous work'49', NOSII expression is lost m primary airway epithelial 
cells of healthy controls in culture (n = 4 paired samples, Figure 7) Despite the 
high levels of NOSII mRNA in the asthmatic airway epithelial cells, NOSII mRNA 
is not detectable by Northern blot analysis following 24 hours culture (n = 3 
paired samples) These data provide strong support that NOSII mRNA 
expression is dependent on factors and/or conditions related to the airway 
environment 
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Figure 6: Segmental analyses of NOSII mRNA in airway epithelial cells by RT-
PCR. Total RNA extracted from healthy control (lane 1), asthmatic (-CS) (lane 2), 
and asthmatic (+CS) (lane 3) were reverse transcribed to cDNA and amplified by 
PCR using Pfu DNA polymerase and specific NOSII primers subtending exon 5 [A], 
exons 8 and 9 [B], exons 9-11 [C], and exons 15 and 16 [D]. PCR products were 
separated by gel electrophoresis and evaluated by Southern blotting using a 32P 
labeled probe for full-length human NOSII cDNA [Α-D]. The expected sizes of 
amplification products of NOSII cDNA produced by constitutive or alternative 
splicing are indicated by thick and small arrows, respectively. Total RNA from 
individuals were also analyzed by Northern blot hybridization with 32P labeled NOSII 
cDNA [E] and, as a control, with 32P labeled γ-actin cDNA [F]. Alternatively spliced 
mRNA represent a minority of transcripts in all samples. Similar results were 
obtained in three separate experiments. 
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Figure 7: Loss of NOSII expression in the asthmatic airway epithelial cells placed ex 
vivo. Airway epithelial cells obtained by bronchial brushing were divided into two equal 
aliquots. RNA was extracted immediately from half of the cells, the other half was placed 
in culture for 24 hours followed by RNA extraction. NOSII expression detected by 
Northern blot analysis in freshly obtained asthmatic airway epithelial cells (0, lane 1) is 
lost following 24 hours culture (24 hr, lane 2). Loss of expression also occurred in 
healthy control airway epithelial cells in culture (0, lane 3; and 24 hr, lane 4). Human 32P 
labeled γ-actin cDNA hybridization is shown as a control (lanes 5-8). 

NOSII transcriptional rate in vivo 
Evidence in the literature and our previous work point to transcriptional 

regulation of NOSII mRNA'153239258259'. In this study the rate of NOSII transcription 
relative to γ-actin in vivo was compared with rates in vitro by run-on experiments 
using nuclei extracted from airway epithelial cells freshly obtained at 
bronchoscopy or after 8 hours culture. Active transcription of NOSII mRNA is 
present in airway epithelial cells in vivo, but transcription of NOSII in airway 
epithelial cells ex vivo decreases relative to in vivo levels [NOSII mRNA 
transcription relative to γ-actin mRNA (mean ± SD): freshly obtained human 
airway epithelial cells, 15 ± 4%; airway epithelial cells after 8 hours culture, 2 ± 
2%; n = 2 paired samples] (Figure 8). The rapid decrease in NOSII transcriptional 
rate ex vivo provides conclusive evidence that airway epithelial cells are 
dependent upon an in vivo factor(s) for expression and regulation of the NOSII 
gene. 
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Figure 8: Active NOSH transcription in human airway epithelial cells (HAEC) 
determined by nuclear run-on. Nuclei extracted from airway epithelial cells 
freshly obtained at bronchoscopy or after 8 hours culture were analyzed for 
NOSH transcriptional rate. 3;iP-labeled nascent nuclear RNA was hybridized to 
nylon membrane-bound DNA targets, including NOSH, γ -actin, and plasmid 
containing no human cDNA (pSK). Active NOSH gene transcription was 
detected in human airway epithelial cells in vivo, but the transcriptional rate 
decreased with culture ex vivo. 

Interferon γ (ΙΡΝγ) in BAL fluid 
IFNy is essential for NOSH expression in human primary airway epithelial 

cells in vitro'23S). In this study asthmatics have a trend towards higher IFNy in BAL 
fluid compared with healthy controls [p=0.06](Figure 9). IFNy in BAL fluid of 
asthmatics is significantly higher than that in healthy controls using a segmental 
bronchoprovocation model to mimic asthma exacerbation (all time points, p< 
0.03)(Figure 9). These results support that asthmatics have increased levels of 
IFNy, a cytokine crucial for NOSH gene expression0532382572681. 

We have previously shown that IFNyand IL-4 induce expression of NOSH 
in airway epithelial cells in culture that is dependent upon new protein synthesis 
and epithelial cell production of soluble mediators'238'. IFNy induces gene 
expression through the Janus kinase (JAK)-Statl pathway, which involves a 
tyrosine phosphorylation cascade'260261,. In this context, pretreatment with 
genistein, a tyrosine kinase inhibitor, prevents IFNY/IL-4 induction of NOSH 
expression in airway epithelial cells (Figure 10). Interestingly, genistein also 
prevents NOSH induction by the soluble mediators present in conditioned media 
of airway epithelial cells exposed transiently to IFNY/IL-4 (Figure 10). These data 
support an essential role of tyrosine phosphorylation signaling events in NOSH 
expression in human airway epithelial cells. 
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Figure 9: ΙΡΝγιη BAL fluid from control (η = 8) and asthmatic individuals (η = 9) at 
baseline and following segmental bronchoprovocation with antigen. BAL was 
obtained at baseline in the lingula and after antigen challenge in the right middle lobe 
at 8, 24 and 48 hours IFNy detected in BAL by quantitative ELISA are not 
significantly different between controls and asthmatics at baseline (p=0.06). 
However, with antigen challenge, asthmatic IFNy is significantly higher than the 
controls value at all other time points. 
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Figure 10: Inhibition of NOSH induction in airway epithelial cells in vitro by 
tyrosine kinase inhibitor, genistein. NOSH mRNA is not detected by Northern 
blot analyses in airway epithelial cells in vitro (lane 5), but is induced in airway 
epithelial cells exposed to IFNy (100 U/ml) and IL-4 (10 ng/ml) (lane 1). 
Conditioned media (CM) was derived from the overlying tissue culture media of 
airway epithelial cells treated with IFN γ (100 U/ml) and IL-4 (10 ng/ml) for 1 
hour, followed by removal and discarding of the cytokine-containing medium, 
vigorous washing of cells, and culture in fresh media for 23 hours. Transferable, 
soluble mediators present in CM also induce NOSH mRNA (lane 3). Genistein 
inhibits NOSH induction by IFN γ/ΙΙ_-4 (lane 2) and CM (lane 4). Genistein alone 
has no effect on NOSH mRNA expression (not shown). Human 32Ρ labeled γ-
actin cDNA hybridization is shown as control (lane 6-10). Similar results were 
obtained in three separate experiments using airway epithelial cells from 3 
healthy control individuals. 

Activation of signal transducers and activators of transcription (Stat) in 
airway epithelial cells 

To investigate the involvement of tyrosine kinase signaling and 

specifically JAK-Stat pathway activation in NOSH expression in asthma in vivo, 

EMSA of WCE from freshly obtained airway epithelial cells of asthmatics and 

controls was performed (Figure 11). Several cytokines implicated in the airway 

inflammatory reaction of asthma activate the JAK-Stat1 pathway'26026". While 
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IFNy using Stati, IL-4 activates State1260261' Binding complexes in airway 
epithelium are detected using the GAS element from the human IRF-1 promoter 
Stati is confirmed in the complex by anti-human Stati antibodies (Figure 11 A) 
Stati activation is increased in asthmatic airway epithelial cells compared with 
control [densitometric units of binding complex asthma, 46 ± 2 (n = 5), control, 
22 6 ± 0.6 (n = 6), ρ < 0.01]. A low level of State activation is also noted (Figure 
11 A) Using a Stat binding element (SBE) from secreted-type IL-1R antagonist 
gene as a probe to specifically detect State activation, EMSA confirms a very low 
level of State -containing complex in the cell lysates of the same individuals used 
for detecting Stati activation (data not shown) These data are compatible with 
our previous report that WCE from airway epithelial cells stimulated with IL-4 (10 
ng/ml) in culture for 15 minutes induced a very faint binding complex containing 
State'239' 

The signal transduction pathway through NFKB was also investigated by 
EMSA using NFKB binding element from the human GROa gene |2'"" (Figure 11B) 
Although cytokines that signal through NFKB may be increased in asthma, 
asthmatics in this study have low levels of NFKB activation m airway epithelial 
cells, similar to control values [densitometric units asthma, 126 + 4, (n = 5), 
control, 127 + 4 (n = 6), p>0 5]. 
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Figure 11 : Electrophoretic mobility shift analyses (EMSA) of Stati and N F K B activation 
in airway epithelial cells in vivo. EMSA of DNA-protein complexes were resolved on 
nondenaturing 6% Polyacrylamide gels, followed by autoradiography. [A] Detection of 
Stati activation. EMSA of WCE (5 μg protein/lane) of freshly obtained airway epithelial 
cells from a healthy control (lanes 5 -8), or an asthmatic individual (lanes 9 - 1 3 ) were 
performed using 32P labeled oligonucleotide containing the IRF-1 GAS element. As a 
positive control, EMSA with WCE from the transformed human airway epithelial cell line 
BET1A, not stimulated (NS, lane 1) or stimulated with ΙΡΝγ (100U/ml) for 30 minutes 
(lanes 2 - 4) were also performed. Unlabeled oligonucleotide IRF-1 GAS at 100-fold 
molar excess of ^P labeled oligonucleotide or anti-Stat1 polyclonal (pAb) or monoclonal 
antibodies (mAb) were added to the binding reactions as indicated to verify Stati protein 
in binding complexes. The arrow designates a binding complex containing Stati. Stati 
activation is noted in healthy controls, but is increased in asthmatic airway epithelium. 
Low level State activation is also noted (binding complex above Stati, arrow), and is 
similar in asthmatics and controls. [B] Detection of NFKTB activation. EMSA of WCE (5 μg 
protein/lane) of freshly obtained airway epithelial cells from a healthy control (lanes 6-9), 
or an asthmatic (lanes 10-13) were performed using 32Ρ labeled oligonucleotide containing 
the KB element. The mouse macrophage cell line RAW264.7, not stimulated (NS, lane 1) 
or stimulated with LPS (lanes 2-5) were used as negative and positive controls for NFKB 
activation in EMSA. Unlabeled oligonucleotide KB at 100-fold molar excess of 32P labeled, 
or anti-P50 ( N F K B ) or P65 (RelA) polyclonal antibodies (pAb) were added to the binding 
reactions as indicated to verify various RelA family binding complexes. Arrows designate 
binding complexes containing homodimers or heterodimers of Rel family (C1, P50 
containing complex; C2, P65 and P50 containing complex). NFKB activation is present at 
similar levels in healthy and asthmatic airway epithelial cells. 



88 Chapter five 

4. DISCUSSION 

These studies identify transcriptional and post-translational mechanisms 
regulating *NO synthesis in the human airway and quantitate 'NO consumption by 
oxidative reactions in airway epithelium in vivo More than one-third of the NO 
synthesized in biologic systems may be consumed by chemical reactions'2621 

Since "NO is freely diffusible, consumption of 'NO can occur at different sites 
within cells, extracellular fluids, or intravascular compartments of the lung,Ml. The 
presence of "NO reaction products e g , nitrite, nitrate, and S-nitrosothiol, in the 
lung epithelial lining fluid indicates that a significant proportion of the "NO 
produced is consumed by chemical reactions in the lung'2191. Abnormalities of "NO 
reaction products are present in asthma, as evidenced by decreased S-
mtrosothiol levels in tracheal aspirates from children with asthmatic respiratory 
failure"04'. S-mtrosothiols may function as a reservoir, or storage pool, for 
enzymatically synthesized "NO',<M, In theory, accelerated degradation of S-
mtrosothiols in the asthmatic airway may also contribute to increase "NO m 
asthmatic lungs and exhaled air. In addition to reaction with thiols, "NO reacts 
with ROS to generate toxic RNI"0'2''81. RNI modify tyrosine in proteins by a 
number of complex mechanisms to create mtrotyrosmes, allowing mtrotyrosme to 
be used as a collective marker of NO-ROS consumptive processes'""'2'"" In 
contrast to decreased S-mtrosothiols, increased mtrotyrosme in asthmatic airway 
epithelium has been inferred from immunostaming of lung biopsies1'™ In this 
study, we demonstrate increased mtrotyrosme in asthmatic airways compared 
with controls and show that a range of proteins is modified m the airway 
epithelium Recent in vitro studies have identified specific proteins modified by 
nitration and, in some cases, functional consequences'46' For example, free 
mtrotyrosme is incorporated into α-tubulin post-translationally in the lung epithelial 
cell Ime A549, which alters microtubule function, leading to changes in cell 
morphology and epithelial barrier function'461. Although the precise protein targets 
undergoing tyrosine nitration m the airway epithelial cells in vivo are not 
determined, these studies identify a specific pattern of nitrated proteins in airway 
epithelium that is increased in asthmatic airways. 

The concentration of "NO m any biologic system is a consequence of its 
rate of enzymatic formation and consumption/scavenging by other biomolecules 
In the context of increased scavenging of "NO by ROS, increased enzymatic 
synthesis is a likely mechanism for increased "NO levels in asthma. However, 
"NO biosynthesis is regulated at multiple levels m cells, ι e , NOS gene 
transcription, mRNA processing, protein expression and dimenzation, and 
enzyme reaction kinetics'233'. Immunostaming of lung tissue has suggested that 
NOS protein is increased in the airway epithelium of the asthmatic lung'2342351. In 
this study NOSH protein is present m control airway epithelial cells, but is clearly 
increased in asthmatic airways in vivo. However, NO synthesis is dependent 
upon post-translational modifications to generate active NOS. Specifically, NOSs 
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are synthesized as monomers and must dimerize to generate 'NO'2331. Recently, 
deletion of regions critical for NOS dimerization due to alternative splicing of the 
NOSH mRNA has been identified12571. In tissue culture cells, NOSII induction by 
cytokines and endotoxin results in an increase in both constitutively and 
alternatively spliced mRNA transcripts'24'257'. In contrast, we show that the 
majority of NOSII mRNA in airway epithelial cells in vivo are processed as full-
length transcripts. 

Enzyme catalyzed 'NO synthesis involves hydroxylation of arginine to 
generate N-hydroxyarginine, an enzyme-bound intermediate, which is then 
converted to citrulline. The intracellular concentration of arginine (several 
hundred μΜ) ,2492Μ2522ωι has been reported to far exceed the Km of the 'NO 
synthases (5-10 μΜ)"9,1'. In this context, it would seem unlikely that arginine is 
ever rate limiting to the enzyme. However, arginine administration drives NO 
synthesis in vivo and in cell culture systems'249250252263'. Independent of substrate 
effects, arginine may regulate enzyme reaction kinetics through effects on 
enzyme dimerization or influences on the reduction potential of the enzyme'2321. In 
addition, sequestration of arginine to regions in the cell that are poorly accessible 
to NOS may account for situations in which increasing arginine drives enzyme 
activity, even when arginine is available in apparent excess'266'. In support of 
these concepts, the kinetics of 'NO production by NOSII in activated 
macrophages over a range of arginine concentrations reveal a K,,, for arginine in 
intact cells of 73 to 150 μΜ'2652671. Intracellular arginine can be increased by de 
novo synthesis through regeneration from citrulline or transport from extracellular 
sources'250252263'. Arginine synthetic pathways and transporter systems are 
induced coordinately with NOSII induction in cell cultures. Argininosuccinate 
synthetase, the rate limiting enzyme in the synthesis of arginine, is induced by 
endotoxin and IFNy, suppressed by corticosteroids, and generally mirrors NOS 
induction in smooth muscle cells in vitro '251'. In this study, arginine is present in 
healthy control airway epithelial cells (=110 μΜ), while citrulline is not detectable. 
Importantly, arginine levels are increased > 3-fold in asthmatic epithelial cells, 
suggesting coordinate induction of the arginine synthetic pathways and/or cationic 
amino acid transporters to support a high rate of NO synthesis in asthma. 

Although translational and post-translational mechanisms are important in 
the regulation of "NO synthesis, NOSII is substantially regulated at the level of 
transcription"53258259'. As we and others have previously shown, healthy human 
airway epithelium in vivo expresses the NOSII gene continuously at abundant 
mRNA levels'69266'. Here, we show that the NOSII gene is actively transcribed in 
airway epithelial cells in vivo. Transcription of the NOSII gene is at 15% of the 
transcription rate of γ-actin, an abundantly expressed mRNA in the airway 
epithelium"3'. NOSII mRNA expression in asthmatic airway epithelium is higher 
than that in controls in vivo, but is not increased in asthmatics receiving inhaled 
corticosteroid. Inhaled corticosteroids are the most effective therapies for 
reducing inflammation in asthma. While the use of inhaled corticosteroids as a 
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first-line treatment in asthma has increased, little is known regarding the cellular 
and molecular mechanisms that contribute to the efficacy of inhaled 
corticosteroids in vivo Several studies have shown that inhaled or intravenous 
corticosteroids reduce exhaled 'NO'229231' In situ analysis of the asthmatic airway 
suggested that NOSH expression is reduced by corticosteroids"61 In general, 
mechanisms by which corticosteroids regulate NOSH gene expression in vivo are 
not known In vitro, glucocorticoids inhibit NOSH expression at multiple levels, 
including inhibition of gene transcription, reduction of mRNA translation, and 
increased degradation of NOSH protein'"2552561 Increased NOSH mRNA in 
asthma, which is downregulated by corticosteroid, supports an association 
between NOSH expression and airway inflammation 

Loss of NOSH expression in control and asthmatic airway epithelial cells 
ex vivo substantiates a critical link between airway conditions and/or factors in 
vivo and NOSH expression Induction of NOSH expression varies in different cell 
types, but typically is increased by cytokines''^23925425"2591 IFNy is crucial for 
induction of NOSH expression in airway epithelial cells in vitro ,2^9, IFNy signaling 
to gene expression begins with a specific receptor interaction and oligomenzation 
of receptor chains, causing a tyrosine kinase cascade Stati phosphorylation, 
dimerization and translocation to the nucleus are followed by binding to regulatory 
DNA elements to activate transcription of IFN-stimulated-genes'26026" We and 
others have shown that IFNy leads to Stati activation m primary human airway 
epithelial cells in culture'239269' In this study we show that tyrosine kinase inhibitor 
abolishes induction of NOSH in airway epithelial cells Recently, Stati activation 
has been demonstrated m the asthmatic airway by nuclear localization of Stati in 
airway epithelial cells, and demonstration of phosphorylation of Stati by Western 
Blot analyses of epithelial cell lysates'270' The Stati activation correlated with the 
induction of IFNy/Statl-stimulated-genes, including IRF-1 which has been 
identified as essential for NOSH activation in murine macrophages'254' In this 
study Stati activation quantitated by EMSA is present m controls, but is increased 
m asthmatic airway epithelial cell lysates In contrast to increased Stati activation 
in the asthmatic airway, other cell signaling proteins are not increasingly 
activated We show that Stat6 and NFKB activation are not increased in 
asthmatic airway compared with those in healthy controls Previous study has 
shown that Stat3 and AP-1 activation is not increased in asthma'"0' Stati 
tyrosine phosphorylation and translocation to the nucleus occur in response to 
many growth factors and cytokines including IFNy, IL-10, IFNa/ß, epidermal 
growth factor, platelet derived growth factor, granulocyte-macrophage colony 
stimulating factor, IL-6, IL-11, leukemia inhibitory factor, ciliary neurotrophic factor, 
Oncostatm M, growth hormone, prolactin, and colony stimulating factor-
2̂60 26,27,272, ^ ^ ^ ^ ^ ^^ ^ p r 0 |n f |a m m a t o ry effects in the lung In fact, 

IFNy mediates numerous anti-inflammatory effects, including inhibition of antigen 
and Th2-cell induced pulmonary eosmophiha and airway hyperreactivity'273' 
However, IFNy is also implicated m the pathobiology leading to airway 



Regulation of NO synthesis in asthma 51 

inflammation and hyperreactivity in asthma'"1 "^ For example, ovalbumin 
sensitized mice develop airway hyperresponsiveness dependent upon IFNy'27" 
Further, adoptive transfer of Th1 lymphocytes, which characteristically produce 
IFNy, increases airway inflammation in a murine model of allergic asthma127'" In 
this study IFNy levels are higher in asthmatic ELF than control ELF following a 
segmental bronchoprovocation with antigen The large number of IFNy/Statl-
stimulated-genes, including IRF-1, ICAM-1 and NOSH, are probably involved in 
the airway inflammatory events of asthma Collectively, these data provide strong 
support for Stati activation mediating NOSH gene expression m human airway 
epithelial cells in vivo 

NFKB activation and binding to KB DNA elements in the 5' flanking region 
of the NOSH gene play a role in the cytokine induction of NOSH in the human lung 
epithelial cell Ime A549 in vitro (15325β259' However, studies of NFKB activation in 
asthma are conflicting, perhaps in part due to the types of samples analyzed12702'51 

Expectorated sputum from asthmatics or pooled biopsies of asthmatic airways 
have shown increased NFKB activation compared with controls12751, while no 
increase in activation was noted by nuclear localization of NFKB in biopsies and 
bronchial brushings of asthmatic airway epithelium1270' Here, NFKB activation in 
asthmatic airway epithelial cells obtained by bronchial brushing is at levels similar 
to those in healthy controls Our results support that increased NFKB activation is 
not involved in the NOSH induction in asthmatic airways On the other hand, 
NFKB activation is present in control and asthmatic epithelia, and may contribute 
to the tonic expression of NOSH in the airway 

In conclusion, multiple mechanisms function coordmately to support high 
level NO synthesis in the asthmatic airway Human airway epithelium has 
abundant expression of NOSH due to continuous transcriptional activation of the 
gene in vivo We propose that increased NOSH gene expression in asthmatic 
airways is related to increased Stati activation caused by increased cytokines 
e g , ΙΡΝγ High levels of intracellular arginine may enhance enzyme reaction 
kinetics and drive NO synthesis Thus, airway epithelial cells have highly efficient 
NO synthetic machinery, which is amplified in airway inflammation These 
studies lay the groundwork for evaluating therapeutic strategies to decrease 'NO 
and RNI formation through inhibitors of arginine transport systems, specific 
inhibitors of NOSH, or antioxidant augmentation 
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ABSTRACT 
A critical first line antioxidant defense on the airway epithelial surface 

against reactive oxygen and nitrogen species (ROS and RNS) is extracellular 
glutathione peroxidase (eGPx). Little is known about the regulation of eGPx or its 
role in ROS-mediated lung diseases, such as asthma. Here, we show that eGPx 
is increased in asthmatic airway compared with healthy controls. Higher levels of 
eGPx mRNA in asthmatic airway epithelium verified bronchial epithelial cells as 
the source for increased eGPx. The eGPx mRNA in bronchial epithelial cells in 
vitro increased 8-fold following exposure to ROS and glutathione, an essential 
cofactor for eGPx activity. Alterations in intracellular and extracellular oxidized 
and reduced glutathione were temporally associated with eGPx induction, further 
supporting redox mechanisms in gene expression. In this context, 
overexpression of superoxide dismutase but not catalase inhibited induction, and 
identified superoxide as a key intermediary. The eGPx mRNA stability (half-life 
34±8 hrs) was not affected by ROS, suggesting a transcriptional mechanism for 
eGPx regulation. Fusion genes of deletion fragments of the eGPx gene 5' 
flanking region driving a reporter gene conclusively identified the ROS-responsive 
region, which contained the consensus DNA binding site for the redox-regulated 
transcription factor, activator protein 1 (AP1). 

In conclusion, these results show that eGPx is increased in asthma and 
provide clear evidence of transcriptional activation of the gene by superoxide 
which is strikingly augmented by glutathione. 
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1. INTRODUCTION 

The respiratory epithelium is frequently exposed to oxidants, whether 
inhaled as in cigarette smoke or air pollutants, or from reactive oxygen and 
nitrogen species (ROS, RNS) released from cells in lungs during airway 
inflammation Fortunately, the lung is endowed with an integrated defense 
system consisting of low molecular weight antioxidants such as glutathione and 
intracellular enzymes such as superoxide dismutase (SOD), catalase, and 
glutathione peroxidase (GPx) to protect against the toxic effects of oxidants 
generated within cells"63,64' However, a large portion of oxidative stress occurs 
on the extracellular surface of the lung epithelium. Thus, critical first line 
antioxidant defenses are located in the epithelial lining fluid (ELF). In this context, 
the ELF contains the highest concentrations of reduced glutathione (GSH) found 
in the body, and a specific secreted extracellular glutathione peroxidase (eGPx)'1" 
167,. GPx (EC 1 11 1 9) is a family of antioxidant enzymes that reduce hydrogen 
peroxide and/or lipid hydrogen peroxides by the oxidation of reduced glutathione 
or S-mtrosoglutathione (,^9276277,. The eGPx is genetically distinct from the classical 
cellular GPx, membranous phospholipid hydroperoxidase GPx, and the 
gastrointestinal form of GPx '1291. Lung cells are able to synthesize and secrete 
eGPx11321. However, remarkably little is known about the regulation of eGPx. 
Based upon the knowledge that ROS and RNS play a role in the regulation of a 
number of important genes"54 2782β0,, we hypothesized that increased oxidative 
stress leads to induction of eGPx in the lung. A number of studies show that 
increased generation of ROS and RNS occurs in asthmatic airways and plays a 
key role in the pathogenesis of asthma"112234?3528t284>. if e G p x expression is 
upregulated by ROS, we reasoned that eGPx would be increased m asthmatic 
lungs In the present study, we quantitate the eGPx protein and mRNA in the 
human asthmatic airway compared with healthy controls in vivo To define the 
redox mechanisms of eGPx regulation m the lung, the effect of ROS and GSH on 
the eGPx expression m bronchial epithelial cells is defined in vitro, and the 
5'flanking region of the eGPx gene necessary for transcriptional activation 
identified. The results show that eGPx is increased in asthma and provide clear 
evidence of the transcriptional activation of the gene by superoxide which is 
strikingly augmented by GSH. 

2. MATERIALS AND METHODS 

Study population 
To evaluate eGPx in the respiratory system in vivo, the study population 

included 22 healthy, nonsmoking individuals and 13 asthmatic individuals 
Exclusion criteria for the two groups included age under 18 years or over 65 
years, pregnancy, human immunodeficiency virus infection, and history of 
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respiratory infection in the previous 6 weeks, current tobacco use, prolonged 
exposure to second hand smoke at home or at work, or exposure to dusty 
environments Asthma was defined by the American Thoracic Society guidelines, 
including episodic respiratory symptoms, reversible airflow obstruction 
(documentation of variability of FEV, and/or FVC by more than 12% or 200cc 
either spontaneously or after 2 puffs of inhaled albuterol), and/or a positive 
methacholme challenge test (a drop m FEV, 20% or greater at the highest 
concentration administered) None of the subjects had a recent asthma 
exacerbation, hospitalization, or change in medications for 6 weeks prior to the 
study Finally, no subjects received systemic corticosteroids during the previous 6 
months or inhaled corticosteroid in the preceding 6 weeks The study was 
approved by the Cleveland Clinic Foundation Institutional review board, and 
written informed consent was obtained from all individuals 

Isolation of bronchial epithelial cells 
Individuals underwent bronchoscopy to obtain samples of bronchial 

epithelial cells with cytology brushings from second- and third -order bronchi with 
a 1 mm cytology brush (Microvasive, Watertown, MA) as previously described0631 

The brush sample was immediately placed in RPMI 1640 (GIBCO-BRL) and an 
aliquot was taken for cytology and cell differential determination RNA was 
extracted from cells as previously described'163' 

BAL fluid 
The BAL fluid was performed on all subjects, using bronchoscopy as 

previously described'166' The BAL fluid was filtered through a Y-blood filter (Drip 
Chamber pump Fhashball Divia, Baxter) and cellular components were separated 
by centnfugation [700 χ g for 10 minutes] Cells were washed once with Hanks 
balanced salt solution (GIBCO, Grand Island, NY) and counted with a 
hemacytometer A cell differential count was done after a Giemsa-type staining 
(Diff-Quick, American Scientific products, Stone Mountain, CA) Peripheral blood 
was obtained from study subjects on the same day as BAL Serum was 
extracted by centnfugation of the whole blood [1430 χ g for 10 minutes] Urea 
was determined in BAL fluid and serum using the Blood Urea Nitrogen (BUN 
ENDPOINT) reaction (Sigma) as previously described'166' Relative levels of ELF 
were estimated by using simple dilution principles relating to the urea 
concentration in serum and BAL fluid 

Immunohistochemical detection of nitrotyrosine 
Endobronchial biopsies from asthmatic and control individuals were used 

for immunostaming Tissues were fixed in 10% buffered formalin, embedded in 
paraffin and 5 μπι sections were placed on charged slides for 
immunohistochemistry The slides were incubated at 37 C with 0 01 mg/ml 
protease Κ for 15 mm Following wash with PBS containing 0 5 mM levamisole 
(Sigma, St Louis), the tissue was treated with 1% bovine serum albumin in PBS 
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to block nonspecific binding, then incubated for 2 hours with the primary 
polyclonal antibody directed against mtrotyrosme (Upstate Biotechnology, Lake 
Placid, NY) (1-150 diluted in 1% BSA/PBS). Following wash with PBS/0 5 mM 
levamisole, tissue was incubated with a biotm-conjugated secondary antibody 
(DAKO Carpmtena, CA) for 10 mm Because peroxidase dependent 
immunohistochemistry may give rise to artifactual protein nitration in tissue 
sections'9", an alkaline phosphatase method was used to detect mtrotyrosme m 
tissue sections Washing was followed by another 10 mm incubation with alkaline 
phosphatase-labeled stretavidm (DAKO Carpmtena, CA) Immunostammg was 
visualized with an alkaline phosphate substrate solution containing naphtol AS-
MX phophatase, Fast red, and levamisole in tris buffer (pH 8.2) (DAKO 
Carpmtena, CA) and counterstamed with the nuclear stain, hematoxylin (Sigma, 
St Louis) Negative control experiments involved immunoabsorption of 
mtrotyrosme antibody with 3.5 mM mtrotyrosme (Sigma, St Louis) before 
incubation with tissue sections or incubating the section with PBS instead of the 
primary antibody. 

Extracellular glutathione peroxidase protein (eGPx) 
eGPx protein was measured by an enzyme-linked immunosorbent assay 

(ELISA) (Calbiochem, La Jolla, CA). This method is based on a sandwich-type 
immunoassay, and is specific for eGPx. The eGPx protein concentration present 
m BAL fluid was based on 4-parameter curve fit generated from known standard 
concentrations of eGPx. 

Cell culture 
BET1A, a human bronchial epithelial cell line transformed with the T-

antigen-contammg plasmid pRSV-T (a gift of C. Harris, National Cancer Institute, 
Bethesda, MD), was cultured m serum-free Lechner and LaVeck medium (LHC-8, 
Biofluids, Inc., Rockville, MD) with additives 0.33 nM retinole acid, 2.75 μΜ 
epinephrine and the antibiotic combination, 1% penicilline/streptomycin, on plates 
precoated with coating media containing 29 Mg/ml collagen (Vitrogen: Collagen 
Corp., Palo Alto, CA), 10 μg/ml bovine serum albumin (Biofluids, Rockville, MD), 
and 10 μg/ml fibronectm (Calbiochem, La Jolla, CA) for 5 mm'1651 Human airway 
epithelial cells (HAEC) obtained by bronchial brushing were cultured in serum-
free Lechner and LaVeck media (LHC8) on plates precoated with coating media 
as described above. Primary HAEC cultures of passages 0-2 were used in 
experiments To evaluate the response to ROS, the cells were stimulated at 70% 
confluence with the intracellular superoxide producing agent, pyrogallol1282' (J Τ 
Baker Ine, Phillipsburg, NJ), hydrogen peroxide (Sigma, St Louis) and/or reduced 
and oxidized glutathione, m a dose and time dependent manner. 
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Northern blot analysis of eGPx expression 
Total RNA from BET1A-cells or epithelial cells freshly obtained by 

bronchoscopic brushing of control and asthmatic airways was extracted by the 
GTC [(4 M guamdium thiocyanate, 25 mM sodium citrate pH 7.0), 0.5% sarkosyl, 
and 0.1 M ß-mercaptoethanol]-CsCI gradient method and evaluated by Northern 
blot analysis using a 32P-labeled eGPx probe (pCCF33), or as control GAPDH 
cDNA probe W), and then subjected to autoradiography. Quantitation of eGPx 
mRNA relative to GAPDH mRNA was accomplished using a Phosphor-lmager 
(Molecular Dynamics). 

Infection of BET1A cells with adenoviral vectors containing human 
Cu/ZnSOD [AdSOD] or catalase cDNA [AdCL] 

BET1A-cells at 50% confluence were infected with AdSOD, AdCL or 
AdNull at 10 multiplicity of infection (MOI) per cell as previously described "Jl and 
exposed to 100 μΜ pyrogallol and 10 mM GSH for 24 hours. 

eGPx mRNA half-life 
To determine the half-life of eGPx mRNA, BET1A cells, not stimulated or 

stimulated with GSH/pyrogallol for 24 hours, were exposed to actmomycin D to 
inhibit new RNA synthesis The cells were subsequently harvested at different 
time points to evaluate eGPx mRNA 

Characterization of the 5'flanking region of the human eGPx gene 
A 1003 base pair eGPx promoter fragment was isolated from human lung 

DNA by using PCR with primers based on the known sequence of eGPx""", than 
cloned into enhancer pGL3 vector (Promega) and sequenced using a Sequenase 
2.0 (United States Biochemical) and/or using a 373 DNA sequencing system 
(Applied Biosystems) To identify more of the 5' flanking region of the gene, a 
rapid PCR-based human GenomeWalker method (Clontech, Palo Alto, California) 
was used. PCR was performed using the following two nested reactions (F, 
forward primer; R, reverse primer)· R-AP1, adaptor primer (Clontech) and F-
eGPxl (S'ACTGAGTGGGAAACCCAGCAAGGC 3') for the first PCR, and R-AP2 
(Clontech) and F-eGPx2 (S'CTATCTGTGGCCAAACCACCTGGC 3') for the 
nested reaction The 2402 bp product was hgated to the known 1.2 kb eGPx 
promoter fragment using an internal Apa I site. The resulting 3202 bp fragment 
was cloned into the Sma I and the Mlu I site of the enhancer pGL3 vector 
(Promega). Deletion constructs p-52 , p-252, p-443 and p-652 were made by 
PCR, using the same downstream primer R-eGPx-12 
(S'ATTGCAAGCTTCCGCGGCCAAGCCGAGACC 3') with a Hind III site 
incorporated (underlined). A Xho I site (underlined) was included m each of the 
5'-primers. 

p-52. S'ATTCCTCGAGCCTTGCCCTGGCTGTAATGG 3' 
p-252: S'ATTCCTCGAGCCCAGGACACCCACTCTTTG 3' 
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p-443 5'ATTCCTCGAGGTTTTCCTTGAGTCTTTGGG 3' 
p-652 S'ATTCCTCGAGGAGGCCCAGAGAGTAACTGC 3' 
Each truncated segment was cloned into the pGL3-enhancer reporter vector 
This vector contains an SV40 minimal promoter that drives the expression of the 
luciferase reporter gene Sequencing confirmed identity of all constructs 

DNA transfection 
Transfections m BET1A cells were accomplished using Liposome 

(DOTTY, from Boehnnger Mannheim) and 2 5 μg plasmid To normalize 
transfection efficiencies, a plasmid expressing remila luciferase (Promega) was 
co-transfected with the test plasmid m each experiment The cell extracts were 
prepared and firefly luciferase activity was measured The luciferase assay was 
performed with Dual-Luciferase Reporter Assay protocol provided by Promega, 
and the activity normalized to remila luficerase 

Statistical analysis 
All data are expressed as the mean and SD unless otherwise indicated 

Statistical comparisons were performed using Student's i-test or analysis of 
variance (ANOVA) 

3. RESULTS 

Clinical characteristics 
Healthy control and asthmatic individuals were similar m terms of age 

[yr, mean±SEM control 41 ±4, asthma 39±3, p>0 05) Pulmonary function testing 
showed no difference in airflow limitation between groups, although asthmatics 
had positive methacholme challenge and/or evidence of spontaneous airway 
reactivity [forced vital capacity (FVC % predicted) mean±SEM control, 103±6, 
asthma, 97±4, forced expiratory volume m 1 sec (FEV, % predicted), 
mean±SEM control, 99±6, asthma, 93±4, FEV/FVC, mean±SEM control, 79±2, 
asthma, 78±1, all p>0 05] Bronchoscopy was performed on all individuals 
without complications 

Nitrotyrosine in asthma 
Asthma is associated with an increase of ROS and RNS We evaluated 

the nitration of protein tyrosine residues in the lungs of asthmatic individuals as a 
collective marker of ROS and RNS Immunoreactivity for nitrotyrosine was 
positive in the airway epithelial cells in asthmatic airways (Figure 1) There was 
no staining in the stroma or in seromucous glands As previously shown 
„,,2 23.235 282 286,̂  ^ ^ r e s u | t s s u p p 0 r t t h e presence of ROS and RNS within airway 

epithelial cells of asthmatics 
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Figure 1: . Nitrotyrosine staining of asthmatic bronchial mucosa. Cytoplasm of bronchial 
epithelial cells shows positive immunoreactivity to nitrotyrosine (red; arrowhead); (g) goblet 
cell; (bm) basement membrane [40x; hematoxylin counterstaining] 

Increased eGPx in BAL fluid 
Recovery of BAL fluid and airway cells from asthmatic individuals were similar to 

controls (p>0.05). The predominant cells obtained by BAL were >96% 
macrophages and the cell differential counts were similar for the two groups 
(p>0.05). The eGPx protein was 2 fold-increased in ELF of asthmatic individuals 
[eGPx μg/ml ELF: controls, 6±1; asthma, 11±1; p=0.02; (Figure 2A)], although total 
protein levels were similar between the groups [protein μg/ml ELF: controls, 69±22; 
asthma, 76±18; p=0.81]. 

Upregulation of eGPx mRNA 
To investigate the mechanisms leading to increased eGPx protein, eGPx mRNA 

expression was evaluated by Northern blot analysis of total RNA from airway 
epithelial cells freshly obtained by bronchoscopic brushing of healthy controls (n=17) 
and asthmatic individuals (n=6). The predominant cells obtained by bronchial 
brushing were epithelial cells, with ciliated cells comprising the majority of the 
epithelial cell type. eGPx mRNA was present as a prominent signal at 1.9 kb using 
a ^P-labeled eGPx probe (pCCF33). Strikingly asthmatic individuals had over 2.4-
fold higher levels of eGPx mRNA than that of controls [eGPx mRNA/ GAPDH 
mRNA: controls, 6±1; asthmatic individuals, 14±3; p=0.009] (Figure 2B). Based 
upon these results, we reasoned that elevated 
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eGPx protein in BAL fluid was due to oxidant induction of eGPx gene expression. 
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Figure 2: [A] Increased eGPx in ELF of asthmatic individuals. eGPx is present in healthy 
control ELF, but is present at higher levels in ELF from asthmatic lungs (p=0.02). Each 
circle represents eGPx level of a single individual; mean and SEM are shown in text. [B] 
Increased eGPx mRNA expression in human airway epithelial cells of asthmatic 
individuals. Representative Northern blot analysis of total RNA (10 μς RNA/lane) from 
airway epithelial cells obtained by bronchial brushing from two healthy controls (lanes 1,2) 
and two asthmatic individuals (lanes 3,4) using a ^P-labeled eGPx cDNA reveals higher 
eGPx mRNA in asthmatic airway epithelium than controls. GAPDH is shown as a control 
for RNA integrity and loading (lanes 5-8). 

Reactive oxygen species induce the eGPx expression 
To investigate whether induction of eGPx was related to ROS, BET1A cells or 

HAEC were exposed to various ROS in vitro. Northern blot analysis showed that 
both BET1A and HAEC express the eGPx gene in culture withhigher eGPx 
mRNA levels in HAEC [eGPx mRNA/ GAPDH mRNA: cultured HAEC, 17±4; 
BET1A, 1.310.4]. Furthermore, eGPx mRNA transcripts in BET1A cells 
increased after exposure to the oxidative stress of pyrogallol (100 μΜ, p<0.001) 
(Figure 3). Hydrogen peroxide modestly increased the eGPx expression by 2-
fold [eGPx mRNA/ GAPDH mRNA relative to baseline; 10 μΜ, 1± 0.08; 25 μΜ, 
1.02±0.09; 50 μΜ, 1.3±0.2; 100 μΜ, 1.910.2; (p=0.001)]. Similarly, primary HAEC 
exposed to pyrogallol (24 hrs) have increased eGPx mRNA [eGPxmRNA/ 
GAPDH mRNA relative to basal expression : 0.1 μΜ, 
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1.2±0.05; 1 μΜ, 2.6±0.8; 10 μΜ, 1.7±0.5; (p=0.01)]. Thus, eGPx gene 
expression is increased in human bronchial epithelial cells in response to ROS. 
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Figure 3: Induction of eGPx mRNA in transformed bronchial epithelial cells (BET1A) by 
ROS. BET1A cells were exposed to the superoxide-generating compound, pyrogallol (Ο
Ι 00 μΜ), for 48 hours. The representative Northern blot analysis of total RNA (10 
μg/lane) demonstrates increase of eGPx mRNA with 100 μΜ pyrogallol (lane 4). GAPDH 
is shown as a control. Relative units of eGPx mRNA/GAPDH are summarized in the 
graph, with means and SD demonstrated. 

Effect of GSH and pyrogallol on the eGPx mRNA 
GSH is an abundant antioxidant in the intracellular and extracellular lung 

compartments, and an essential cofactor for eGPx reactions ,167130,. The redox 
state of GSH is one indicator of the oxidizing state intracellularly, and may play a 
role in the regulation of eGPx expression. Pyrogallol (100 μΜ) rapidly decreased 
intracellular GSH in BET1A followed by a significant increase in GSH at later 
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mepomts (p=0.002) (Figure 4). Intracellular GSSG increased at 30 min followed 
by a decrease to baseline over 48 hours (Figure 4). 

Figure 4: Time course of changes in GSH and GSSG induced by pyrogallol in cultures of 
BET1A cells. BET1A cells were exposed to 100 μΜ of pyrogallol and harvest at different 
times. Supernatant (upper panel) and cells (lower panel) were harvested simultaneously 
for determination of GSH and GSSG in the extracellular and intracellular compartments 

Levels of GSH in culture (mM) are several orders of magnitude lower in 
comparison to physiologic levels (mM) <1661, thus we supplemented GSH in tissue 
culture media to investigate effects of ROS in more physiologic conditions. The 
10 mM levels of GSH alone had no effect on the eGPx gene expression. 
However, combination of pyrogallol with GSH strikingly augmented the eGPx 
gene induction (p<0.001) (Figure 5). 
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Figure 5: Potentiation of ROS induction of eGPx by GSH. BET1A cells were cultured in the 
presence of combinations of pyrogallol, GSH and GSSG. The representative Northern blot 
analysis of total RNA (10 μg/lane) demonstrates that the combination GSH/pyrogallol 
significantly increased the eGPx mRNA expression (lane 6). Relative units of eGPx 
mRNA/GAPDH are summarized in the graph. 

Overexpression of SOD abrogates eGPx mRNA induction 
To determine the primary ROS, i.e., superoxide or hydrogen peroxide involved in the 
induction of the eGPx gene, we infected the BET1A cells with adenovirus expressing SOD 
(AdSOD) and/or catalase (AdCL) (2I4). Null virus (AdNull) or AdCL did not prevent 
induction of eGPx in BET1A cells. In contrast. 
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the eGPx mRNA induction was significantly inhibited by AdSOD (p=0.02) (Figure 6). 
These data suggest that eGPx gene induction is dependent in part upon intracellular 
superoxide levels. 
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Figure 6: Inhibition of eGPx mRNA induction by adenovirus-mediated transfer of Cu, ZnSOD. 
Cells were incubated with the control adenovirus (AdNull), vector encoding the human catalase 
cDNA (AdCL), or vector encoding the human Cu,Zn-SOD cDNA (AdSOD), at MOI of 10 PFU/cell 
in the presence or absence of GSH and Pyrogallol for 24 hours. eGPx expression was 
evaluated by Northern blot analysis (10 μg/lane). eGPx mRNA normalized to GAPDH is 
summarized relative to maximal induction by GSH and pyrogallol. 
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eGPx mRNA half-life 
Since increases in mRNA may occur at the level of transcription or RNA 

stability, eGPx mRNA stability was evaluated in BET1A cells. Actinomycin D 
(AD), an inhibitor of RNA synthesis, prevented pyrogallol induction of eGPx 
mRNA supporting a transcriptional mechanism [eGPx mRNA/GAPDH relative to 
baseline eGPx expression (mean±SD): pyrogallol, 2.7±0.02; pyrogallol and 
AD,0.8±0.07; p=0.001 (Figure 7A)]. The eGPx mRNA half-life determined in 
BET1A cells was prolonged but not affected by ROS [half life: unstimulated, 34±8 
hrs; GSH/pyrogallol stimulation, 32±9 hrs (Figure 7B)]. Based upon these results, 
we investigated the regulation of eGPx transcription. 
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Figure 7: ΓΑ1 Half-life of eGPx mRNA in BET1A cells. [A] BET1A cells were cultured in 
the presence and absence of actinomycin D (3 μο/πιΙ) and stimulated with 100 μΜ 
pyrogallol for 24 hours. Total RNA (10 μg/\ane) was subjected to Northern blot analysis 
with ^P-labeled eGPx cDNA and GAPDH cDNA as a control for RNA loading (lanes 4-6). 
Exposure to pyrogallol with AD (lane 2) shows no induction of the eGPx gene, whereas 
pyrogallol (lane 3) alone induces eGPx mRNA. [Β] BET1A cells cultured in the absence 
(open circles) or in the presence of GSH (10 mM) and pyrogallol (100 μΜ) (closed circles) 
for 24 hours. Cells were collected at indicated time (hrs) after addition of actinomycin D 
(3 μο/πιΙ) to block new mRNA synthesis, and determine the mRNA levels. 
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Total 5' flanking region of eGPx 
The comparison of the known part of the eGPx promoter with our eGPx 

promoter shows several differences in ammo acid sequence (Figure 8). 
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Figure 8: The difference in the known eGPx promoter and our clone of eGPx promoter 
The upper base sequence is our sequence 

To investigated the regulation of the eGPx gene, we cloned and 
sequenced approximately 3kb of the 5' flanking region of eGPx. The total 
sequence is presented and submitted to Genbank (Figure 9). 
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Figure 9: Total nucleotide sequence of the 5' region for the human eGPx gene 
Transcription start point (TSP ) is marked by an arrowhead at nt +1 The boxes shows 
the consensus sequence for activator protein 1 (AP1), TATA boxes and NFkB 
transcription factors 

Analysis of 5'flanking sequence of the human eGPx gene defines region of 
promoter responsible for gene activation 

Comparison of the 5'flanking region of eGPx promoter with the known 
sequence (10) revealed 15 insertions, 7 deletions and 4 mismatches (Genbank 
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database Accession # AF285633) To test whether the eGPx promoter was 
responsible for ROS-mducibihty, a genomic fragment of 3.2 kb, including 5'-
upstream sequences and part of the cDNA sequence, was placed 5'-upstream to 
a firefly luciferase reporter gene and its capacity to direct firefly luciferase 
synthesis was compared with a series of deletion mutant constructs m BET1A 
cells Cells were transfected and exposed to oxidant stress of pyrogallol in 
combination with GSH for 24 hours All constructs had low levels of promoter 
activity in the absence of ROS Strikingly, the region between -1003 bp and - 652 
bp led to 45-fold increase in the eGPx promoter activity with ROS (Figure 10) 
Interestingly, this region contained an AP1 responsive site In contrast, constructs 
containing less than -652 bp showed no response to ROS 
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Figure 10: Promoter activity of the eGPx gene 5' flanking region Levels of firefly 
luciferase expression by fusion gene constructs of eGPx 5'-flanking region and a 
luciferase reporter gene are shown relative to the expression of the remila luciferase 
reporter gene Each point is the average of 3 independent transfection experiments 
Promoter function analyses were carried out with BET1A cells incubated with and without 
GSH/Pyrogallol stimulus Normalized luciferase activity is summarized in the graph. 

4. DISCUSSION 

The airway epithelium is an important cellular barrier between the lung 
parenchyma and the surface epithelial lining fluid Therefore, these cells are 
immediately and directly exposed to any change in the redox environment on the 
airway surface, which make them especially susceptible to environmental 
oxidative damage. The presence of eGPx and other extracellular antioxidants on 
the airway surface undoubtedly protect the lung from external oxidizing damage 
Similarly, eGPx serves an important antioxidant role in many other extracellular 
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surfaces and spaces'791311:M212286287, Specifically, the eGPx transcripts have been 
demonstrated m epithelial cells with well-developed brush borders, e g visceral 
yolk sac, the intestine, and the S1 and S2 segments of the renal tubules n3?,35?121 

The human airway epithelium expresses and secretes eGPx into the apical 
surface lining fluid"32' We have recently shown that eGPx m ELF obtained from 
lungs of cigarette smoking individuals is higher than that of nonsmoking controls, 
suggesting that the airway has the capacity to increase eGPx in response to 
inhalation of exogenous ROS1166' Here, increases of eGPx are demonstrated in 
asthmatic airways, which have increased endogenous generation of ROS 

Asthma is a condition characterized by chronic airway inflammation 
,„1?,66234̂ 2812821 | n f | a m m a t o r y a n c ) epithelial cells in asthmatic lungs generate 
increased amounts of ROS, which correlate with the disease 
severity""2 3"6' , 6 2 2"2 , 2 2 2 , , Asthmatics also have increased 'NO and RNS in the 
airway due to increased "NO synthesis by epithelial cells 'NO and superoxide 
rapidly react to form RNS which modify tyrosine in proteins by a number of 
complex mechanisms to create mtrotyrosme, allowing mtrotyrosme to be used as 
a collective marker of RNS and ROS1 7 9 '0 4 2 3 5 2 8 5 ' Similar to previous reports'2342351, 
immunostaming of endobronchial biopsies of asthmatic individuals in this study 
revealed positively for mtrotyrosme in the epithelial cells Interestingly, despite 
clear increase of oxidative and mtrosative stress in the asthmatic airway, 
intracellular antioxidant enzymes are not increased"63'641661 In fact, asthmatic 
lung cells have catalase and GPx levels similar to that of controls, and decreased 
levels of SOD'162164' Although eGPx protein is increased in asthmatic ELF in this 
study, previously total GPx activity in asthmatic ELF has not been different from 
controls"66' This may reflect that eGPx accounts for only 57% of the total GPx 
activity in ELF, with the remainder of activity derived from cellular GPx(132) 

Furthermore, 'NO, which is increased m asthma, is capable of inactivating GPx 
(100) 

Expression of eGPx mRNA in bronchial epithelial cells in healthy controls indicate 
that eGPx synthesis and secretion into ELF occurs in part by the bronchial 
epithelial cells Furthermore, the striking increase of eGPx mRNA in asthmatic 
bronchial epithelial cells provide clear evidence that these cells are also the 
source of the increased eGPx in ELF Parallel to in vivo findings, bronchial 
epithelial cells significantly increase eGPx mRNA expression in response to 
increased intracellular or extracellular ROS in vitro Rapid changes in GSH and 
GSSG in cells and in the overlying supernatant occur following ROS exposure, 
verifying alterations in the redox environment Similarly, we and others have 
reported alterations of GSH and GSSG in asthmatic airways "63,65209l Rapid 
induction of intracellular GSH is a response to oxidative stress l2Bβ2θ9,, and a critical 
determinant of cellular tolerance to oxidizing environments12901 In the present 
study, exposure to pyrogallol caused a transient depletion of GSH followed later 
by a prolonged elevation in intracellular GSH levels Other studies have shown 
that ROS increase GSH through induction of γ-glutamyl cysteine synthetase (γ-
GCS), the rate-limiting enzyme of GSH biosynthesis"562891 Other protective 
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responses to oxidative stress include uptake of GSH into cells"23'2'", and export of 
the oxidized form to overcome an accumulation of GSSG within the cytosol 
Bronchial epithelial cells in culture appear to use similar protective strategies 
against oxidative injury in this study Since glutathione is a critical cofactor for 
eGPx activity, coordinate induction of this coupled system is likely necessary for 
an efficient antioxidant defense For example, previous studies have shown a 
positive correlation between the eGPx protein and GSH levels in ELF from 
cigarette smoking individuals"661 Based upon this, and because GSH in cell 
culture media is over 100-fold less than in ELF, we tested whether augmentation 
of GSH levels would influence the ROS induction of eGPx Strikingly, physiologic 
levels of GSH potentiated the effect of ROS on eGPx expression 
Overexpression of SOD prevented the induction of eGPx, suggesting the 
importance of superoxide m the eGPx induction Moreover, lack of effect on 
eGPx induction by catalase overexpression indicates that hydrogen peroxide is a 
less likely key mediator of eGPx induction'49' Unfortunately, asthma is 
characterized by significant decrease in lung SOD activity'1631641661 Taken 
together, the increased expression of eGPx in asthma may be related to 
increased superoxide in combination with loss of SOD 

The regulation of genes in response to ROS may occur via transcription 
and/or stabilization of mRNA |15Λ20β2,0?902911 Our results show that eGPx mRNA 
stability is not affected by ROS In contrast, the 5'-flanking region of the human 
eGPx gene, which contains the consensus element for AP1, is exquisitely ROS-
mducible Studies from a number of laboratories have demonstrated that ROS 
induce transcription by the activation of redox-regulated transcription factors, e g , 

Ap1,54 276 280) p^ βχΆ{Ώρ\β^ the transcriptional induction of γ-GCS by ROS is 
related to activation of API"56' Based upon this study, we propose the following 
molecular mechanism of eGPx gene induction in asthma Increased ROS 
formation by inflammatory and epithelial cells in the lung leads to alterations in the 
intracellular and extracellular reducmg-oxidizmg environment, ι e , GSH/GSSG 
levels Loss of SOD antioxidant activity in asthma favors increased superoxide, 
and RNS formation Subsequently, induction and activation of redox sensitive 
transcription factors induce eGPx mRNA transcription, protein expression and 
secretion into the ELF In the context that the susceptibility of cells to ROS 
depends largely upon the ability to upregulate protective antioxidant systems'29", 
increased eGPx is undoubtedly an important defense against oxidative injury to 
the airway surface 
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1. INTRODUCTION 

In the present chapter, the role of antioxidants in lung diseases is first 
discussed. Second, the induction and regulation of the eGPx gene by oxidant 
stresses is reviewed. Finally, ideas for further research are presented. 

2. THE ROLE OF ANTIOXIDANTS IN LUNG DISEASES 

2.1 Extracellular antioxidants in epithelial lining fluid 
In the first part of this thesis, we measured the extracellular antioxidants 

present in the epithelial lining fluid (ELF) of patients with inflammatory lung 
diseases (CBD and asthma) and of individuals exposed to cigarette smoke. The 
three groups of individuals have increased levels of inflammatory cells. 
Individuals exposed to cigarette smoke in general have higher total numbers of 
inflammatory cells, whereas in those with CBD, lymphocytes account for an 
increased percentage of cells (chapter 2). Asthma is characterised by increased 
numbers of eosinophils. However, in our study we found no difference between 
asthmatics and controls in total numbers of inflammatory cells (chapter 3), which 
may be explained by the fact that all our asthmatic patients had very mild asthma. 
Nevertheless, segmental antigen challenge significantly increased the number of 
eosinophils in asthmatic individuals. 

CBD belongs to the group of granulomatous interstitial lung disorders that 
also includes sarcoidosis and extrinsic allergic alveolitis. We showed that CBD is 
associated with an increase of all of the major extracellular antioxidants: GSH, 
eGPx, GPx activity, SOD and GSH. The increase in GPx activity is due to 
increased levels of eGPx protein in ELF. Therefore, the eGPx protein is 
synthesised and secreted by lung cells into the ELF |13̂ >,. eGPx is highly correlated 
with cofactor GSH. Studies have shown that the induction of GSH is due to 
increased transcription of γ-glutamylcysteine synthetase, the rate-limiting enzyme 
in GSH. This suggested that the increase of eGPx might be also mediated 
through redox mechanisms similar to GSH. Interestingly, the high levels of 
glutathione in CBD patients may contribute to the development and/or 
maintenance of a chronic TH1 cell-mediated immune response to beryllium l22<". 
Sarcoidosis and extrinsic allergic alveolitis are also associated with increased 
levels of MnSOD in granulomas and alveolar macrophages. The increase in 
antioxidants in this group of diseases may be a non-specific response to 
granulomatous lung inflammation. On the other hand, GSH is not increased in 
sarcoidosis. Therefore, the increase of antioxidant levels in CBD cannot be 
generalised to all granulomatous lung diseases. 

An increase in ROS and RNS levels by inflammatory cells and epithelial 
cells plays a key role in the pathogenesis of the chronic airway inflammation of 
asthma. In patients with asthma, SOD activity is decreased in the epithelial cells 
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as well as in the ELF"6416523". Interestingly, eGPx, which is a critical antioxidant, is 
the only major antioxidant that is increased in the ELF of asthmatic individuals. 
eGPx provides the predominant antioxidant function on extracellular surfaces and 
interstitial spaces including plasma and multiple tissues. This study demonstrates 
that in asthma only eGPx is upregulated, and therefore asthma is associated with 
a generalised lack of antioxidant response. 

An asthmatic exacerbation leads to further decrease m antioxidants 
During the immediate asthmatic response, a loss of SOD activity occurs in 
minutes. Asthma attack is associated with an increased release of ROS, which 
can be verified by the rapid loss of reducing potentials (decreased levels of GSH) 
in the airways immediately after an asthmatic exacerbation It is a possibility that 
the increased levels of ROS lead to the loss of activity of SOD, an essential 
antioxidant enzyme for aerobic life Importantly, this loss occurs in a specific 
fashion in the lungs of asthmatics, since GPx activity is not affected by an 
asthmatic attack The loss of the major first-line antioxidant undoubtedly 
potentiates extracellular matrix damage and tissue injury in asthma Interestingly, 
the decrease in GSH produced by antigen challenge not only affects the redox 
potential but may also contribute to the development or maintenance of TH2 cell 
immune response m asthma. 

Overall, these findings demonstrate that oxidant-mediated lung diseases 
trigger different antioxidant responses. 

2.2 Redox regulation of eGPx expression in airway epithelial cells 
The eGPx transcripts have been found in epithelial cells with well-

developed brush borders that contain lipids and alkaline phosphatase activity, 
e.g., the intestine and renal tubules |79β2137). Bronchial epithelial cells and alveolar 
macrophages are also able to synthesise and secrete eGPx ,'66220,. The GPx 
family is an important enzymatic component of the mechanisms for detoxifying 
ROS in the lung and may play a significant role in preventing pulmonary oxidant 
stress (292,. However, no information has been available about the regulation of 
eGPx mRNA expression in oxidant-mediated lung diseases. This study provides 
evidence that eGPx gene expression is upregulated in bronchial epithelial cells 
and ELF as a result of oxidative stress occurring m individuals with asthma, CBD 
or exposure to exogenous oxidants such as cigarette smoke (Figure 1). 
Interestingly, the upregulation of eGPx occurs rather late (after 24 hours), which 
may explain why eGPx was not induced after 12 hours of hyperoxia. Similarly, in 
a mouse model, levels of eGPx mRNA and protein increase only after 72 hours of 
hyperoxia ,2921. 
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Figure 1 : Expression of eGPx mRNA in Human Airway Epithelial Cells 
(meanlSEM). No significant difference in the expression of eGPx 
mRNA was found in cells from individuals with asthma, CBD and 
smoke exposure (p>0.05), but in all 3 groups, levels were significantly 
higher than levels in controls (p<0.05). 

The induction of eGPx mRNA in bronchial epithelial cells is associated with 
elevated protein levels in ELF, suggesting that the increased synthesis and 
secretion of eGPx occurs in part in bronchial epithelial cells. However, alveolar 
macrophages can also induce eGPx. At this time it is not known whether other 
lung cells or inflammatory cells induce the eGPx gene in response to oxidative 
stress. 

GSH is a critical cofactor for eGPx activity; coordinated induction of this 
coupled system is likely necessary for efficient antioxidant defence. Indeed, 
physiological levels of GSH are capable of potentiating the induction of eGPx 
mRNA in response to ROS. This effect could not be reproduced by N-
acetylcysteine, suggesting that other effects of thiol groups are necessary to 
achieve the synergistic effect on induction of the eGPx gene. Interestingly, 
overexpression of SOD prevented the induction of eGPx, suggesting that 
superoxide is important in eGPx induction. Usually GSH is considered an 
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antioxidant, but it can also act as an oxidant when present in physiologic levels i22). 
GSH may participate in oxidising processes and/or accelerate the generation of 
ROS, specifically superoxide and hydrogen peroxide ,222932951. in this context, 
although GSH initially acts as antioxidant, it subsequently produces higher levels 
of superoxide which may contribute to the upregulation of eGPx mRNA. Previous 
reports have shown that GPx can function as a peroxynitrite reductase and 
thereby prevent nitration reactions caused by RNS (15 ,̂. Indeed, our data show 
that NO donors (SNAP/GSNO) induced the eGPx gene in a time-dependent and 
dose-dependent manner. 

Co-incubation with actinomycin D eliminated the increase in eGPx mRNA, 
and the mRNA stability did not change. This suggests that the regulation of the 
eGPx gene in response to ROS may occur via transcription and/or stabilisation of 
mRNA. In general, ROS and RNS regulate the expression of numerous genes 
through effects on several redox-sensitive transcription factors, AP-1 and NF-
KB"531541. The 5' flanking region of the eGPx gene responsible for the induction of 
the gene contains the DNA-binding element for AP1 (Figure 2). 

Figure 2: Proposed Scheme for eGPx Gene Induction by Oxidative Stress. ROS and 
RNS cross the cell membrane, which together with inflammatory mediators activate 
different transcription factors, such as NF-KB and AP1. The 5' flanking region of the eGPx 
gene necessary for transcriptional activation shows that the inducible promoter element 
contains the DNA binding element for signaling activator protein 1 (API). The activation 
and binding of AP1 to the eGPx promoter is a possible mechanism for eGPx mRNA and 
protein induction. 
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Hence γ-GCS, the rate-limiting enzyme for the GSH synthesis, is induced by the 
activation of API ,'5Θ,. Alternatively, recent work suggests that GSH is essential to 
efficiently transduce oxidative stress into a functional response at the 
transcriptional levels by S-glutathiolation of redox-sensitive transcription factors 
l29'". For example, the oxidant-sensitive cysteine in the DNA-binding site of c-Jun, 
a component of the AP-1 transcription factor, undergoes reversible S-
glutathiolation during oxidative stress in the presence of physiologic levels of GSH 
(290'. Thus GSH may potentiate the transcriptional response of eGPx inside the cell 
through several mechanisms. Interestingly, AP1 regulates many of the 
inflammatory and immune genes in oxidant-mediated diseases. For example, 
asthmatic epithelial cells have increased expression of c-Fos, a component of 
AP1. Also cigarette smoke increases AP-1 DNA binding in human epithelial cells 
in vivo |,6e2922961. Based upon our results and those of others, we propose that 
increased formation of ROS and RNS in inflammatory cells and epithelium leads 
to alterations in the redox system, which are sensed by the epithelial cells and 
subsequently induce to the activation of transcription factors such as API. 

On the basis of our studies and others, we have generated a model of the 
function of eGPx in the lung pathology of asthma (Figure 3). Asthma is 
associated with increased levels of "NO in exhaled air, which is partly due to 
transcriptional activation of the NOSH gene in the airway epithelial cells. Asthma 
is also associated with increased levels of 02*, which is detoxified to water 
through the enzymes SOD and eGPx (Figure 3, pathway a). The loss of SOD 
favors increased 02* levels and together with the high levels of "NO leads to the 
formation of the highly reactive molecule peroxynitrite (Figure 3, pathway b). This 
results in increased protein nitration in asthmatic lungs (Figure 3, pathway c). The 
•NO/02" pathway in vitro appears to be significantly shifted toward the formation 
of GSNO in the presence of physiological levels of GSH (Figure 3, pathway d) 
WS)?**) p e c e n t studies have shown that GPx (Figure 3, pathway e) can reduce 
GSNO. The induction of eGPx may be responsible for the low levels of GSNO in 
asthmatic individuals. Thus, the induction of the eGPx in asthma may have two 
functions: reduction of ROS (e.g., H202 and 02") and possibly the regulation of 
RSNO such as GSNO. 

In conclusion, the lung's ability to respond to oxidative stress depends 
largely upon its capacity to upregulate protective antioxidants. In this context, the 
upregulation of eGPx in oxidant-mediated lung diseases is an important defence 
mechanism against oxidative injury to airway surfaces from ROS and RNS. 
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Figure 3 Detoxification of Reactive Oxygen and Nitrogen Species (ROS and RNS) by 
eGPx in Asthmatic Individuals (a) Superoxide is detoxified through extracellular 
glutathione peroxide (eGPx) to water (H O) (b) In the presence of low levels of SOD, 
nitric oxide ("NO) and superoxide 02* combine to form peroxymtrous acid (ONOOH) (c) 
Peroxymtnte is able to nitrate tyrosine residues (d) Nitrosation of GSH by peroxymtnte 
leads to GSNO (e) The detoxification and liberation of "NO through eGPx 

3. SUGGESTIONS FOR FUTURE RESEARCH 

Recent work has shown that antioxidant scavengers, such as SOD 
mimics, protect against tissue damage and reduce production of cytokines in 
models of inflammation (135' We propose that these SOD mimics should be 
evaluated as possible therapy for asthma Second, modulating "NO and RNS 
formation may reveal the role of "NO in oxidant-mediated lung pathology Third, 
further research should focus on the mechanism and physiological function of 
eGPx in lung diseases Site-specific mutagenesis and gel mobility shift assays 
could help determine the precise elements and binding factors responsible for the 
eGPx induction The role of GSH and ROS in eGPx induction could be assessed 
by effects on the expression of redox-sensitive transcription factors (c-Fos and c-
Jun) Finally, experiments with transgenic or knockout mice might illuminate the 
role eGPx plays against oxidative stress 
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SUMMARY 

Breathing results not only in the exposure of the lung to oxygen but also to 
different oxidative metabolites such as ozone and nitric oxide To minimize the 
effect of oxidative stress, the lung must be well equipped with an integrated 
antioxidant system Despite the high levels of oxidant stress on the extracellular 
antioxidant during oxidant-mediated lung diseases, no information is available 
about the extracellular antioxidant response of SOD and the glutathione system 
(GSH and eGPx) during asthma exacerbation and chronic beryllium disease 
Neither have studies been performed about the regulation and the activation of 
extracellular glutathione peroxide (eGPx) in human bronchial epithelial cells of 
oxidant mediated diseases despite the fact that this enzyme may play an 
important role m the antioxidant defense Therefore, in this thesis the response 
and the mechanisms that involve upregulation of extracellular antioxidants in 
oxidant mediated diseases are determined 

Chapter One contains a general introduction to the field of study It presents an 
overview about the different reactive oxygen and nitrogen species (ROS/RNS) 
produced m the human lung and the antioxidants present to detoxify these 
damaging oxidants The aims of the present study are to determine the response 
of extracellular lung antioxidant systems m oxidant mediated lung diseases and to 
investigate if oxidative stress increased eGPx and NOSH through mechanisms 
that involve upregulation of gene expression 

Chapter Two, the levels of antioxidants present in the epithelial lining fluid (ELF) 
of chronic beryllium disease (CBD) and individuals exposed to cigarette smoke 
are determined and compared with healthy control individuals The glutathione 
system [glutathione peroxidase activity (GPx), glutathione (GSH) and extracellular 
glutathione peroxidase (eGPx)] was increased in CBD ELF in comparison to 
controls and individuals exposed to cigarette smoke Studies have shown that 
cigarette smoke induced the GSH expression Increased GSH is correlated with 
eGPx, which indicates similar induction mechanisms for the glutathione system in 
granulomatous lung inflammation 

Chapter Three investigated whether extracellular lung antioxidants would change 
acutely (10 mm) in response to an asthmatic exacerbation using a segmental 
antigen challenge model Bronchoalveolar lavage (BAL) was obtained from 
controls and mild asthmatics before (baseline), 10 mm and 48 hours after 
segmental antigen challenge All allergic asthmatic individuals showed an 
immediate decrease in superoxide dismutase activity (SOD) Four individuals had 
further decrease of SOD activity at 48 hours The same rapid loss is found for 
glutathione (GSH), which confirms loss of reducing potential in the airways during 
acute asthma attack Importantly, the loss of antioxidant activity occurs m a 
specific fashion, since GPx activity is not affected by segmental allergen 
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challenge Asthmatic exacerbation leads to immediately decreased SOD activity, 
which undoubtedly contributes to airway injury m asthma 

Reactive oxygen species and nitrogen species (ROS/RNS) are increased m the 
airways during inhalation of 100% 02 or cigarette smoke and participate m the 
development of tracheobronchitis In Chapter Four we investigated if inhaled 
ROS upregulates local extracellular ROS-scavengmg systems, such as 
extracellular glutathione peroxidase (eGPx) mRNA and nitric oxide synthase II 
(NOSH) mRNA Human bronchial epithelial cells exposed to hyperoxia showed 
2 5-fold increase in NOSH mRNA expression, but not increased eGPx mRNA In 
contrast, cigarette smoke upregulated eGPx mRNA m human airway epithelial 
cells and alveolar macrophages by more than 2-fold, but did not increase NOSH 
mRNA expression In vitro studies with BET1A cells demonstrated an increase of 
eGPx mRNA after 24 hours of ROS and RNS exposure which explains the 
inadequate expression of eGPx mRNA after 12 hours of hyperoxia These 
findings define distinct molecular responses in the airway to different inhaled ROS 
which likely influences the susceptibility of airway to oxidative injury 

Chapter Five defined the cellular and molecular mechanisms leading to 
increased "NO in asthmatic individuals First, we show that asthmatic bronchial 
epithelial cells have increased NOSH mRNA and protein levels compared with 
controls Interestingly, NOSH mRNA decreased in asthmatic individuals receiving 
inhaled corticosteroids, and reduced inflammation in asthmatic airways The 
induction of NOSH mRNA is primarily due to transcriptional regulation through 
activation of signal transducers and activators of transcription (Stat 1) In addition 
to transcriptional mechanisms, post-translational events contribute to increased 
'NO synthesis Arginine, which can regulate 'NO synthesis, is 3-fold higher in 
asthmatic airway epithelial cells than m healthy controls Thus, post-translational 
mechanisms which support high output 'NO synthesis are induced m asthmatic 
individuals Second, increased levels of nitrated protein are found m asthmatic 
individuals, which show that 'NO is increasingly consumed in oxidative reactions 
in the lungs of asthmatic In conclusion, these studies define multiple 
mechanisms that function coordmately to support the asthmatic airway epithelial 
cell NO synthetic machinery and lead to oxidative stress and airway inflammation 

Chapter Six is aimed at defining the molecular mechanisms of redox induction of 
eGPx First, we found that the increase of eGPx protein in ELF of asthmatic 
individuals can be verified by the increased levels of eGPx mRNA m bronchial 
epithelial cells The eGPx mRNA in bronchial epithelial cells in vitro is increased 
by different reactive oxygen species (ROS) Interestingly, glutathione (GSH), an 
essential cofactor for eGPx activity, shows a transient depletion of GSH followed 
later by a prolonged elevation of intracellular GSH Hence, augmentation of GSH 
levels to physiologic levels induced the eGPx mRNA in bronchial epithelial cells 
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by 8 fold Thus, alterations in intracellular and extracellular oxidized and reduced 
glutathione are associated with eGPx induction, further supporting redox 
mechanisms in gene expression In this context, overexpression of superoxide 
dismutase inhibited induction, which identified superoxide as a key intermediary. 
Second, we investigated if the induction of eGPx gene to ROS occurs via 
transcnption and/or mRNA stability. BETIA cells exposed to pyrogallol m the 
presence of actmomycm D, an inhibitor of new RNA synthesis, prevented eGPx 
mRNA synthesis The eGPx mRNA half-live is not affected by ROS. Third, we 
cloned a 3.2 kilobase of the 5'flanking region of the eGPx promoter, to investigate 
transcriptional regulation The region responsible for the induction of eGPx 
contains the consensus DNA binding site for the redox-regulated transcription 
factor, activator protein 1 (API). In conclusion, these results show that induction 
of eGPx in asthma is due to transcription activation of the gene by superoxide 
which is strikingly augmented by glutathione. 

In Chapter Seven, a global conclusion is given with the following conclusions (A) 
oxidant mediated lung disease triggers different antioxidant responses (B) 
susceptibility of the bronchial epithelial cells to oxidative stress depends largely 
upon the ability to upregulate protective oxidant systems Increased eGPx is 
likely to be an important defense against ROS and RNS. 
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SAMENVATTING 

In dit proefschrift analyseren we het mechanisme en de reacties die 
verantwoordelijk zijn voor de verhoging van de hoeveelheid extracellulaire anti-
oxidanten bij longpatienten De long wordt immers met alleen blootgesteld aan 
zuurstof en verschillende oxidatieve metabolieten zoals stikstof en ozon Het 
inademen van zuurstof leidt ook tot de vorming van zuurstofradicalen zoals 
superoxide en hydroxyl radicalen Radicalen zijn schadelijk voor de longen, dus 
een goed verdedigingsmechanisme is absolute noodzaak Er zijn weliswaar anti-
oxidanten gevonden m de dunne vloeistoflaag op het epitheel (ELF), en die 
spelen ook een belangrijke rol m de ontwikkeling van bepaalde longziekten, maar 
over de invloed van extracellulaire anti-oxidanten zoals superoxide dismutase 
(SOD) noch over de werking van het glutathionsysteem (GSH en eGPx) bij 
longziekten als astma en berylliosis is enige informatie bekend Er zijn ook geen 
studies uitgevoerd naar de regulering en de activatie van extracellulair glutathion 
peroxidase (eGPx) in bronchiale epitheelcellen, hoewel dit enzym een belangrijke 
rol speelt m het verdedigingsmechanisme tegen oxidanten Met dit proefschrift 
hopen we dus m deze leemte te voorzien 

Hoofdstuk 1 geeft een overzicht van de literatuur die al over dit onderwerp 
(zuurstof- en stikstofradicalen - ROS en RNS) verschenen is We bespreken ook 
de anti-oxidanten die oxidatieve schade kunnen voorkomen, en gaan nader in op 
de doelstellingen van onze eigen studie 

In Hoofdstuk 2 bepalen we de hoeveelheid anti-oxidant die zich bevindt in de 
dunne vloeistoflaag op het epitheel (ELF) van patiënten met granulomateuze 
ontstekingen, veroorzaakt door blootstelling aan beryllium (CBD) We definieren 
ook de status van dergelijke anti-oxidanten bij personen die werden blootgesteld 
aan sigarettenrook Het glutathionsysteem, glutathion (GSH) en extracellular 
glutathionperoxidase (eGPx) zijn verhoogd in CBD ELF vergeleken met de 
controle groep en personen blootgesteld aan sigarettenrook Meteen kunnen we 
op die manier ook de correlatie tussen GSH en eGPx aantonen Het is bekend 
dat sigarettenrook een toename teweegbrengt van het GSH-mveau We mogen 
dus veronderstellen dat eenzelfde inductiemechanisme zich voordoet bij de 
aanwezigheid van eGPx in CBD 

In Hoofdstuk 3 wordt bestudeerd of extracellulaire anti-oxidanten veranderen 
gedurende een astma exacerbatie In vivo wordt zo'n exacerbatie nagebootst 
door de segmentale toediening van een antigeen 10 minuten en 48 uur na het 
toedienen van dat antigeen wordt ELF verzameld van de astmapatienten en van 
de mensen uit de controlegroep BIJ alle astmapatienten vertoonde zich na 10 
minuten een daling van de hoeveelheid superoxide dismutase (SOD), bij een 
aantal van hen was die hoeveelheid na 48 uur nog verder gedaald Voor 
glutathion wordt dezelfde snelle daling waargenomen Dit wijst op een verlies 
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van reducerend potentieel in de luchtwegen gedurende een astma aanval 
Aangezien de GPx-activiteit na stimulatie met een antigeen met veranderde, 
wijzen de resultaten op een specifiek verlies van antioxidant activiteit Hieruit is 
geconcludeerd dat het verlies van superoxide dismutase tijdens een astma 
exacerbatie bijdraagt tot een beschadiging van de luchtwegen 

In Hoofdstuk 4 wordt de invloed van 100% zuurstof en sigarettenrook op de 
bronchiale epitheelcellen bestudeerd Blootstelling aan 100% zuurstof leidt tot 
een tweevoudige stijging in NOSII-mRNA, maar er wordt geen stijging van eGPx 
mRNA waargenomen Sigarettenrook daarentegen verhoogt de aanmaak van 
eGPx mRNA, en heeft geen invloed op de aanmaak van NOSH In vitro studies 
tonen aan dat een humane bronchiale epitheelcellijn de aanmaak van eGPx 
verhoogt na 24 uur blootstelling aan ROS en RNS Die late reactie is een 
mogelijke verklaring voor de waarneming dat eGPx mRNA met is verhoogd na 
12 uur van hyperoxia Uit deze studie blijkt dus dat zich in de luchtwegen 
verschillende moleculaire reacties voordoen, afhankelijk van de ingeademde 
ROS 

In Hoofdstuk 5 bestuderen we de cellulaire en moleculaire mechanismen die 
leiden tot de verhoging van "NO bij astma Vooreerst tonen we een stijging aan 
van NOSII mRNA en eiwitten m de bronchiale epitheelcellen Astmapatienten 
die corticosteroiden gebruiken, vertonen geen verhoging van NOSII, maar wel 
een aanzienlijke afzwakking van de cellulaire ontstekingscomponent De 
inductie van NOSII mRNA gebeurt hoofdzakelijk via het DNA-bmdmgseiwit Stat 
1, dat op zijn beurt geactiveerd wordt door middel van signaaltransductie 
Verder stellen we vast dat de hoeveelheid arginine, noodzakelijk voor de 
synthese van *NO, verhoogd is m humane bronchiale epitheelcellen van 
asthmapatienten , wat erop wijst dat een posttranslationeel proces mee 
verantwoordelijk is voor de stijging van 'NO Ook de verhoging van de 
hoeveelheid gemtreerde eiwitten bij astma wijst op een "NO-effect Met deze 
resultaten wordt aangetoond dat verschillende mechanismen verantwoordelijk 
zijn voor de verhoging van de NO-synthese, en dat dit bij astma leidt tot een 
toename van de oxidatieve schade 

In Hoofdstuk 6 analyseren we de moleculaire mechanismen van eGPx Eerst 
tonen we aan dat de stijging van eGPx-eiwit in astma ELF te verklaren is door de 
verhoging van eGPx mRNA in humane bronchiale epitheelcellen De in vitro 
studie demonstreert dat zuurstofradicalen verantwoordelijk zijn voor de verhoging 
van eGPx mRNA Relevant daarbij is dat die zuurstofradicalen ook invloed 
hebben op glutathion (GSH), de co-factor voor de eGPx-activiteit De 
waarnemingen duiden eerst op een kortstondige daling van GSH, gevolgd door 
een langdurige stijging van GSH In het in vitro systeem blijkt dat als GSH wordt 
verhoogd tot fysiologische concentratie m combinatie met ROS, de expressie van 
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eGPx mRNA achtvoudig stijgt Hieruit volgt dat de schommelingen van 
geoxideerd en gereduceerd GSH, zowel intra- als extracellulair, gekoppeld zijn 
aan de inductie van eGPx Opvallend is ook dat een overexpressie van 
superoxide dismutase de inductie van eGPx verhindert We kunnen superoxide 
dus identificeren als een belangrijke factor bij de inductie van eGPx Vervolgens 
is bestudeerd of de inductie van eGPx mRNA het gevolg is van een toegenomen 
stabiliteit van mRNA en/of van een transcriptieverhoging Er is geen sprake van 
een verandering in de half-waarde tijd m een humane bronchiale epitheelcellijn 
die blootgesteld is aan intracellulaire zuurstofradicalen, waaruit we kunnen 
concluderen dat er een verhoging van de eGPx-transcnptie moet plaatsvinden 
Tenslotte hebben we de eGPx promoter onderzocht De regio die 
verantwoordelijk is voor de inductie van eGPx blijkt een AP1 DNA-bindingsplaats 
te bevatten eGPx-mductie bij astma is dus het gevolg van een verhoogde 
transcriptieactiviteit, gestimuleerd door superoxide 

In Hoofdstuk 7 zetten we alle feiten en resultaten nog eens op een rijtje (A) De 
reactie van anti-oxidanten op oxidatieve stress is bij iedere longziekte 
verschillend (B) Bronchiale epitheelcellen kunnen zich verdedigen tegen 
oxidatieve stress door de hoeveelheid anti-oxidanten te verhogen In deze studie 
tonen we aan dat het eGPx-gen bij oxidatieve stress een belangrijke 
verdedigende rol speelt in de long 
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STELLINGEN 
Behorend bij het proefschrift 

"Extracellular antioxidant response in oxidant-mediated lung disease: 
Redox regulation of the glutathione system and superoxide dismutase" 

1. The asthmatic lung produces high levels of »NO through transcriptional 
upregulation of NOSH gene and posttranslational mechanisms that fuel the 
NO synthesis reaction. 

2. GSH can function in both antioxidant and pro-oxidant capacities 

3. Studies on eGPx promoter activation show that ROS are primary 
mechanisms of transcriptional activation of the gene 

4. Increase eGPx in asthmatic lungs is most likely due to increase in ROS and 
RNS in the lower airway. 

5. The antioxidant response in lung pathologies is certainly an important 
defense mechanism against tissue injury. 

6. Augmentation of the antioxidant system in the lung may be therapeutic for 
asthma. 

7. Hoewel aanhangers van verschillende geloven en culturen elkaar veel 
problemen kunnen bezorgen, spreken hun wetenschappers dezelfde taal. 

8. Niet elke belg is met een steen in zijn maag geboren. 

9. Wie onderzoek verricht, voelt zich als een bergbeklimmer. Het uitzicht op de 
top doet alle inspanningen vergeten. 

10. Onderzoek is een teamsport. 








